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ABSTRACT 

 

The focus of this dissertation is the introduction of surface-induced dissociation 

(SID) into a commercially available quadrupole time-of-flight mass spectrometer as an 

alternative ion fragmentation method. The performance of the SID device was 

characterized and its applications were demonstrated by dissociating peptides, proteins, 

inorganic salt clusters and non-covalent protein complexes. The SID setup allowed direct 

comparison of SID with conventional collision-induced dissociation (CID) on the same 

instrument, taking advantage of the characteristics of Q-TOF instrumentation, including 

extended mass range, high sensitivity and resolution. With the SID setup installed, no 

significant reduction of the ion transmission was evident. SID fragmentation patterns of 

peptides are, in general, similar to CID, with slight differences in the relative intensities 

of immonium ions, backbone cleavage b- versus y- type ions, and y- versus y-NH3 ions. 

This suggests enhanced accessibility to high energy/secondary fragmentation channels 

with SID.  SID studies on cesium iodide clusters (CsI) also revealed that SID deposits 

more internal energy.    

The utility of mass spectrometric methods to probe the gas phase cyclization 

process was studied with [D-Ala2]-Leucine Enkephalin amide.  This peptide showed 

prominent formation of the [M-NH3]+ ion which is believed to be the linear b5 ion with a 

C-terminal oxazolone structure. Other fragments in the spectra indicate that the linear b5 

ion undergoes cyclization, subsequent ring opening and further dissociation to rearranged 

fragments that cannot be explained by the initial sequence. The similarities between the 
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cyclic and b5-ion from the linear peptide indicated the formation of a heterogeneous ion 

population and this is further supported by gas-phase H/D exchange experiments.      

 An ion funnel interface to improve ion transmission at high pressures was tested 

in a custom built quadrupole-surface-quadrupole instrument.  The ion transmission 

efficiency for selected bio-molecules such as YGGFLR, insulin chain-B, ubiquitin and 

cytochrome c showed to approach almost 90%, with the funnel interface installed. The 

ion transmission efficiency was effected by several factors including: the size of the 

analyte, the DC gradient, the RF frequency, and the RF amplitude. The higher 

fragmentation efficiencies for SID in the presence of the funnel interface indicated higher 

internal energy deposition for the funnel interface.  
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CHAPTER ONE.  

BACKGROUND AND SIGNIFICANCE 

 
1.1 Overview 

 
Mass spectrometry has emerged in late 1980’s as an important tool for the 

analysis of bio-molecules and pharmaceuticals. The basic steps in a mass spectrometry 

experiment are the ionization, mass analysis, ion fragmentation (in tandem mass 

spectrometry) and detection of the analyte(s) of interes. Following the invention of 

ionization techniques to generate gas-phase biomolecules, this analytical tool has become 

even more promising. One critical step in obtaining useful information in a mass 

spectrometry experiment is to effectively dissociate the molecular ion to obtain additional 

structural information.   

Ion/surface interactions are gaining increasing importance in tandem mass 

spectrometric studies.  A significant amount of research has been performed to better 

understand the nature of low-energy ion/surface collisions. It is well understood that 

several different processes can occur when an ion collides into a surface. The research 

presented in this dissertation focuses on the application of one of the important processes 

occurring during ion/surface collisions namely surface-induced dissociation (SID). The 

main goal of the present investigation is to implement an in-line surface-induced 

dissociation (SID) device in a Micromass/Waters Quadrupole Time-of-Flight mass 

spectrometer and characterize its performance for a number of different bio-molecules. 

The TOF mass analyzer's features, such as theoretically unlimited mass range, high 
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throughput and fast detection were coupled with the fast and efficient energy transfer 

process of SID to expand the ability of this instrument to obtain fragment ion 

information. Furthermore the extended m/z capability of the quadrupole mass analyzer 

permits the analysis of larger proteins and their non-covalent complexes. In general the 

types and the number of fragment ions observed depend on the internal energy deposition 

process during the ion/surface collision event in SID.  

A brief overview of the current Q-TOF instrumentation and its modification to 

perform SID will be presented. The custom designed in-line SID device and experimental 

methods employed to perform SID will be discussed in Chapter 3.  Chapter 4 will be 

devoted to surface-induced dissociation studies of peptides and characterization of the in-

line SID device. A comparison of SID and CID will be thoroughly investigated to 

understand the two ion activation methods.  

One major advantage of investigating the potential of surface-induced 

dissociation as an activation method is the high average internal energy deposition 

afforded by this technique. Chapter 5 describes the utility of SID to dissociate simple 

inorganic clusters of CsI.  These cluster systems are composed of two repeating atoms 

cesium and iodine. Such simplistic systems allow for the systematic study of ion 

activation by SID and CID.  

Chapter 6 will be focused on a detailed investigation into the peptide 

rearrangement process, cyclization. A five residue model peptide YAGFL-NH2 will be 

studied to understand the cyclization process of the b5 fragment ion from the linear 

peptide. Several different mass spectrometry based methods including surface-induce 
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dissociation, collision-induced dissociation and gas-phase H/D exchange will be involved 

in this study.  

Improved ion transmission at high pressure regions of a mass spectrometer is 

another important research area explored in this dissertation. The experiments discussed 

in Chapter 7 were designed to study the effect of an ion-funnel interface in improving the 

ion transmission in quadrupole-surface-quadrupole mass spectrometer. A systematic 

investigation of the energies of ions generated in ion-funnel region will be investigated. 

In summary, the application of SID as an ion activation technique for tandem mass 

spectrometry and its analytical utility will be presented in chapter 8. Future directions, 

including the prospect of coupling SID with conformational analysis by ion mobility, will 

be discussed.    
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1.2 Generation of gas phase ions 

Mass spectral analysis involves the formation of gaseous ions of an analyte of interest 

(M) and subsequent measurement of the mass-to-charge ratio (m/z) of that particular ion. The 

m/z value can be used to deduce the mass of the molecular ion. Depending on the ionization 

technique used, the analyte could generate molecular or quasi-molecular type ions. Molecular 

ions are generally a radical cation (M+.) or an anion (M-.), formed by removal or addition of an 

electron. Quasi-molecular ions could be either positive or negative ions generated by the 

addition or subtraction of a charge species (i.e., a proton).  Following the ionization step, ions are 

analyzed according to their m/z ratio and detected at the end of the mass spectrometer. Signals 

detected by the detector are then processed to generate a mass spectrum, where the mass to 

charge ratio is plotted verses the intensity of the ion beam. The whole process of generating a 

mass spectrum is complex: an ionization method that is able to create gas phase ions of the 

particular analyte is the most crucial step. The ionization method has to be devised and adapted 

depending on the nature of the sample. The sample could be condensed or gaseous and the 

ions of interest could be single atomic, small molecular ions or charged intact 

peptide/protein complexes in the kilo Dalton mass range. 

1.3 From elemental analysis to volatile compounds 

As mentioned earlier, the most crucial step in a mass spectrometric analysis is the 

generation of gas phase ions from the solid or liquid phase. The earliest ionization methods 

reported, such as thermal ionization2 and spark source ionization3, were developed for the 

formation of atomic ions for the studies of nuclei masses, isotopic abundances, and trace 

impurities, etc. However, due to the harsh nature of these ionization techniques, thermally 
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labile analytes could easily be degraded prior to the ionization step. In addition to the above 

methods, plasma methods such as glow discharge and inductively coupled plasma that were 

suitable for elemental analysis were developed. Glow discharge  employs a plasma retained at 

a pressure of about 1 torr, and has been shown to be applicable in ionizing organic 

compounds.4   

The invention of electron impact (EI) ionization5, 6 has significantly improved the 

efficiency of ionization of volatile analytes. In EI, the sample is thermally vaporized the ion 

source and they are allowed to collide with an electron beam (typically about 70 eV). The impact 

of the electron beam can then eject electrons from the molecular orbitals of the analyte to form 

odd-electron molecular ions (M+.).7, 8 The EI mass spectra generally consist of the molecular ion 

and its possible fragment ions. The degree of fragmentation can be controlled by changing the 

energy of the electron beam.  Figure 1.1 shows the EI mass spectra of polyethylene and poly 

propylene.8 The spectra show the molecular ions of several hydrocarbon subunits and their 

fragments. The distinct pattern of the fragments can be used to identify the polymer structure.  

Even though EI is very successful in ionizing volatile species, it is not efficient or practical for 

analytes that thermally decompose with heating or analytes with low vapor pressure.9 In 

addition, El is generally considered a "hard" ionization method. The analyte may absorb energy 

from the electron beam and could undergo unimolecular decay to generate several fragments 

and thus EI is not suitable for the analysis of intact molecular ions. 
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Figure 1.1 EI mass spectra using 15 eV ionizing electrons of the laser pyrolysis 

products of (a) polyethylene) and (b) polypropylene. (Adapted from Chapman8) 

 
To overcome the harsh nature of electron impact ionization, Munson and Field 

introduced an alternative ionization method called chemical ionization (CI).10 CI is somewhat 

similar to EI, but uses an intermediate regent gas to induce ionization. In general, the ionization 

reagent is a proton donor7, 8, 11, 12 that can readily produce a radical cation upon electron impact. 

These radical cations react with excess reagent gas to generate reactant cations,  (Eq. 1.1), 

which protonate the analyte of interest (Eq. 1.2).  
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Since the mechanism of ionization in CI is by transfer of a proton from the reagent ion 

to the analyte, the resulting molecular ion has less internal energy compared that of EI. The 

exothermic nature of the reaction may still induce fragmentation, but in general CI is considered 

to be a "softer" ionization method.  

Another early ionization technique used for volatile organic material is field 

ionization (FI). FI, like CI, can produce molecular ions for some volatile compounds that 

do not produce molecular ions by EI and is considered to be softer than EI.13 In FI, 

gaseous analyte approaches a surface of high curvature that is maintained at a highly 

positive electric field gradient (108 V/cm). Under the influence of the high electric field, 

generation of . happens by tunneling of an electron from the analyte to the anode 

surface. This process is very rapid and can take place on the pico-second (10-12 sec) time 

scale.7, 11 The shorter residence time in FI with respect to EI leads to fewer rearrangement 

products and generates less complex spectra.8  

1.4 Introducing large intact biomolecules into the gas phase 
 

A fundamental limitation in the early stages of mass spectrometry was its inability to 

ionize large biomolecules by EI and CI.  Since EI and CI both require the analyte to be present 

in the gas phase prior to ionization, the analyte has to be volatile.14 For this reason, the power 

of mass spectrometric analysis was limited in the biologically related applications until the 
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invention of ionization methods to form gas phase molecular ions from large, non-volatile 

and thermally labile biomolecules. The potential of the mass spectrometric method for such 

molecules was revealed by the use of desorption techniques and spray ionization techniques 

in last two decades. Evolution of these two ionization techniques made a significant 

advancement in mass spectrometry and was able to overcome the inherent restrictions in EI 

and CI.  

1.4.1 Desorption ionization methods 
 

The concept of desorption ionization (DI) method is based on the rapid addition of 

energy into a condensed-phase sample, with subsequent generation and release of ions 

into the mass analyzer. The DI process is different from EI and CI, where the processes 

of vaporization and ionization are distinct and separable for EI/CI; in DI, they are 

intimately associated. The development of DI methods amplified the impact of mass 

spectrometry many fold. The table 1.1 summarizes the most common DI methods use in 

mass spectrometry field.  
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Field desorption (FD) ionization is one of the earliest desorption techniques evolved in 

the history of mass spectrometry. This technique is quite similar to FI. The major difference 

between FI and FD is that in FD, the sample is not vaporized into the gas phase but 

deposited on an emitter wire and extracted by a high electric field.15 In the presence of a 

strong field, mildly heated sample on the emitter desorb to generate  or  ions. 

FD is a relatively softer ionization method than FI and often generates only the molecular 

ion. This technique has been successfully applied to analysis of polymers and hydrocarbons.  

With the success of FD ionization, several other desorption type ionization methods 

such as Plasma Desorption (PD),16, 17 Liquid Secondary Ion Mass Spectrometry (LSIMS)18-20 and 

Fast Atom Bombardment (FAB)21 were developed. As a common feature, all of these desorption 

methods require a beam of high energy particles to desorb and ionize the analyte in the condensed 

phase. For example, FAB and LSIMS are conceptually two identical ionization techniques, 

where both need the analyte to be mixed with low volatility, viscous liquid. The only 

difference between the two techniques is that FAB uses a beam of high energy atoms (no 

charge), where as LSIMS uses a beam of high energy ions (Figure 1.2). One disadvantage of 

FAB/LSIMS is that fragment ions appear at low m/z, which can easily interfere with 

matrix/matrix cluster ions. For this reason FAB/LSIMS is usually coupled with tandem mass 

spectrometer, where activation flowed by a mass analysis step prevent any miss interpretation.   
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Figure 1.2 Bombardment of an analyte sample (a) dissolved in a liquid matrix (m) 

by a primary beam of atoms or ions (b) to produce sample ions that are 

characteristic of the analyte. (Adopted from Ref.22) 

 

Matrix-Assisted Laser Desorption Ionization (MALDI)  

The most promising ionization method under the category of desorption 

ionization, is Matrix-Assisted Laser Desorption Ionization (MALDI).23, 24 This technique 

was first introduced in 1988 by Hillenkamp and Karas25 and has become a widespread 

analytical tool for peptides, proteins, and most other biomolecules (oligonucleotides, 

carbohydrates, natural products, and lipids). The most attractive feature of MALDI is that 

it is a soft ionizations method, where it preserves the molecular ion information of the 

analyte. Furthermore the efficient and directed energy transfer during a matrix-assisted 

laser-induced desorption event provides high ion yields of the intact analyte, and allows 



45 
 

for the measurement of compounds with high mass accuracy and sub-picomole 

sensitivity.24, 26, 27  

Although Karas et. al. published the first reported MALDI experiment, in 1987 

Tanaka et. al. reported a UV laser desorption ionization method that is capable of 

producing molecular ions from proteins up to 34 k Da.28 In their experiment the sample is 

mixed with a metal powder containing glycerol solvent. The properties of the fine metal 

powder such as high absorption towards UV laser radiation, low heat capacity and large 

surface-to-volume ratio were thought to have caused a rapid heating of the sample, 

assisting in intact desorption of the analyte. Therefore, the metal powder can be 

considered as a matrix assisting to control and modify the energy transfer to the analyte. 

Later Karas and Hillenkamp used the same concept by using chemical compounds with 

high UV absorptivity such as nicotinic acid as the matrix in order to obtain similar 

effects.25, 29, 30 The ionization method they developed was termed as matrix-assisted laser 

desorption/ionization (MALDI). In MALDI, a laser pulse is impacted on the analyte 

mixed with a matrix compound followed by subsequent desorption and ionization of the 

analyte (Figure 1.3).31 The matrix absorbs most of the primary laser radiation and 

prevents the analyte from disintegration due to laser energy and assists desorption and 

ionization of the analyte. The local heating of the sample substrate due to the laser 

fluence is thought to generate a gas phase plume that undergoes a supersonic jet 

expansion in the low pressure region of the mass analyzer.  

Even though the mechanism of the MALDI process is not clearly understood, 

several mechanistic models have been proposed to date. According to one model, the 
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ionization process can be divided into two steps, primary and secondary.32 The primary 

ionization step is a photochemical reaction that occurs due to the laser irradiation of the 

neutral matrix/sample molecules.  The primary ionization process is generally responsible 

for the formations of matrix derived ionic species and assisting the formation of 

secondary ions. 

 

 
Figure 1.3 MALDI source (Adapted from Ref.31) 

The secondary ionization process takes place in the matrix/analyte plume and is 

responsible for the formation of protonated analyte ions. For example, the gas phase 

proton transfer to a neutral analyte from a primary protonated matrix ion would generate 

a secondary protonated analyte ion. Since the secondary ionization process is a gas phase 

acid/base reaction, the differences in gas phase basicities between the analyte and the 

matrix play an important role. As a common practice the MALDI matrixes are organic 

acids with lower gas phase basicities than the analyte. A common MALDI matrix, alpha-

cyano-4-hydroxy-cinnamic acid used for the peptide studies has a gas phase basicity of 



47 
 

215 kcal/mol while the most basic amino acids arginine and lysine occurring in the 

analyzed peptides have a gas phase basicity of about 237 kcal/mol and 222 kcal/mol 

respectively. Therefore, a gas phase proton transfer from the matrix to the peptide 

containing arginine and or lysine would be favorable. In addition, the MALDI matrixes 

should dissolve in the same solvent as the analyte, co-crystallize with the analyte and 

absorb in the region of the applied laser radiation. Another model suggested for MALDI 

mechanism by Karas et. al., described the MALDI mechanism as a process of formation 

of small charged clusters.33, 34 According to this cluster ionization mechanism, a singly 

charged cluster ion consists of a singly protonated analyte surrounded by n-number of 

solvated protons, n-1 counter anions and other neutral matrix molecules. During 

ionization, the cluster ion shrinks rapidly by evaporating the neutral matrix molecules and 

anions (anions are evaporated as neutrals by the process of proton transfer neutralization).  

This produces a singly protonated analyte ion. The contribution of the analyte in terms of 

ionization is not very important in this model.  

Atmospheric MALDI (AP/MALDI) is another MALDI method where desorption 

and ionization processes are carried out under ambient conditions.35-37 Ion transfer from the 

atmospheric pressure region to the mass spectrometer in AP MALDI techniques may be 

assisted by pneumatic guidance of the ions using a gas flow.36 

1.4.2 Spray ionization methods 

 The earliest spray ionization technique reported in literature is thermospray38 (TSP) 

ionization, a technique which uses an auxiliary electrolyte to create a supersonic beam of 

charged droplets followed by heat assisted desolvation to generate the ion of interest. 
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Electrospray Ionization (ESI), an improved version of thermospray ionization became more 

popular ionization technique due to its efficient ionization capabilites.39-44 In ESI, ions are 

generated directly from a sample solution introduced at atmospheric pressure through a 

capillary that is biased at 3 to 5 kV relative to the sample inlet.45 At the end of the 

capillary, a fine spray of charged droplets is formed. The fine droplets are dissolved by 

heating and/or applying counter-flow of nitrogen gas to generate free gas phase ions.  ESI 

can be operated either in a positive mode or a negative mode. In the present study, ESI is 

performed in the positive mode. A typical configuration of an ESI source is shown in 

Figure 1.4.  

 

 

Figure 1.4 Schematic diagram of an ESI source (Adapted from Hoffmann et. al.11) 
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The samples for ESI are usually sprayed out of aqueous or aqueous/organic (e.g. 

methanol, acetonitrile) solvents. Depending on the number of basic residues in the 

analyte and the pH of the solvent, it can generate a distribution of charge states. range of 

charge state distributions. The most attractive feature of ESI is that it is a soft ionization 

method and capable of preserving labile intra/inter-molecular interactions including non-

covalent interactions. This allows one to study complex biological systems with 

minimum alteration to its native state. To date ESI has been used for a broad range of 

analytes including amino acids,46 peptides,47 proteins,48 non-covalent protein 

complexes,49, 50 polymers,51 oligosaccharides,52 and synthetic organic molecules, etc.  

The mechanism of the ESI process is still not well understood,53, 54 however there 

are two major proposed models for ESI, the charge residual model and the ion 

evaporation model.55-57 According to charged residual model proposed by Dole,57 the 

droplets formed at the end of the capillary undergo solvent evaporation process. As the 

solvent evaporates, the ions contained in the droplets accumulate at the surface to 

minimize coulombic repulsion. This process continues until the Rayleigh instability is 

reached, at which the droplets disintegrate into smaller droplets (Figure 1.5). Sequential 

subdivision through coulombic explosion at the Rayleigh limit until the droplet contains 

one analyte ion.     
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Figure 1.5 The formation of ions from droplets in ESI. (Adapted from Gaskell et 

al39)  

According to the ion evaporation model proposed by Iribarne and Thomson56 the charged 

droplets shrink due to solvent evaporation, and the resulting increase in charge density 

forces the analyte ions out of the droplet before the droplet breaks up (i.e. charge-charge 

repulsion overcomes surface tension).  

1.4.3 Ambient ionization methods 

In the field of mass spectrometry, the requirement for the sample to be introduced 

into the vacuum system poses some potential limitations with regard to contamination, 

speed of analysis, and the ability to provide true in-situ measurements. However the 

recent advancement in mass spectrometry has introduced a new family of ionization 

techniques, ambient ionization, where the analysis of samples are performed outside of 

the vacuum environment, while the sample is maintained under ambient conditions.58 

Desorption electrospray ionization (DESI),59 first developed by Graham Cooks et. al., is 

one of the principal methods in this new family. DESI usually minimizes the 

requirements for sample preparation by enabling investigation of samples in their native 

environment, where the sample is free for further chemical or physical manipulation. In 
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this new method, charged droplets and ions produced from the electrospray are directed 

by a high-velocity gas jet to the surface bearing the analyte (Figure 1.6). The charged 

droplets impact the surface where the analyte is dissolved into the electrically-charged 

droplets. Secondary droplets ejected from the surface are subsequently collected in the 

ion transfer tube or atmospheric inlet of a standard commercial mass spectrometer.  

 

 

Figure 1.6 Schematic diagram of the DESI experiment (Adapted from Ref60) 
 

Other methods in this group of ionization techniques include electrospray laser 

desorption ionization (ELDI),61 direct analysis in real time (DART),62 and the 

atmospheric pressure solids analysis probe (ASAP).63 These ionization techniques are 

important in rapid, in situ analysis of samples in a variety of circumstances. 
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1.5 Inside a mass spectrometer: analyzing mass 
 

Mass analyzers are the second most important component in a mass spectrometer. 

They disperse ions in space or time according to their mass-to-charge ratios (m/z). There 

are a variety of mass analyzers: the linear quadrupole,64 quadrupole ion trap (QIT),65, 66 

linear ion trap (LIT),67, 68 time-of-flight (TOF),69, 70 Sector71 and Fourier transform ion 

cyclotron resonance (FT-ICR),72each with its own advantages and disadvantages. It is 

therefore important to choose a mass analyzer which is best-suited for each sample-type 

and ionization method. The most important features of a mass analyzer are its upper mass 

limit, transmission, resolving power, mass accuracy, dynamic range and operating 

pressure (listed in Table 1.2). In this research we primarily focus on analyzing 

biomolecules and their related analytes, using ESI/ nano-ESI as the method of ionization. 

Therefore, Q-TOF, FTICR and QIT mass analyzers are used for the experiments 

presented in this body of work, and are further considered in this discussion. 
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Mass 
Analyzer 

Common 
Ionization 

mode 

Ion analyzing 
property 

Resolution Mass 
Accuracy 

Mass/charge 
ratio 

Quadrupole 
(Q) ESI Path Stability 1000-2000 0.1 Da 200-4,000 

Magnetic 
Sectors (B) ESI Momentum 5000-

100,000 0.0001 Da 1000-15,000 

Electrostatic 
Sector (E) ESI Kinetic Energy 5000-

100,000 0.0001 Da 1000-15,000 

Time-of-
Flight (TOF) 

ESI 
MALDI Drift Velocity 2000-10,000 0.001 Da 10-1,000,000 

Quadrupole 
Ion Trap 

(QIT) 
ESI 

Path Stability 
and Orbital 
Frequency 

1000-2000 0.1 Da 200-4,000 

Ion 
Cyclotron 
Resonance 

(ICR) 

ESI 
MALDI 

Orbital 
Frequency 

5000-
5,000,000 0.0001 Da 200-20,000 

 

Table 1.2 Mass analyzers and their principles of ion dispersion 
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1.5.1 Quadrupole mass analyzer 
 

Quadrupole mass analyzers consist of four parallel, circular or hyperbolic rods 

(Figure 1.7).11, 73, 74 Each pair of opposite rods is applied with voltage of the same 

magnitude but opposite polarity. The voltage applied to each pair consists of two 

components, a direct current (DC), U, and a radiofrequency (RF), Vcosωt. The total 

potential of each rod can be given as +(U + Vcosωt) or −(U + Vcosωt), the RF field 

periodically alternates the rods’ polarity.8, 11 When a cation enters the region of 

quadrupole, the ion is drawn toward the negative pole and vice versa; if the rod potential 

changes sign before the ion discharges, the ion changes direction, thus oscillating through 

the rods.  

 

Figure 1.7 Basic components of a quadrupole mass spectrometer consisting of an ion 

source, focusing lenses, a quadrupole and a detector. The front quadrupole rod is 

drawn partially to display the ion trajectory.  (Adapted from Ref11) 
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Whether an ion succeeds passing through the rods or discharges on them is controlled by 

the DC and RF voltages applied to the rods. By fixing the DC (U) and RF (V) amplitude 

ratio one can selectively transfer a particular m/z ion. In general the quadrupole is 

scanned with the constant U/V ratio to select and transmit different m/z values. If U = 0 

(no DC), all ions up to a certain mass limit (determined by V) have stable trajectories 

through the quadrupole. The quadrupole mass analyzers have a typical mass range up to 

4000 m/z unites and can achieve unit resolution (Table 1.2). However for this research, 

the quadrupole analyzer of a Q-TOF mass spectrometer is modified to operate with 

extended mass range of 32,000 m/z units with reasonable resolution. This provides the 

possibility for studying large biomolecules and their complexes.  

1.5.2 Time-of-Flight (TOF) mass analyzer 

 TOF analyzer separates different m/z ions by measuring the time-of-flight of the 

ions in an ion packet travelling towards the detector in a field-free region. The ions 

produced in the ion source are first accelerated through a potential “V” to acquire kinetic 

energies in the keV range. These ions travel a distance “d” to reach the detector after a 

time “t” which is measured as flight time (Figure 1.8). The flight time depends on the ion 

velocity- υ (Eq. 1.4), which in turn is dependent on m/z (Eq. 1.5). Overall the flight time 

of an ion is proportional to the square root of the ion’s m/z value.  

                                                                     .  

.⁄               .⁄   / .                            .  

 

Based on this relationship, the larger ions (m/z) take longer time to arrive at the detector 
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and vice versa.75 However, for this relationship to be true, the ions in the initial ion 

packet should ideally start simultaneously at the same initial location. Furthermore the 

extraction electrical fields should impart the same kinetic energy to all the ions regardless 

of their mass, before they enter the field-free region. In reality, there are always 

variations in the spacial distribution and the kinetic energy distribution of the ions. These 

variations ultimately contribute to poor resolution.   

 

Figure 1.8 Schematic diagram of a linear Time-of-Flight mass spectrometer 

(Adapted from Ref11).  

Another key point in analyzing ions by TOF analyzer is to avoid overlap of larger ions 

with simultaneously arriving smaller ions that are produced later in the source. This is 

generally achieved by either using a pulsed laser as used in methods such as MALDI or 

employing electrical pulses to extract ion packets with continuous flow ionization 

methods such as ESI. The former method is direct and requires less modification of the 

instrumental setup.76 The coupling of a continuous flow ionization source such as ESI is 

achieved in an orthogonal TOF configuration. In this project, the majority of the 

experiments were also performed in a Q-TOF instrument.  
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1.5.3 Fourier Transform Ion Cyclotron Resonance (FT-ICR) 

Fourier Transform Ion Cyclotron Resonance (FT-ICR) 72, 77-80 is the most 

expensive and complex mass analyzer, but also has the highest resolution and mass 

accuracy. In FT-ICR analyzers, the ions are trapped inside a cell by crossed magnetic and 

electric fields (Figure 1.9). The FT-ICR cell is located inside a superconducting magnet 

with field B (usually 3–10 tesla). The magnetic field causes ions formed in (or injected 

into) the cell to move in a circular trajectory perpendicular to the axis of the magnetic 

field with an angular cyclotron frequency ωc (Eq. 1.6).8, 11 where z is the number of 

charges, e is the elementary charge (1.60 x 10-19 C), B is the magnetic field strength, and 

m is the mass of the ion. 

 

  ⁄             ⁄   ⁄                                  .  

 

In addition to circular motion, the ions also move along the B axis; to prevent 

them from escaping axially from the cell, a small DC field is applied on the trapping 

plates. Ions with the cyclotron frequency ωc trapped in the cell, can be excited by 

applying an oscillating electric field of the same frequency on the transmitter. The 

application of an oscillating electric field makes the ions circulate in a larger radius 

orbital without affecting cyclotron frequency. The excited ions move coherently, closer to 

the receiver plates (Figure 1.9), inducing image currents onto them which are amplified 

and measured. 
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Figure 1.9 Schematic diagram of the ion cyclotron resonance mass spectrometer 

(Adapted from Ref.11) 

To obtain a mass spectrum over the desired m/z interval, all ions within this 

interval are excited simultaneously by a rapid frequency sweep of the voltage on the 

transmitter plates. The collected time domain image current information is then process 

by Fourier-transformation to obtain the desired mass spectrum.  

1.5.4 Combination of quadrupole and time-of-flight analyzers for Q-TOF mass 

spectrometer. 

First introduced commercially in the mid 1990’s, quadrupole–time-of-flight (Q-

TOF) mass spectrometers have rapidly been accepted by the analytical community as 

powerful and robust instruments with unique capabilities. In particular, the combination 

of the high performance of time-of-flight analyzer in both the mass spectrometry (MS) 

and tandem MS (MS/MS) modes, with the well accepted and widely used ionization 

techniques of  
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Figure 1.10 Schematic diagram of the quadrupole time-of-flight mass spectrometer. 
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electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI). The 

Q-TOF mass spectrometer is a perfect blend of two mass analyzers, quadrupole and time 

of flight. The original targeted application of such an instrument was the field of 

proteomics,81, 82 however it is now applied to problems which range from nanospray 

analysis of biological samples to liquid chromatography (LC)/MS/MS of pharmaceutical 

preparations at high flow-rates. Its rapid popularity is due to the attractive combination of 

high sensitivity and high mass accuracy for both precursor and product ion modes, and 

also the simplicity of operation.  

The development of the Q-TOF is closely related to the early development ESI-

TOF technique (electrospray ionization time-of-flight). As shown in Figure 1.10, 

instrument consists of three chambers: source, analyzer and time-of-flight. This technique 

uses the principle of orthogonal ion injection from a high-pressure ion source, and its 

principle is presented in several recent reviews.83, 84 The configuration of Q-TOF can be 

regarded either as an addition of a mass-resolving quadrupole and collision cell to an 

ESI-TOF or as the replacement of the third quadrupole (Q3) in a triple quadrupole by a 

TOF mass spectrometer. From either viewpoint, the benefits achieved are high 

sensitivity, mass resolution and mass accuracy. The popularity of the Q-TOF has been 

significantly advanced by the rapid growth of semi-automated instrument control and 

data processing, and by continuing improvements in the performance characteristics of 

mass resolution and sensitivity. In addition, while the instrument was initially considered 

to be suitable only for qualitative analysis, it can be applied to quantitative analysis too.  
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1.6 Inside a Mass Spectrometer: Ion activation for structural information 
 

 The soft ionization techniques discussed earlier are successful in extending the 

range of application of mass spectrometry to thermally labile compounds and detecting 

them in a single mass analysis stage (denoted as MS1). Unfortunately, these ionization 

techniques primarily yield protonated or deprotonated species with little or no 

fragmentation occurring in the source, therefore limiting the structural information 

available in a single-stage mass spectrum. As a consequence, tandem mass spectrometry 

(denoted as MS/MS or MS2) has emerged as an essential technique for the structural 

analysis of wide range of biologically relevant compounds.  

Tandem mass spectrometry involves the selection of a precursor ion formed in the 

ion source followed by an activation step. During the activation process, internal energy 

is deposited into the precursor ion so that it can undergo dissociation to generate fragment 

ions. The ion activation step is crucial in an experiment, and ultimately defines the type 

of products result. Several ion activation techniques have been developed and 

successfully implemented in variety of mass spectrometers (Table 1.3). The following 

research is primarily involved with two activation methods, Collision Induced 

Dissociation (CID) and Surface Induced Dissociation (SID), which will be discussed in 

detail.  
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Method 
Energy 
Range 

Instruments Description 

CID 

Low 
 
          

High 

QqQ, IT, Qq-TOF, 
QqLIT, FTICR 

 
TOF-TOF, Sector 

Collision-induced dissociation by 
collision of precursor ions with inert 
target gas molecules in a collision cell. 
Energy ranges 1-200 eV.                          
Same as low energy CID, with keV 
collision energies 

SID 

Low 
           
         

High 
 

Hybrid(BqQ), IT, 
FTICR, QSQ 

                    
Tandem TOF, RETOF 

 

Collision between precursor ions and 
solid target surface in the range of eV 
collision energies. 
Same as above with keV collision 
energies 

ECD Low FTICR, IT 
Low-energy beam of electron resulting 
in electron capture protonation site 
followed by subsequent fragmentation 

IRMPD Low IT, FTICR 
Continuous wave of low energy IR 
laser beam activates the precursor ions 
by multiphoton absorption.  

BIRD Low IT, FTICR Low-energy thermal activation method  

PSD Low RETOF 
Metastable ion dissociation in flight 
tube of a time-of-flight instrument 

 
 

Table 1.3 Ion Activation methods used in Mass Spectrometry.85 
 
 

 

 

 

 

 



63 
 

1.6.1 Collision-induced Dissociation (CID) 

CID remains the most common ion activation method used in present day mass 

spectrometers.86-88 Collision between the precursor ion and a neutral target gas are 

accompanied by an increase in internal energy, which induces fragmemntation. CID is a 

multiple collision process. When an ion with high translational energy undergoes an 

inelastic collision with a neutral gas molecule, part of the translational energy is 

converted to internal energy. The amount of energy transferred in the collision process 

can be represented by the mathematical relationship (Eq. 1.7): 

 

                                                               .  

 

Ecom is the total amount of energy available for the precursor ion to deposit as the 

internal energy. Where Elab is the ion’s initial kinetic energy and N and mp represent the 

masses for the neutral target (generally, N2, He or Ar) and precursor ion, respectively. As 

expected, the amount of internal energy deposited is highly dependent on the relative 

masses of the two species and generally limited by the mass of the inert gas (larger the 

mass of the precursor ion, less energy deposited).  

All CID processes can be categorized into two groups, low energy and high 

energy.  Low energy CID is in the range of 1-200 eV energy, and high energy CID is in 

the range of kilo-electron volts. The instruments used in the present research primarily 

use low energy CID and/or surface induced dissociation (SID) as the method of ion 
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activation. The low energy CID is performed in an argon filled collision cell. The nature 

and pressure of the collision gas plays a significant role in controlling the amount of 

energy transferred. 

1.6.2 History and Significance of Surface-Induced Dissociation (SID)  

The study of ion/surface collision phenomenon dates back several decades. The 

first such experiment was reported by Rutherford in his scattering experiment, in early 

19th century. Based on the collision energies involved, ion/surface collision can be 

divided into four energy regimes, thermal, hyperthermal, low energy and high energy. 

The thermal energy range involves ions with energy below 1 eV, the hyperthermal energy 

regime covers the energy range up to about 100 eV, the low energy regime falls in 1-10 

keV and high energy regime covers the energies of mega-electron-volt (MeV). Since the 

hyperthermal energy regime is involved in many chemically relevant processes, including 

SID, this will be discussed in detail.  

In the hyperthermal regime, the center-of-mass collision energy is comparable to 

or greater than typical chemical bond energies and can cause bond cleavages without 

obscuring the chemical nature of the projectile. However, depending on the nature of the 

chemical/physical processes, hyperthermal collisions can result in elastically, inelastically 

or reactively scattered ions. Elastic scatterings are the least chemically interesting. Due to 

the nature of these collisions, the scattered ions retain almost all of their translational 

energy as it is and do not undergo any bond dissociation.  
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Elastic 
scattering 

Quasielastic 
scattering 

      
          

 

Dissociative 
adsorption 

  
 

 

Surface 
induce 

dissociation 

    
   

 
 

Chemical 
sputtering         

Ion/surface 
reaction         

Soft landing            
     

 
Table 1.4 Elementary processes in polyatomic ion/surface interaction 
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The most interesting process that could happen with elastic collision is the 

removal of translational energy from the projectile, which allows intact ion deposition on 

the surface (soft-landing). Reactive collisions are of interest both as a means of surface 

analysis and as a means of controlled surface modification.  

The third category, inelastic collision, is the most informative type of collision 

that is capable of producing chemically relevant information of projectile ions. These 

collisions are fundamental collision processes in which the kinetic energy of an incident 

particle is not conserved (the energy of the incident particle is lost or gained). There are 

several chemically interesting processes that fall under the category of inelastic 

collisions, including SID.  

SID is analogous to CID, except that a solid surface is used as the collision target. 

This technique was first developed in mid 1970’s by R. Graham Cooks.89-91 Since that, 

several research groups have been studied SID, including McLuafferty,92, 93 Wysocki94-96 

and Futrell.97-99 The idea behind SID is to increase the mass of the collision target by 

replacing the collision gas with a solid surface, so that, a greater amount of translational 

energy can be converted to internal energy. Assuming that collisions occur with the entire 

surface (the most extreme situation) instead of individual surface molecules, the mass of 

the target becomes infinite and all of the kinetic energy will be available for deposit as 

internal energy. However in practice, the properties of the terminal groups on the surface 

are primarily responsible for the amount of energy conversion.100 After a collision, the 

projectile ions are believed to be internally excited and undergo delayed unimolecular 

dissociation. There is a range of different surfaces used as collision targets, including self 
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assembled monolayer (SAM) surfaces.  Use of a surface as a collision target has some 

other advantages over gas targets, including no gas load on the instrument (less 

maintenances), one single step collision activation compared to  multiple collision (“slow 

heating”) in CID, no need to reproduce a similar gas pressure and relatively narrow 

internal energy distribution.  

 In this research, an SID device has been installed in a Micromass/Waters Q-TOF 

mass spectrometer and will be discuss in Chapter 3 and 4.  
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1.7 Introduction to peptide fragmentation 
 

In tandem MS experiments, the first mass analyzer of a mass spectrometer is used 

to selectively pass a precursor ion of interest into an ion activation region where 

excitation and dissociation take place. The second mass analyzer is used to record the m/z 

values of the dissociation products. The identification of these dissociation products, 

vastly rely on the current knowledge of fragmentation mechanisms, especially in the field 

of protein and peptide identification (proteomics). Studies of peptide/protein 

fragmentation mechanisms have been ongoing since the 1980’s and involve different 

techniques, including systematic alteration of model peptide systems, deuterium labeling, 

and chemical derivatization, etc.  It is conclusive from these works that the observed 

fragmentation patterns depend on various parameters including the amino acid 

composition, size of the peptide, excitation method, time scale of the instrument and the 

charge state of the ion, etc. In the proceeding section a detailed overview of peptide 

fragmentation will be presented. 

1.7.1 Peptide fragmentation nomenclature 
 

 Peptides and proteins are considered to be polymers of amino acids. Due to their 

polymeric nature, a systematic nomenclature system has been developed to identify 

different fragment ions (Scheme 1.1). Under low-energy CID conditions, peptide/peptide 

precursor ions dissociate along the backbone at the amide bonds.101-103 The most common 

fragment ions formed by back bone cleavage (under low energy CID/SID conditions) are 

b- and y-type ions. Assuming a singly protonated peptide, if the charge is retained on the 

N-terminal side of the fragment, the product ion is termed bn, where n refers to the 
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number of amino acid residues counting from the N-terminus side. Likewise if the charge 

is retained on the C-terminal side of the peptide, the product ion is termed a yn ion. The 

other most frequently observed ions with low energy activation are a-type ions and 

immonium ions, where the former is formed by a formal loss of a CO (28 Da) unit from 

bn ion and immonium ion is a protonated single amino acid residue. Under high energy 

/alternative activation regimes, formation of other forms of fragment ions including, c, d, 

v, w, x and z are plausible (Table 1.5), but will not be discussed in this dissertation.  

 

Scheme 1.1 Nomenclatures of common peptide/protein ion types 
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Ion Type Structure Ion Type Structure 

 
b ion 

 

 

y ion 

a ion 

 

x ion 

c ion z ion 

 

d ion  v ion 

Immoniu
m  w ion 

 

Table 1.5 Structures and nomenclature for fragment ions of protonated 
pentapeptide 
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1.7.2 Fragment ion structures and formation 
 

The level of understanding of the fragmentation processes of protonated peptides 

is the key element in proteomics. Better understanding of fragmentation would enhance 

the confidence level of positive peptide/protein identification. The proceeding section 

will be focus on the structures of peptide fragments and their mechanisms.  

For several ion types, different structures might be drawn for their fragments. In 

other words there is a structural diversity of the fragments and usually is determined by 

the peptide sequence. The most structural diversity has been reported for the structures of 

b-ions. The typical b-ion structure is an oxazolone, a result of a direct amide bond 

cleavage.104, 105 The oxazolone structure could undergo a ring-opening process to 

generate an acylium structure, another possible structure (Table 1.6).102 Cleavage C-

terminal to an acidic amino acid without the involvement of an ionizing proton results in 

an anhydride structure.106 Other possible b-ion structures are bicyclic ion, result of a C-

terminal cleavage to histidine and b2, diketopiperazine, a result of an N-terminus attack of 

the carbonyl of the second amino acid residue. Other than these b-ion structures there is 

strong evidence of formation of cyclic b-ion structures which will be discussed in 

Chapter 6.    
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b-ion   Structure 

b3: Acylium102 ion 
structure: 

cyclic opening of 
oxazolone the 

structure 

b3: Anhydride106 
structure:  

Terminal acidic 
residue in b-ion 

b3: Bicyclic107 
structure: 

Terminal His 
residue in b-ion 

b2: 
Diketopiperazine108 

 
 

Table 1.6 Structures of b-ions 
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1.7.3 Mobile proton model 

The mobile proton model is a well established peptide fragmentation model which 

provides a solid background to understand the underlying chemistry of peptide 

dissociation. Such understanding of the dissociation pathways is useful in the 

development of peptide sequencing and protein identification algorithms. There are 

several research groups that have pioneered in discovering mobile proton model 

including Biemann,109 Gaskell,110, 111 Wysocki,112, 113 Harrison,114, 115 and Boyds.116, 117 In 

this model, it is assumed that the ionizing proton(s) initially resides at the most basic 

site(s).118, 119 Upon activation, energy is deposited into the molecule which causes the 

added proton to move along the peptide backbone (Scheme 1.2) and subsequently initiate 

cleavages at different sites (charge-directed fragmentation) .112, 120 Fragmentation is 

thought to occur when an added proton resides at the amide bond. When the number of 

basic residues exceeds the number of ionizing protons, the protons will be sequestered at 

the basic residues. During activation, if the added energy is not sufficient to mobilize a 

proton, fragmentation can be initiated in the absence of the charge. On the other hand, 

when the number of basic residues is less than the number of ionizing protons, the proton 

can be easily accessed by multiple sites to initiate cleavages.  

There are number of experimental and theoretical results that support mobile 

proton model.  A detailed study of the effect of basicity of the N-terminal amino acid 

residue has been published by the Wysocki research group.112  
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Scheme 1.2 The formation of b ion and y ions 
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In this study, it is shown that with increasing gas phase basicity of the N-terminal 

residue, the fragmentation efficiency decreases in the order of Ala>Pro>Lys>Arg. This is 

consistent with the hypothesis for the mobile proton model that the basic residue is the 

initial proton holder of the peptide so that with increasing gas phase basicity more 

strongly bound proton would be result.  

Results from deuterium labeling experiments also support the mobile proton 

model. Harrison and Yalcin115 studied the water loss and ammonia loss from deuterated 

(MD+) amino acids and small peptides. It is shown that the ionizing deuterium exchanges 

intramolecularly with all labile hydrogens including amine hydrogens, amide hydrogens, 

carboxylic hydrogen and hydroxyl hydrogens. From their results, it is conclusive that the 

added proton to amino acids and simple peptides is very mobile and samples all positions 

bearing labile hydrogens prior to fragmentation. Furthermore theoretical calculations 

performed by Paizs and coworkers121-123 on small peptides such as KG, N-

formylglycinamide, GG and GGG showed that the energy required for proton transfer 

among different protonation sites is less than the transition energies required for most 

favorable fragmentation pathways. Therefore, the proton can be transferred between 

different protonation sites before fragmentation. 
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CHAPTER TWO.  

EXPERIMENTAL METHODS AND INSTRUMENTATION 
 

This chapter describes the general methods, materials and instrumentation for the 

experiments discussed in this dissertation. The detailed experimental conditions will be 

discussed separately in each chapter. Presented here are the experimental 

conditions/operation used on the Quadrupole Time-of-Flight instrument (Q-TOF), 

Fourier transform ion cyclotron resonance (FT-ICR), Quadrupole/surface/Quadrupole 

(4000)  and quadrupole ion trap (QIT) mass spectrometers.  

2.1 Materials 
 

All the samples for peptide fragmentation with SID, including methanol, acetic 

acid, acetic anhydride, fibrinopeptides, bradykinin, angiotensins, leucine enkephalin, 

leucine enkephalin amide, derivatives of enkephalines, poly-alanines, insulin chain-B, 

ubiquitin, cytochrome c and salt clusters were purchased from Sigma-Aldrich (St. Louis, 

MO) and used without further purification.  

The samples for the cyclic peptide project, including [D-Ala2] leucine enkephalin 

amide, [D-Ala2] leucine enkephalin, leucine enkephalin, leucine enkephalin amide, 

methionine enkephalin, methionine enkephalin amide, [Ala2] methionine enkephalin 

amide, [D-Ala2] methionine enkephalin and [D-Ala2] methionine enkephalin amide were 

purchased from American Peptide Company (Sunnyvale, CA). Cyclo-YAGFL was 

kindly provided by Professor Alex G. Harrison (Department of Chemistry, University of 

Toronto). CD3OD (99.9%) for H/D exchange experiments, was purchased from 
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Cambridge Isotope Laboratories (Andover, MA) and degassed through several freeze–

thaw cycles before use. All the other reagents required were purchased from Sigma-

Aldrich (St. Louis, MO) and used without further purification.  

The mountable BNC female connectors for the SID device were purchased from 

(Part No. 31-102) Amphenol RF, Danbury, CT. The stainless steel, aluminum and 

polyetheretherketone (PEEK) materials were purchased from McMaster-Carr, CA. 

Multiple output DC power supplies (TD-9500) were purchased from Spectrum Solutions 

Inc, Russellton, PA. The Lab-VIEW automation software and data acquisition board was 

purchased from National instruments corporation, Austin, Texas.  

2.2 Sample preparation 
 
 For electrospray, peptides were dissolved in CH3OH:H2O:acetic acid (50:49:1) 

solution to give concentrations between 10 and 100 µM. The samples of salt clusters 

were prepared in water:methanol (50:50) with concentrations of 20-100 mg/ml. The 

samples were prepared fresh prior to each mass spectrometric analysis.  

2.2.1 N-acetylation of peptides 
 

To obtain N-acetyl peptides, a grain of solid peptide was dissolved in 70 μl 5M 

NH4HCO3 solution. A solution of acetic anhydride (AA) in methanol (AA:methanol; 

1:3(v:v)) was prepared and 20 to 30 μl of this solution was added to the peptide solution. 

The reaction was allowed to proceed at ambient temperature for 2 hrs. In the end, the 

solution was diluted by electrospray solvent before MS analysis. 
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2.2.2 Self-Assembled Monolayer (SAM) surfaces 

 Glass surfaces (18mm x 12mm) coated with a 10-Å layer of titanium followed 

by a 1000-Å layer of gold (Evaporated Metal films Corp., Ithaca, NY) were used as 

substrates for the SID collision targets. The Au-coated glass slide was first UV cleaned 

for 15 min, rinsed with ethanol, and immersed in a 1mM ethanolic solution of 2-

(perfluorodecyl) ethanethiol for 24 hours. Following this step the surface was immersed 

in ethanol (96% purity) and sonicated for 5 min in an ultrasonic bath. Sonication was 

repeated two more times with fresh ethanol solutions. Finally the glass surfaces, coated 

with a fluorinated self-assembled monolayer (SAM), were air-dried and attached to the 

surface holder of the SID setup. The surface preparation technique is further explained 

elsewhere.124, 125 The 2-(perfluorodecyl) ethanethiol used for SAM surfaces was 

synthesized by the Chemical Synthesis Facility of the Department of Chemistry, 

University of Arizona.   

2.3 Instrumentation 
 

 The majority of the research presented in this dissertation is performed in a Q-

TOF instrument. In addition FTICR, QSQ (4000) and QIT mass spectrometers were used. 

The operational and experimental procedures of these instruments are discussed in the 

following sub-chapters.  

2.3.1 Micromass/Waters Q-TOF mass spectrometer 
 

 Micromass/Waters (Manchester, UK), quadrupole-time-of-flight (Q-TOF-II) mass 

spectrometer was used primarily for the SID studies. The instrument was equipped with a 

commercial electrospray ionization source (ESI). All the peptide/protein work was 
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carried out with the commercial ESI source. The samples were delivered into the 

instrument by direct infusion, using a mechanically driven syringe pump (Harvard 

apparatus), at a flow rate of 5 µL/min.  The typical concentrations of the samples were in 

the range of 10-100 µM and prepared in 50:50 MeOH:H2O with 1% acetic acid. The ESI 

source temperature was kept at 80-150ºC, and 2.8-3.6 kV was applied to the electrospray 

needle. The desolvation gas flow was kept at a flow rate of ~200 L/min with temperature 

kept at ~150ºC. The optimum ionization efficiency was obtained by varying the cone 

voltage between 20-80 V (sample dependent).  

For the salt cluster experiments and noncovalent protein complex experiments, a 

home built nano-ESI spray source was used instead of the commercial ESI source. The 

samples were loaded into glass capillaries pulled in-house (Sutter Instruments, P-97 

micro-pipette puller) to a final tip diameter of 1-5 μm.  A platinum wire was inserted into 

the glass capillary and a voltage of 1.5 to 2.4 kV was applied to electrospray the ions. The 

cone voltage was varied between 80-150 V until optimum ion transmission was obtained. 

No heating or desolvation gas was used with nano-ESI.  The concentrations of the salt 

cluster samples were typically in the range of 20-50 mg/ml and sprayed out of 50:50 

MeOH: H2O.  

As mentioned already, the Q-TOF mass spectrometer can be described in the 

simplest way as a triple quadrupole with the last quadrupole section replaced by a TOF 

analyzer. The Q-TOF instrument has three differentially pumping regions, referred to as 

source, analyzer and TOF regions; with typical operating pressures of 1 x 10-3 mbar, 3 x 

10-5 mbar and 3 x 10-7 mbar respectively (Figure 2.1). The pressure in the source region 
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was critical in observing different distributions of intact cluster ion populations and was 

adjusted accordingly. The electrosprayed ions were passed through the cone (1.5 mm 

inner diameter) and subsequently the extractor cone (Figure 2.1). In general the skimmer 

and the extractor was operated at 45 V and 0 V respectively. The source hexapole located 

after the extractor was used to focus ions and pass them into the analyzer region. The 

source hexapole (Hex1) is used for collisional cooling and focusing of the ions entering 

the instrument. This is operated in the RF-only mode: the RF-field creates a potential 

well that provides radial confinement of the ions. The RF source hexapole is operated at a 

pressure of 1-2 x 10-3 millibars; it provided both radial and axial collisional damping of 

ion motion. The collision damping effect helped thermalize ions, reducing both the 

energy spread and the beam diameter and resulting in better transmission. Such 

collisional cooling effects are critical especially for transmission of noncovalent 

complexes of proteins and salt clusters. By reducing the pumping capacity of the source 

region, the operational pressure in the source region was increased up to several millibars 

and a significant amount of ion transmission was achieved for the salt cluster experiment.  

After leaving the source hexapole, ions are re-accelerated in the axial direction into the 

analyzer region. The 2 mm aperture located between the source and the analyzer region 

served as a pressure restrictor, in maintaining differential pumping. The analyzer region 

consists of a quadrupole, a collision cell and ion transfer hexapole. For single MS (or 

TOF-MS) measurements, the quadrupole is operated in the RF-only mode so that it 

serves merely as a transmission element, while the TOF analyzer is used to record 

spectra. For MS/MS mode, the quadrupole is operated in the mass filter mode to transmit 
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only the parent ion of interest, typically selecting a mass window from 1 to 3 Da wide by 

adjusting the high mass (HM = 5-15, with 15 being selected for unit mass selection) and 

low mass (LM = 5-15, same as of HM) resolution windows.  The width of the selection 

window is adjusted according to the experiment. The ions are then accelerated to energy 

of between 20 and 200 eV before it enters the collision cell, where it undergoes collision 

induced dissociation (CID). The collision cell is connected to an argon gas line, which 

served as the collision target in the CID mode. The collision energies for the CID 

experiments were varied by changing the DC offset of the transfer hexapole (the collision 

energy is defined as the voltage difference between transfer hexapole and the collision 

cell, Figure 2.2). The collision cell was always grounded both in MS or MS/MS modes. It 

should be noted that the MS mode can be performed either with or without collision gas. 

In the former case, all parameters in the quadrupole section are set as for MS/MS, but the 

collision energy is kept below 10 eV to avoid fragmentation. Both sensitivity and 

resolution benefit from the additional collisional focusing in the pressurized collision cell. 

After leaving the collision cell, the resulting ions are collisionally cooled and focused by 

the transfer hexapole. Collisionally cooled and focused ions are re-accelerated to the 

required energy (usually 65 electron volts (eV) per unit charge), and focused by ion optics 

into a parallel beam that continuously enters the ion modulator of the TOF analyzer. 

Initially the modulator region is field free, so ions continue to move in their original 

direction in the gap. A pulsed electric field is applied at a frequency of several kilohertz 

(kHz) across the modulator gap, pushing ions in a direction orthogonal to their original 

trajectory into puller lens region (in common practice this is called accelerator column, 
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Figure 2.1), where they acquire their final energy of several keV per charge. From the 

accelerating column, ions arrive in the field-free drift space, where TOF mass separation 

occurs. The ratio of velocities (or energies) in the two orthogonal directions is selected 

such that ions reach the ion mirror and then the TOF detector naturally, without requiring 

an additional deflection in the drift region, which could affect the mass resolution. A 

single-stage reflectron provides compensation for the initial energy and spatial spread of 

the ions: ions originating at different vertical positions in the extraction gap of the 

modulator are focused on to a horizontal plane at the detector entrance. The detector is 

made of two microchannel plates in a chevron configuration. All mass spectra from the 

TOF spectrometer (in both MS and MS/MS modes) are recorded with a time-to-digital 

converter (TDC) and processed by masslynx 4.0 software. The rest of the standard 

instrument operational voltage settings are summarized in table 2.1-2.3. The SID 

operation parameters will be discussed in the chapter 3.  
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Figure 2.2 Q-TOF voltage settings for the CID/SID modes. The collision energy is 

defined as the voltage difference between the hexapole and the collision cell 

(grounded = 0 V). The ion energy is determined by the voltage difference between 

the hexapole and the quadrupole DC offset. The TOF entrance voltage is always set 

at -65 V so that the ion beam enters the TOF chamber at a constant kinetic energy 

of 65 eV/ charge.  

 

 



85 
 

 

Component Typical Value Vary/Fixed Description 

Capillary 3000 V Vary Voltage on probe tip 

Cone 20-80 V Vary 

Voltage on sample cone. Sample 
dependent 
Read back = collision + cone + 
extractor + RF lens 

Extractor 0 V Vary 
Voltage on extractor cone 
Read back = collision + extractor + RF 
lens 

RF lens 1.0 V Vary DC voltage on source hexapole 
Read back = collision – RF lens 

Multiplier 550 V Fixed Voltage on PMT 

MCP 2050 V - Voltage on micro-channel plates. Do 
not exceed 2400 V 

 

Table 2.1 Q-TOF instrument ion optics voltage settings: Ion source region. 
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Component Typical Value Vary/Fixed Description 

LM Res 5 Vary Quadrupole low mass resolution 

HM Res 5 Vary Quadrupole high mass resolution 

Collision 0-200 V Vary Energy of ions entering gas cell 

Ion Energy 2.0 eV Vary Energy of ions entering quadrupole 
Read back = Collision – ion energy 

Steering 0 V Vary Up/down steering of ions into pusher 
(±5 V) 

Entrance 65 V Fixed Energy of ions entering pusher region 

Pre-Filter 5 V Vary Offset voltage on quadrupole pre- and 
post filters 

 

Table 2.2 Q-TOF instrument, ion optics voltage settings: Analyzer region 
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Component Typical Value Vary/Fixed Description 

Transport 2-6 V Vary DC offset on the transport hexapole 

Aperture 4-10 V Vary 
Voltage on second pumping aperture. 
Increase for best sensitivity, reduce for 
best resolution 

Acc V 200 V Fixed Accelerates ions after the transfer 
hexapole 

Focus 0 V Fixed Focuses ions after pumping aperture 

Tube lens 90-130 V Vary Last lens before pusher. Adjust for 
TOF resolution 

Offset 1 -1.9 V Vary Offset voltage on pusher plate.  

Offset 2 -1.7 V Fixed Offset voltage on second grid 

Pusher 980 V Fixed Pusher amplitude; fine tune for best 
resolution 

TOF (kV) 9.1 kV Fixed Flight-tube voltage 

Reflectron 

36 % of 

TOF 

Voltage 
Fixed Voltage on the reflectron  

Pusher Time 
(µs) Vary Vary Time between pusher pulses. 

Determines the TOF mass range 

Puller 650 V Fixed Puller amplitude 

 

Table 2.3 Q-TOF instrument, ion optics voltage settings: TOF region 
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One of the major challenges in detecting large proteins and their non-covalent 

complexes would be the effectively selecting masses at higher m/z values. With Q-TOF 

instrument, although the TOF analyzer has unlimited mass detection limit, the 

quadrupoles can transmit ions only to a certain m/z value and it is dependent on the RF 

amplitude, frequency and as well as the inscribe diameter of the rod assembly. To 

overcome this limitation, the instrument was modified to accommodate an extended mass 

range quadrupole mass analyzer. The highest m/z, Mmax, that can be transmitted can be   

transmitted by a quadrupole is given by,  

       
 

                                                      (2.1) 

With Vm defined as the peak-to-peak RF amplitude; f, the RF frequency; and r0, 

the inner radius between the quadrupole rods. For a standard Q-TOF instrument, the 

quadrupole mass range is limited to m/z 4190 Da, with operational RF frequency of 832 

kHz. To increase the mass range, the RF frequency was reduce to a value of 300 kHz (In 

theory, all three parameters, Vm, f, and r0 could be changed to adjust the mass limits. 

However, higher RF voltages are avoided to prevent any voltage breakdown between 

rods. Smaller r0 radiuses are avoided to prevent any blockage of the ion acceptance 

capacity.). The reduction of the RF frequency to 300 kHz extended the upper mass limit 

up to m/z 32,000 Da. During this modification, the quadrupole calibration was adjusted 

according to the mass of interest. A custom calibration plot was constructed to obtain the 

relationship between the actual and the selected mass of the quadrupole (Figure 2.3).   
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Figure 2.3 Calibration curve to correlate the actual and theoretical masses of the 

quadrupole. A exceptionally accurate correlation was found between the theoretical 

masses and the actual masses.   
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2.3.2 IonSpec FT-ICR mass analysis 
 

An IonSpec (Lake Forest, CA), 4.7 Tesla Fourier transform ion cyclotron 

resonance (FT-ICR) instrument was used for H/D exchange experiments. The ions were 

generated using an Analytica (Branford, CT) second generation electrospray (ESI) source 

and introduced into the instrument by direct infusion of 10-30 μM solutions in 50:50 

methanol:water with 1% acetic acid (typical). The source temperature was kept at 180 - 

200°C, and 3.8 - 4.0 kV was applied to the electrospray needle. The instrument has two 

differentially pumped regions, referred to as the source and analyzer regions, with a 

typical analyzer base pressure of 7 x 10-11 Torr. The electrosprayed ions pass through a 

skimmer, and are collected in an external RF-only hexapole, where they are allowed to 

accumulate for 400 ms before being passed into the analyzer region. The control over ion 

accumulation/ejection in the RF-only hexapole region is achieved by an electrostatic 

shutter. An RF-only quadrupole guides the ions into the cylindrical ICR cell (Figure 2.2). 

An RF sweep with a width of 2 ms and amplitude of 120 V was used to excite the ions 

before detection.  
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Figure 2.4 Schematics of FT-ICR instrument 
 

For the fragmentation studies, ions were first injected into the ICR cell as 

described above. Once the ions were trapped, the desired mass was isolated by applying a 

chirp frequency sweep. The rest of the ions were ejected out of the cell. Ion activation in 

the cell was performed in one of two ways, SORI-CID and SORI-RE-CID. Typical SORI 

conditions for CID experiment include a 0.5 – 6 V amplitude applied for 500 – 1000 ms, 

and a +1000 Hz offset. Argon was used as the collision gas. Pressure inside the ICR cell 

during CID was approximately 2 x 10-6 Torr. The collision gas was leaked for the same 

duration via pulsed valve, simultaneously with the SORI. A few seconds of delay time (3-

5 s) passed between CID and detection. This allows the pressure inside the ICR cell to 

drop approximately 5 x 10-10 Torr, at the time of detection. The SORI-RE activation is 

similar to SORI, but instead using of a single off-resonance excitation, resonance 

excitation is used in conjunction with SORI.  SORI-RE is performed on monoisotopically 

selected ion populations, because RE tends to deplete the monoisotopic precursor ion 
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while SORI may excite the 13C isotopic ion. After the isolation, fragmentation could be 

accomplished by any of the following combinations, RE, SORI-RE, or RE-SORI. In 

current research mainly SORI-RE activation is used. In general SORI pulses varied in 

time from 50 ms to 3000 ms, and SORI voltages varied from 0.5 V to 6.0 V. Likewise, 

RE pulses varied in time from 10 μs to 25 μs, and RE voltages varied from 50 V to 400 

V. Argon gas was used as the collision gas at a pressure of approximately 2 x 10-6 Torr in 

the ICR cell. For RE-CID experiments, a RE pulse was applied 20 ms (minimum gap 

time required by hardware) after a 0 V “blank” SORI pulse. In addition, the gas was 

pulsed into the cell at the same time and for 50 ms longer than the 0 V “blank” SORI 

pulse (i.e., 550 ms total gas pulse). For the SORI-RE experiments, the gas pulse started 

with the beginning of the SORI pulse and ended 50 ms after the end of the SORI pulse. 

For all RE-SORI experiments, the gas pulse started 500ms before the RE pulse and ended 

with the end of the SORI pulse. During the SORI-RE experiments, the RE pulse was 

applied 20 ms after the end of the SORI pulse.  

In order to accommodate H/D exchange in the IonSpec FT-ICR mass 

spectrometer, previously installed pulsed-leak configuration was used.126 During a typical 

H/D exchange experiment, the ions are first injected into the ICR cell as described for 

MS opration. The ions are then exposed to the deuterated reagent for the desired amount 

of time by holding a pulse valve open. When the exchange time has passed, the pulse 

valve is closed and any remaining reagent in the ICR cell, pumped away for 30 – 40 

seconds before detection. CD3OD (deuterated methanol) is used as the exchange reagent 

at a pressure of 10-8 – 10-6 Torr. Pressure in the ICR cell at the time of detection is 
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typically 1-5 x 10-9 Torr. Isolation and fragmentation of ions following H/D exchange 

was sometimes performed (approximately 10-20 seconds after the end of exchange).  

2.3.3 Thermo/Finnigan ion trap mass spectrometer 
 

A Thermo/Finnigan LCQ ion trap mass spectrometer (San Jose, CA) with an 

electrospray ion source operating in the positive mode was used for low energy CID 

experiments. The samples were sprayed into the mass spectrometer at a rate of 3-5 

μL/min by direct infusion. The electrospray needle voltage was operated at 4.0-4.8 kV 

and the capillary voltage was at -10 V. A capillary temperature of 200ºC was maintained. 

Unit mass selection of the monoisotopic precursor ion was performed in order to avoid 

ambiguities overlapping of different conformers. Helium was used as the collision gas, 

and the excitation energy is indicated as % collision energy by the manufacturer and 

corresponding to the amplitude of a supplementary AC voltage which varies with the 

precursor ion mass. For multi-step fragmentation, the desired fragment ion produced 

from the precursor (MS/MS) was selected and isolated in the trap followed by subsequent 

excitation. 

2.3.4 QSQ-Extrel Tandem Mass Spectrometer for Ion-funnel 
 

A custom designed quadrupole-surface-quadrupole (QSQ) mass spectrometer was 

used for the ion-funnel interface presented in chapter 7.127 The instrument consists of two 

4000 u quadrupoles (Extrel, Pittsburgh, PA) arranged in an orthogonal (90°) geometry, 

with a surface holder positioned at the intersection of the two quadrupoles (Figure 2…). 

The surfaces (typically, FSAM) were mounted on the surface holder, a teflon plate, which 

is fabricated to hold multiple surfaces. The surface holder was rotated in the x-y plane 
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and also manipulated in the z direction normal to the ion beam path to obtain optimum 

ion signal intensity at the detector. Use of a multiple surface holder was advantageous as 

it allowed comparing different surface types in the same analysis step. This is further 

facilitated by easy manipulation of the surface holder in the z-direction.  

The instrument has two differentially pumped regions, source and the analyzer. 

The skimmer cone served as the pressure restricting aperture in maintaining these two 

regions. The typical pressure at the source region was ~1 x 10-3 Torr, where as the 

analyzer pressure was maintained at ~1 x 10-5 Torr.  The instrument could operat in two 

modes, parent ion turning (MS) and ion/surface collision (MS/MS) mode. For both the 

modes, samples were introduced by direct infusion at a flow rate of 5µL/min.  
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The electrospray needle was applied with 2.8-3.4 kV voltage, while the capillary was 

operated at 120 V. The capillary was also heated up to 130º C, by a home built heater 

system (Figure 2…). Furthermore, the angle between the incident ion beam and the 

surface normal was kept at ~45°. The tuning of the ions in the mass spectrometer was 

achieved by a set of electrostatic lenses. There were three sets of Einzel lens assemblies 

in the instrument, one before and one after the first quadrupole and the third one before 

the entrance to the second quadrupole (Figure 2.2). In parent ion turning mode, the 

surface and the skimmer cone were kept at similar potentials (90 V), causing the ion 

beam to turn at the direction of the second quadrupole without colliding (0 V collision). 

The ion/surface collision mode was operated similar to parent ion turning mode, but with 

lowered surface potential compared to skimmer cone. In this mode, an ion of interest was 

selected with the first quadrupole, allowed it to collide with the surface, collected the 

fragment ions after the collision with ion optics and finally performed the mass analysis 

with the second quadrupole. The extent of fragmentation was controlled by the potential 

difference between the skimmer cone and the surface. This potential difference was 

considered as the SID collision energy (after corrected for its charge state). The product 

ions collected by the second quadrupole were detected by a channeltron electron 

multiplier (Galileo) assembly equipped with a 10 kV conversion dynode. The ion signal 

is sent to an automation system (ABB Automation Inc, Pittsburgh, PA) equipped with an 

in house preamplifier, where the currents, typically in range of 10-12A are amplified and 

converted to voltage and sent for data processing.  
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2.4 Ion optics simulation  

The ion trajectory simulations presented in this research were carried out using 

SIMION v. 7.0 (Idaho National Engineering and Environmental Laboratory, Idaho Falls, 

ID), a PC based ion simulation program developed by David Dahl.128 SIMION is capable 

of calculating 2D/3D electrostatic and certain magnetic fields and the trajectories of 

charged particles through those fields. Low frequency (quasistatic) fields such as in the 

oscillating voltages on a quadrupole are supported as well. The most fascinating feature 

of this program is that it could be used to simulate several ion motion effects, including 

ion collision motions, though the user programming feature. Furthermore, the workbench 

strategy used in the simulation interface allows multiple meshes, or possibly different 

mesh sizes and symmetries. This allows SIMION geometries to be more accurate. The 

work presented in this dissertation use SIMION modeling approach in designing the in-

line SID device and will be discussed in Chapter 3. The ion funnel characterization/ 

optimization is also performed with SIMION (Chapter 7). The motions of the ions at 

elevated pressure conditions in were modeled with the incorporation of a user program 

that accounts for the space charge effects (appendix A). All the simulations were 

performed in an Intel Pentium P4 (2.0 MHz) based desktop computer.  
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CHAPTER THREE.  

DESIGN AND IMPLEMENTATION OF AN IN-LINE SURFACE INDUCED 

DISSOCIATION DEVICE IN A QUADRUPOLE TIME-OF-FLIGHT MASS 

SPECTROMETER 

 
 This chapter presents the design and implementation of an in-line SID device in a 

Q-TOF instrument (Waters/Micromass Q-TOF II). The first section discusses the 

SIMION simulations involved in the designing process and second section represents the 

SID device performances.  

A minimal amount of instrument modification was needed for the SID 

implementation. The setup allows efficient SID for a broad range of molecules. It also 

allows direct comparison of SID with conventional collision-induced dissociation (CID) 

on the same instrument, taking advantage of the characteristics of Q-TOF 

instrumentation, including extended mass range, improved sensitivity and better 

resolution compared with quadrupole analyzers and ion traps. With the SID setup 

installed, ion transmission proved to be efficient. SID fragmentation patterns of peptides 

are, in general, similar to CID, with differences in the relative intensities of some peaks 

such as immonium ions, backbone cleavage b- versus y- type ions, and y- versus y-NH3 

ions, suggesting enhanced accessibility to high energy/ secondary fragmentation channels 

with SID. Furthermore, these results demonstrate that the in-line SID setup is a valid 

substitute for CID, with potential advantages for activation of singly/multiply charged 

peptides and larger species such as non-covalent protein complexes. 
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3.1 Introduction 
 

Tandem mass spectrometry is a well established analytical technique for the 

characterization and identification of molecular structures. This technique involves 

activation of precursor ions followed by mass analysis of the fragment ion products.85 

The nature of ion fragmentation depends on the method of ion activation. The most 

common activation method, collision-induced dissociation (CID)86, 87 or collisionally-

activated dissociation (CAD), involves precursor ion excitation via multiple collisions 

with an inert gas. An ion of given translational energy undergoes a series of inelastic 

collisions with the neutral gas and a fraction of its translational energy is converted into 

internal energy, leading to subsequent fragmentation.86 As discussed in chapter 1, the 

efficiency of CID is dependent on the ratio between the relative masses of the target gas 

and the colliding ion.85 The lower the mass of the target gas, the lower the collision 

energy in the center of mass reference frame. Traditionally, in order to limit scattering, 

CID targets have been low mass inert gases such as He or Ar, therefore even with 

multiple collisions, the total energy conversion is limited. This property sometimes limits 

the utility of CID when dealing with large, complex biological molecules such as intact 

proteins or non-covalent complexes, which can require high activation energy to induce 

dissociation. 

Surface-induced dissociation (SID) is an alternative collisional activation method, 

first introduced by Cooks and co-workers.89, 90 This technique has been used by several 

research groups to analyze small molecules,129 peptides96, 130-136 and even proteins.93, 96, 137 

Cooks recently published an extensive review that covers the fundamentals of SID and 
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the current level of understanding of the SID process.138 Ion activation in SID is 

analogous to CID, except that a target surface is used as a collision target instead of inert 

gas. SID more closely approximates a single collision process compared to multiple 

collisions in CID. Among the various types of surfaces extensively explored for SID,139-

147 fluorinated self assembled monolayer (FSAM) surfaces composed of well-ordered 

fluorinated alkane thiolates on gold are often chosen, because they provide minimal 

neutralization, efficient projectile internal energy deposition and long term stability. 

These properties make FSAM surfaces attractive for SID and provide fragmentation 

efficiencies comparable to or better than CID, depending on experimental conditions, 

where fragmentation efficiency is defined as the ratio of Σ(fragment ion intensity)/ Σ(total 

ion intensity (precursor + fragments).  

It has been demonstrated that with SID, a significant amount of precursor ion 

translational energy is converted into internal energy, causing fragmentation.148-152 This is 

explained by the higher effective mass of the surface compared to masses of typical CID 

gases, leading to higher collisional energies in the center of mass frame of reference. This 

higher internal energy deposition offers the possibility of dissociating very large 

molecules or complexes that are difficult to activate by CID. In addition, SID may offer 

the potential advantage of improved ion collection efficiency compared to CID, where 

the multiple collision conditions used in CID may cause scattering of the ion beam.153 

When comparing internal energy distributions, SID has been shown to offer a narrow 

controllable internal energy distribution relative to single collision keV CID.149 With 

respect to multiple collision eV CID, Laskin and co-workers have demonstrated that the 
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width of the energy distribution is similar for SID and CID in an FTICR instrument.133 

The fine control over the internal energy deposition has led to a better fundamental 

understanding of ion dissociation mechanisms.154  

To date, SID has been carried out in several different types of mass 

spectrometers.92, 137, 155-157 Wysocki et al.127 have reported an orthogonally configured 

SID setup for small organic compounds and peptides in a quadrupole-surface-quadrupole 

instrument. This was a simplification of an earlier design by Bier et al.158 Although this 

design is very successful, incorporation of an orthogonal surface assembly into most 

commercially available mass spectrometers would require major instrument 

modifications from their linear configurations. Although significant progress has been 

made in the development of SID instrumentation and the understanding of SID collision 

processes, the application of SID as a routine and effective activation method in 

commercial mass spectrometers has yet to be realized.  

Our goal was to incorporate a simple SID device into a quadrupole/time-of-flight 

mass spectrometer (Q-TOF) with minimal instrument modification so as not to disturb 

the original instrument performance.  We have therefore designed an in-line SID device 

that can be incorporated easily into the original configuration of this commercial 

instrument. While the incorporation of a limited number of in-line SID devices in 

different MS instruments has already been reported,127, 155, 159-162 no in-line SID devices 

have been demonstrated in an ESI-Q-TOF instrument. Implementation of SID in such an 

instrument has significant advantages in resolution and m/z range over previously 

reported SID instruments. Furthermore the Q-TOF mass spectrometer is a robust 
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instrument equipped with unique capabilities such as high sensitivity, high mass 

resolution and high mass accuracy, in both the MS and MS/MS modes.163  

The most recent installation of an in-line SID device in a TOF instrument was 

reported by the Russell group in a MALDI-ion mobility-orthogonal TOF instrument.137 

This particular instrument use a hydrocarbon coated gold grids (90% transmission) as the 

collision target. However, an improved version of the same instrument, by coupling SID 

in an orthogonal configuration, was later reported by the same group.136 One of the 

advantages of this orthogonal design is that it could perform surface-normal SID that 

would provide optimal energy conversion by SID. Gaskell and co-workers also reported 

SID installation in a modified triple quadrupole mass spectrometer.157 Even though this 

instrument required an orthogonally coupled quadrupole mass analyzer at the back end of 

the triple quadrupole, the capability of performing CID and SID in the same instrument 

was a distinct advantage.  

This chapter reports the modification of a commercial Q-TOF mass spectrometer 

to accommodate SID as an additional ion activation method to complement CID. The 

design allows comparison between the two ion activation methods. In addition, 

combination of these two activation methods allows more extensive fragmentation and 

collisional focusing phenomena to be explored.  
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3.2 Commercial Quadrupole/Time-of-Flight mass spectrometer for SID Operation. 
 

Micromass/Waters (Manchester, UK), quadrupole-time-of-flight (Q-TOF) mass 

spectrometer was used primarily for the SID studies. The instrument was equipped with a 

commercial electrospray ionization source (ESI). All the peptide/protein work was 

carried out with the commercial ESI source. The samples were delivered into the 

instrument by direct infusion, using a mechanically driven syringe pump (Harvard 

apparatus), at a flow rate of 5 µL/min.  The typical concentrations of the samples were in 

the range of 10-50 µM and prepared in 50:50 MeOH:H2O with 1% acetic acid. The ESI 

source temperature was kept at 80-150ºC, and 2.8-3.6 kV was applied to the electrospray 

needle. The desolvation gas flow was kept at a flow rate of ~200 L/min with temperature 

kept at ~150ºC. The optimum ionization efficiency was obtained by varying the cone 

voltage between 20-80 V (sample dependent).  

As mentioned in chapter 2, the Q-TOF mass spectrometer consists of two mass 

analyzers, a quadrupole and a time-of-flight. The orthogonal configuration of the two 

analyzers allows optimum performance of the instrument, including high mass resolution, 

accurate mass measurement, etc. Any modification of such an instrument has to be gentle 

enough so that the instrument’s original performance is not be compromised. The main 

objective of this project was to develop a simple and robust SID design that allows the 

study of fragmentation behavior of small molecules, peptides, proteins and non-covalent 

complexes, while preserving instrument performance. In order to implement SID, two 

adequate locations, the TOF region and the quadrupole region, were considered. Several 

research groups have already performed SID in the reflectron region of a TOF 
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chamber.164-167 One major limitation of such SID instruments is the loss of reflectron 

functionality, which results in poor TOF performance (i.e. loss of resolution). Another 

limitation of SID in a reflectron is the narrow observation time window for fragment ions 

that limits the types of product ions that may be observed.168 The second option was to 

implement SID in the quadrupole/hexapole region, which would not compromise TOF 

performance. The limited space available in the quadrupole region restricts the SID 

design to be inline rather than orthogonal if major modifications are to be avoided. The 

concept of inline SID was originated by Bier et al.159 and has been further improved by 

several other groups.127, 137, 162, 167, 169, 170 None of these inline SID devices were tested for 

a broad range of molecules, especially not for proteins or large non-covalent protein 

complexes. Another consideration in our SID design was obtaining highly efficient 

SID/CID performance for a broad range of analytes. This was a challenge, especially for 

large and relatively slow moving precursor and fragment ions.   

3.2.1 SIMION modeling approach in designing the in-line SID device 
 

 The ion trajectory simulations were carried out using SIMION v. 7.0 (Idaho 

National Engineering and Environmental Laboratory, Idaho Falls, ID). The simulations 

were used to understand and optimize in-line SID designs with optimal ion transmission 

efficiency. The initial step in this type of simulation was to propose a hypothetical design 

and tested for its validity, using SIMION. If success, a prototype version would be 

machined and implemented. Four successful candidates were optimized as valid 

candidates and their prototype versions were machined and tested. This chapter mainly 

focuses on the most successful version, the 4th generation.  
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A representative SIMION simulation of the design is shown Figure 3.1. The 

simulations were carried out in two modes; non-collision mode (fly-through) for both MS 

and CID measurements and collision mode for SID experiments. Since the SIMION 

simulations were performed without considering any fringing fields created by 

surrounding electrostatic/dynamic elements, to compensate any error, the initial 

simulation parameters of the precursor and fragment ion beams were chosen to have a 

broad variation (Table 3.1). This takes into account the energy distributions of ions in the 

source and angular distribution of ions exciting the quadrupole. A beam with broad 

energy and angular distributions is much more challenging to guide and focus, but made 

the SIMION simulation more realistic.   

In the non-collision fly-through mode, the simulations were performed with a 

packet of 20 ions similar to the ion packet defined in the precursor ion collision mode. A 

number of different m/z ions with different kinetic energy spreads were simulated and 

results are shown here for ions of m/z = 1000 (Figure 3.1a).The initial kinetic energy 

spread  of the ion packet was defined to be between 5 and 15 eV. The simulation clearly 

indicated the ability of the SID device to transmit ions with both the low and high kinetic 

energies without any transmission loss.   
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 SID parent ion 
collision mode 

SID fragment 
ion extraction 
mode 

CID/MS mode 

m/z of the ion packet m/z = 1000 m/z = 500 m/z = 500 

Charge state (+1) (+1) (+1) 

Kinetic energy (KE) 50-60 eV 2-8 eV 15-25 eV 

Elevation angle (El) ±10° ±10° ±10° 

Azimuth angle (Az) ±10° -45° ± 15° ±10° 

 

Table 3.1 A representative SIMION parameters used for the SID device 

optimization. The parameters are shown for both the SID and CID/MS modes. The 

elevation and azimuth angles are set to spread ±10º for both the parent ion collision 

and fly-through modes. The elevation angle for the fragment ion extraction is set to 

be ±10º while the azimuth angle is kept at -45º ± 10º (assuming ~45 º collision angle 

on the surface) 
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Figure 3.1 SIMION trajectory simulations of the SID setup. (a) Ion trajectories in 

the fly-through (MS, CID) mode, with typical operating voltages for the electrostatic 

elements (b) the potential array view of the fly-through mode; elevated surface 

potential prevent the ion beam colliding the surface. (c) Ion trajectories in the 

collision (SID) mode (black-precursor ion collision, red- fragment ion extraction) (d) 

the potential array view of the SID mode (ions were slowed down by -130 V prior 

enter to the deflector region, this allows ion bunching and focusing)    
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(a)                                                                  (b) 

       

(c)                                                                (d) 
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The collision mode was subdivided into two parts: precursor ion collision and 

fragment ion extraction because SIMION assumes ion neutralization upon surface 

collision (Figure 3.1c). In the precursor ion collision mode, simulation of a precursor ion 

of m/z 1000 colliding onto the surface is shown (Figure 3.1c, ion beam marked in black). 

The incoming precursor ion beam was defined as a packet of 20 ions. The kinetic energy 

of the precursor ions shown in the simulation was set to spread in a range between 50 to 

60 eV. Based on previous studies reported by Collette et al.171, an approximate energy 

spread of 10 eV was used for simulations (note: simulations of different energy ranges 

and angular spreads were performed for both the collision mode as well as for the non 

collision mode). The angular distribution of the precursor ions was set to have an 

elevation angle128 (El) spread of ±10° and azimuth angle (Az) spread of ±10° off the 

laboratory ‘X’ axis (the optimum angular spread without any ion transmission loss was 

obtained at a ± 10° spread) . The fragment ion extraction mode was modeled as a packet 

of 20 ions, with a broad distribution of masses (Figure 3.1c, ion beam marked in red). 

The fragment ions departing the collision surface were defined as singly charged ions in 

the range of 100 to 1000 Da. The kinetic energy of the fragment ions shown in the 

simulation was spread between 2 and 8 eV (These are estimated kinetic energy spreads 

used for the purpose of SIMION modeling. However later, experimentally measured 

kinetic energy spread for the fragments leaving the surface was found to be between 3 

and 9 eV and will be discussed in chapter 4). The angular distribution of the fragment 

ions was set to have an optimum elevation angle spread of ±10° and azimuth angle of -

45° with ±15° variation off the laboratory ‘X’ axis without loss of any ion transmission.  
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3.2.2 Implementation of the in-line SID device in a Q-TOF Instrument 
 

The installation of the SID device in a quadrupole/time-of-flight mass 

spectrometer (Q-TOF II, Micromass/Waters, Manchester, UK) required a few 

modifications of the instrument, including removal of the ion transfer hexapole (Hex2 - 

Figure 3.2a) and repositioning of the collision cell towards the time of flight chamber. 

The repositioning of the collision cell required two new threaded holes in the base plate. 

The SID setup was installed between the quadrupole (Q1) and the collision cell (Figure 

3.3). The distance between the end of the post quadrupole filter and the entrance of the 

collision cell at new position was approximately 54 mm (Figure 3.3). The top aluminum 

cover of the quadrupole chamber was machined to hold fourteen mountable BNC female 

connectors (Part No. 31-102, Amphenol RF, Danbury, CT). No additional machining or 

modification of any of the remaining hardware was required to install the SID setup.  

The SID setup (Figure 1b) consists of three main functional regions: a precursor 

ion focusing region, a surface region and a fragment ion extraction region. The precursor 

ion focusing region (labeled as 1A-E in Figure 3.2b) guides and focuses the ion beam 

onto the collision surface. This region consists of three stainless steel square lenses, 

followed by a “U” shaped precursor ion deflector (item 1E in Figure 3.2b) and a flat 

precursor ion deflector (item 1D in Figure 3.2b). The first two square lenses have a 

thickness of 3mm and the final square lens is 0.80mm thick. All three squares are 36 mm 

x 36 mm with a 5mm inner diameter orifice (center bored openings). The two deflectors 

at the entrance (top – 1D and bottom – 1E) serve to deflect the precursor ions onto the 

surface. The “U” shaped deflector has a width of 14 mm, height of 16.5 mm and 
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thickness of 9 mm. It has a 6mm radius from center and was machined with an ~20° 

angle up-slope from front to back. The top precursor ion deflector has a width of 12 mm, 

height of 7.5 mm and thickness of 6 mm. The lower surface of the top deflector was 

machined to have an ~20° slope like that of the precursor ion “U” deflector. Both the top 

and bottom precursor ion deflectors were mounted ~1 mm from the third entrance square 

lens (1C in Figure 1b). 

The surface assembly region (3A-B in Figure 3.2b) consists of an 18 mm x 18 

mm x 2.5 mm stainless steel mounting holder (3A in Figure 3.2b) positioned in parallel 

with the incoming ion beam (8 mm above the center of the ion beam to allow ~45° 

collision angle), followed by an ion extraction hollow square lens that is attached (3B in 

Figure 3.2b) to the surface holder. A complete list of dimensions of the SID device will 

be presented in Appendix I.  
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Figure 3.2 (a) Schematic of the Q-TOF instrument and a blow-up of the new in-line 

SID set up installation region. The hexapole ion guide (Hex2) was removed, the 

collision cell was moved (right) towards the TOF entrance and the new SID setup 

was installed between the quadrupole analyzer Q1 and the collision cell. (b) 

Schematics of the side view of the setup, mounted on a base (left) and a 3D view of 

the setup (right). The incoming beam is focused by entrance lenses 1A, 1B and 1C 

and then deflected up by the bottom U deflector (1E) and top deflector (1D). The 

surface is mounted on the surface holder 3A with a square lens attached to it (3B). 

The product ion beam is deflected back by the bottom U (2B) and top (2C) 

deflectors and focused by square lenses 2D and 2E. 
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Collision Cell Base Width = 45mm  Quadrupole 

Space Between exit of the SID 
setup to the entrance of collision 
cell = ~3mm 

Figure 3.3 SID device is installed between the quadrupole and the collision cell. The 

total distance between the end of the post-quad filter and the entrance of the 

collision cell is approximately ~ 54 millimeters. 

Space Between exit of the 
post-quad to the entrance of 
SID setup = ~3mm 
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The fragment ion extraction region focuses the ions leaving the collision target. 

This region consists of three deflectors followed by two square lenses (2A-E in Figure 

3.2b). The fragment “U” deflector has the same morphology as the precursor ion “U” 

deflector, having a width of 18 mm, height of 14 mm and thickness of 7 mm. The 

curvature of the “U” has an 8 mm radius compared to 6 mm in the precursor “U” 

deflector and was installed ~15 mm beyond the third square entrance lens. Immediately 

after the fragment “U” deflector is a flat bottom fragment deflector with a thickness of 9 

mm, which is installed ~22 mm from the third square entrance lens. The top edge of the 

deflector is machined to have a flat slope, about ~20° downward from front to back. The 

top fragment deflector with a width of 12mm, a height of 8.5 mm and thickness of 6 mm, 

was installed ~27 mm beyond the final square entrance lens and was machined to have a 

~20° slope downward from front to back. The two fragment ion exit square lenses were 

machined to be 36 mm x 36 mm x 1.5 mm with a 5 mm inner diameter circular center 

bored opening. The ion deflectors, square lenses and surface holders are supported by 

two top and bottom polyetheretherketone (PEEK) (McMaster-Carr, CA) blocks. The 

bottom PEEK block is stationary on an aluminum base and mounted between the 

quadrupole and the collision cell. The position of the base was set to have a minimum of 

3mm spacing from the quadrupole post filter and the collision cell. The electrical 

connections to each of the elements of the SID setup were wired with coaxial cables (Part 

No. MIL-C-17G 50 Ohm Coaxial cable, Belden CDT Electronics, Richmond, IN) and 

screw tightened. The free ends of the cables were soldered into BNC connectors on the 

lid of the quadrupole chamber.  
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3.2.3 Q-SID/CID-TOF operation 
 

 As mentioned earlier, the SID setup can be operated in two modes; one that 

allows surface collisions and another that transmits ions for MS or CID operation. For 

both CID and SID experiments, the quadrupole analyzer served as a precursor ion 

selector and the TOF served as a high resolution product ion analyzer. Each element of 

the device (Figure 3.4) was connected to separate individual electrical connections, 

controlled by Lab-View interface.  

 In CID mode, the experiments were performed using argon (Ar) as the target gas. 

The collision pressure is reported as the pressure at the  quadrupole mass   chamber (the 

actual pressure in the collision cell is different from the quadrupole chamber pressure, 

however due to the lack of a pressure gauge connected to the collision cell, the pressure 

in the quadrupole chamber  region is reported as collision pressure. The typical 

quadrupole chamber gas pressure used for CID operation is approximately 3 x 10-5 mbar). 

The CID collision voltage was controlled by adjusting the DC offset of the source 

hexapole (Figure 1a – Hex1) between 0 and 200V relative to the collision cell (grounded). 

The appropriate voltage setting of the SID device for non collision flythrough CID 

operation was achieved by increasing the surface voltage (element 2.3 in Figure 3.4) 

while reducing the voltages of the two “U” deflectors (F.B.U and M.B.U in Figure 3.4) 

until the total ion count (TIC) at the TOF detector (MCP) was optimized.  
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1.1 Entrance Lens #1 1.8 Surface  

1.2 Entrance Lens #2 1.9 R.B.F Deflector* 

1.3 Entrance Lens #3 2.1 R.T.F Deflector* 

1.4 F.B.U Deflector* 2.2 Exit Lens #1 

1.5 F.T.F Deflector* 2.3 Exit Lens #2 

1.6 M.B.U Deflector*   

1.7 Surface Square   

 

Figure 3.4 Electrical connections for the SID device. Each element is connected in 

the given order from left to right and controlled by Lab-View interface. (* F.B.U = 

Front Bottom U, F.T.F = Front Top Flat, M.B.U = Middle bottom U, R.B.F = Rear 

Bottom Flat, R.T.F = Rear Top Flat).  
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 The SID mode was operated in a similar fashion to CID, where the collision 

voltage is varied between 0 and 190 V by setting the DC offset (10-200 V) of the source 

hexapole (Hex1) with respect to the surface voltage (~ 10-20 V). The actual collision 

voltage was calculated by subtracting the difference between these two voltages. The 

voltage settings for the SID device in the SID operation mode (Figure 3.1c) were 

achieved by increasing the precursor “U” deflector voltage (F.B.U in figure 3.4) to direct 

ions to the surface and fine-tuning the other SID elements to extract fragment ions and 

optimize the TIC at the TOF detector (MCP).  Note: Throughout this dissertation all the 

collision voltages are presented as charge corrected collision energies, i.e. 20 V collision 

of a doubly protonated projectile is represented as 40 eV collision energy. 

3.3 Performances of the Q-TOF instrument for SID/CID operation 
 

One of the important questions addressed in this research is how the in-line SID 

performance compares to CID over a broad m/z range. The key issues are precursor and 

fragment ion transmission efficiency, energy deposition and differences in fragmentation 

patterns. There have been several attempts to demonstrate the utility of SID in 

fragmenting larger molecules. A collaborative study by Williams et al. first demonstrated 

the SID of peptides larger than 2000 Da in a dual cell FTMS instrument.92 The SID 

spectra of atriopeptin (MW = 2549 Da), renin substrate (MW = 2281 Da) and 

tetradecapeptide (MW = 3051 Da) showed extensive fragmentation; however, the spectra 

depict mainly the low mass portion of the spectrum (m/z 40-800). More recently, 

McLafferty and co-workers successfully fragmented carbonic anhydrase, a 29000 Da 

molecule with SID in a cylindrical cell FTMS.93 Their spectra yshowed mainly low 
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abundance “b” and “y” type ions clustered around the precursor ion. Later, Wysocki et al. 

demonstrated a systematic SID study of multiply protonated peptides in a quadrupole 

mass spectrometer in the mass range of 2000- 5000 Da [ACTH 18-39 (MW 2465), 

Melittin (MW 2845), Human β-endorphin (MW 3465), procine Glucagon (MW 3484), 

oxidized Bovine insulin B-chain (MW 3496), Human parathyroid hormone 1-34 (MW 

4118), Porcine ACTH 1-39 (MW 4568)].96 

The Q-SID-TOF (Quadrupole/SID/Time-of-flight) design described here has been 

used to further extend the range of compounds amenable to SID. A broad range of 

molecules were explored, ranging from simple dipeptides (dialanine, diglycine) to larger 

peptides (such as YGGFL, YGGFLR, angiotensin, melittin, insulin B-chain), to larger 

protein complexes exceeding both the molecular weight and m/z range previously 

reported for SID (Carbonic Anhydrase (MW 29 kDa, m/z = ~ 1261). The scopes of this 

chapter is mainly focused on demonstration of the SID performances of monomers of 

singly and multiply charged peptides, and includes one example of dissociation of a large 

non-covalent complex.  

A unique feature of the Q-SID-TOF instrument presented here is that it allows the 

direct comparison of CID and SID. This type of comparison performed on the same 

instrument under the same experimental conditions and with the same samples, limits the 

possibility of experimental bias that may arise otherwise. For example, effects of mass 

dependent ion transmission in the quadrupole, ion internal energy prior to collision and 

kinetic energy distributions contributed by the source that may change with different 

instrumental source conditions are not a concern in this type of comparison.  
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3.3.1 SID of a simple single charged peptide – Leucine enkephalin 
 

To assess the performance of the Q-SID/CID-TOF mass spectrometer and to 

enable comparison with previously published SID data, protonated leucine enkephalin 

(YGGFL) was selected as one reference molecule. Leucine enkephalin, a non basic 

pentapeptide has been fragmented in numerous studies, thus making it a useful molecule 

to test the performance of the new SID device. Figure 3.5 shows representative SID and 

CID spectra of YGGFL at collision energies of 30 eV and 35 eV respectively (the CID 

and SID spectra shown here were selected in a way to match the appearances of the two 

spectra, not to match the collision energies). The experimental conditions for both SID 

and CID were kept identical (with exception of the voltages used to focus ions in the SID 

device), to obtain an unbiased SID/CID comparison. The appearances of the two spectra 

are qualitatively similar and the resolution of the peaks in the Q-SID-TOF spectrum is 

approximately m/Δm = 6000 and is comparable to the resolution of the CID spectrum 

~m/Δm = 6200 (it should be noted that the CID spectrum was acquired with the SID 

device installed). 

Even though the two spectra are similar, there are some important differences. For 

example, a greater abundance of immonium ions such as those of leucine (m/z = 86), 

phenylalanine (m/z = 120) and tyrosine (m/z = 136) are observed by SID (Figure 3a, top 

spectrum). These ions are high energy secondary fragment ions172 derived from further 

fragmentation of primary fragment ions or primary fragment ions formed by a 

rearrangement. The higher abundance of such ions in SID spectra suggests the 

translational (T) to internal (V) energy conversion is greater for SID. This is further 
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supported by the intensity ratio of the doublet at m/z 278, 279 (b3, y2 ions of leucine 

enkephalin respectively, Figure 3b). The intensity ratio of the b3 fragment from leucine 

enkephalin to the y2 fragment has been reported to be indicative of the extent of internal 

energy deposition.173-175  The two left-hand panels of Figure 3b show the b3/y2 ratio of 

leucine enkephalin observed by CID at low quadrupole chamber gas pressure (1.7 x 10-5 

mbar), demonstrates that with increasing collision energy, more internal energy can be 

deposited (b3/y2 ratio changes from 0.59 to 1.03 as collision energy increased from 15 eV 

to 20 eV).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



122 
 

 

 

 

 

 

 

 

Figure 3.5 SID/CID comparison for singly charged leucine enkephalin (YGGFL). (a) 

SID at collision energy of 30 eV (top panel), CID at collision energy of 35 eV (bottom 

panel) and (b) relative b3/y2 intensities of CID and SID; left panel CID at 

quadrupole chamber pressure = 1.7 x 10-5 mbar, middle panel SID, right panel CID 

at quadrupole chamber pressure = 3.6 x 10-5 mbar 
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Compared to low pressure CID, SID indicates significantly higher internal energy 

deposition (by SID, the b3/y2 ratios are 1.36 and 1.78 at 15 and 20 eV respectively, Figure 

3b, middle) indicating SID provides greater internal energy deposition. Even at 

customary collision pressure (3.6 x 10-5 mbar), CID still deposits less internal energy than 

SID (Figure 3b, right), but to a lesser extent (ratio of b3/y2 changes from 0.68 to 1.44 at 

15 and 20 eV collision energies). This can be explained by an increase in the number of 

collisions at higher argon pressure, which ultimately results in greater internal energy 

deposition. Comparing SID and CID (standard operational pressure = 3 x 10-5 mbar) 

spectra of leucine enkephalin at similar collision energies shows that SID enhances the 

abundance of fragment ions, both in the low and high mass ends of the spectrum. This is 

attributed to the fact that SID is a high energy activation process capable of depositing 

excess internal energy in a single step, allowing access to both the primary and secondary 

fragmentation processes within the time frame of the experiment (the b/a ratios of CID 

and SID also support this conclusion, where SID favors formation of high energy 

secondary fragmentation a-ions at a given collision energy). With CID, these high energy 

fragment ions can be observed at higher CID collision energies but only at the expense of 

the low energy fragment ions in the high mass region, consistent with stepwise activation 

by CID. 
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3.3.2 SID of multiply and singly charged protonated peptide/proteins 

The utility of SID as an efficient tool to elucidate primary structures of peptides 

has been demonstrated previously. However, an important question still remains: can 

surface-induced dissociation be utilized to effectively fragment larger protonated 

compounds, and thereby extend the analytical utility of this technique to fulfill the needs 

of the extending field of biological mass spectrometry? The novel Q-SID/CID-TOF 

instrument’s capability in activating/dissociating different peptides/proteins was tested 

for range of peptides/ proteins and its performance is illustrated here (Figure 3.6-3.9).  

As a general feature, with all of the large molecules analyzed, the Q-TOF 

instrument was capable of generating high quality spectra for both SID as well as CID. 

The total ion counts in fly through mode were comparable to those obtained with the 

manufacturers (CID only) Q-TOF setup. This result indicates, for the CID mode 

operation, that the SID device does not significantly attenuate ion transmission for a 

broad range of masses and energies, including the relatively slow higher mass projectiles 

and fragment ions. However the SID mode of operation showed some sensitivity loss for 

larger molecules but still it is capable of generating quality SID spectra.  SID spectra of 

peptides yield mainly “y”, “b” and “a”-type backbone cleavage ions, similar to CID. 

Although earlier studies reported that eV SID could generate side chain cleavages 

resulting in w- and v-type ions when generated from a high energy liquid secondary ion 

mass spectrometry (LSIMS) ion source,135 we have not observed significant abundance of 

side chain cleavages in our ESI-Q-TOF- eV SID spectra. This is further supported by the 

studies done by Gu et al.,176 where they proposed that the relatively high energies of 
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precursor ions generated by an LSIMS source, compared to an ESI source, contributed to 

the formation of side chain cleavage ions. However, a recent systematic study on 

SID/CID fragmentation pathways of simple salt like ionic cluster systems such as 

(CsI)nCs+, has shown to be significantly different for the two ion activation methods and 

will be presented in Chapter 5.  

Another general feature of SID is charge stripping of multiply protonated peptides 

and non-covalent protein complexes. The charge stripping could be because of removal 

of proton/s (proton stripping) or removal of charged adducts. As already reported,96 

precursor ions with charge state “n” can lose one charge upon SID to yield an “n-1” 

charge species of the intact peptide. We observed the same behavior for SID (Figure 3.6) 

of multiply protonated peptides, but not for CID. Proton stripping processes can be 

conceivably explained as a proton transfer process from the projectile ion to the surface 

or electron transfer from the surface to the projectile ion. However, because the charge 

reduced species in Q-SID-TOF correspond to loss of the mass of a proton, the charge 

stripping is the result of a loss of a proton not addition of an electron. Recent studies by 

Laskin and co-workers, exploring soft landing on an FSAM surface, revealed the same 

behavior and it is believed that protons are readily transferred to FSAM surfaces.177 The 

same phenomenon was observed by František Tureček and co-workers for soft landing of 

peptides on plasma treated stainless steel surfaces. Their experimental results also 

suggested that the mechanism of charge neutralization is a proton transfer from the 

peptide to the surface, a metal oxide in their experiment (followed by charge reduction of 

the protonated metal oxide by electron transfer from the conductance band of  the buck 
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metal).178 Another plausible explanation for apparent proton stripping is the formation of 

multiply protonated multimers in the ion source (e.g. a triply charged trimer) that could 

overlap with monomer precursor ions during m/z selection by the quadrupole. Upon 

activation, these multimers could form monomers with lower charge states that could 

resemble a proton stripped product. However there is no direct experimental evidence to 

support this theory (isotope distribution of the precursor ion does not resemble a multiply 

charge multimer).  

With CID, there is no observable proton stripping process. This can be explained 

by the fact that a noble gas atom such as argon is not a likely site to which H+ transfer can 

occur and thus charge stripping does not occur. Furthermore, the gas-phase loss of a 

naked proton is also unlikely. The proton stripping behavior of SID can be useful in 

sequencing and can be employed to confirm the molecular mass and charge state of an 

unknown peptide. 

Fibrinopeptide A: Fibrinopeptide A (m/z = 768.78), a sixteen residue peptide with the 

sequence of ADSGEGDFLAEGGGVR. The doubly protonated parent ion was selected 

with the quadrupole mass analyzer and fragmented by CID, SID or a combination of 

SID/CID. By either CID or SID (Fig 3.6a-c), an almost complete “y” ion series was 

observed. In contrast the singly charged precursor ion generated a partially complete “y” 

ion series. This is expected as the doubly protonated peptide contains a greater number of 

protons (two) than basic residues (one), thus providing a mobile proton to initiate 

cleavage along the peptide backbone and generate greater sequence coverage than 

fragmentation of the singly charged species.  
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Figure 3.6 SID/CID comparison for doubly charged Fibrinopeptide A. (a) CID at a 

collision energy of 80 eV (ΔV = 40 V, corrected for 2+ charge state). (b) SID followed 

by CID in the gas-filled collision cell at 75 eV (ΔV = 37.5 V), (c) SID at collision 

energy of 75 eV (∆V = 37.5 V). 
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In Figure 3.6a, the 80 eV (ΔV = 40 V, charge state corrected) CID spectrum of 

doubly protonated fibrinopeptide A shows a complete conversion of the precursor ion to 

fragments. The SID spectrum at 75 eV collision energy (Fig 4b), shows ~50% precursor 

ion survival, but still exhibits a very similar fragment ion distribution. Another interesting 

feature observed for SID of doubly protonated fibrinopeptide A was the charge stripping 

of the precursor ion (Figure 3.6b). As explained previously, the charge stripping behavior 

is confirmed as proton loss, not an electron addition.  

By implementing an SID assembly that allows the original CID collision cell to 

remain unaltered in the instrument, SID products can be transmitted into a pressurized 

collision cell. Figure 4c shows an SID/CID combination spectrum in which the precursor 

ions were first collided into the surface, and the resulting product ions were transmitted 

into the gas-filled collision cell. At a lower argon pressure (~20% of the typical CID 

pressure) there was no effect on the SID spectra (data not shown). However, the total ion 

count reading at the TOF detector (MCP) slightly increased at this elevated pressure, 

perhaps due to improved ion transmission. At the typical CID operating pressure 

suggested by the manufacturer (~ 3.0 x 10-5 mbar in the quadrupole chamber region), the 

intensity of the precursor ion decreased while that of the fragment ions in the low m/z 

region increased. Although the intensities of some fragment ions were affected by the 

addition of gas, there were no additional product ions observed with the addition of gas 

(Fig 3.6b,c). The kinetic energy of the product ions after SID is much lower than that of 

the original incident precursor (experimentally measured as ~3-10 eV), thus activation of 

these fragment ions by CID makes only a minor contribution. Furthermore, the doubly 



130 
 

charged y-ions (Figure 3.6b - y14
2+, y13

2+), that appeared only in the SID spectrum became 

less abundant with the addition of the collision gas in the combination spectrum, 

suggesting that doubly charged fragment ions do not survive the CID activation.  

Melittin, a powerful anti-inflammatory substance found in bee venom, is another 

common peptide studied in previous CID and SID work. It contains twenty six amino 

acid residues (GIGAVLKVLTTGLPALISWIKRKRQQ-NH2) with an amide C-terminus. 

We have chosen this peptide because it contains multiple basic residues. This allows us to 

choose a charge state for fragmentation in which the number of basic residues exceeds 

the number of protons. The Figure 3.7a shows the SID spectrum of doubly protonated 

melittin (m/z = 1424.25) that yields a dominant singly-charged y-ion series at a collision 

energy of 150 eV (∆V = 75V). The generation of a complete y-ion series can be 

explained by the presence of basic residues (KRKR) close to the C-terminus, whereas 

only a partial series of b-ions is observed. Unlike the SID spectra reported by McLafferty 

et al.93 (for the quadruply protonated precursor) and Wysocki et al.8 (for the doubly 

protonated precursor) in FTICR and quadrupole-surface-quadrupole instruments 

respectively, Q-TOF SID spectra of doubly protonated melittin were not lacking any of 

the y-ions in the series, from y2 to y21 (although the intensity of y-ions from y2 to y5 is 

low).  In addition to y-ions, another series of satellite peaks corresponding to formal 

losses of 17 Da (NH3) and 45 Da (NH3 + CO) from the y-ions were observed for both the 

SID and CID spectra and can be explained by the presence of a C-terminal amide group. 

One of the major differences between SID and CID spectra is, that SID showed a 

dominant y-ion series, whereas CID (Figure 3.8) showed a dominant [y-NH3] series.  
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Figure 3.7 SID of doubly charged melittin (m/z = 1424.25), at collision energy of 150 

eV (ΔV = 75 V) 
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Figure 3.8 CID of doubly charged melittin at collision energy of 140 eV (ΔV = 70 V). 
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A possible reason for the above difference is the multiple collision nature of CID which 

may facilitate the secondary [y-NH3] fragmentation pathways. Another difference 

observed for the two spectra is the slightly enhanced b-ion series of SID, especially b8. In 

addition charge stripping is also observed by SID whereas none of the CID spectra show 

any proton stripping behavior.  

Bovine Insulin B-chain (Oxidized), a 30 residue peptide with the sequence 

FVNQHLuGSHLVEALYLVuGERGFFYTPKA (u = cysteic acid), was analyzed by 

selecting the doubly and the singly protonated precursor ions (m/z 1749.9 and m/z 3496.9 

respectively) in two different experiments. Insulin B-chain generates a combination of y 

and b-type backbone cleavage ions for both the doubly and singly charged species. The 

fragmentation efficiencies for both the charge states are shown to be relatively low. This 

is attributed to the fact that the two protons of doubly protonated insulin B are localized 

at the most basic sites of the peptide, lysine and arginine (for the singly charged peptide it 

is expected to be localized at arginine). Hence excess energy is needed to mobilize the 

protons prior to fragmentation and the backbone fragmentation is less favorable. Once a 

sufficient amount of energy is added however, extensive sequence coverage is achieved. 

Figure 3.9a shows the SID spectrum of doubly protonated Insulin B-chain at a collision 

energy of 140 eV (ΔV = 70 V). A contiguous singly charged y-ion series covering the 

sequence from y2 to y26 and a contiguous singly charged b ion series covering the 

sequence from b2 to b18 (not labeled) is observed with doubly charged insulin B-chain. 

Generation of an almost complete y-ion series can be predicted due to the presence of 

lysine and arginine near C-terminus. This phenomenon is a well established concept and  
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Figure 3.9 SID of bovine insulin chain-B. (a) SID of the doubly charged precursor 

ion at a collision energy of 140 eV (ΔV = 75 V) and (b) SID of the singly charged 

precursor ion at a collision energy of 130 eV. 
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concluded the position of the basic residue in the peptide/protein chain influence the type 

of ions observed in the spectra due to sequestering of  the protons at the most basic 

sites.179 Another prominent feature of the spectrum is the appearance of enhanced y11 

fragment ion corresponding to a C-terminal cleavage of cysteic acid. This phenomenon is 

also expected. Gaskell and co-workers have reported that intra-ionic interactions between 

cysteic acid groups and basic residues of the peptide significantly enhance the 

fragmentation C-terminal to cysteic acid.111, 180  

For SID of insulin chain-B, as with other large peptides, the peaks appearing 

above the mass/charge of precursor ion (m/z = 1748.9) were less intense in comparison to 

peaks below the mass/charge of the precursor ion. A plausible reason for such low 

abundance could be attributed to the difficulty of focusing the high mass-to-charge ions 

with the SID device (see below for further explanation).  

Figure 3.9b shows the SID spectrum of singly protonated insulin B at a collision 

energy of 130 eV (ΔV = 130 V). Compared to SID of doubly protonated insulin chain-B, 

singly charged insulin chain-B shows a slightly higher survival of the molecular ion. 

Furthermore, the sensitivity (total ion count at the MCP detector) is shown to be lower by 

approximately a factor of 2-3 for the singly charged insulin chain-B compared to the 

doubly charged species. One of the reasons for this decrease in sensitivity is the lower 

abundance of the singly charged species in the MS spectrum of insulin chain-B. Another 

possible reason for the sensitivity loss is the reduced ion focusing capability of the SID 

device for slow moving larger ions. A fundamental problem with transmitting high mass 

projectiles with fewer charges (in this case insulin B chain with one charge) is the 
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influence of the electric field with respect to the mass of the projectile ion (this also is 

true for the non-covalent complexes discussed in the following section). Since these ions 

have a high mass-to-charge ratio, focusing is more challenging, as those slow moving 

ions are likely to suffer from radial dispersion (note: both the low and high mass ions 

have radially distributed kinetic energies. However the acceleration of low m/z ions in the 

axial direction is more effective than that of high m/z ions and any radial kinetic energy 

dispersions of low m/z ions are compensated to some extent). Our latest generation SID 

device proved to be the most effective in transmitting ions over a broad range of m/z 

values. Thus, even though the SID spectrum is slightly less sensitive for singly 

protonated insulin chain-B, considering the high quality of the SID spectrum, the 

sensitivity drop does not significantly hinder the performance of the device. The SID 

spectrum (Figure 6b) clearly shows a prominent y ion series from y3 to y28. Once again 

enhanced fragmentation C-terminal to the cysteic acid is evidenced by the abundant y11 

and y23 fragments.  

3.3.3 SID of non-covalent protein complexes 
 

To evaluate the CID/SID performance for non-covalent complexes in the Q-SID-

TOF instrument, a heat shock protein (HSP) from wheat, TaHSP16.9 was chosen, as it 

has been previously characterized by mass spectrometry.181, 182 At room temperature, 

TaHSP16.9 exists as a dodecamer, having twelve identical subunits each with a 

molecular weight of 16.9 kDa, and an overall molecular weight of approximately 201 

kDa for the intact complex. 

 The motivation for studying a non-covalent protein complex was two-fold.  First, 
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it allowed the efficiency of SID to be examined for large molecules.  As ion size 

increases, the efficiency of fragmentation in MS/MS experiments is hindered by a 

decrease in the center-of-mass collision energy and an increase in the number of internal 

modes into which energy can be redistributed.  To our knowledge, TaHSP16.9, and the 

closely related PsHSP18.1 (wheat) dodecamer,183 are the largest systems explored by SID 

to date, and the efficiency of internal energy transfer relative to CID for ions in this mass 

regime was of interest. 

 Secondly, CID of most non-covalent complexes has been characterized by an 

asymmetric partitioning of both mass and charge.  We have previously observed that SID 

of small dimeric and tetrameric protein complexes demonstrate relatively more 

symmetric partitioning of both mass and charge than those produced via CID.184, 185 We 

were interested in exploring whether or not CID and SID differ for even larger 

complexes. 

 Figure 3.10a shows the CID spectrum of the 33+ TaHSP16.9 dodecamer.  The 

precursor ion was selected with the quadrupole mass analyzer and accelerated into the 

argon filled collision cell (gas pressure 1x10-4 mbar at the quadrupole chamber Penning).  

The acceleration voltage was set to 100 volts, corresponding to collision energy of 3330 

eV after correcting for charge state. 
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Figure 3.10 CID/SID comparison for the dodecameric protein complex TaHSP16.9, 

33+ charge state.  (a) CID at ΔV = 100 V, collision energy (CE) = 3300 eV.  On the 

left is an enhancement of the low m/z region containing monomer fragments 

centered about the 15+ charge state. (b) SID at ΔV = 50 V, collision energy (CE) = 

1650 eV. The left-hand side is the enhancement of the monomer region centered 

about the 14+ charge state. 
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The major CID product ions are monomers ranging in charge state from 11+ to 

17+, with the distribution centered about the 15+ monomer at m/z 1115 (see enhanced 

monomer region on the left of Figure 3.10a).  These monomers retain approximately half 

the charge of the precursor ion, an asymmetric dissociation of the original dodecamer in 

terms of both mass and charge.  Complementary undecameric subunits are observed at 

the high m/z end of the spectrum, centered about the 18+ charge state.  In addition to 

monomer and undecamer fragments, 32+ dodecameric ions are also observed.  This can 

be attributed to the loss of ammonium buffer ions from the dodecameric complex, 

resulting in ions that have “lost” charge relative to the original precursor.186  

 SID of the 33+ dodecamer is shown in Figure 3.10b.  The predominant fragment 

ions observed are undecamers and monomers, as in the case of CID.  There are, however, 

some striking differences between the two spectra.  In the SID spectrum, as many as six 

charge states of the dodecameric protein are observed (from the original 33+ down to the 

28+ charge state).  At this point it is unclear whether the presence of these lower charge 

states is due solely to a greater sequential loss of ammonium ions. 

The other distinction between the CID and SID spectra is the distribution of the 

monomeric charge states. SID of the 33+ precursor yields a monomer distribution 

centered about the 14 + charge state, shifted slightly from the 15+ charge state in the CID 

spectrum.  In the SID spectrum however, monomers ranging in charge state from 17+ all 

the way out to 6+ at m/z 2787 are observed.  The charge retained by the ejected monomer 

has been correlated to the monomer’s surface area as it unfolds and dissociates from the 

remaining complex.187  Thus, a lower charge state distribution could indicate that the 
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monomer ejected during SID is in a more compact or folded conformation than that 

ejected by CID.  The possibility that the lower charge states in the SID spectrum result 

from the dissociation of a charge-stripped dodecamer however, cannot be ruled out.  For 

example, the 33+ dodecamer might first undergo loss of solvent to yield a lower charge 

state (i.e. the 30+ dodecamer which is not observed by CID), followed by ejection of a 

monomer.  If the dodecameric complex loses charge prior to dissociation, the ejected 

monomer would be expected to retain fewer charges, even if the conformation of the 

monomer were similar to that ejected during CID.  The charge states observed for the 

undecamer fragments are similar in both cases.  

The relative collision energy required to induce fragmentation by SID is also of 

interest.  While the two spectra in Figure 7 show similar levels of precursor ion depletion, 

the laboratory collision energy in the SID spectrum is exactly half of the laboratory 

collision energy applied to produce the CID spectrum.  The onset of dissociation in these 

two cases occurs at approximately 2640 eV for CID, but only 1320 eV for SID (data not 

shown).  This shows promise for the use of SID in the dissociation of complexes that 

have proven too large and stable to fragment by CID.188 
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3.4 Conclusions 
 

A novel inline SID device, which allows direct comparison of CID and SID on 

the same instrument, has been designed and implemented in a quadrupole/time-of-flight 

mass spectrometer. The operation of the SID device is robust and efficient. It allows for 

high quality SID tandem mass spectra of high m/z precursor ions, including large peptides 

and non-covalent protein complexes. 

The SID product ion spectra of peptides were highly resolved, informative and in 

general similar to CID, with some observed differences in relative abundances of 

particular fragments. The SID of protonated peptides predominantly generated backbone 

cleavage a-, b-, y-type and immonium ions. Compared to CID, SID revealed higher ratios 

of a- to b-ions and enhanced immonium ions. This is an indication of increased 

accessibility to high energy/secondary fragmentation channels with SID. SID also 

showed a distinct feature of charge stripping for multiply charge projectiles. This may be 

a complementary tool for identification of multiply charged projectiles. The SID of non-

covalent complexes also revealed some differences compared to CID. First, dissociation 

of non-covalent complexes by SID can be achieved at nearly half the laboratory collision 

energy required for dissociation by CID. Second, there is a greater number of charge 

stripped products by SID and finally a broader monomer charge state distribution is 

observed by SID.   

The new and effective Q-SID-TOF setup proved to be a feasible alternative to 

conventional CID for peptides and complexes of proteins with several potential 

advantages over CID (no collision gas, and energy deposition in a single, fast step).  In 
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the future, the novel Q-SID/CID-TOF configuration may allow more detailed 

explorations of the energy deposition/distribution channels of SID in relation to CID. 

Furthermore, this type of instrument provides a unique platform for future research 

involving the study of the dissociation of very large complexes by different activation 

methods and/or combination of those methods.  
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CHAPTER FOUR.  

CHARACTERIZATION OF SURFACE-INDUCED DISSOCIATION  

IN A Q-TOF MASS SPECTROMETER: DISSOCIATION OF PEPTIDES 
 

 
This chapter presents the characterization of the in-line SID device, previously 

presented in Chapter 3. Several singly protonated peptides were utilized to 

understand the energetics of the ion/surface collisions process in the Q-TOF 

instrument. The results showed the capability of the SID device to generate quality 

SID spectra, which are comparable to CID but with some enhancement of high 

energy fragment ions. The SIMION simulations indicated broad impact collision 

energies and angles on the surface resulting in broad internal energy distributions. 

For a given series of peptides there was a direct correlation between the collision 

energy required to induce dissociation and the gas-phase basicity, a result 

previously observed in other SID instruments.  The fragmentation efficiency onsets 

of this peptide series are as follows: YGGFL < YGGFLK < YGGFLR < 

YGGFLRR. In addition, the SID of a non-covalent trimer of leucine enkephalin 

showed sequential losses of monomer units to generate lower multimeric products. 
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4.1 Introduction 

 As presented in the Chapter 3, an in-line SID device was successfully 

implemented in a quadrupole time-of-flight mass spectrometer and its performance 

was demonstrated using representative peptides and proteins. These results 

indicated that surface-induced dissociation is an effective technique in dissociating 

peptides, proteins and their non-covalent complexes. Although SID has previously 

been used to fragment peptides and proteins, important questions remain about the 

characteristics of SID as an ion activation method, especially in Q-TOF 

instrument.  For example, the influence of ion size and conformation, or the effects 

of collisional cooling from the source prior to surface collision are not well 

understood. In addition, potential benefits of SID, both by itself and with the 

addition of collision gas, need to be explored if the optimum amount of 

fragmentation information is to be gleaned from SID experiments.  In order to 

accomplish this, it is necessary to characterize the behavior of the in-line SID 

device in terms of energy transfer, energy and angular distribution, and size of the 

collision partner. Only then will accurate studies on the effect of ion activation be 

plausible and allow direct comparisons between CID and SID under the same 

instrument conditions.  

This chapter describes the results of a systematic investigation of peptide 

fragmentation by SID and CID. In addition the experimental data is exploited to 

understand the energetics of the SID process. A combination of ion optics 

simulations and experimental results are utilized to formulate a better 
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understanding of the SID process.  

4.2 Effect of instrument operation conditions on ion internal energy 

 In the past decade, electrospray ionization (ESI)57, 189 has become a 

powerful and routinely used ionization technique in mass spectrometry.190-192  One 

major characteristic of ions generated by ESI is that they are heavily source 

dependent. As previously demonstrated,193 even a slight variation in the source 

conditions may considerably change the properties of an ESI-generated ion. For 

example, ion desolvation is a prerequisite for the successful mass analysis in all 

ESI-mass spectrometers. However, the extent of desolvation can be readily altered 

by changing the ion acceleration potential (cone-skimmer voltage difference),194 

the source temperature and the source pressure. This is one of the major challenges 

in comparing different ion activation methods (e.g. CID vs. SID) in different 

instrument configurations. However, the modified Q-TOF mass spectrometer, 

presented in the previous Chapter is capable of performing both the CID and SID 

experiments in the same instrument with same instrument operational conditions. 

This is an ideal layout, especially for the comparison of the two ion activation 

methods, without introducing any bias into the precursor ion populations. To 

examine the effect of different source conditions on the ion internal energy, in-

source fragmentation efficiency curves were constructed. As shown in figure 4.1, 

in-source collision induced dissociation of leucine enkephalin was performed by 

changing the cone voltage.  
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Figure 4.1 In source fragmentation efficiency curves for singly charged leucine 

enkephalin at different source pressures. The fragmentation on-set voltages are 

shifted to higher voltages at elevated pressures.  
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The ratio of the fragment ion intensity to the total ion intensity was then plotted as 

a function of cone voltage to measure the in-source fragmentation efficiency of 

ESI-generated leucine enkephalin. As one would expect, more peptide fragments 

are observed with increasing cone voltage as a result of in-source collisional 

activation. Provided there is sufficient gas pressure, in-source collisions promote 

ion fragmentation. The most striking observation in this plot is the effect of source 

pressure on in-source fragmentation. Increasing the source pressure showed a 

distinct shift of the fragmentation efficiency curves to higher cone voltage values.  

Since the extractor voltage is kept constant, an increasing cone voltage provides a 

larger voltage difference between the cone and the extractor and provides higher 

acceleration voltages. These results signify that in the presence of higher gas 

pressures, precursor ions lose most of their internal/kinetic energy, thus requiring 

higher acceleration voltages to promote fragmentation (in other words the internal 

energy intake of the precursor ions is lower at higher source pressures). A possible 

reason for such behavior can be explained by the collisional cooling of ions as they 

travel from atmospheric pressure into vacuum. In the presence of higher source 

pressures, the mean free path between two consecutive collisions (collision 

between an analyte and a gas atom) is low. This reduces the acceleration time 

between the two collisions. Since the ions never obtain the velocities achieved 

under low pressure conditions, the resulting collisions are not as energetic. To 

overcome this limitation, higher acceleration voltages are necessary. This explains 

the shift in the fragmentation efficiency curves at higher pressures.  
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  This is one example that illustrates the utility of different source conditions 

to alter the internal and kinetic energy of ions generated by the same ESI source. 

However if we were to use similar source conditions, the generation of ion 

populations with similar energy distributions is possible. Thus more realistic and 

accurate comparisons can be made between CID and SID. In the following section 

a comparison between CID vs. SID will be presented and discussed using several 

different representative peptides.   

4.3 SID vs. CID, comparison of singly-protonated peptides   

 The focus of this section is to explore the fragmentation of a variety of 

singly charged peptides by surface-induced dissociation and compare them to 

collision-induced dissociation. Although a number of different peptide samples 

were dissociated and compared, only a few representative examples will be 

presented and discussed.  

Figure 4.1 shows the CID and SID comparison spectra of singly charged 

angiotensin II (DRVYIHPF), at a collision energy of 80 eV. In general, the SID 

spectra are similar to CID, but there are a few differences. For example, CID is 

shown to generate a series of “b” and “a” ions with few bn-NH3 and an-NH3 ions. In 

contrast, SID spectra at similar collision energy showed significant enhancement 

of the bn-NH3 and an-NH3 ion series. The loss of water is usually from side chains 

of Asp, Glu, Ser and Thr residues as well as the carboxyl group of the C-

terminus.195 Whereas loss of ammonia is from side chains of Asn, Gln, His, Lys 

and Arg.  



149 
 

 

 

Figure 4.2. CID and SID comparison spectra of the singly charged (m/z = 1046) 

angiotensin II (DRVYIHPF) at 80 eV collision energy on FC12 surface. 
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Such formal losses from “a” and/or “b” ions are known to be high energy 

processes, clearly demonstrating that SID can provide sufficient energy to promote 

these high energy pathways. Furthermore, the intensity of low m/z product ions 

(e.g. immonium ions of histidine and tyrosine) are also enhanced by SID. This is 

further evidence that SID provides higher internal energy. Another interesting 

feature in the SID spectrum is the generation of a more complete MS/MS spectrum 

(fragment ions are present and more intense throughout both the low and high m/z 

regions of the SID spectrum). Such complete fragment ion information is 

definitely beneficial in peptide/protein identification.  

One of the salient features of the newly designed Q-TOF instrument is its 

ability to perform SID in conjunction with CID. The combination of both ion 

activation methods provides a definite advantage for peptide identification. As 

shown in Chapter 3, when Ar gas is added to the collision cell following the 

surface collision, both low and high energy fragmentation pathways can be 

accessed, providing more extensive fragmentation along the peptide backbone. 

This effect is further demonstrated here for a few singly charged peptides.  
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In order to evaluate the effect of collision gas in the SID experiments, 

fragmentation efficiency curves for leucine-enkephalin-Arg (YGGFLR) at 

different analyzer pressures were constructed. As shown in Figure 4.3, when Ar 

gas was introduced into the collision cell following SID (i.e. at higher analyzer 

pressures) the SID fragmentation efficiency curves are clearly shifted to lower 

fragmentation onsets. In contrast the fragmentation efficiency curves for CID 

experiments were not affected by increasing the pressure of Argon after a certain 

point (note: the CID fragmentation efficiency curves were significantly shifted to 

higher collision energy onsets at analyzer pressures of 2.5 x 10-5 mbar or lower, but 

were not affected after reaching a pressure threshold of ~3.5 x 10-5 mbar in the 

analyzer region).  
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Figure 4.4 CID and SID spectra of leucine enkephalin-Arg. CID spectra at analyzer 

pressures of  (a) 3.5 x 10-5 mbar, (b) 5 x 10-5 mbar, and SID at analyzer pressures of 

(c) 1 x 10-5 mbar  (no collision gas added), (d) 2 x 10-5  mbar. 
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Such energy shifts in the case of SID confirm the ability to access higher energy 

dissociation pathways, a prospect that could be a considerable advantage for 

observing alternative fragmentation processes.  

To illustrate the effect of collision gas in the SID experiment, CID and SID 

comparison spectra collected at two different analyzer pressures each are shown in 

Figure 4.4. In agreement with the fragmentation efficiency curves, differences in 

analyzer pressures in CID experiments have no substantial effect on the spectral 

appearance. However, there are significant differences between the SID spectra. 

One major difference is the enhancement of high energy fragment ions such as 

immonium ions of phenylalanine and tyrosine. At higher analyzer pressures, high 

energy fragmentation pathways are shown to be enhanced. This is direct evidence 

for further activation of the SID fragment/precursor ions by additional gas 

collisions. For example, at an analyzer pressure of 1 x 10-5 mbar, the relative 

abundance of the precursor ion is ~ 70%.  An increase in the analyzer pressure 

from 1 x 10-5 mbar to 2 x 10-5 mbar, reduces the relative abundance of the 

precursor ion to a value of ~ 15%. This is in agreement with the fragmentation 

efficiency curves shown in Figure 4.2, and these results are encouraging as 

enhanced fragment ion information may be utilized for more reliable 

peptide/protein identification.  

The unique design of the in-line SID device allows the combination of both ion 

activation methods in one single experiment.  As previously shown, added gas in 

the CID experiment had no effect on generating additional fragment ion 
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information in the CID spectra. However, for SID experiments, because the 

surface is operated at ~ 15 V and the collision cell is operated at ground potential, 

there is a voltage gradient between the surface and the entrance of the collision 

cell. This allows the pre-activated SID fragment/precursor ions to gain an 

acceleration potential of 15 V upon leaving the surface. Although in most cases 

such acceleration voltage is likely not enough to cause fragmentation of ions 

directly generated by ESI, it is sufficient to further activate and dissociate ions 

already excited by SID (SID ions are internally activated and even small added 

energy would cause further fragmentation). It should be noted that after each SID 

event, a fraction of kinetic energy is retain as the kinetic energy of the recoiling 

ions. The magnitude of this kinetic energy is a function of incident kinetic energy 

and the collision angle. For example, an ion beam of 50 eV, the kinetic energy of 

recoiling ions typically accounts for less than 10% of the ion energy.196, 197  
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Figure 4.5 CID and SID stopping curves for leucine enkephalin at different collision 

energies. (a) CID* stopping curves at collision energies of 40 and 60 eV, (b) SID# 

stopping curves at collision energies of 40, 60 and 100 eV. 

* Stopping potentials are reported with respect to collision energy. 

# Reported with respect to surface voltage. 

To illustrate the effect of post-SID ion acceleration (acceleration between 

the surface and the collision cell), stopping curves were constructed and compared. 

Stopping curves provide a measure of an ion’s kinetic (translational) energy by 

applying retardation potentials at the point of interest. For CID, these plots are 

constructed by measuring the total ion current as a function of the voltage offset at 

the collision cell exit lens (the collision cell exit voltages are then corrected 

according to the collision energy by subtracting the collision voltage). For SID, 

stopping curves are constructed in similar manner, but stopping potentials are 
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reported as a function of surface voltage (subtracting the surface voltage not the 

collision energy). If there is an influence from the post-SID acceleration, the 

relative kinetic energy of the SID fragment/precursor ions will be shifted to a 

higher retardation potential. As shown in Figure 4.5, the CID stopping curves for 

YGGFL are centered on an offset voltage of 0 V, whereas SID stopping curves are 

centered on an offset voltage of ~ 5 V with a span of -5 V to 10 V. A shift in the 

SID stopping potential is an indication for higher translational energy of the SID 

fragment/precursor ions.  

SID and CID comparison spectra of bradykinin (RPPGFSPFR) are shown in 

Figure 4.6.  Bradykinin is a hormone-like peptide that possesses two basic arginine 

residues, one at each terminus.  Since the precursor ion is carrying only a one charge 

(proton) and it is sequestered on either of the basic arginine residues, relatively high 

activation energy is required to initiate fragmentation. However, similar to YGGFLR, the 

SID and CID spectra are similar with the exception of the enhanced high energy 

fragmentation pathways observed by SID.  Fragmentation spectra yield some a-, b- and 

y-ions, as well as loss of 17 Da from these ion series.  Elimination of 17 Da is likely a 

loss of NH3 from the arginine side chains at Arg1 and Arg9.134, 198 As predicted the 

cleavage N-terminal to the arginine residue is enhanced and an abundant y8
+ is observed 

in both the CID and SID spectra. In addition, the relative intensities of b2-NH3, a2-NH3 

and immonium ions of Arg and Pro are enhanced in SID spectrum.   

 The 80 eV CID and SID spectra of the singly protonated fibrionpeptide A 

(m/z 1536) are shown in Figure 4.7. Compared to the doubly charged precursor ion 
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(Chapter 3), the singly charged fibrinopeptide A generated only a partially complete “y” 

ion series, by both CID and SID (Figure 4.7).  This is expected as the doubly protonated 

peptide contains a greater number of protons (two) than basic residues (one), thus 

providing a mobile proton to initiate cleavage along the peptide backbone and generate 

greater sequence coverage than fragmentation of the singly charged species. However the 

complete amino acid sequence, ADSGEGDFLAEGGGVR, can be derived from either 

the CID or SID spectra. The series of b-ions allows the assignment of residues of 2-6; the 

series of y-ions allows the assignment of residues 1-7 from y9 to parent and 9-14 from 

from y1-y9 (the complete y-ion series is not labeled). As one would expect both the 

ionization methods preferentially induce cleavage C-terminal to Asp and Glu (y5 and y9), 

acidic residues capable of initiating cleavage in the absence of a mobile proton. Once 

again, the SID spectra showed enhancement of the higher energy fragmentation 

pathways.  
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Figure 4.6 SID and CID comparison spectra of singly charged bradykinin 

(RPPGFSPFR) at a collision energy of 60 eV. (a) CID at an analyzer pressure of 5 x 

10-5 mbar. (b) SID on FC12 monolayer surface.   
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Figure 4.7 (a) CID and, (b) SID comparison spectra of singly protonated 

fibrinopeptide A (ADSGEGDFLAEGGGVER) at 80 eV collision energy.  
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Figure 4.8 (a) CID and, (b) SID comparison spectra of singly protonated 

fibrinopeptide B (GVND|NEE|GFFSAR) at 80 eV collision energy.  

 

 
 
 
 
 

 

 



163 
 

The CID and SID comparison spectra of singly charged fibrinopeptide B (Pyr-

GVND|NEE|GFFSAR) is shown in Figure 4.8. Similarly to previous peptide examples, 

no additional fragment ion information is granted by SID.   

4.4 Characterization of the in-line SID device 

 The results presented thus far in this chapter clearly demonstrated the utility of 

surface-induced dissociation in the sequencing and identification of singly-protonated 

peptides.  Furthermore, these systematic studies have also helped to partially characterize 

and improve our understanding of the in-line SID device.  However, many fundamental 

SID characteristics remain unexplored for this device.  The amount of incident kinetic 

energy at the event of ion/surface collision, the impact angle and peptide structure are all 

critical factors in determining the amount of energy conversion in SID. The following 

experimental results are focused on understanding these processes and characterizing 

them with the aid of simple singly protonated peptides.  

4.4.1 Influence of collision energy and collision angle  

Considering the SID spectra presented so far, a distinct feature of SID prevails. At 

similar collision energies, SID repeatedly retains a higher precursor ion population while 

CID shows a greater extent of precursor ion decay. If fragmentation efficiency curves 

were constructed using this information, it would imply that CID deposits more internal 

energy than SID. Figure 4.9 shows the CID and SID fragmentation efficiency curves for 

YGGFLR. At lower collision energies, both CID and SID efficiency curves are 

overlapped. However at higher collision energies, the steepness of the CID curve is more 
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prominent than that of SID. In order to understand this behavior, an ion optics simulation 

approach was used.  

To begin with, a direct comparison of low energy CID and SID is not appropriate. 

SID is nearly a single collision ion activation process, whereas CID is a multiple collision 

process. Although the colliding partner in CID is significantly smaller than that of SID, 

the multiple collision nature of CID may allow deposition of higher internal energy (an 

unbiased comparison would be to compare single collision CID vs. SID). However, ion 

optics simulations were performed to understand the SID collision process on the surface. 

The most interesting result from this simulation work is the relationship between collision 

energy and collision angle of the SID process.  For example, a precursor ion with an 

incident kinetic energy spread of 34-36 eV, shows a collision angle spread of 41.8-39.3˚ 

(Table 4.1).   
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Figure 4.9 CID and SID fragmentation efficiency curves for YGGFLR.  
 
 

 
 

Table 4.1 SIMION modeling results of the YGGFLR precursor ion m/z 712. Three 

different incident kinetic energies were selected to demonstrate the effect of collision 

energy on the collision angle. Calculation of the kinetic energy on collision is based 

on conversion of energy using the starting and current potential and kinetic 

energies.  

Incident kinetic energy 
(eV) 

Kinetic energy on collision 
(eV) 

Collision angle on the 
surface 

a34  d44  g54  a26.99  d37.03  g46.3  a41.8 d40.5 g26.8 

b35  e45  h55  b27.98  e38.00  h47.9 b40.5 e40.8 h30.0 

c36  f46  i56  c28.96  f39.09  i49.0  c39.3 f41.9 i32.8 
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However, increase in the initial kinetic energy to 54-56 eV, reduces the impact 

collision angle to 26.8-32.8˚. This is a considerable reduction of the overall energy 

deposition, which is dependent upon the collision angle. This result agrees well with the 

behavior observed in the fragmentation efficiency curves.  Since the effective collision 

energy on the surface is a function of the impact angle, the variation of collision angle is 

an important factor in determining the amount of internal energy. For example, at lower 

initial kinetic energies, a relatively higher percentage of the kinetic energy is converted as 

the internal energy (higher surface collision angles have more effective collisions on the 

surface). However, at higher collision energy the surface impact angle is found to be 

lower than that of low energy collision, thus providing a less effective energy conversion 

on the surface. This explains the overall shift of the SID fragmentation efficiency curve 

relative to CID. A previous comparison study of three different SID devices in a triple 

quadrupole instrument showed the same trend.127 In this experiment, the product ion 

distribution widths observed for in-line SID devices were broader than those observed for 

the 90˚ configuration. Such a difference is a result of a wider range of angular trajectories 

generated by in-line devices. 

Although SIMION calculations presented here are not accurate enough to provide 

exact impact energies and angles of the ion surface collision, they are useful in 

understanding the fundamental collision process itself. Other than the collision angles and 

energies, ion collection efficiency may also play a major role in deciding the efficiency of 

the SID process. The ion collection efficiency is dependent on the geometry of the SID 

device. Although extensive SIMION simulations were used to design the current in-line 
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SID device, it could not be the ideal geometry that helps to collect most of the ions 

leaving the surface.    

4.4.2 Influence of peptide structure   

 A set of leucine enkephalin analogs were subjected to ESI/SID to study the 

dependence of amino acid sequence on the fragmentation of peptides. ESI generated 

peptides were dissociated over a range of collision energies and summarized by plotting 

the percent fragmentation of the peptide precursor vs. laboratory collision energy. These 

plots provide a means by which to compare the relative ease of fragmentation among 

different peptides, allowing the influence of sequence, charge state, basicity, etc. to be 

explored systematically. As such SID data has previously been published in the literature, 

these fragmentation efficiency curves and their dependence on the peptide sequence can 

help to understand the SID process in this device.  

 Figure 4.10 illustrates fragmentation efficiency curves for leucine enkephalin 

related peptides with no basic residues, with one basic residue and two basic residues. 

The absence of a basic residue (YGGFL) results in a population of protonated peptides 

that fragment relatively easily. The peptide containing lysine (YGGLFK) has higher 

fragmentation onsets, but lower energy onsets than that of those containing arginine 

(YGGFLR(R)). This mimics the order of the gas-phase basicities for arginine and lysine. 

For peptides containing basic residues, a more stable and dominant structural conformer 

(with the proton bound to the basic residue) is formed. In order to initiate fragmentation, 

first intramolecular proton transfer from the stable form to a less basic sites (amide) has 

to occur. This process requires higher internal energy and the required energy is 
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dependent upon the basicity of the side chain. For YGGFL, a peptide with no basic 

residues, the proton is not sequestered at any one particular position, and thus the proton 

can be more readily mobilized along the backbone. Another interesting result is that the 

two peptides containing one and two arginine residues, respectively, show similar 

fragmentation energy onsets. This indicates the additional mass of an arginine residue has 

not influenced the fragmentation efficiency, but the similar gas phase basicities require 

the same proton mobilization energy.          
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Figure 4.10 CID and SID fragmentation efficiency curves of singly-protonated 

leucine enkephalin (YGGFL), leucine enkephalin-Lys (YGGFLK), leucine 

enkephalin-Arg (YGGFLR) and leucine enkephalin-Arg-Arg (YGGFLRR). 
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4.5 Dissociation of multimers of leucine enkephalin  

 With the advancement of electrospray ionization, the interest in studying the non-

covalent interactions of bio-molecules has also gained substantial attention.199, 200  Since 

non-covalent complexes are bound by weak intermolecular interactions, the energy 

required to dissociate these complexes is minimal and heavily dependent on the method 

of ion activation. The systematic dissociation of these non-covalent complexes, especially 

those that form non-specific aggregates, can be utilized to gain a fundamental 

understanding of SID and CID, and the influence of ion size on activation.   

 At higher concentrations, leucine enkephalin (YGGFL) is known to form non-

covalently bound multimers.  Figure 4.9 shows the CID and SID breakdown curves of the 

singly protonated YGGFL trimer. The breakdown curves are constructed by plotting the 

relative intensity of the trimer ion and its respective fragments as the function of collision 

energy.  
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In order to simplify these curves, the monomer intensities are presented as the sum of the 

intensities of monomer ions and covalent fragments, thus producing 100% relative 

abundance of monomer intensity even at higher collision energies.  Both CID and SID 

breakdown curves reveal sequential dissociation processes.   

At low collision energy the trimer (YGGFL)3H+ dissociate to generate protonated dimer 

and neutral monomer.  The loss of a protonated monomer and neutral dimer is also a 

viable dissociation pathway but was not observed either by CID or SID.  At low energy, 

neither CID nor SID fragmentation spectra showed fragment ions in the regions between 

the trimer and dimer or dimer and monomer. This indicates that the trimer dissociates 

directly into dimer, and the dimer further dissociates into monomer without rupturing 

covalent bonds. This is expected as the intermolecular interactions are considered to be 

weak, whereas covalent bonds are strong (need higher collision energies).  Both CID and 

SID showed similar dissociation thresholds for the trimer dissociation, indicating both the 

ion activation methods can readily provide enough energy to induce fragmentation of the 

trimer population. The formation of dimer from trimer also followed the same trend (with 

inflection point at ~ 12 V, for both ions activation). Suggesting the main dissociation 

pathway for the trimer is to lose neutral monomer while the remaining dimer retains the 

single proton. Interestingly however, for SID, the dissociation of dimer to generate 

monomer is shifted to a lower energy inflection point.  This result provides conclusive 

evidence that SID provides higher internal energy causing a shift in the dissociation 

threshold of the dimer. The width of the dimer breakdown curves is also shown to be 

narrower by SID (Figure 4.9). 
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4.6 Conclusions 

Several singly protonated peptides were fragmented and analyzed by both 

CID and SID in the same instrument configuration. This allowed an accurate 

comparison of the two ion activation methods without any external bias. The result 

showed the ability of SID to generate high quality tandem MS spectra, which are 

comparable to CID but with some enhancement of high energy fragmentation 

pathways. At first glance, the SID fragmentation efficiency curves appear to 

indicate that the SID process is not as efficient as CID.  In actuality however this is 

not the case. In general, at comparable collision energies, SID shows a higher 

extent of precursor ion survival than CID. This is a controversial result, when 

compared to some of the previously published SID work. The SIMION simulation 

results provided a possible explanation for this discrepancy. They showed that the 

magnitude of impact collision energy and the impact collision angle is highly 

dependent on the initial kinetic (collision) energy. As the initial kinetic energy is 

increased, the spread of the impact kinetic energy and angle are also increased. 

This results in a precursor ion population with broader internal energies. The utility 

of the combined SID/CID experiment showed the benefit of using both ion 

activation methods to obtain additional fragment ion information. The in-line 

design of the SID device provided this unique feature as an optional tool.   
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CHAPTER FIVE.  

 

INFLUENCE OF CLUSTER SIZE AND ION ACTIVATION ON THE 

DISSOCIATION OF CESIUM IODIDE CLUSTERS 

 
 

This chapter presents CID and SID activation studies of a simple salt cluster 

system, cesium iodide.  Cesium iodide clusters (CsI) are simple ionic structures that are 

composed of different combinations of the same two atoms, cesium and iodine.  The MS 

analysis of these cluster systems showed the formation of a broad m/z distribution with 

one and/or two residual cesium atoms as the charge carrier.  The formation of larger 

cluster assemblies was source dependent and significantly influenced by source pressure.  

SID is shown to deposit more internal energy into these clusters, providing access to 

alternative dissociation pathways.  The most significant differences were observed for 

larger cluster systems. Doubly-charged clusters can dissociate via one of two pathways, a 

mass stripping process and a charge splitting process. While SID is successful in 

providing enough energy to allow both fragmentation pathways, CID could only access 

the low energy mass striped pathway.   
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5.1 Introduction 

Cluster science has received substantial experimental and theoretical attention 

during the past two decades. Clusters are an important group of structures as they span 

the chemical and physical gap between discrete atoms or molecules and solid materials 

and provide clues to the transitions between the condensed and gaseous states of 

matter.201 Furthermore, these systems allow an understanding of several 

physical/chemical processes including phase transition phenomena, crystal growth, 

chemical catalysis, and thin film formation.202, 203 From an experimental point of view, 

clusters are relatively easy to form, and their ionic bonding character has allowed for the 

development of simple models that can be used to study the formation of clusters. It is 

well understood that these clusters are considerably different from their general bulk 

matter. For example, a large portion of their constituent atoms are reported to be present 

on the surface (due their crystal packing), but not in the bulk. There are many analytical 

techniques and theoretical methods employed in cluster research.204-206 All of these 

methods and techniques provide a significant amount of information into cluster systems. 

Although many analytical techniques have been exploited in cluster studies, mass 

spectrometry stands out as a major experimental technique that offers advantages for 

studying size-dependent cluster properties with its inherent advantage of sensitivity.  

Electrospray ionization (ESI)44, 189, 207 is a gentle ionization method which has 

proven to be a useful tool in studying cluster systems. The ability of ESI to create ions 

directly from solution phase makes it even more attractive; thus it has been used 

extensively to study cluster systems. Hao et al. reported the influence of several 
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experimental conditions such as ionic radius, instrument operating conditions, and 

solution pH on the formation of cluster ions.208, 209 Zhou and Wang et al. used clusters to 

probe the mechanism of ESI.210, 211 Furthermore, electrosprayed clusters are widely used 

as calibration standards for mass spectrometers.  

Among the different types of cluster systems, alkali halide clusters have been 

most widely studied by mass spectrometry, especially singly charged positive clusters. 

The general formula for these clusters can be given as (MX)nM+,212-215 where M and X 

represent the cation and anion of the molecule respectively. An important discovery in 

cluster science has been the identification of magic number clusters.213, 216-219 Mass 

spectra of alkali halides often reveal peaks with extraordinary stability that correspond to 

stable cubic-like crystal structures (magic number clusters).220  

The fragmentation behavior of Cesium Iodide has been extensively studied and 

characterized by mass-analyzed ion kinetic energy spectroscopy (MIKES),214, 221-223 as 

well as high energy collision-induced dissociation.214, 224-227 It is evident from these 

experimental procedures that CsI clusters dissociate via unimolecular decomposition.  

Furthermore, the collision-induced dissociation (CID) studies showed the formation of 

mass stripped products due to the removal of neutral MX moeities.221, 223, 224, 226, 228 

Impact-induced dissociation studies were also performed on these clusters systems, but 

not to the same extent as CID. With impact-induced dissociation, clusters are shown to 

produce product ions from a single step cleavage process, a process that cleaves along the 

low energy cleavage planes of these clusters.  
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In contrast to proteins and their non-covalent complexes, clusters are simple 

structural moieties with minimum structural complexity. They are structures composed of 

small numbers of heavy atoms, whereas protein complexes are structures composed of 

large numbers of light atoms. These represent two extremes, in the sense that, for similar 

masses of a protein and a salt cluster system, the protein would always possess a higher 

number of internal degrees of freedom. Such difference would be an interesting feature 

for these cluster systems to be studied by CID and SID. Furthermore, the simplicity of 

these salt clusters make them ideal for comparing fundamental differences between SID 

and CID and for studying the influence of molecular size on ion activation. CID uses Ar, 

a small collision target, whereas SID replaces it with a bulk surface.  

This chapter represents a detailed study of the fragmentation dynamics of singly 

and doubly-charged CsI clusters employing CID and SID as the methods of ion 

activation.  Furthermore, a demonstration of the influence of cluster size on dissociation 

is also presented.  
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5.2 Generation and characterization of CsI clusters by electrospray ionization  

One of the important strategies in observing cluster ions is the instrument 

operation conditions. The distributions of salt cluster ions were found to be influenced 

markedly by the magnitude of cone voltage, source temperature, ESI solvent and source 

pressure. Higher source pressures are critical in observing high mass cluster ions. Figure 

5.1 shows the ESI mass spectrum of a 15 mg/ml CsI solution sprayed out of 50:50 

methanol:water. Two different charge distributions of clusters are evident in the mass 

spectrum. One belongs to the singly charged ion series, and the second one belongs to the 

doubly-charged series. The singly-charged cluster ions have the generic formula of 

(MX)nM+, and each of its peaks are separated by a mass of 260 Da, corresponding to 

molecular weight one CsI moiety. The second series corresponds to doubly-charged CsI 

and has the formula of (MXq)M2
2+ (q = any positive integer). Each peak corresponding to 

a cluster with an even number of Cs atoms overlaps with a singly-charged ion, while 

peaks corresponding to an odd number of Cs atoms appear in between the singly-charged 

cluster peaks (i.e. (CsI)2Cs2
2+ and (CsI)4Cs2

2+ will overlap in m/z with (CsI)1Cs+ and 

(CsI)2Cs+ respectively, whereas (CsI)3Cs2
2+ will correspond solely to the doubly charged 

ion).  One significant difference between the two series is that the doubly charged ions 

are always low in intensity. Such an effect can be attributed to two causes: first, due to 

the fact that the doubly-charged ion series perfectly overlaps with the singly-charged 

series, the total ion intensity of any given singly-charged cluster peak is the sum of the 

contributions from the singly-charged ion and the overlapping doubly-charged ion.  This 

makes the total intensity of the singly charged ions appear to be higher.   
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Figure 5.1. Mass spectrum of a 15 mg/ml CsI solution under positive ESI conditions 

in a Q-TOF mass spectrometer. The spectrum composed of both singly and doubly 

charged cluster ions in the range of 250-26,000 mass range. Evidence for stable 

“cubic-like” structures are evident at n=13, 22, 31, 37, 52 and 62. Inset shows the 

crystal structures of cubic CsI crystal clusters.    

* =  stable “cubic-like” structures 

    = alternative stable crystal strucures   

 

n 
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13

3X3X3

5X5X5
7X7X7

n 
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62

n 
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52

n 
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31
“n”

Value
“cubic like” 

structure
# of atoms

13 3x3x3 27

22 3x3x5 45

31 3x3x7 63

37 3x5x5 75

52 3x5x7 105

62 5x5x5 125

87 5x5x7 175

n 
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22

n 
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37
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The second reason is that the additional charge on the doubly charged clusters may 

induce instability into the crystal structures, resulting in their lower abundance.  

Another predominant feature to note is the uneven intensity distribution of the 

singly charge ion series. As marked in Figure 5.1, the high abundance of certain singly-

charged clusters is attributed to the formation of magic number clusters. There are two 

forms of magic number clusters. One corresponds to the cubic ionic arrangements of 

atoms in a symmetric fashion – i.e. 3x3x3, 3x3x5, 3x5x5 etc.219, 229 The second 

corresponds to the surface terraces built upon the completed cubic lattices.230, 231 For 

example, if one of the three CsI rows in the cubic cluster of 3x3x5 is removed, a 

relatively abundant n = 34 structure is obtained.  Likewise, if the second row of CsI is 

removed, an abundant n = 31 cluster is formed (Figure 5.1). Although these structures are 

pseudo-cubic, they have been shown to be considerably stable.  

Another interesting feature in the spectrum is the onset of the doubly-charged 

cluster series. This effect is the so-called “critical size” effect. The “critical size,” of a 

multiply charged cluster is defined as the smallest possible cluster size that can be formed 

by a multiply charged cluster. In our experiments, the smallest doubly charged cluster 

observed corresponds to q = 21. This property is found to be dependent on several 

experimental conditions such as capillary voltage,  temperature, etc.232 However, a 

detailed experimental study on this property was not performed in this research.  
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5.3 Fragmentation dynamics of small (CsI)n Cs + clusters 

There are two important aspects of studying dissociation pathways of small, 

(CsI)Cs+ clusters. First, they are composed of simple repetitive units of Cs and I atoms. 

Therefore the complexity of these systems is minimal and simple dissociation pathways 

are available because the major losses have to be any combination of just two atoms. 

Second, these systems are held together by electrostatic interactions (ionic), which are 

more uniform in space. This makes the clusters more uniform in internal energy 

distribution and simpler systems than protein complexes.  Furthermore, since these small 

size clusters are of low masses, the internal energy required to initiate fragmentation 

would be also lower.  

5.3.1 Collision-induced dissociation of (CsI)n Cs +, n ≤ 13, cluster 

Figure 5.2 shows the CID spectra of (CsI)6Cs + at collision energies of 10 eV and 

20 eV. The spectra clearly indicate the extensive fragmentation pattern of (CsI)6Cs + to 

generate a series of singly charged fragment ions. The fragments consisted of structures 

that have similar empirical formulas as that of the precursor ion, (CsI)nCs +. Since the 

precursor ion carries only a single charge, the formation of such singly charged fragments 

has to come from the loss of one and/or two neutral CsI moieties.222, 223 One other 

prominent feature in the spectra is the lack of (CsI)2Cs + cluster as a fragment (m/z = 

652). Previous collision-induced dissociation studies of the same alkali-halide system by 

Drewello and co-workers,233 also reported a similar dissociation pattern for (CsI)6Cs +. 

They observed a significant reduction in the (CsI)2Cs +cluster formation, not only for  

(CsI)6Cs + but also for a number of small sized CsI clusters. A possible reason for this 
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observation could be attributed to the fact that CID is a multiple-collision low energy 

process that does not provide enough energy to generate this fragment before dissociating 

through other more accessible pathways. Even by increasing the CID collision energy, 

(Fig 5.2b) this fragment is negligible, indicating that the slow, step-wise nature of CID 

likely causes (CsI)6Cs + to dissociate through other channel prior to gaining enough 

energy to produce (CsI)2Cs +.  A similar phenomenon was previously demonstrated for 

protein complexes by Klassen and co-workers.234 They proposed that under multiple 

collision conditions, each collision deposits a small amount of energy into to the 

precursor, allowing access to low-energy dissociation pathways (in their case a protein 

unfolding process).  

 

 

Figure 5.2 MS/MS spectra of (CsI)6Cs + clusters dissociated by CID at collision 

energies of 10 eV (left panel) and 20 eV (right panel). The spectra were collected in a 

Q-TOF instrument with argon as the collision target.   
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Figure 5.3 shows the collision-induced dissociation spectra of (CsI)13Cs + clusters. 

Similar to the n = 6 cluster system, sequential dissociation of the precursor ion is evident 

from the spectra at collision energies of 60 and 70 eV. The extent of fragmentation shifts 

systematically with increasing collision energy, in agreement with theories of kinetic 

unimolecular dissociation in which intramolecular vibrational energy is redistributed 

throughout the vibrational modes of the molecule. Another feature observed in these 

spectra is the appearance of doubly charged clusters due to overlap of (CsI)26Cs2
2+  with 

the precursor ion. This leads to a second set of peaks appearing between the singly 

charged clusters, however, the contribution of the doubly-charged ion is of low relative 

abundance (Figure 5.3). Further discussion into these doubly charged cluster systems will 

be presented separately.    

 

 

Figure 5.3 MS/MS spectra of (CsI)13Cs + clusters dissociated by CID at collision 

energies of 60 eV (left panel) and 70 eV (right panel).     
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5.3.2 Surface-induced dissociation of small (CsI)nCs + clusters, n ≤ 13,  

Figure 5.4 shows SID spectra for the (CsI)6Cs+ cluster for comparison to the CID 

spectra from Figure 5.2.  The spectra are shown at identical laboratory collision energies 

for direct comparison. The most striking difference between the two ion activation 

methods is the fragmentation efficiency.  For example, at a collision energy of 20 eV, 

SID shows almost no precursor ion survival while the precursor remains at ~20% relative 

abundance by CID.  This shows that SID is significantly more effective in fragmenting 

the (CsI)6Cs+ cluster.  One other interesting difference is the appearance of the (CsI)2Cs+ 

cluster fragment in the SID spectra. While this fragment is present in low abundance in 

the 20 eV CID spectrum, it is observed in both SID spectra, and as intense as ~ 25% 

relative abundance in the 20 eV SID spectrum. With CID, there is significantly low 

abundance of (CsI)2Cs+ fragment, whereas with SID, extensive formation of (CsI)2Cs+ is 

observed.  It is reasonable to assume that by collision-induced dissociation, the lack of 

(CsI)2Cs+ is due to inadequate energy availability (the (CsI)2Cs+ fragmentation pathway 

is a high energy process).  SID, by providing excessive internal energy, allows 

alternative/ additional dissociation pathways, such as the formation of (CsI)2Cs+. This 

interpretation is further supported by the breakdown curves for the n = 6 cluster (Figure 

5.5). At a collision energy of 10 eV, CID shows ~ 70% precursor ion survival, whereas 

SID shows only ~ 30 %.  At the same time, the SID breakdown curves for the fragment 

clusters are also shifted to lower energy thresholds, indicating the ability of SID to 

provide higher amounts of internal energy. For example, the n = 3 cluster fragment in the 

SID break down graph shows a maxima at a collision energy of 22 eV.  For CID, the 
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same cluster fragment reaches its maximum at a collision energy of 35 eV.  However, 

there is no evidence that the excess energy afforded by SID leads to a difference in the 

fundamental mechanism of cluster fragmentation. For the most part, the SID breakdown 

curves are simply shifted on the collision energy axis. This indicates that the excess 

energy provided by SID dissociates a larger portion of the precursor ion population, but 

does not access alternative dissociation pathways. This could be due to the fact that these 

clusters are sufficiently small that both activation methods readily provide enough energy 

to access similar dissociation channels. 
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Figure 5.4. CID and SID spectra of (CsI)6Cs+ clusters in the Q-TOF instrument; (a) 

CID at collision energy of 10 eV, (b) CID at collision energy of 20 eV; (c), (d) SID 

spectra at collision energy energies of 10 and 20 eV respectively. 
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Figure 5.5 Break-down graphs of (CsI)6Cs+ clusters activated by (a) CID, analyzer 

pressure  8 x 10-5 Torr  (b) SID, analyzer pressure 1 x 10-5 Torr. The different ion 

intensities were integrated and plotted in relative abundance to the total ion 

intensity. 
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 Fragmentation of the (CsI)13Cs+ cluster also revealed that higher internal energy 

was deposited by SID.  The Figure 5.6 shows the collision-induced and surface-induced 

dissociation spectra of (CsI)13Cs+ at a SID collision energy of 50 eV (a) and at CID 

collision energies of 30,40, 60, and 80 eV (b). The dominant fragments detected in CID 

and SID corresponds to losses of neutral CsI.  SID shows more extensive dissociation 

than CID, generating much smaller fragment ions. Again, as with (CsI)6Cs+ cluster, SID 

of (CsI)13Cs+ generates the (CsI)2Cs+ fragment while this fragmentation channel is 

limited or completely inaccessible by CID.  The absence of the (CsI)2Cs+ fragment was 

previously reported for the dissociation of small CsI cluster systems in a sector 

instrument with CID as the method of activation.233 In contrast, SID allows the formation 

of this fragment ion either by losing multiples of neutral CsI units or by losing a single 

(CsI)11 moiety (fission process).  This loss is probably associated with higher internal 

energy deposition that only SID could provide under the given instrument operating 

conditions.   
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Figure 5.6 CID (a) and SID (b) spectra of (CsI)n=13Cs+ / (CsI)q=26Cs2+ in a Q-TOF 

mass spectrometer. The laboratory collision voltages of 30, 40, 60 and 80 V were 

employed for CID (from back to front of the waterfall plot) at analyzer pressure of 8 

x 10-5 Torr. The SID spectrum was collected at collision voltage of 50 V.  
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 Despites these minor differences, CID and SID of small CsI clusters are largely 

similar with both activation methods providing sequential loss of neutral CsI. It is worth 

mentioning that dissociation pathways other than neutral CsI loss are evident for these 

small size cluster systems.  As shown in the CID/SID spectra, one such pathway is the 

loss of a singly charged (CsI)1Cs+ (scheme 5.1). This fragment ion is observed in the low 

energy CID spectra.  At 40 eV CID collision energy (Figure 5.6), the (CsI)Cs+ fragment 

is significantly higher in abundance, while the n = 3 and n = 4 fragments are not. Since 

the cluster dissociation is known to be a sequential process, the relatively higher 

abundance of (CsI)Cs+ has to be a result of a direct fragmentation from the precursor ion 

(scheme 5.1).  Two other dissociation pathways are  also observed in CID. As shown in 

the breakdown graph, (CsI)6Cs+ dissociates into (CsI)5Cs+ by loss of a neutral CsI moiety.   

It concurrently dissociates into (CsI)4Cs+ by the net loss of two CsI units, as evident from 

the co-appearance of both (CsI)5Cs+ and (CsI)4Cs+ clusters at similar collision energies in 

the break down graph.  This indicates that the major portion of (CsI)4Cs+ is a result of an 

intact CsI dimer loss (scheme 5.1). There may be some contribution from two 

consecutive losses of (CsI)Cs units towards the formation of (CsI)4Cs+ too, but based on 

the breakdown graph, it is expected to be a very minor contribution.   
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5.4 SID and CID comparison of singly and doubly charged medium and large size 

clusters.  

Most studies on medium size salt clusters have been performed using CID. CID is 

a powerful tool that provides useful information on structure, fragmentation pathways, 

and the thermodynamic behavior of gas-phase ions. In contrast, SID is known to rapidly 

deposit higher internal energies into projectile ions. This section is mainly focused on 

mid-size salt clusters with one or two charges, dissociated by CID and SID as the method 

of ion activation.  

Figure 5.7 shows CID and SID comparisons for the (CsI)30Cs+ cluster at three 

different collision energies. Although it is originally assumed that the selected precursor 

ion was a singly charged ion, there is clear evidence that the singly charged precursor ion 

is contaminated with the overlapping doubly-charged (CsI)60Cs2+ cluster. For example, 

the inset of Figure 5.7a show a series of fragment ions separated by ∆m = 130 Da.  Such 

a pattern has to come from a doubly charged precursor ion rather than a singly charged 

precursor ion. To prevent any confusion, the collision energies for this cluster system are 

presented as collision voltages (without correcting for the charge state). The SID and CID 

spectra are shown to be significantly different for this medium size cluster. 
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Figure 5.7 Comparison of CID (left panel) and SID (right panel) spectra of 

(CsI)n=30Cs+/ (CsI)q=60Cs2
2+. CID spectra were collected at collision voltages of (a) 70 

V, (b) 90 V, and (c) 110 V, respectively. SID spectra were collected at collision 

voltages of (d) 30 V, (e) 50 V, and (f) 70 V, respectively. Insets are blowups of 

different m/z regions of CID and SID.  

 
 
 

 



194 
 

The most prominent difference is observed in the amount of dissociation, where SID 

shows far more extensive fragmentation patterns. The SID spectrum at 30 V collision 

voltage (Figure 5.7d) shows fragment ions at both the high and low mass ends of the 

spectrum corresponding to the singly charge cluster series. Generation of high mass 

fragments come solely from the overlapped doubly charged precursor ions.  More 

interestingly, with increasing collision voltage, SID generates more small size fragment 

clusters, indicating higher internal energy conversion.  In contrast, even at higher 

collision energies CID shows only a minimal amount of fragmentation (Figure 5.7a-c).  

At 70 V collision, the fragment ions show a Gaussian-like distribution centered at m/z 

equivalent to (CsI)26Cs+/(CsI)52Cs2+, whereas at 90 V collision voltage the fragment ion 

distribution shifts to a lower m/z, centered at (CsI)47Cs2+.  The fragmentation channel(s) 

observed by CID can again be interpreted as the sequential loss of neutral CsI units (a 

mass stripping process), whereas for SID both the mass stripping process and the mass 

splitting process are observed.  

Since the singly charged clusters for which “n” is an even number have the 

potential of overlapping with doubly charged cluster ions “2n”, the doubly charged 

cluster with an odd number of (CsI) moieties was selected to simplify interpretation of 

the MS/MS spectra.  For this comparison, (CsI)43Cs2
2+ was chosen and compared. 

(CsI)43Cs2
2+ has a nominal mass of 11437 Da, and since the cluster carries two charges, 

coulombic repulsion favors charge separation, introducing instability into the cluster.  

However, the MS spectrum in Figure 5.1 shows the formation of stable doubly-charged 

clusters, including (CsI)43Cs2
2+.   
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Figure 5.8 Comparison of CID (left panel) and SID (right panel) spectra of the 

doubly charged (CsI)43Cs2
2+ cluster. Inset in SID collision energy 60 eV shows two 

distinct charge distributions, doubly and singly-charged. SID at collision energy of 

100 eV shows predominantly singly charged fragments.     

      = Singly charged cesium iodide cluster fragments 
      = Doubly charged cesium iodide cluster fragments  
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Such stability could be coming from a stable structure, where the formal charges are 

separated to minimize inter-charge repulsions.  Previous research on salt clusters showed 

that multiply charged cluster ions would readily adopt a conformer with a regular flat 

surface and thicknesses of a single molecule.208 Although we are not certain of the 

structure of (CsI)43Cs2
2+, a planar structure could provide added stability by separating 

the  two charges at opposite sides of the cluster.  As shown in Figure 5.8 the SID and CID 

spectra of (CsI)43Cs2
2+ are noticeably different.  The CID spectra show a dominant 

fragmentation pathway by which neutral (CsI) units are lost to produce doubly-charged 

fragments from the doubly-charged precursor.  SID, however, shows clear evidence of 

charge separation, producing dominantly singly-charged fragments from a doubly 

charged precursor ion in addition to the loss of neutral i(CsI) units (Figure 5d-f).  

Although CID shows neutral CsI loss as the most dominant fragmentation pathway, a 

second fragmentation pathway involving loss of singly-charged (CsI)Cs+ was also 

evident, but to a very low extent.  Neutral loss and fission are two competing processes, 

where the probability of each is dependent upon energy availability and cluster size.  

With CID, the neutral loss process happens to be the most dominant and is driven by the 

size of the cluster and the limited access to high energy pathways.  This phenomenon can 

be explained with the help of the two-body interaction theory. 235, 236  The formation of a 

doubly charged cluster can be considered as a product of a fusion process (fusion of two 

singly charged clusters).  As one would expect, there is a long-range coulombic repulsive 

force between two charged clusters.  However, as the two charges are brought within the 

chemical bonding distance, the cluster should transform from an unstable to a kinetically 
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stable (or metastable) cluster.237  This coulombic repulsive force can be related to the 

inter-charge distance as follows:238  

 
.

                                                               
 

where the coulombic energy T is given in electron volts (eV) and inter-charge distance R 

is given in angstroms (Å).  With increasing inter-charge distance R, the coulombic 

repulsion becomes less and the doubly charged ion becomes more stable. Martin 

calculated the lowest possible energy configurations for doubly-charged NaI clusters and 

showed a clear trend in which cluster stability increases with cluster size.  In other words, 

the energy barrier preventing the most stable configuration from undergoing Coulombic 

dissociation increases as the size of the cluster increases.237  Upon activation, if the added 

excess energy is sufficient to overcome this energy barrier, the cluster would undergo a 

fission process producing charge separated products.  With (CsI)43Cs2
++, CID does not 

supply sufficient enough energy to overcome the barrier for the fission process to occur.  

However, it still provides enough energy to eject neutral (CsI)n units generating doubly-

charged mass-stripped product clusters (the doubly-charged products still have large 

enough masses to be stable product clusters).  Previous CID studies published by Cooks 

and co-workers 232 on doubly-charged NaI cluster systems have also revealed a similar 

fragmentation pattern, where high mass NaI clusters predominantly dissociated by loss of 

neutral NaI units and low mass clusters dissociated by charge splitting.  For these 

experiments we propose that SID deposits higher internal energy into the projectile ion, 

enabling it to overcome the energy barrier for the fission process.  This claim is supported 
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by breakdown curves for small CsI clusters, in which it is evident that the dissociation 

onset for any given fragment ion occurs at a lower laboratory collision energy by SID 

relative to CID.  For CID of large CsI clusters, activation even at the highest attainable 

collision energies is insufficient to access the fission pathways.   

Whetten and co-workers showed that for SID of NaF cluster systems, the 

formation of charge split products has to come from a single-step fracture process and not 

from a sequential losses of NaF.164  For example, to produce the n = 14 cluster from an n 

= 23 cluster through a sequential emission process, it would required more than 20 eV 

internal energy.  However, with SID, even at collision energies lower than 20 eV (if the 

energy conversion on graphite surfaces is assumed to be 100%), the formation of the 

fragment at n = 14 is observed. The computed energy for such fragmentation as a single-

step process is calculated as 3.3 eV, a significantly lower value than that of the sequential 

process. These calculations clearly indicate that to promote these fractured dissociation 

processes, higher internal energies are required, and SID could easily provide this 

additional energy demand.   However, previous impact-induced dissociation studies of 

alkali-halide systems with graphite and silicon surfaces by Whetten and co-workers 164, 

239, 240 exhibited some interesting differences from the current study, especially for doubly 

charged clusters. At lower impact energies in their instrument, the preferred 

fragmentation pathway was the generation of only two complimentary charge split 

fragments. In contrast, the Q-SID/CID-TOF instrument showed more extensive 

fragmentation behavior.  Several charge split fragments were observed with SID.  There 

could be several reasons for such discrepancy.  First, Whetten and co-workers used 
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graphite and silicon surfaces as their impact surfaces, whereas in our experiments, FC12 

monolayer surfaces are used as the collision partner. Fluorinated surfaces are well 

characterized and known to provide higher internal energies compared to graphite and 

silicon, and could contribute to the extensive dissociation patterns in our experiments. 

Another possible reason is the observation time frames of the two instrument 

configurations. Whetten’s impact-induced dissociation work is performed at the backend 

of a time-of-flight’s reflectron chamber. The observation time frame of such instrument 

configuration lies in the sub-microsecond time window, allowing the detection of only 

products from fast fragmentation channels.168  If the formation of fragment ions is falling 

on the order of microseconds or longer, they are detected as precursor ions, not as 

fragments.  However, the Q-SID/CID-TOF instrument with an observation time frame of 

several hundreds of microsecond to milliseconds, allows the detection of slower 

dissociation pathways. This is likely a significant factor in the observation of more 

extensive fragmentation in our instrument configuration.  At higher collision energies, the 

impact-induced dissociation spectra showed featureless fragmentation behavior (no 

enhancement into magic number clusters).  Whetten and coworkers concluded that at 

higher collision energies, the excess impact energy may transfer enough internal energy 

to transform the cluster into its molten (more liquid-like) form.  Such a transformation 

would distort the crystal structure information and would generate only arbitrary crystal 

fragments.  At higher collision energies in the Q-TOF SID, extensive fragmentation with 

an enhancement of certain fragment ions was observed.  These enhancements are found 

to be “magic number” clusters,213, 216-219 corresponding to symmetrically stable cubic 
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crystal structures with lattices of 3x3x3, 3x3x5, 5x5x5, etc, similar to those observed in 

the MS spectrum.  In the event of collision on the surface, clusters are forced to relieve 

the stress of impact by cleaving along the lowest energy plane(s), leading to the 

formation of stable cubic crystal structures.  It is not well understood why impact-induced 

dissociation would generates featureless fragmentation spectra at higher collision 

energies, while Q-TOF SID produces more featured spectra. One possible reason could 

be the differences in the internal energies of the precursor ions that are generated by the 

two instruments. Since ions produced by Q-TOF SID may have experienced many 

numbers of collisions with the surrounding gas, collision damping effect would be a 

major process to reduce most of its internal energy (collisional cooling). Activation of 

such ion would produce more thermally cooled precursor ions resulting in a more 

controlled dissociation pattern.  Another possibility would be the difference of the impact 

angles employed in the two experiments. With Q-TOF SID, the impact angle on the 

surface is presumed to be ~45°, whereas with TOF reflectron configuration the impact 

angle is as high as ~90°.  With high impact angles the internal energy conversion is 

shown to be higher, thus producing excessively heated precursor ions upon impact.  

 The SID/CID dissociation patterns observed for doubly-charged clusters of 

(CsI)43Cs2
2+ are shown in the Scheme 5.2. The major fragmentation pathway for the CID 

process is again the sequential loss of n-number of (CsI) units to generate mass stripped 

fragment ions. The CID fragmentation data for this cluster do not provide evidence for 

the neutral-dimer loss route as we observed for the small size cluster systems.  
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Scheme 5.2  Dissociation channels observed for the fragmentation of (CsI)qCs2+ 

clusters.  CID leads solely to consecutive losses of neutral CsI, while access to an 

additional charge separation pathway is provided by SID. 
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Figure 5.9 MS/MS spectra of (CsI)62Cs+/ (CsI)124Cs2
2+,  activated by (a) CID, at a 

collision voltage of 50 V. Inset is the ESI-MS spectrum of 10 mg/ml (50%:50% 

methanol:water) cesium iodide solution. (b) CID, at collision voltage 70 V. The 

scheme represents the most dominant fragmentation pathway which is the 

sequential loss of neutral (CsI) or charged (CsI)Cs+ with CID. (c) SID, at a collision 

voltage of 70 V. The scheme shows the pictorial representation of the SID 

fragmentation process to generate many different sized clusters.   
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However the ejection of a singly charged cluster moiety, (CsI)Cs+, is also found to be a 

possible, though minor dissociation pathway. In contrast, SID could access the same 

fragmentation pathways observed by CID, but also revealed alternative high energy 

dissociation pathways to generate charge split products. Such information would be 

beneficial in understanding the cluster morphology and its low energy crystal structures.  

 The dissociation of even larger cluster systems by CID and SID is of interest, as 

these systems carry larger mass per unit charge and allow further investigation into the 

influence of ion activation as a function of cluster size. Figure 5.9 shows the SID and 

CID comparison spectra of (CsI)62Cs+/(CsI)124Cs2+, a stable cubic crystal with the lattice 

structure of 5x5x5 and the mass of 16241.12 Da.  One of the challenges in dissociating 

such large cluster systems is their relative low abundance.  Consequently, longer ion 

accumulation times were required to overcome this problem. The fragmentation behavior 

showed similar trends as the medium-sized clusters.  SID is shown to deposit higher 

internal energy that allows access to both the charge split and mass stripped 

fragmentation pathways, whereas CID allows mainly the mass stripped pathway.   

 These results clearly indicate the capability of SID to access alternative high 

energy dissociation pathways.  More importantly, we were able to fragment CsI clusters 

larger than those previously reported in the literature, and compare their dissociation by 

both CID and SID in the same instrument operating conditions.  This allows for a fair 

comparison between the two ion activation methods.    
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5.5 Conclusions 

In summary, the dissociation of CsI clusters of varying sizes has been studied by 

CID and SID in the Q-TOF instrument previously presented in the Chapter 3. Use of the 

same instrument to perform SID and CID makes for a fair comparison between the two 

activation methods. The differences observed between CID and SID were largely 

dependent on the mass of the precursor ion being fragmented. For small size cluster 

systems, there are no significant differences between the two ion activation methods. The 

CID break down graphs reveals the formation of mass stripped product ions by 

unimolecular dissociation.  The same process was observed by SID, but the appearance 

of each fragment ion appears at lower laboratory collision energy than by CID, indicative 

of higher internal energy deposition. In addition, SID showed the co-formation of 

fragment ions with lower mass than by CID, which is tentatively interpreted as surface-

induced loss of larger intact neutrals of (CsI)n with n>2.  For medium and large size 

clusters, CID could readily access the low energy neutral loss dissociation pathway to 

produce mass-stripped fragment clusters but not the high energy charge split fission 

process.  In contrast SID, could access both competing mass-stripped and charge split 

pathways, offering more extensive fragmentation of the precursor ion cluster.  
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CHAPTER SIX.  

GAS‐PHASE INTRAMOLECULAR REARRANGEMENT OF PEPTIDES AND THEIR 

FRAGMENTS 

 
This chapter presents a detailed study of a peptide cyclization process that is 

observed in tandem mass spectrometry. [D-Ala2]-Leucine Enkephalin amide 

(YADGFLNH2), a biologically active penta-peptide, and its analogues were used as 

model peptides to study rearrangement processes under different ion activation methods 

(collision induced dissociation, surface induced dissociation) and different activation time 

frames (quadrupole time of flight, Fourier-transform ion cyclotron resonance). The 

purpose of this investigation is to understand the effect of different factors/conditions on 

the formation of rearrangement product ions. The results show prominent formation of 

the MH+-NH3 ion which is believed to be a b5 product ion with a C-terminal cyclic 

oxazolone structure. Other fragments in the spectra indicate that the b5 product ion may 

undergo cyclization and subsequent ring opening and further dissociation to generate ions 

that cannot be directly explained by the initial linear sequence. Furthermore, the H/D 

exchange results suggested that the b5 product ion population is not consist of a single 

structure, but a mixture of different structures that can be altered by the activation energy.   
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6.1 Introduction 

Tandem mass spectrometry (MS/MS), a well established technique used in the 

identification of the primary sequence of peptides/proteins,101, 103, 109, 241 plays a key role 

in proteomics. In this technique the mass spectra or peak lists are compared to spectra or 

peak list predicted by sequencing algorithms and used to determine the correct 

peptide/protein identification. In the field of proteomics, two major protein identification 

techniques have been developed thus far: top-down242 and bottom-up.243, 244 For bottom-

up sequencing, MS/MS spectra of digested proteins are matched with hypothetical 

spectra or peak lists generated by identification algorithms such as Mascot and Sequest. 

The accuracy of these hypothetical spectra relies on the current knowledge of peptide 

fragmentation mechanisms. The general fragmentation mechanism of peptides activated 

by collisions with a gas is considered to involve amide bond cleavage to produce N-

terminal b and C-terminal y fragment ions.102 These sequencing fragment ions have 

structures and mass-to-charge ratios that can be directly derived from the primary 

structure and are referred to as direct sequencing ions.117, 245-247  Many peptide MS/MS 

spectra, however, contain a large number of fragment ions from which only a fraction are 

used for sequencing.  The other fraction that are not direct sequencing ions may be 

formed by rearrangement process and may sometimes comprise the most abundant peaks 

in a given tandem spectra.246, 248 For example, an interior residue of a peptide can be lost 

to generate rearranged products that are easily misidentified.117, 245-247, 249-251 The lack of 

knowledge about the origin of these fragment ions allows current sequencing algorithms 

to consider them as direct sequencing ions which can lead to false positive identification. 
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Although a considerable amount of research in understanding fragmentation mechanisms 

has been done and reviewed,118, 252-255 prediction of a hypothetical spectrum that matches 

the experimental spectrum is still challenging. If a clear understanding of the mechanisms 

of these rearrangement processes could be developed, incorporation of these mechanisms 

into algorithms could improve the confidence level of accurate sequence assignment of 

peptides.  

A peptide fragmentation model that successfully explains the general dissociation 

chemistry of protonated peptides is the mobile proton model.112, 255 This model predicts 

the availability of a proton to multiple protonation sites in a peptide. Under electrospray 

ionization conditions, a mixture of heterogeneous ion conformers with different proton 

locations exists. When the number of basic residues exceeds the number of ionizing 

protons, the protons will be sequestered by the most basic residues (e.g., Arg or Lys side 

chain or the N-terminal amino group), initially forming the most stable conformers. 

During ion activation, the localized protons are transferred intramolecularly to 

energetically less favored heteroatoms, located along the peptide back bone. The location 

of the proton after transfer to the backbone is not clearly understood, but one possibility 

would be the carbonyl oxygen (protonation on amide nitrogen is also possible). Presence 

of a proton on carbonyl oxygen enhances the electrophilicity of the carbonyl carbon,256 

thus nearby carbonyl oxygen (N-terminal to the protonated carbonyl oxygen) can attack 

the electropositive carbonyl carbon,254 leading to a reactive conformer and subsequently 

initiating cleavage (charge-directed cleavage). When the number of basic residues is less 

than the number of ionizing protons, the proton can be easily accessed by multiple sites to 
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initiate cleavage. This leads to charge-remote fragmentation. Although this model allows 

one to predict whether a given peptide in a particular protonation state is expected to 

produce sequence-informative tandem mass spectra, or whether selective cleavage at 

some amide bonds hinders the sequential peptide fragmentation, there are many examples 

for which the mobile proton model cannot give an accurate prediction of all types of 

fragments generated by dissociation. In general these unpredictable fragmentation 

behaviors are categorized as complex rearrangement processes.   

Cyclization, one of the rearrangement processes studied by several research 

groups,117, 245-247, 249-251 is believed to be one of the major rearrangement processes 

observed for peptide fragmentation. As mentioned earlier, for peptide sequencing, the 

ideal fragmentation pattern is expected to be amide bond cleavage with with charge 

retained on the C/N-terminal fragments. However, if amino acid residues are lost from the 

interior of the peptide chain, the peptide sequence could be misidentified. The loss of 

internal residues can be summarized as a three step process. First a cyclic peptide 

intermediate is formed through a nucleophilic attack by an electron-rich group on an 

electron-poor group of the peptide. Second the cyclic intermediate undergoes a ring 

opening process to produce linear fragment ions with sequences different from the 

original. Finally the rearranged linear fragment ions further dissociate via conventional 

fragmentation pathways. There is a body of experimental evidence supporting the 

existence of such cyclization events. Tang et al117, 245 published research showing head to 

side chain cyclization of lysine/ornithine-containing b2+ ions followed by transfer of one 

or more residues from the C-terminus to the ω-amino group of lysine (or ornithine). This 
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observation is further supported by Fuchs et al.250 Subsequently, Yague et al.247 also 

observed a similar head to tail cyclization process for doubly charged b-ions. Vachet et 

al.246 suggested that singly charged a-type ions can cyclize by losing NN3 from the N-

terminus in agreement with the Harrison and Young.257  Harrison et al.248 have also 

reported that b ions could be formed by the cyclization of the oxazolone structure a of 

linear b-type product ion of YADGFLNH2. The motivation for our current study on gas 

phase intra-molecular rearrangement of peptides was initiated by the same work 

published by Alex Harrison et al.248 The simple non-basic penta-peptide, YADGFLNH2, 

undergoes cyclic rearrangement to produce non-direct sequence ions upon activation in 

mass spectrometry.  

6.2 Rearrangement products of leucine enkephalin amide  

Figure 6.1a shows the MS/MS spectrum of [D-Ala2] leucine enkephalin amide, 

m/z = 569.1(YADGFL-NH2), activated by CID (analyzer pressure = 3 × 10-5 mbar with 

argon), in a modified quadrupole time of flight (Q-TOF) mass spectrometer. As one 

would expect, the spectrum consists of product ions that correspond to backbone 

cleavage a, b and y-ions. Other than backbone cleavage ions, there were some additional 

fragments indicated by the spectrum. Generation of these additional ions was hard to 

explain by the original sequence, YADGFL-NH2 (Figure 6.1a, *, #). For example the 

fragment ion at m/z = 481.56, is a loss of an alanine (Ala) residue from the b5 of the linear 

peptide. Because the position of alanine is internal to the original b5 structure, the loss 

must be a result of a rearrangement process.  

Recent work published by Harrison and coworkers suggested a possible model for 
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this rearrangement process.248 They proposed that if the b5 structure is cyclic or the b5 

from the linear peptide rearranges to a cyclic structure before the fragmentation step, 

upon activation any of the five amide bonds in the cycle could open up to generate five 

different linear sequences (Scheme 6.1). Further cleavages of these scrambled sequences 

would result in non-conventional fragments including the peak found at m/z = 481.56. 

Table 6.1 represents a list of rearranged product ions observed for YADGFL-NH2, 

activated by CID.  
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As shown in the table, some of the fragments may have arisen from two different sources, 

whereas some must be generated from a particular sequence. For example, the peak at 

m/z = 389 may be derived either from YAGFL or AGFLY. The peak at m/z = 481, 

however, can only come from the sequence GFLYA. As a result, based on their fragment 

ion sequence, these rearranged products can be categorized into two groups. The first 

group includes fragments that could only be explained by a rearrangement of the initial 

linear sequence (sequence has to change the order of the amino acid to generate these 

fragments, marked as # in Figure 6.1a). The second group includes fragments that are 

derived either by rearrangement of the primary sequence or as  internal fragments of the 

original sequence (the order of the primary sequence remain intact for these fragments, 

marked as * in Figure 6.1a). It is clear from the Q-TOF CID data that a cyclization 

process upon activation is involved. 

Because CID is a multiple collision slow heating activation process, the 

probability of accessing high energy fragmentation pathways is limited (multiple step, 

slow activation would access the lowest energy dissociation pathways). On the other 

hand, surface-induced dissociation (SID) is an alternative collisional activation method 

that was first introduced by Cooks and co-workers.89, 90 Ion activation in SID is analogous 

to CID, except that a target surface (often an organic thin film self assembled monolayer 

surface) is used as a collision target instead of inert gas. SID has some advantages over 

the more commonly used CID.  First, SID allows for controllable energy deposition upon 

collision.  
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 Figure 6.1 Fragmentation spectra of different analogues of YADGFL-NH2 in Q-

TOF mass spectrometer: (a) CID of [D-Ala2] leucine enkephalin amide, m/z = 569.19 

(YADGFL-NH2), (analyzer pressure = 3 × 10-5 mbar), (b) SID of YADGFL-NH2, m/z 

= 569.19, (c) CID of cyclic YADGFL, m/z = 552.14 and (d) CID of acetylated 

YADGFL-NH2, m/z = 611.15.   

# rearranged product ions: derive only from a sequence other than the original peptide sequence  
*rearranged or internal product ions: derive from the original peptide sequence or rearranged 
peptide sequence  
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Scheme 6.1 Cyclization followed by ring opening of the b5-ion structure 
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Second, it has been demonstrated that SID can convert a significant amount of 

translational energy into internal energy,148-151, 258 which would allow access to higher 

energy dissociation pathways.  These features make SID an attractive ion activation 

method in studying rearrangement processes. Figure 6.1b shows the SID spectrum of 

YADGFL-NH2 in the same Q-TOF instrument. The SID spectrum appears to be quite 

similar to that of CID (Figure 6.1a). In particular, the degree of rearrangement is also 

quite similar. One possible reason for observing similar degrees of rearrangement 

products could be attributed to the fact that the cyclization/rearrangement process 

requires low energy thresholds, which both CID and SID can readily access. This is 

supported by observing a higher abundance of the MH+-NH3 or b5 product ion peak in the 

MS mode, where the linear peptide readily loses NH3 at the skimmer cone interface of the 

instrument (even at very gentle source conditions, b5 product ion was observed as the 

base peak. This is an indication that the loss of NH3 is low energy process). Furthermore, 

the computational modeling results of the same system, published by Paizs et al.,118 

suggested that isomerization of the linear oxazolone b5 structure to a cyclic b5 type 

structure is energetically favored over the dissociation of the amide bond to form an a5-

type ion (energy difference of ~18 kcal/mol).  Such a low energy barrier could easily be 

accessed by either CID or SID. If this is the case, when the b5 structure/structures are 

dissociated by CID/SID, it should generate similar product ion populations, resulting in 

similar CID/SID spectra for YADGFL-NH2. This experiment was performed in the Q-

TOF instrument by selecting the b5 ion structure/structures formed in the ion source 

region followed by CID and SID activation. As expected, the experimental results 
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showed no significant difference in the abundance of the rearranged products for b5 vs. 

MH1+ (data not shown). If cyclization is a high energy process, we would expect an 

enhancement of rearrangement products for b5 compared to MH1+.  

To examine whether the structure/structures of the b5 product ion from YADGFL-

NH2 are cyclic, linear or a mixture of cyclic and linear, fragmentation of cyclic-YADGFL 

was performed in a Q-TOF instrument. Figure 1c shows the CID spectrum of cyclic-

YAGFL with argon as the collision target. The general appearance of the spectrum is 

quite similar to the CID/SID spectra of YADGFL-NH2. However, compared to the linear 

peptide, there is a significant enhancement to the rearranged product ion population of the 

cyclic peptide. This could be rationalized by the argument that, upon formation, only a 

smaller fraction of b5 structures from linear YADGFL-NH2 are cyclic and the other 

fraction is oxazolone. The degree of cyclization is energy dependent (isomerization 

energy) and reversible. The presence of mixtures of b5 structures formed from YADGFL-

NH2 could explain the different degree of rearrangement products for the cyclic peptide 

vs. linear sequence YADGFL-NH2.  

6.3 N-Acetylation of peptide to validate cyclization process 

It is clear from these experimental results that the linear YADGFL-NH2 does 

undergo some type of rearrangement process, generating a cyclic b5 structure. Recent 

work published by Harrison et al.248 proposed a mechanism for the rearrangement 

process. Upon activation, the precursor ion [MH1+] loses NH3 to form an oxazolone type 

b5 structure, followed by a nucleophilic attack of the N-terminal nitrogen on the C-

terminal oxazolone carbonyl to generate cyclic peptide b5 (Scheme 6.2). To test this 
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mechanism, linear YADGFL-NH2 was acetylated in solution phase and fragmented in the 

Q-TOF instrument. The acetylation of the N-terminus would reduce the nucleophilicity of 

the N-terminal nitrogen. The reduction of nucleophilicity would prevent formation of a 

cyclic peptide b5. As shown in Figure 1d, the CID spectrum of acetylated YADGFL-NH2 

does not show any rearrangement products. This suggests that the nucleophilicity  of the 

N-terminus is a key factor for the cyclization process, with the experimental results in 

agreement with the proposed mechanism. To further explore fragmentation of the N-

acetylated peptide, which has no nucleophilic amono terminal nitrogen, MSn experiments 

were performed in an ion trap instrument.  Figure 6.2 shows the plots of MSn spectra of 

acetylated YADGFL-NH2. The first stage of the tandem experiment was the selection and 

activation of the acetylated peptide (m/z = 611). The dominant fragment was from the 

loss of NH3 to form acetylated b5. The isolation was followed by activation of acetylated 

b5 (m/z = 594) in the MS3 stage, which yields acetylated b4 (m/z = 481).  
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Scheme 6.2 Mechanism of cyclization 
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Figure 6.2. MSn spectra of acetylated YADGFL-NH2 in an ion trap mass 

spectrometer. Ions selected for fragmentation were MH+, b5, b4, b3, b2, b1, and a1.   

MS8 involved isolation of a1 ion (m/z = 178.1), followed by activation, indicated a loss 

of a ketene group (42.1 Da) to generate tyrosine (Y) immonium ion (m/z = 136).  

 

 

 

 

MS2

MS8



220 
 

Consecutive stages of isolation followed by activation of bn structures only generated 

back bone cleaved bn-1 and some associated a-type ions (note: no rearranged products 

were observe for any of the tandem stages).  As shown in Figure 6.2, at the MS8 stage of 

the experiment, isolation of the a1 ion (m/z = 178.1) followed by activation, shows loss of 

a ketene group (42.1 Da) to generate the tyrosine immonium ion (m/z = 136.0).  The loss 

of the ketene group is attributed to the presence of acetyl group at the N-terminus of the 

peptide until the MS8 stage. These MSn experiments provide strong evidence that in the 

presence of acetylation, the cyclization route is completely blocked by the reduced 

nucleophilicity. When the same experiment was performed on the non-acetylated peptide, 

the cyclization was clearly evidenced by observing distinct rearrangement products 

(Figure 6.3).   
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6.4 Effect of the peptide chain length on the rearrangement process 

As discussed earlier, under Q-TOF experimental conditions, clear evidence for 

rearrangement products of YADGFL-NH2 was observed.  Another question that remains 

unanswered is the effect of the peptide chain length on the cyclization process.  To 

address this, MSn experiments were performed in an ion trap instrument. Fragmentation 

of several b-ion structures and some of the rearranged product ion structures were 

performed as MSn experiments and the resulting spectra were searched for further 

rearrangement products. Figure 6.3a shows the MS4 spectrum of YADGFL-NH2 

(selection of m/z = 569.1 (MH+) followed by m/z = 552.1 (b5) and m/z = 481.0 (b4), in 

respective tandem steps). The peak at m/z = 481.0 corresponds to b4
# (GFLYoxa) ion that 

could be explained by rearrangement of YAGFLoxa into GFLYAoxa followed by loss of 

alanine (71 Da). The fragmentation spectrum of the b4
# ion, in Figure 6.3a, showed three 

different dissociation pathways. First, the loss of tyrosine (163 Da) from the C-terminus 

(GFLYoxa) generated the peak at m/z = 318.0. Second, a loss of internal leucine (L, 113 

Da) generated the peak at m/z = 368.1 and third, a loss of internal phenylalanine (F, 147 

Da) generated peak at m/z = 333.9. The origin of these internal residue losses could only 

be explained as a rearrangement process. The MS4 experiment of the analogue cyclic 

peptide (cyclo-YADGFL) in the same instrument revealed a similar spectrum to that of 

the linear peptide (Figure 3b), but with some differences in the intensities of peaks. 

Interestingly, further activation of the fragment ion at m/z = 368.1 (three residues) in an 

MS5 experiment showed two dominant fragments, one at m/z = 322.8 and other at m/z = 

221.0 (Figure 6.3c).  
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Figure 6.3. MSn  spectra of linear YADGFL-NH2 and its analogue, cyclic-YADGFL in 

an ion trap instrument: (a) MS4 of YADGFL-NH2, selection of m/z = 569.1 (MH+) 

followed by m/z = 552.1 (b5) and m/z = 481.0 (b4) , in respective tandem steps, (b) 

MS4 experiment of the analogue cyclic-YADGFL (c) Activation of m/z = 368.1 at MS5 

stage for linear peptide and (d) MS5 experiment  for the same m/z = 368.1 ion from 

the  cyclic peptide. 
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These correspond to loss of 45 Da and the phenylalanine residue (147 Da) respectively 

and none of them requires any rearrangement. This is true for the cyclic peptide too 

(Figure 6.3d), indicating the similarity of the two ion structures derived from linear and 

cyclic peptides. Other tandem MS experiments done on four and three membered b-ion 

structures clearly indicated the capability of formation of rearrangement products by 

four-membered chains but not three-membered chains.  

In addition to the rearrangement process of YADGFL-NH2, the effect of different 

peptide structures on rearrangement process was also studied. Several peptide structures 

including [D-Ala2] Leu-Enkephalin, Leu-Enkephalin, Leu-Enkephalin amide, Met-

Enkephalin, Met-Enkephalin amide, [Ala2] Met-Enkephalin amide, [D-Ala2] Met-

Enkephalin and [D-Ala2] Met-Enkephalin amide were dissociated and compared for 

differences. In spite of all these variations (C-terminal amide vs. carboxyl group, D-Ala2 

vs. Ala2, leucine vs. methionine, Leucine-X-amide vs. methionine-X-amide and D-Ala2-

Leucine vs. Ala2-metionine) none of the variations showed any major effect on the 

rearrangement process.  

The experimental results for Q-TOF and ion-trap instruments clearly indicate the 

involvement of a rearrangement process for the linear peptide YADGFL-NH2. However, 

compared to the cyclic peptide, no significant difference in the fragmentation spectra was 

observed. More importantly, for both the cyclic and linear peptides, the fragment ions 

that are derived from its original linear sequence (YADGFL) was found to be dominant 

(Figure 6.1a-c). Paizs et al. previously proposed,118 that if the linear peptide rearranges 

into a cyclic structure (presumably the more stable structure), the dissociation spectra 
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should consist of equal intensities of rearranged and non-rearranged product ions (i.e., 

there is equal probability of breaking any of the amide bonds in the cyclic peptide). One 

could argue, however, that if the extent of cyclization process is not 100% complete, a 

mixture of cyclic peptide and  b5 product ion structures may fragment with a higher 

abundance of linear structures. If this is the case, production of higher abundances of 

non-rearranged (conventional) product ions in the spectra can be explained. Activation of 

cyclic peptide (Cyclo- YADGFL), however, also produced a very similar fragmentation 

pattern. Why would the cyclic peptide generate more non-rearranged products if the ring 

structure has equal probability of fragmentation at any of the amide bonds? One possible 

reason for such behavior could be a preferential ring opening process. In the presence of 

ion activation, the cyclic peptide isomerizes into a linear structure that has a preferential 

sequence of YADGFLoxa. This explanation suggests the co-existence of a heterogeneous 

ion population for the activated cyclic and linear peptides. In the following section, H/D 

exchange experiments have been implemented in order to identify the existence of 

different ion populations.     
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6.5 H/D exchange approach to probe the structures of b-ions 

Both ion mobility and hydrogen/deuterium (H/D) exchange techniques have been 

used to investigate the gas phase structures of different isomers.259-261 Ion mobility relies 

on the measurement of mobility (collisional cross section) for an analyte, while H/D 

exchange relies on the difference in the number and the rate of exchange of hydrogen 

with a deuterating reagent. Presumably, hydrogen atoms which are involved in hydrogen 

bonding or which are not accessible will not readily exchange. Because this technique has 

been shown to be very successful in identification of different isomeric structures, the 

H/D exchange experiment was performed on both the b5 product ion and protonated 

cyclic forms of YADGFL-NH2 in a FT-ICR-MS instrument. Furthermore, the acetylated 

version of the linear peptide YADGFL-NH2 and its b5 product ions were exposed to H/D 

exchange and the degree of H/D exchange was compared.      

6.5.1 Rearrangement products in FT-ICR instrument 

The FT-ICR instruments have longer ion activation time frames compared to that 

of Q-TOF or ion trap instruments. The influence of ion activation time frame on the 

rearrangement process was also tested for the same linear/cyclic peptides using an FT-

ICR instrument. Figure 4a shows the SORI-CID spectra of the b5 product ion from the 

linear peptide at 2.50 V of activation energy. The b5 ion was first isolated in the ICR cell 

and then a SORI pulse was applied in the presence of collision gas (even at very mild ESI 

source conditions a significant amount of b5 ion population was observed due to in source 

fragmentation). Under these conditions the b5 ion showed some degree of rearrangement 

products (marked as * in Figure 6.4a.).  
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Figure 6.4. CID spectra of b5 ion from linear YADGFL-NH2 and cyclic YADGFL in 

FT-ICR instrument; SORI-CID spectra of (a) b5 ion from linear peptide and (b) 

cyclic YADGFL , at 2.50 V activation energy; SORI-RE-CID spectra of (c) b5 ion 

from linear peptide and (d) cyclic YADGFL, at 2.10 V SORI activation followed by 

100 V RE activation.  

# rearranged product ions: derive only from a sequence other than the original peptide sequence  
*rearranged or internal product ions: derive from the original peptide sequence or rearranged 
peptide sequence  
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When the analogue protonated cyclic peptide (c-YADGFL) was activated under the same 

instrumental conditions, a similar fragmentation pattern was observed (Figure 6.4b). 

These results are consistent with the hypothesis that, upon activation, both the linear and 

cyclic forms are readily dissociated into similar ion populations generating similar 

fragmentation spectra. Further activation of these ions by resonance excitation was 

performed using the same experimental setup. Figure 4c shows fragmentation spectrum 

of b5 ion from linear peptide, at SORI = 2.50 V followed by RE = 100 V. Compared with 

the previous SORI experiment, the spectrum appeared to have more fragmentation ions, 

including more rearranged product ions. Interestingly, the same experiment on cyclic 

peptide generated a similar fragmentation spectrum (Figure 6.4d). These results further 

confirm the existence of similar product ion populations for both the linear and cyclic 

peptides.    
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6.5.2 H/D exchange of different conformers of YADGFL-NH2  

As mentioned in Chapter one, the “mobile” proton model provides a general 

framework for understanding peptide fragmentation mechanisms in mass spectrometry. 

This model also explains the possibility of the proton to be located at different basic sites 

of a molecule and further the existence of heterogeneous conformations and/or 

protonation motifs due to the presence of multiple protonation sites. H/D exchange is a 

well known technique that has been utilized to probe these different gas phase 

conformations. Examples that demonstrated a clear correlation between H/D exchange 

and gas phase bio-molecular structure involved the H/D exchange of different charge 

states of the protein cytochrome c. These studies by the McLafferty and Clemmer  groups 

demonstrated that lower charge states of cytochrome c exchange fewer hydrogens for 

deuterium.262, 263 This was attributed to more compact structures at lower charge states, 

and therefore fewer hydrogens accessible on the protein surface. More open structures 

occur at higher charge states due to coulombic repulsion, and exchange more readily. 

There were a number of research studies published, correlating different structural 

conformations of different charge states of the same molecule, to different extents of H/D 

exchange.260, 264, 265   

The most intriguing H/D exchange results have demonstrated the existence of 

multiple gas phase ion populations for ions with same charge state. For example, 

Marshall and co-workers have observed the existence of multiple ion populations with 

different rates of H/D exchange for bradykinin, angiotensin II and [sar(1)]-angiotensin 

II.261 This is a very useful tool in probing the gas phase structures of ions. The same 
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experimental strategy has been used to probe structural differences between ion 

populations generated by the b5 product ion from the linear peptide vs. protonated cyclic 

peptide.  

The singly protonated YADGFL-NH2 has nine labile hydrogens, including 2 

amino terminal, 2 C-terminal amide, 4 back bone amide and 1 ionizing proton. The H/D 

exchange of b5 product ion from linear YADGFL-NH2 with CD3OD at a pressure of 4 x 

10-7 for 300 s (the experiment was performed by monoisotopically selecting the ion of 

interest followed by H/D exchange) is shown in Figure 6.5a. The presence of seven 

exchanging hydrogens can be seen in the spectrum. The most abundant ion for the 

exchanging population was found to be at D3. Because the experiment was carried out at 

a SORI pulse of 0 V, a minimal energy would be deposited into the ion. Presumably these 

conditions would allow for minimal structural changes. Figure 6.5b shows the H/D 

exchange for the b5-ion at a SORI pulse of 2 V (all other experimental conditions were 

kept similar to SORI = 0 V experimental conditions). At elevated SORI pulse amplitudes, 

the extent of H/D exchanged appears to be smaller than that of SORI = 0 V. The number 

of exchanging hydrogens was found to be seven with the most abundant at D2, 

demonstrating a decrease in the rate/extent of exchange. One possible reason for such rate 

reduction could be attributed to a conformational change. More interestingly, there was 

no direct evidence for the co-existence of two different ion conformations from these 

H/D exchange experiments (only single exchanging ion population was observed). One 

possible reason for observing a single H/D exchange ion population could be attributed to 

the existence of rapidly interconverting conformers. This is similar situation to that of 
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singly protonated bradykinin, where Douglas et al.266 observed one H/D exchanging ion 

population for singly protonated bradykinin, but previous ion mobility studies on the 

similar system revealed the existence of three different conformers.267 The discrepancy 

between the two experimental results was concluded as co-existence of three fast 

interconverting conformers that could not be probed by the H/D exchange technique.    

Nevertheless, our results showed that at elevated SORI amplitudes, the H/D 

exchange rates for the b5-ion from linear YADGFL-NH2 were slower. Such reduction in 

the H/D exchange rate may be due to a rearrangement process (the addition of excess 

energy may initiate many rearrangement processes, including cyclization). Beauchamp et 

al.268 also observed a similar behavior in the H/D exchange rates of activated ion 

populations of glycine oligomers. They proposed such a reduction in the rate is due to 

instability of the hydrogen-bound collisional complex. These collision complexes are 

important in the H/D exchange mechanism. Instability in these complexes reduces the 

rate of H/D exchange. If this is the case, the reduction in the H/D exchange rate of the 

activated b5-ion population may be due to the instability of the collisional complex not 

due to the formation of different structural conformer(s). However, when the SORI 

experiments were performed, an extra precaution was taken to avoid such confusion, first 

by monoisotopically selecting the parent ion, followed by an additional relaxation step 

after the SORI excitation but prior to H/D exchange. This would minimize any instability 

in the collisional complex and any biases in our results. The complementary experiment 

for the analogous cyclic peptide, YADGFL was also performed to eliminate any further 

confusion.  



231 
 

 

 

 

 

Figure 6.5. H/D exchange of: (a) b5-ion from linear YADGFL-NH2 for 300 s, at SORI 

= 0 V; (b) b5-ion from linear YADGFL-NH2 for 300 s, at SORI = 2.0 V; (c) cyclic 

YADGFL for 180 s, at SORI = 0 V; and (d) cyclic YADGFL for 180 s, at SORI = 

2.75. The CD3OD pressure is kept at ~ 4 x 10-7 Torr for all of the H/D experiments.   
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Figure 6.5c shows the H/D exchange results for cyclic YADGFL at SORI pulse of 0 V for 

180 s exchange time window. The H/D exchange shows incorporation of five deuterium 

atoms with the most abundant peak at D2. The extent of exchange is decreased compared 

to the inactivated b5 from the linear peptide. Surprisingly, the extent of H/D exchange 

was found to be higher when the cyclic was activated (Figure 6.5d.). At SORI 2.50 V, six 

deuterium atoms were exchanged, with D2 as the most abundant peak. The cyclic peptide 

shows an opposite trend in the exchange behavior compared to that of b5-ion from linear 

peptide. If there is any rate change in the H/D exchange experiment due to the instability 

of the hydrogen-bound intermediate, we would expect it to be a reduction rather than an 

increase. These results suggest that, may be upon activation, the cyclic peptide opens its 

ring structure to generate a more linear conformer(s).This allows more facial H/D 

exchanges for the activated conformer that result in an increase in the H/D exchange rate.  

Another question to answer in this research was the effect of the H/D exchange 

rate on the modified acetylated peptide. Figure 6.6 shows the H/D exchange relative 

abundance curves for the b5 product ion from Ac-YAGFL-NH2 and its parent at SORI = 

0 V. After 60s, b5-ion from Ac-YADGFL-NH2 showed only two deuterium exchanges 

with CD3OD at a pressure of 1.3 x 10-7 (Figure 6.6a.). This is a significant reduction in 

the H/D exchange rate compared with the b5 product ion from the unmodified peptide 

(non-acetylated). One possible reason for this result is that the b5 product ion from the 

acetylated YADGFL-NH2 is lack of two equal basic sites to operate the H/D exchange 

mechanism.   
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Figure 6.6 H/D exchange relative abundance curves as a function of time for: (a) b5 

ion from Ac-YADGFL-NH2, CD3OD pressure = 1.3 x 10-7 Torr, only two hydrogens 

exchanged after 60s. (b) Ac-YADGFL-NH2, CD3OD pressure = 1.4 x 10-7 Torr, nine 

hydrogens exchanged after 60s. 
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Second, may be the H/D exchange is less facile for acetylated b5- ion because more 

energy is required to break the internal solvation. In contrast, the acetylated YADGFL-

NH2 showed extensive H/D exchange behavior (nine hydrogen exchanges in 60s, Figure 

6.6b), similar to that of unmodified YADGFL-NH2.  
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6.6 Conclusions  

The intra-molecular rearrangement of a non basic penta-peptide, [D-Ala2] -

Leucine Enkephalin amide and its analogous was studied. At very mild ion source 

conditions, the formation of [M-NH3]+/b5 ion was observed for the linear peptide. In 

general, larger b ions are thought to have an oxazolone structure unless they contain 

residues with reactive side chains (e.g. His, Arg). However, consistent with Harrison’s 

results, the formation of non-direct sequence fragments in the tandem MS experiments 

indicated that the b5 peptide ions may undergo a rearrangement process, resulting in the 

scrambling of the original sequence. It is evident that, regardless of the ion activation 

time frame (Q-TOF vs.  Ion trap vs. FT-ICR) or the activation method (CID vs. SID), a 

considerable amount of rearrangement products are formed. This confirms that the 

rearrangement process has come from a low activation threshold. The similar ms/ms 

spectral appearance of the cyclic peptide b5 ion and the oxazolone b5 ion suggested that 

activated cyclic and oxazolone b5 structures have similar heterogeneous ion populations. 

Based on H/D exchange experiments, we conclude that the change in the H/D exchange 

rates has to come from generation of different gas phase structures. When the b5 product 

ions from the peptide MH+ are activated, the added energy could isomerize the linear 

structure into a more cyclic like conformer(s). The cyclic b5 peptide has a more rigid 

structure(s); the accessibility of H/D exchange reagent to bridge sites of like basicity 

would be limited, thus resulting in a decrease in the exchange. Interestingly, when the 

precursor ions from cyclic peptide are activated the H/D exchange rates were reduced.  

This indicates a ring opening process to generate more linear product ion structure(s).  
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Because the H/D exchange results shows only a single exchanging ion population, the co-

existence of two conformers is not evident. If the rate of isomerization between the two 

conformers is fast enough, the H/D exchange would not track any difference and only 

one exchanging population would be observed. On the other hand, another possible 

reason for such results could be that upon activation, both the cyclic and the b5-ion from 

the linear peptide would generate similar structural conformers.  

The MSn experiments in an ion-trap instrument indicated that that five or four 

membered peptide chain lengths are capable of generating rearrangement products but no 

rearrangement products for shorter chain length.  
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CHAPTER SEVEN.  

IMPLEMENTATION AND CHARACTERIZATION OF AN ION FUNNEL 

INTERFACE IN A QUADRUPOLE MASS SPECTROMETER 

 

 This chapter presents the implementation and characterization of an ion funnel 

interface in a custom built quadrupole mass spectrometer, Extrel 4000 (Chapter 2). The 

funnel consists of a stack of twenty eight (28) ring electrodes with gradually decreasing 

inner diameters. Each electrode was supplied with DC and RF potentials and was tuned 

for optimum ion transmission. The performance of the ion funnel was compared to the 

standard capillary/skimmer ion transmission interface by total ion current measurements. 

Ion transmission efficiency for selected biomolecules, such as YGGFLR, insulin chain-B, 

ubiquitin and cytochrome c, showed to approach almost 90% with the funnel interface 

installed. The ion funnel interface did efficiently transfer analyte ions at concentrations 

up to 100 µM with a factor of 3-7 better than that of standard capillary/skimmer interface. 

The ion transmission efficiency was affected by several factors, including the size of the 

analyte, the DC gradient, the RF frequency, and the RF amplitude.  Higher fragmentation 

efficiencies for SID in the presence of the funnel interface indicated higher internal 

energy deposition for the funnel interface. Furthermore, the narrower potential 

distribution of the stopping curve indicates a narrower kinetic energy spread for the 

funnel interface.  
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7.1 Introduction 
 

Electrospray ionization (ESI) has enabled the study of a wide range of molecules 

that were previously inaccessible through routine mass spectrometric techniques.45 Since 

in ESI, ions are generated at or close to atmospheric pressure, they must be transferred to 

a high vacuum region to allow mass analysis. One of the approaches to transmit ions 

from a high pressure region to a low pressure region is the use of differential pumping. 

With differential pumping, the pressure differences between different pressure regions 

are maintained by conductance-limiting apertures. However, a major issue in such a 

design is the effectiveness of ion focusing through these conductance-limiting apertures 

located in the higher pressure regions (more than 90% of the ions would be lost at such 

interface).  

Buffer gas cooling in conjunction with RF ion guides has been previously used to 

improve ion transmission in differentially pumped stages at pressures ranging from 10-4 

to 0.3 Torr.269, 270 An axial RF quadrupole with segmented rods has also been described 

for its use in the first vacuum stage at pressures as high as 3 torr.271 However, such 

quadrupole ion guides have significant limitations for capturing ions that have different 

trajectories. If one were to collect all these ion trajectories, a quadrupole with a larger 

acceptance aperture should be used.  However, the acceptance aperture of a quadrupole 

ion guide is limited in practice by the onset of electric breakdown phenomena (since the 

applied potential scales with the square of the rod diameter). An alternative approach to 

overcome this limitation would be to incorporate an ion funnel,272, 273 which is a device 
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that would collect ions from a larger acceptance aperture and consequently funnel them 

into a conductance limiting aperture.  

The early generations of ion funnels were based on the use of a stack of closely 

spaced ring electrodes with decreasing internal diameters.274 A combination of RF and 

DC potentials is used to “focus” the ions at elevated pressures close to atmosphere ( 10 

to 0.1 torr). The RF fields are used to confine ions in the radial direction, while a DC 

potential gradient drives them toward the exit of the funnel. The concept behind of the 

ion funnel operation was to capture most of the ion volume exiting the capillary. At this 

stage ions are free to expand radially with the gas expansion, which naturally occurs as a 

result of the drop in pressure. After a brief expansion, ions are repelled and radially 

confined into the center of the funnel by RF potentials. Next, the DC gradient is used to 

recompress and guide these ions towards the end of the funnel. Apart from the original 

ion funnel design, several other funnel designs have also been developed. One of the 

approaches by Smith and coworkers was to construct a funnel with inter-electrode 

distance narrower than the diameter of the smallest ring electrode.275, 276 This 

arrangement yielded better transmission for low m/z ions, but also necessitated the use of 

a custom-printed circuit boards to facilitate the required electronics in a limited space.277 

Several other groups have implemented similar ion funnel configurations into variety of 

different instruments.278, 279 Other improvements were also made for ion funnel 

interfaces, including the use of a jet disrupter to reduce gas pumping loads, the use of  a 

multi-capillary inlet to allow more ions into the funnel,280 and the use of a dual channel 

ion funnel to enable sampling through two distinct source capillaries for example. Even 
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though the early stages of ion funnel designs were primarily focused on improving the 

ion transmission, alternative applications for ion funnels were also explored, including 

the use of ion funnels as ion storage devices.281  

Compared to collision-induced dissociation (CID), surface-induced dissociation 

(SID) is an alternative collisional activation technique91, 96 that involves a single collision 

with a solid surface, allowing relatively large amounts energy deposition.282 When 

comparing internal energy distributions, SID has been shown to offer a narrow 

controllable internal energy distribution relative to single collision keV CID.149 With 

respect to multiple collision eV CID, Laskin and co-workers have demonstrated that the 

width of the energy distribution is similar for SID and CID in an FTICR instrument.133 

The fine control over the amount and the distribution of internal energy has allowed for 

SID to be an ideal candidate for MS/MS instrument to characterize the ion funnel 

interface. The main focus of the current research is to characterize of an ion funnel 

performance and energetics in a quadrupole mass spectrometer with the use of SID as the 

method of ion activation.  
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7.2 Construction of an ion funnel interface 
 
 Figure 7.1 shows the schematic representation of the ESI/funnel assembly in the 

quadrupole mass spectrometer.  

 

 

 
 

 

Figure 7.1 Assembly of ion funnel interface in an Extrel 4000 quadrupole mass 

spectrometer. Ions generated in the atmospheric pressure region were transferred 

into the low pressure (~ .05 torr) funnel region by a stainless steel inlet capillary 

(1.59 mm O.D., 0.50 mm I.D). The differential pumping between the funnel and the 

mass analyzer was maintained by the 2.0 millimeter final orifice electrode. 

 
The newly constructed ion funnel, a design based on Smiths original ion funnel 

design, was installed in a custom made vacuum house (Figure 7.1). This vacuum housing 

served as a mediator to couple the funnel and the quadrupole chamber of the existing 

mass spectrometer. The samples used to test the ion funnel operation were introduced by 

Atmospheric 
pressure 

Low vacuum 
funnel region 

High vacuum 
analyzer region  
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direct infusion using a mechanically driven syringe pump. The syringe was usually 

positioned in-line to the electrospray capillary and was operated at 2.0-3.5 kV. The 

stainless steel capillary (1.59 mm O.D., 0.50 mm I.D.; Alltech, IL) was operated at 100-

150 V and was held in place by an aluminum cylindrical heater block (Figure 7.2). With 

standard ESI operation, the same DC potential was applied to the heater block and the 

capillary. The heater block was 124 mm long, with an initial diameter of 70.6 mm for the 

first 12.7 mm, then decreases to 25.4 mm for the rest of the length of the block. The 

aluminum heater block was fitted with a 3.18 mm diameter stainless steel 1-inch cartridge 

heater (80 W, 120 V; Omega, Stamford, CT) and a “K” type thermo coupler sensor was 

used to control the temperature. Usual operational temperature for the heater block was 

~120º C. The aluminum heater block was isolated from the instrument face plate 

(common ground) by a teflon sleeve. Such isolation was required to maintain a stable 

capillary temperature and also to prevent electrical grounding of the capillary. The teflon 

sleeve was 118 mm long with an initial diameter of 94 mm, but after 7 mm, the diameter 

decreases to 34.8 mm in order to fit inside the vacuum system. The heater block was 

attached to the teflon sleeve by six 4–40 screws and vacuum sealed with a Viton o-ring.  

The vacuum housing of the ion funnel assembly was composed of two sections; 

one outside of the mass spectrometer (outer vacuum sleeve) and one inside the mass 

spectrometer (inner vacuum seal). Both sections were connected through a home 

modified 8-inch CF type flange. The operational pressure of the entire ion funnel 

chamber was maintained around 0.50 torr and monitored by a Pirani gauge (MKS 

Instruments, Andover, MA).  
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Figure 7.2 Ion funnel assembly 
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The outer section of the assembly has the shape of a four-way cross (Figure 7.2). One 

arm of the cross was connected to a mechanical pump (ALCATEL 2012A, France). The 

second arm was connected to an 8-pin KF 50 electrical feed-through (MDC, Hayward, 

CA) that carries DC and RF leads, necessary for the funnel operation.  The inner section 

was composed of a stainless steel sleeve that was designed to accommodate the whole ion 

funnel assembly separate from the quadrupole vacuum chamber (Figure 7.2a). The sleeve 

was 104 mm long, with one end carrying 6-inch CF type flange and the other end 

carrying an end cap plate that allowed connecting conductance limiting aperture 

electrode.  

The standard ESI source of the quadrupole instrument was designed to couple to a 

ISO-200 flange. In order to couple the ion funnel to the existing mass spectrometer, a 

custom adaptor flange was designed. This flange was constructed from a blank, 8-inch 

conflat flange (CF). The flange was bored to have a 73.66 mm inner diameter. The two 

flat sides of the flange were machined to fit two 6-inch CF flanges (Figure 7.2a). This 

attachment allowed for a connection between the outer and inner sections of the funnel 

chamber. The modified 8-inch CF flange was held in place aligned with the instrument 

entrance by two mechanical clamps and four 76.2 mm long, brass-plated stainless steel 

rods.  

The ion funnel design presented in this chapter is based on previous work 

published by Shaffer et al.273 The funnel consists of a 28-element stack of 1.59 mm thick 

nickel coated brass ring electrodes (38 mm o.d.) that begins with an initial inner diameter 

of 22.15 mm and decreases parabolically to a final electrode inner diameter of 1.00 mm. 
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Table 7.1 summarizes the inner diameters of all the 28 ring electrodes. The ring 

electrodes are machined to have a rounded polished inner surface and are equally spaced 

from each other using 1.59 mm thick ceramic washers. The electrodes and ceramic 

washers are supported by four 107 mm long (3.18 mm diameter) ceramic rods. 

Additionally, each ring electrode has four slots (8.9 mm wide, 5.1 mm deep, equally 

spaced) to accommodate the electrical components of the funnel. The ion funnel 

assembly is supported on the teflon sleeve, which also used to insulate the aluminum 

heater block. Immediately following the funnel is a nickel coated brass final orifice 

electrode (25.4 mm o.d., 1.0 mm i.d., and 1.6 mm thick) that serves as a conductance 

limiting aperture between the funnel region and the analyzer region. The first version of 

the ion funnel was constructed to have an ion transfer hexapole after the conductance 

limiting aperture but was later removed due to space restraints.  
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Electrode 
No. 

I.D. 
(mm) 

Electrode 
No. 

I.D. 
(mm) 

Electrode 
No. 

I.D. 
(mm) 

1 22.15 11 9.38 20 2.85 

2 20.61 12 8.42 21 2.42 

3 19.13 13 7.52 22 2.04 

4 17.71 14 6.68 23 1.72 

5 16.34 15 5.90 24 1.46 

6 15.04 16 5.17 25 1.26 

7 13.79 17 4.51 26 1.11 

8 12.60 18 3.90 27 1.02 

9 11.47 19 3.35 28 1.00 

10 10.40     

 

 

Table 7.1 Ion funnel ring electrodes diameters; the funnel consists of a 28-element 

stack of 1.59 mm thick nickel coated brass ring electrodes (38 mm o.d.). The inner 

diameter of the ring stack begins with 22.15 mm and decreases parabolically to 1.00 

mm. The 28th ring electrode has the same inner diameter as of conductance limiting 

aperture, which maintains the differential pressure gradient. 
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As mentioned earlier, DC and RF voltages were applied to each ring electrode of the 

funnel assembly. The RF voltage was composed of two signals with the same amplitude 

but with opposite phases that were applied between adjacent electrodes. The DC potential 

was applied to all the ring electrodes, generating a voltage gradient along the ion funnel. 

The RF signal was generated by a wave-form generator (model 72-5010 Tenma, 

Springborn, OH) and amplified using a 150-W broad-band RF amplifier (model 350L, 

ENI, Rochester, NY). The unbalanced output signal from the RF amplifier was split into 

two signals of equal magnitude and opposite phase using an in-house built Q-head 

splitter. The Q-head splitter  (Figure 7.2) composed of a 1:1 impedance Balum 

transformer (T1) formed out of a toroidal type core (Amidon, Santa Ana, CA) wound with 

30 turns of 14-gauge magnet wire (Radar Electric, Seattle, WA) for the primary coil and 

21 turns of 14-gauge magnet wire for each of the secondary coils. The two secondary 

coils were produced by center tapping a 42-coil winding. The 28 Ω 8 W resistors (R1, 

R2) were composed of four 110 Ω (5%) 2 W resistors in parallel. The 42 μH conductors 

(L1, L2) were made using 7 turns of 16-gauge magnet wire (Radar) around a toroidal 

ferrite core (CWS). The 45–1000 pF air variable capacitor (C1) (Surplus Sales of 

Nebraska) was used to tune the resonance of the complete ion funnel circuit. The 

resonant frequency for the ion funnel circuit using the Q-head was 200 kHz. Normal 

operational settings of the ion funnel RF generator ranged between 200 kHz and 700 kHz 

with peak-to-peak voltages (Vp-p) between 100–150 V.  
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Figure 7.3 High-Q-head RF splitter circuit diagram; unbalanced RF signal output 

from the RF amplifier is buffered and split in to two equal RF signal in opposite 

phases. T1 is a toroidal type transformer, R1 and R2 are 28 and 8 W non-inductive 

resistors, L1 and L2 are 42 μH inductors, and C1 is a 45–1000 pF air variable 

capacitor. 

A voltage divider was used to provide a linear DC voltage gradient between 

electrode 1 and 25, consisting of a 1/4 W, 22-MΩ (±10%) carbon resistor (Allen-Bradley, 

Bellevue, WA) soldered between each adjacent electrode. Additionally, a 22-MΩ resistor 

was soldered to electrode 1 and 25 through which the initial and final potentials from the 

DC power supply were connected, respectively. These two leads allowed independent 

control of the first and the final potentials of the DC gradient. The final three electrodes 

(i.e. 26-28) and the final orifice electrode were independently connected without a 

resistive load to four separate individual DC power supplies controlled by Lab-View 

automation software. In order to avoid coupling of the RF and DC potentials, a series of 

capacitors were used along with the ion funnel electrodes. Since the capacitance between 

two adjacent electrodes increases as the internal diameters of the electrodes decreases, a 

large relative value of capacitors (1000 pF ceramic capacitors, 3 kV DC maximum; 

Sprague-Goodman, Westbury, NY) were used to prevent any capacitive gradient. The 
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capacitors were soldered to each of the ring electrodes in an alternating pattern (opposite 

positions of attachment) generating two rows of capacitor series. The alternating pattern 

allowed for the connection of a bus bar (tinned copper wire) to each of the two rows, thus 

providing the two leads for the RF voltage. The two phases of the RF signal were applied 

to alternating plates on the ion funnel. In the case where variable independent RF 

amplitudes were applied on electrodes 26-28, an adjustable RF/DC coupler circuit was 

used (Figure 7.3). The circuit consists of four (C1-C4) 9-110 pF air variable capacitors (4 

kV DC maximum; surplus sales of Nebraska, Omaha, NE), four (C5-C8) 1 nF ceramic 

capacitors (3 kV DC maximum; Sprague-Goodman), and eight (R1-R8) 2 W, 10 MΩ 

carbon resistors (Allen-Bradley). Such coupling of RF and DC allowed for the number of 

electrical feedthroughs needed for the funnel operation to be minimized.  

A 1.0 mm conductance limiting aperture was used in maintaining the differential 

pumping between the funnel and the quadrupole regions; this aperture was located 2 mm 

from the final plate of the ion funnel. The voltage on the conductance limit aperture was 

independently controlled by an integrated S3-0.6N DC power supply (MATSUSADA 

Precision Inc., Japan).  
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Figure 7.4 RF Circuits for the ion funnel; adjustable RF/dc coupler applied to 

electrodes 26-28. The circuit consists of four (C1-C4) 9-110 pF air variable 

capacitors (4 kV DC maximum; surplus sales of Nebraska, Omaha, NE), four (C5-

C8) 1 nF ceramic capacitors (3 kV DC maximum; Sprague-Goodman), and eight 

(R1-R8) 2 W, 10 MΩ carbon resistors (Allen-Bradley). 

           

To install the ion funnel interface, the standard skimmer assembly of the 

quadrupole instrument was removed.  The space created by removing the skimmer was 

recovered by using an octapole ion guide. The octapole ion guide region was pumped by 

a 1200 L/s turbo pump (ALCATEL 2012A, France); this region was usually operated at 

pressures of 4.5×10−4 to 7.0×10−4 torr. The stainless steel octapole rods were 127 mm 

long with 3.175 mm diameter and an equally spaced on diameter of 6.35 mm. The 

octapole was insulated from its stainless steel casing by teflon mounting brackets. The 

casing was 101.6 mm long and centered on the octapole so that the rods extend out of the 
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casing by 12.7 mm on either side. This casing was held into the stainless steel sleeve by 

two teflon clamps that allowed the position of the octapole to be adjusted along the 

optical axis of the instrument. The octapole was applied with a floating DC potential of 

approximately 10 V (MATSUSADA S-3). The RF signal was generated using a Tenma 

wave-form generator (model 72-5010) and was amplified by a 150 W broad-band RF 

amplifier (model 2100L, ENI). The amplified RF signal was split using the circuit shown 

in Figure 7.5. The 30 Ω, 8 W resistors (R3, R4) were composed of four 120 Ω 2 W (10%) 

resistors in parallel. The 85 μH inductors (L3, L4) have Toroidal ferrite cores (CWS) 

with 10 turns of 16-gauge magnet wire. The transformer (T2) contains a 15-turn (14-

gauge) primary coil and a 50-turn secondary coil (16-gauge) center tapped to produce 

two 25-turn secondary coils. The ground for the secondary coil, resistors, and inductors 

of the octapole phase splitter were biased at the same voltage as of the float voltage of the 

octapole. The operational frequency for the octapole ion guide was in the range of 200 

kHz and 1 MHz and with the amplitude of 100–200 Vp-p. Both RF and DC potentials 

were connected to the instrument through a 20-pin “KF 40” electrical feedthrough 

(Lesker, Clariton, PA).  
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Figure 7.5 Q-head splitter for the octapole ion guide; the 30 Ω, 8 W resistors (R3, 

R4) were composed of four 120 Ω 2 W (10%) resistors in parallel. The 85 μH 

inductors (L3, L4) have Toroidal ferrite cores (CWS) with 10 turns of 16-gauge 

magnet wire. The transformer (T2) contains a 15-turn (14-gauge) primary coil and a 

50-turn secondary coil (16-gauge) center tapped to produce two 25-turn secondary 

coils. 

 

The DC voltages applied to the electrostatic lenses of the new electrospray 

ionization source with the ion funnel interface were shown in Figure 7.5. The standard 

operational voltages of the funnel were as follows: initial gradient potential (electrode 1), 

106 V; final gradient potential (electrode 25), 96 V; electrode 26, 44 V; electrode 27, 43 

V; electrode 28, 30 V; conductance limiting aperture, 10 V. 
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Figure 7.6 DC voltages of the ESI ion source with the ion funnel interface; a DC 

gradient on the ion funnel interface was generated by applying a potential of 106 V 

on electrode 1; potential of 96 V on electrode 25, 44 V on electrode 26, 43 V on 

electrode 27, 30 V on electrode 28 and 10 V on the conductance limiting aperture.  
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7.2.1 Ion current measurement setup for the ion funnel characterization 

The performance of the ion funnel interface was tested in an Extrel mass 

spectrometer vacuum chamber by measuring electrospray ion currents. The ion current 

measurements were performed on two different locations. First the ion current was 

measured at the entrance of the ion funnel lens stack. For this measurement, the heated 

capillary was placed 10 mm away from the entrance to the funnel and the first ring 

electrode of the funnel was tightly covered with an aluminum foil. The aluminum foil 

was later connected to a picoammeter where ion currents were measured. This 

configuration allows the ion currents to be measured for the standard capillary setup.  

Second, ion currents were measured on a stainless steel plate that was mounted on a 

nonconductive bracket located about 5 mm beyond the conductance limiting aperture. 

This configuration allowed the ion currents to be measured at the funnel interface. The 

ion current measurements were made with respect to ground potential using a Keithley 

(model 480, Cleveland, OH) picoammeter and will be presented in section 7.3.2.  

One of the potential drawbacks in the above comparison was that the ion currents 

were measured at two different places. This could impose a potential error in the 

comparison. To eliminate any bias, an alternative ion current measurement configuration 

was used. As shown in Figure 7.7 the ion current measurements were made at the same 

position, 5 mm away from the conductance limiting aperture. In the first setup (Figure 

7.7a), a 15 mm long stainless steel heated capillary is placed at the first electrode plate of 

ion funnel. A stainless steel plate with 15 mm diameter located approximately 5 mm 

away from the conductance limiting aperture is used as the ion current detection device 
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and is connected to the pico-ammeter. Under optimized DC and RF operational 

conditions, the ion current was measured at the final plate. On the other hand, in the 

capillary setup (Figure 7.7b), the 15 mm long heated capillary is placed only about 1 mm 

away from the conductance limiting aperture. Upon electrospray, the RF and DC voltages 

were turned off, while the voltage on the heated capillary and the conductance limiting 

aperture was operated in the same manner as that when using the ion funnel setup. 

 

 

 

Figure 7.7 Instrument setup for ion transmission efficiency comparison between ion 

funnel and capillary configurations. (a) Ion funnel setup: a 15 cm long stainless steel 

heated capillary is placed at the position of the first electrode of the ion funnel; (b) 

standard capillary setup: heated capillary is placed ~1 mm away from the 

conductance limiting aperture.   
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7.2.2 Surface induced dissociation setup for the Ion funnel interface 

The influence of the ion funnel on ion activation was evaluated by performing 

SID in Extrel 4000 dual-quadrupole mass spectrometer. The SID setup used for the 

experiment is shown in Figure 7.8. Two quadrupole mass analyzers were arranged in 90° 

degree geometry with a solid surface placed so as to intersect the ion optical path. The 

surface was positioned at an approximately 45° degree angle relative to the ion beam 

from the first quadrupole, Q1.  Ions were mass selected by Q1 and allowed to collide into 

the surface. The SID collision energy for the standard instrument setup was defined as the 

voltage difference between the skimmer and the surface. For the ion funnel setup, the 

collision energy was defined as the voltage difference between the conductance limiting 

aperture and the surface.  For both operational modes, the collision energy was controlled 

by changing the surface voltage. For the non-collision flythrough operation mode (MS 

only mode), the skimmer and the surface potentials were kept at same voltage, 90 V. The 

surface holder of the Extrel 4000 system was able to hold four surfaces at the same time. 

This allowed comparing SID of two different collision targets at the same time while 

maintaining identical instrument conditions.  
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Figure 7.8 The SID setup in the tandem Extrel 4000 mass spectrometer; two 

quadrupole mass analyzers were arranged in 90° degree geometry with a solid 

surface intersecting the ion optical path. The surface was positioned at an 

approximately 45° degree angle relative to the ion beam leaving off the first 

quadrupole, Q1. The surfaces were connected in series by a metal plate at the back 

of the holder, and a single DC power supply was used to apply the same voltage to 

each of the surfaces. 
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7.3 Evaluation of the funnel performance 

The ion funnel interface was designed to improve the sensitivity of ESI-mass 

spectrometer by means of efficient ion transmission of the electrosprayed analytes. The 

effective ion transmission of the funnel design is dependent on several characteristics, 

including: (a) a large ion acceptance aperture to efficiently capture ions ejected from the 

heated capillary; (b) effective collisional focusing of the ions in the ion funnel through 

the use of RF fields; and (c) the DC gradient in the axial direction of ion funnel, resulting 

in a ion guiding force toward the conductance limiting aperture. The following sub-

chapter presents the evaluation of the performance and operating conditions of the ion 

funnel interface in terms of SIMION simulations and actual experimental conditions. 

7.3.1 SIMION ion optics simulation approach for the ion funnel 

When ions were generated at or near atmospheric pressure (e.g. ESI ion source) 

and transported to a low pressure mass analyzer region, most of the ions were lost due to 

a space charge effect. SIMION ion optics simulations were used to study the capability of 

ion funnel to improve ion transmission by minimizing the space charge effect.   

            Figure 7.9 shows the SIMION simulation of a pack of 20-ions under different 

instrument conditions. The initial kinetic energy spread of the ion packet was defined to 

be between 5 and 15 eV. The pressure inside the funnel region was set to be 0.5 torr and 

the charge state of the ion pack was set to be singly charged.  The well focused ion beam 

(m/z = 100) diverged noticeably upon entering into the high pressure funnel region and 

the direction of the projectiles were irregular as well (Figure 7.9a). It is obvious from this 

simulation that in the absence of any RF or DC voltages, transmission of ions  
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Figure 7.9  Simulation of a pack of 20 ions in an ion funnel interface; (a) without RF 

and DC (m/z = 100, P=0.5 Torr), (b) without RF and DC (m/z = 1000, P = 0.5 Torr), 

(c) DC only (m/z = 1000, P = 0.5 Torr), (d) with RF and DC (m/z = 1000, P = 0.5 

Torr). The initial kinetic energy spread of the ion packet was defined to be between 

5 and 15 eV. The pressure inside the funnel region was set to be 0.5 Torr and the 

charge of the ion pack was singly protonated.  
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through the funnel region would be extremely difficult. The second set of simulations 

was performed with the same instrumental conditions, with the exception that the m/z of 

the ion pack was set to be 1000 (Figure 7.9b).  As the m/z of the ion pack increased from 

100 to 1000, the ions were shown to be less divergent.  However, the movements of most 

of the ions continued to follow an irregular pattern, and it was still very difficult to 

transport ions all the way to the exit of the ion funnel. When an optimized DC gradient 

was applied (Figure 7.9c), the ion funnel was able to transmit ions much further (same 

m/z and pressure conditions), but, later the ions diverged and became out of focus. 

However, the direction of ion movement was much more regular than in the previous 

simulations, suggesting that the presence of a DC voltage would improve the ion funnel 

performance. Also, it suggests that DC only may not fully transmit ions at high pressure 

conditions. Figure 7.9d shows the ion funnel simulation results under optimal DC and RF 

conditions. The ion beam was well focused and transmitted through the final lens, 

without any ions loss. While it should be noted that there may be a significant difference 

in the behavior of ions between the simulation and the experimental result, the 

simulations clearly indicated the capability of the funnel interface to improve ion 

transmission at high pressures.  
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7.3.2 Ion transmission characterization of ion funnel interface 

The ion transmission efficiency for the funnel interface was calculated by 

measuring the ion current at the entrance and exit of the funnel interface. The ion 

transmission efficiency is defined as:   

 
%       

 
                   

                      % 

 The ion current measurements were used to optimize and characterize the ion 

funnel operation.  Figure 7.9 shows the percent ion transmission efficiency for a six 

residue peptide, YGGFLR (m/z = 712) at a concentration of 50 μM. The ion current is 

reported as the function of RF amplitude (Vp-p) as well as the function of RF frequency. 

With no RF voltage applied, the transmission efficiency was measured as 8% (DC only 

mode). However in the presence of RF, the ion transmission efficiency increased to a 

maximum of about 40% at RF amplitude of 180 Vp-p and frequency of 500 kHz. This is 

almost a five times increase of the ion current measured with the DC-only mode. 

Comparison of the effect of RF frequency on the ion transmission reveals that the RF 

frequencies of 200 and 500 kHz produce a two times higher ion transmission efficiency 

compared to frequency of 100 kHz and 1 MHz. Furthermore, it shows that regardless of 

the RF frequency, the maximum ion transmission is always observed for RF amplitude of 

about 180 V, and transmission efficiency declines with further increases of the amplitude.  
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Figure 7.10 Ion transmission efficiency for YGGFLR (50 μM), measured at the exit 

of the ion funnel as the function of RF amplitude and frequency; with no RF voltage 

applied, the transmission efficiency is ~ 8% (DC only mode). In the presence of RF, 

the ion transmission efficiency increases to a maximum of ~40 % at an RF 

amplitude of 180 V (Vp-p), and frequency of 500 kHz. 
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Figure 7.11 The ion transmission efficiency for three different biologically relevant 

samples: (a) insulin chain-B (3496Da, 50µM); (b) ubiquitin (8566Da, 50µM); and (c) 

cytochrome c (12327Da, 33µM). 

 

(a) (b) 

(c) 
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The fall off of the measured ion current above ~180 Vp-p RF amplitude could be 

attributed to the expected low m/z cut-off due to the known instability of low m/z ions at 

higher RF amplitudes. This phenomenon is similar to that found with RF multipoles as 

reported earlier.283  

 The effect of the molecular weight on ion transmission was tested for three 

different biologically relevant samples (Figure 7.11a-c): insulin chain-B (3496 Da, 50 

µM), ubiquitin (8566 Da, 50 µM), and cytochrome c (12327 Da, 33 µM). A clear trend 

was observed in these plots such that with an increase in molecular weight, the ion 

transmission efficiency also increased. The highest transmission efficiency of ~72% was 

observed using cytochrome c (12327 Da), the largest in the series. For large molecules, 

both the size and molecular masses are higher than the particles existing in gas phase 

atmosphere, such as O2, N2, and CO2. When those large molecules undergo multiple 

collisions with surrounding gas phase, the degree of ion scattering is lower than that of 

small charged molecules (there will be a buffering effect and slowdown of ion movement 

due to kinetic energy damping effect).  This results in less deviation of the ions off the 

ion funnel axis, eventually improving the ion transmission efficiency. 

One of the controversial results observed for the funnel operation is its calculated 

ion transmission efficiency. It is evident that the ion transmission efficiencies for all the 

analytes were in the range of 30-70%. If the ion funnel interface was effective in 

transmitting ions, one would expect this value to approach 100%. However, when 

considering an incoming ion beam from the capillary, the beam is thought to be 

composed of analyte ions, solvent ions, and other adducts ions.  All of these species do 
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contribute to the total ion current measured at the end of the capillary (note: the ion 

transmission efficiency is the ratio of ion current measured at the end of the capillary and 

at the end of the ion funnel). As these low mass solvent-related ions travel through the 

ion funnel interface, most of them would crash onto the ion funnel surface (low m/z cut-

off nature of the funnel), resulting in reduced ion current measurements at the back of the 

funnel. A previous ion mobility study with electrospray ionization reveals that at least 25-

50 % of the total ion current is a result of solvent related low m/z ions and that 

approximately 5 % of the total ion current is originated from un-desolvated droplets.284 

while this explains the lower calculated ion current efficiencies for the funnel, in reality 

the ion funnel is effectively transmitting ion of interest, not the charged solvent adducts. 

To estimate the contribution of solvent adducts to the ion current measurement, the ion 

current was measured for the solvent under the same electrospray conditions. In this case, 

the transmitted efficiency for the solvent is only 5-10 % for the same ion funnel operation 

conditions. This indicates that the ion funnel has very low efficiency in transmitting 

solvent related low m/z ions. Hence, if we assume that the same types of solvent related 

ions are formed along with analyte ions, and are transmitted through the ion funnel, we 

can estimate more than a 90% analyte ion transmission through the funnel interface.  

The effect of RF amplitude and frequency on ion transmission in the ion funnel 

was further tested for YGGFLR in a quadrupole mass spectrometer as presented in figure 

7.12. In this experiment, the signal intensity of the precursor ion at m/z = 712 is reported 

as a function of RF frequency and amplitude.  
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Figure 7.12 MS spectra of 50µM YGGFL (a) as function of RF frequency. From 

front to back, no RF, 50kHz, 250kHz, 350kHz, 450kHz, 550kHz, 750kHz, 1MHz, 

1.5MHz, (b) as function of RF amplitude, from front to back, 0 V, 25 V, 50 V, 75 V, 

100 V, 125 V, 175 V, 200 V.  
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The results clearly indicate the significant dependence of ion transmission on RF 

frequency and amplitude. The optimum RF frequency (at a fixed RF amplitude of 200 V) 

for the highest signal intensity was reported at 250 kHz, whereas the optimum RF 

amplitude (at RF frequency of 250 kHz) was reported at 200 V.  These results are 

consistent with the optimal operational conditions obtained during the ion current 

measurements. Furthermore, this is the first experimental evidence that demonstrated the 

functionality of the ion funnel in a quadrupole mass spectrometer. 

It is clear from above results that the ion funnel interface can efficiently transmit 

ions of different sizes and masses, and it can achieve up to approximately 90% 

transmission efficiency. However, the evaluation of the funnel performance compared to 

traditional capillary/skimmer setup was not entirely accurate, as the measurements were 

taken at two different locations. To overcome this problem, the ion current measurements 

were made in an alternative instrument configuration (Figure 7.7) so that the comparison 

would be more accurate. In this comparison experiment, the transmitted ion currents were 

measured at the exit of the ion funnel for the same analyte of same concentration and 

same operational conditions. Four biologically relevant molecules, including YGGFLR, 

insulin chain-B, ubiquitin, and cytochrome c with concentrations ranging from 5 µM to 

70 µM, were tested for their transmission efficiency. The operational conditions of the 

instrument were as follows: flow rate, 5 µL/min; voltage on the heated capillary, 120 V; 

voltage on the conductance limiting aperture plate, 10 V; voltage on the spray needle, 

3.15 kV; temperature of heater block, 120° C; pressure at the first pumping region, 

approximately 0.5 Torr; and pressure at the second pumping region, ~10-4 Torr.  
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As a common trend, as concentration increased, the ion current readings also 

increased (Figure 7.13a-b). This trend was common for both the ion funnel and the 

capillary setup, but only up to certain analyte concentrations. Figure 7.13a shows the 

direct ion current comparison for YGGFLR (m/z = 712). The maximum ion current 

measured with the funnel interface at a concentration of 67 μM was 1.2 nA (whereas for 

the capillary interface it was 0.6 nA). This is a two fold increase compared to the 

capillary setup (with the assumption that the initial ion current entering into the heated 

capillary is the same for ion funnel and capillary setup, because of the same length of the 

ion transfer capillary and the same operational conditions). With consideration of the 

inefficient solvent ion transmission (low m/z cut-off) of the funnel, it is obvious that the 

funnel interface is efficient in analyte ion transmission. One of the interesting features of 

this plot (Figure 7.13a) was that at high concentrations, the ion funnel continues to record 

higher ion current (although not linearly), whereas for the capillary interface, the ion 

current declined at higher concentrations.  This indicates that the majority of the detected 

ion current for higher concentrations is low m/z related but not solvent related ions or 

charged droplets, since both of which would be inefficiently transmitted by the ion 

funnel. A possible reason for such behavior could be a result of Coulombic repulsion. At 

higher analyte concentrations, the electrostatic repulsion between analyte ions is higher. 

To overcome such electrostatic repulsion, the ion plume exciting off the capillary must 

expand (Coulombic expansion). Since the ion funnel has a larger ion acceptance aperture, 

it is effectively capturing most of the analyte ions in the plume, whereas the capillary 

interface looses most. For larger m/z ions, the transmission efficiency with respect to the 
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concentration shows the same trend as that of YGGFLR, and the transmitted ion current 

with ion funnel was 2.5-4 times higher than that with capillary setup (Figure 7.13b-d) at 

high concentrations. When going from low to high m/z, the ion transmission efficiency 

was even better. For example, cytochrome c, at concentration of 70 µM, showed ~1 nA 

current with the capillary setup, whereas the ion current with the ion funnel setup 

increased to ~4 nA (Figure 7.13d). This is a significant improvement of ion transmission. 

For large molecules, when concentration increases, the space charge effect becomes more 

prominent due to their high charge density (in general, high mass proteins/peptides carry 

multiple charges that result in higher charge density per unit volume).  Hence the 

repulsive force makes ions tend to be more divergent, and it is even harder to focus those 

ions. Another possible reason for this behavior is that at high concentrations, the average 

distribution of charge states shifts to higher m/z values (which are most effectively 

focused under RF fields). The increase in abundance of high m/z (i.e., lower charge 

states) with increasing concentration is well established for ESI of biopolymers.43, 285  
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Figure 7.13 Comparison of ion transmission efficiency between traditional capillary 

setup and ion funnel setups as the function of concentration: (a) YGGFLR; the 

maximum ion current measured with funnel interface at concentration of 67 μM 

was ~1.2 nA, where as for capillary interface it was ~0.6 nA. (b) insulin chain-B, (c) 

ubiquitin, and (d) cytochrome c. 
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Figure 7.14 Ion transmission efficiency of cytochrome c at different pH conditions; 

at pH=3, the total ion transmission efficiency is 3 times higher than that of pH=1.  
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The ion current was also measured at different electrospray pH conditions. As 

shown in Figure 7.14, at pH=3, the total ion transmission for cytochrome c was 3 times 

higher than the ion transmission efficiency at pH=1. At low pH, cytochrome c changes its 

conformation into a more unfolded state,286, 287 thus allowing it to accept a larger number 

of protons. When the pH is raised, (pH=~3), some of the cytochrome c molecules fold 

into a relatively tighter conformation.288 At lower pH, more of the protein in the unfolded 

conformation has a large cross-section, which experiences a higher degree of Coulombic 

repulsion, which consequently results in lower ion transmission. At higher pH, more of 

the cytochrome c molecules are folded, corresponding to a more compact protein 

structure with less Coulombic repulsion, and thus better transmission. 

Based on the ion current measurements presented above, ion transmission for the 

ion funnel interface is clearly efficient. This improvement was significant for larger m/z 

analytes, especially for cytochrome c. However, all of the previous studies were based on 

the ion current measurements and need to be further proved with the application of mass 

spectrometery. The mass spectrometry studies would help in understanding the ion 

kinetic energy distributions, ion internal energy distribution, and how the ion 

fragmentation process may be affected as a result of the integration of the ion funnel.  
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7.4 Surface induced dissociation of peptides with ion funnel interface  
 

Surface induced dissociation is an alternative ion activation method that is 

complimentary to CID. SID allows single collisions with narrow internal energy 

deposition. These features allow SID to use as an activation technique in characterization 

of the funnel interface. Several biologically relevant analytes including singly charged 

leucine enkephalin (YGGFL), dynorphin-(1-7) (YGGFLR) and doubly charged 

bradykinin (RPPGFSPFR), were dissociated with SID and the degree of fragmentation 

with and without the funnel interface was compared. The subsequent MS/MS spectra 

were used to construct fragmentation efficiency curves which were used to estimate the 

internal energies of ion formed in the presence of ion funnel.   

One of the challenges in constructing fragmentation efficiency curves is in the 

definition of accurate collision energy for the SID process.  Typically, with a standard 

ESI setup, the collision energy is defined as the voltage difference between the skimmer 

cone and the collision surface. When the potential applied on the skimmer is fixed at 90 

V, different collision energies are obtained by adjusting the potential applied to the 

surface. However, defining the accurate collision energy for the ion funnel interface is a 

challenge. As described earlier, the ion funnel set up consists of 28 lens elements 

followed by a conductance limiting aperture, which makes the whole system considerably 

more complicated. Since the position of gas-phase ion generation could be at any point 

within the funnel or beyond the ion funnel, an energy ramping experiment was performed 

to identify the point of ion generation.  
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Figure 7.15 The first derivative curves for the stopping curve with (a) ion funnel 

setup; (b) capillary setup. 

 
For this purpose, the potential on the collision surface was set at 90 V, while the voltage 

on the Q1 entrance lens was ramped from 30 V to 140 V. The voltage applied on the 

conductance limiting aperture was also set at 80 V. The total ion current on the detector 

was recorded as the function Q1 voltage.  With increasing Q1 voltage, a sigmoidal plot 

was constructed and the first derivative of such plot is shown in Figure 7.15a. The 

breakdown point of total ion current can be found at the minima of the plot; it was found 

to be around 82 V in this instance.  The idea of such an experiment was to impose an 

electrical barrier at the Q1 lens so that the ion exiting off the ion funnel with kinetic 

energies smaller than the Q1 lens voltage would be blocked out. Ramping the voltage on 

Q1would gradually block all the ions leaving off the funnel and eventually no total ion 

current would be recorded at the detector. These results revealed that the ions present 

with ion funnel interface are generated at or close to the conductance limiting aperture. 
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This is further supported by changing the voltage of conductance limiting aperture. This 

change was closely associated with the change of the stopping potential (lower the 

potential on conductance limiting aperture, lower the stopping potential). Since the ions 

were generated at conductance limiting aperture, the surface voltage was set to match the 

same voltage as of the conductance limiting aperture (80 V) and all tandem experiments 

were performed using these voltage settings.  For the purpose of comparison, the 

stopping curve for the standard capillary setup was also constructed and presented in 

Figure 7.15b.  It is conclusive from this plot, with standard capillary setup, that ions are 

born at the skimmer and accelerated with an average translational energy of 90 V (the 

curvature of the first derivative plot change its slope at voltage of ~90V). One of the 

striking features of these two curves was the width of the plots. The funnel interface 

shows a narrower width compared to that of standard capillary setup. The narrowness of 

the curve can be directly related to the kinetic energy spread of the ions. The measured 

widths for the stopping curves with ion funnel and capillary setup are ~22 V and ~30 V 

respectively. With the ion funnel assembly, the number of collisions that one ion undergo 

would be higher compared to the capillary setup (whole length of the funnel). A higher 

number of collisions results in a collisional cooling effect on these ions which results in 

kinetic energy damping.  As the standard capillary setup operates at similar vacuum 

pressure, but with a short ion transfer length, the degree of collision cooling is minimal, 

and broader kinetic energy spreads are observed.   
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Figure 7.16 Comparisonof fragmentation efficiencies of peptides with standard 
capillary and ion funnel setups.   
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As one would imagine, higher number of collisions would deposit higher internal 

energies into the precursor ions (assuming each collision is an inelastic collision and part 

of the translational energy is deposited as internal energy). If this is the case, the 

fragmentation efficiency for the funnel interface would be higher than that of the 

capillary setup. Figure 7.16 shows the fragmentation efficiency curves for three peptides, 

one for capillary setup and other for the funnel setup (the fragmentation efficiency is 

defined as:∑ (fragment ions)/∑ (fragment + precursor)). The most convincing 

evidence for higher internal energy contents with funnel interface is provided by these 

plots. The energy onsets of efficiency curves for ion funnel interface are always low 

compared to the capillary interface. In other words, ions generated with the ion funnel 

start to dissociate at lower collision energies. As shown in Figure 7.16, with the ion 

funnel interface, the 50% fragmentation efficiency for YGGFL is achieved at collision 

energy of ~20 eV, whereas for the capillary interface, it is achieved at a higher collisional 

energy of ~23 eV. The possible explanation for such shift would be the higher internal 

energy content, which is the result of multiple collision process and/or RF heating 

effect.289, 290  If an ion is formed with higher internal energy, the amount of added energy 

to overcome the fragmentation energy threshold would be less, this corresponds to a 

lower fragmentation onset. This trend was observed for all the analytes including, 

YGGFL, YGGFLR and RPPGFSPF.  
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Figure 7.17 Comparison of fragment efficiency of YGGFLR with ion funnel 

interface at different frequency, 50 kHz, 250 kHz and 1 MHz.  
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Compared to YGGFL, the position of fragmentation efficiency curve for YGGFLR is 

shifted to higher collision energy within the same setup, which mimics higher energy 

requirement for YGGFLR to induce fragmentation (the basic residue arginine sequesters 

the proton) which is consistent with Q-TOF SID results presented in chapter 3.   

On the other hand, the SID fragmentation efficiency curves obtained using the for 

ion funnel interface have a similar steepness as those obtained using the capillary 

interface, with the exception of bradykinin.  The similar steepness is an indication of 

similar internal energy spreads (but ion funnel has higher average internal energy). As 

previously reported291 doubly protonated bradykinin exibits several different gas phase 

conformations. Thus different conformations do have different dissociation energy 

thresholds, so a broad range of collision energies would be required to induce 

dissociation of all different conformers (which explains the broad slope of the efficiency 

curve for the capillary setup). However, with the ion funnel interface installed, the 

collisional cooling effect allows conformational relaxation of gas phase structures and 

may result in a single, stable conformation. This single ion population requires only a 

certain energy onset (not range of energies) for the fragmentation process and the ion 

funnel fragmentation efficiency curve is significantly steeper.  

The effect of the RF frequency on fragmentation efficiency was also studied for 

YGGFLR at three different RF frequencies, including 50 kHz, 250 kHz, and 1 MHz 

(Figure 7.17). With increasing RF frequency, the fragmentation efficiency onset is shifted 

to lower energy, which suggests that the increase in RF frequency increases the internal 

energy content. A possible reason for such behavior can be explained by the fact that 
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oscillating RF frequencies vibrationally activate the ion population, which in turn 

increases the internal energy. At higher RF frequencies, the oscillating frequency of the 

molecules also increases, and the amount of vibrational activation would be greater. 

These results  suggests that not only multiple collisions but also the RF frequency plays a 

major role in deciding the internal energy content of the ions generated when using 

funnel interface.  

7.5 Conclusions  

An ion funnel interface was constructed and successfully implemented in a 

quadrupole mass spectrometer. The funnel interface shows its capability of improved ion 

transmission efficiency for peptides and proteins in the mass range of 712-12327 Da. The 

ion transmission improvement was in the range of 3 to 5 times increment than that of 

traditional ESI setup. A clear relationship between the ion transmission efficiency and the 

analyte mass was observed. In general, the ion funnel was more efficient in transmitting 

higher m/z ions (higher mass). Another striking discovery was that with ion funnel 

interface, the kinetic energy distribution of the ions was found to become narrower. 

However, the internal energy content was found to be higher. The increase in the internal 

energy content could be attributed to two factors: either a multiple collision effect or a RF 

heating effect.  
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CHAPTER EIGHT.  

CONCLUSIONS AND FUTURE DIRECTIONS 
 

 

The work described in this dissertation focuses primarily on the designing and 

implementation of an in-line SID device in a quadrupole time-of-flight mass 

spectrometer. Through these investigations, the performance of the SID device was 

characterized and its applications were demonstrated for dissociating peptides, proteins, 

salt clusters and non-covalent protein complexes. The performance of the SID device was 

found to be very promising. Overall, SID was found to be more efficient in energy 

deposition, especially for fragmenting large bio-molecules. A peptide rearrangement 

process, cyclization, is also investigated. Furthermore, implementation of an ion-funnel 

interface used to improve ion transmission efficiency at high pressure regions of a mass 

spectrometer is also studied. This chapter presents the major conclusions from the 

research presented in this dissertation as well as future directions for improvements.  

8.1 Implementation of in-line surface-induced dissociation in a quadrupole time-of-

flight mass spectrometer.  

Earlier results from our group as well as Cooks and coworkers have demonstrated 

that implementation of self-assembled monolayer surfaces as target surfaces has 

enhanced the utility of SID, since they provide well-defined substrates for collision 

surfaces. Up until now there are no commercially available mass spectrometers that 

perform SID. This is a major limitation in exploring SID as a viable ion activation 
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method, especially for larger bio-molecules such as proteins and their non-covalent 

complexes. A novel in-line SID device, which allows direct comparison of CID and SID 

in the same instrument configuration, has been designed and implemented in a 

quadrupole time-of-flight mass spectrometer. The Q-TOF mass spectrometer is a 

sensitive modern day mass spectrometer, which has been used in the analysis of 

large/complex biological samples. The operation of the SID device is robust and efficient. 

It allows for high quality SID tandem mass spectra of high m/z precursor ions.  

The SID product ion spectra of peptides were highly resolved, informative and in 

general, similar to CID, with some observed differences in relative abundances of 

fragments. The SID of protonated peptides predominantly generated backbone cleavage 

a-, b-, y-type and immonium ions. Compared to CID, SID revealed higher ratios of a- to 

b-ions and enhanced immonium ions. This is an indication of increased accessibility to 

high energy/secondary fragmentation channels with SID. SID also showed a distinct 

feature of charge stripping for multiply charged projectiles. This may be a 

complementary tool for identification of multiply charged projectiles. The SID of non-

covalent complexes also revealed some differences compared to CID. First, dissociation 

of non-covalent complexes by SID can be achieved at lower laboratory collision energy 

less than required for dissociation by CID. Second, there are greater number of charge 

stripped products by SID, and finally, a broader monomer charge state distribution is 

observed by SID.   

The new and effective Q-SID-TOF setup proved to be a feasible alternative to 

conventional CID for peptides and complexes of proteins with several potential 
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advantages over CID (i.e. no collision gas, energy deposition in a single, fast step).  In the 

future, the novel Q-SID/CID-TOF configuration may allow more detailed explorations of 

the energy deposition/distribution channels of SID in relation to CID. Furthermore, this 

type of instrument provides a unique platform for future research involving the study of 

the dissociation of very large complexes by different activation methods and/or a 

combination of those methods.  

8.2 Characterization of in-line SID device 

 The performance of the SID device was tested, evaluated and results are presented 

in Chapter 3. The characterization of the SID device is an important factor, especially in 

understanding the SID process in a Q-SID/CID-TOF instrument. Several singly 

protonated peptides were fragmented and analyzed by both CID and SID in the 

same instrument configuration. This allowed for a more accurate comparison of 

the two ion activation methods without any bias. Again, the results showed the 

ability of SID to generate high quality SID spectra, which are comparable to CID 

but include some enhancements due to high energy fragmentation pathways. The 

SID fragmentation efficiency curves for small peptides indicated that the SID 

process is not efficient as of CID at higher collision energies. However, this is not 

the realistic situation. The fragmentation efficiency of the in-line SID device is 

depend on several factors, including ion collection efficiency off of the surface and 

the impact angular distribution of the ions on the surface. SIMION simulations 

were used to illustrate this effect. It showed that the magnitude of the impact 

collision energy and the impact collision angle is highly dependent on the initial 
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kinetic (collision) energy. As the initial kinetic energy is increased, the spread of 

the impact kinetic energy and angle is increased. This results in a precursor ion 

population with broader internal energies, generating both high energy and low 

energy fragments. Furthermore, the utility of combined SID/CID experiment 

showed the benefit of using two ion activation experiments in conjunction with 

each other to obtain additional fragment ion information.  

8.3 Surface-induced dissociation of CsI clusters 

Inorganic salt clusters are simple macromolecular assemblies which are held 

together by electrostatic interactions.  A comparison study on several different cluster 

sizes was performed in the Q-SID/CID-TOF instrument.  The dissociation of CsI clusters 

of various sizes showed different dissociation patterns by CID and SID. The differences 

observed between CID and SID were largely dependent on the mass of the precursor ion 

being fragmented. For small size cluster systems, there are no significant differences 

between the two ion activation methods. The CID break-down graphs reveals the 

formation of mass stripped product ions by unimolecular dissociation.  The same process 

was observed by SID, but the appearance of each fragment ion appears at lower 

laboratory collision energy than by CID, indicative of higher internal energy deposition. 

In addition, SID showed the co-formation of fragment ions with lower mass than by CID, 

which is tentatively interpreted as surface-induced loss of larger intact neutrals of (CsI)n 

with n>2.  For medium and large size clusters, CID could readily access the low energy 

neutral loss dissociation pathway to produce mass-stripped fragment clusters but not the 

high energy charge split fission process.  In contrast, SID could access both competing 
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mass-stripped and chare split pathways.  

8.4 Peptide rearrangement process in mass spectrometry (Cyclization) 

False positive identification of proteins is a problem in proteomics studies. There 

are many causes for false positive identifications, including peptide rearrangement.  

Cyclization process is studied in this section. The capability of intramolecular 

rearrangement of a non-basic model penta-peptide, [D-Ala2] -Leucine Enkephalin amide 

and its analogous is studied. At very mild ion source conditions, the formation of the b5 

or [M-NH3]+ ion was observed for the linear peptide. In general, the structure of such an 

ion is believed to be an oxazolone type b5-ion. However, the formation of non-direct 

sequence fragments in the tandem MS experiments indicated that the linear b5-ions may 

undergo a rearrangement process, resulting in the scrambling of the original sequence. It 

is evident that, regardless of the ion activation time frame (Q-TOF vs. Ion trap vs. FT-

ICR) or the activation method (CID vs. SID), a considerable amount of rearrangement 

products are formed. This confirms that the rearrangement process has a low activation 

threshold. Similar spectral appearance of cyclic and linear peptides suggested that 

activated cyclic/linear structures have similar heterogeneous ion populations. As the 

conclusion from H/D exchange experiments, we could state that the change in the H/D 

exchange rates has to come from generation of different gas phase conformation(s). 

When the b5product ion from the linear peptide is activated, the added energy could 

isomerize the linear structure into a more cyclic-like conformer(s). Since the cyclic 

conformer(s) has a more rigid structure(s), the accessibility of H/D exchange reagent to 

two bridging sites would be limited, thus resulting in a decrease in the exchange. Since 
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the H/D exchange results shows only a single exchanging ion population, the co-

existence of two conformers is not evident. If the rate of isomerization between the two 

conformers is fast enough, however, the H/D exchange would not trace any difference 

and only one exchanging population would be observed. On the other hand, another 

possible reason for such results could be that upon activation, both the cyclic and the b5-

ion from the linear peptide would generate similar structural conformers. A similar 

conclusion can be drawn for the results of cyclic peptide. The activated cyclic peptide 

increases the rate of H/D exchange, suggesting the formation of a ring opening structure 

upon activation.  

The MSn experiments in an ion-trap instrument indicated that five or four 

membered peptide chain lengths are capable of generating rearrangement products but no 

rearrangement products were formed for shorter chain lengths. These results demonstrate 

the utility of different mass spectrometry methods to probe the cyclization process of 

Leucine enkephalin amide.  

8.5 Ion funnel interface for quadrupole/surface/quadrupole instrument 

An ion funnel interface was constructed and successfully implemented in a 

quadrupole mass spectrometer.  The funnel interface showed improved ion transmission 

efficiency for peptides and proteins in the mass range of 712-12327 Da. The ion 

transmission improvement was in the range of 3 to 5 folds increment over that of the 

traditional ESI setup. A clear relationship between the ion transmission efficiency and the 

analyte mass was observed. In general, the ion funnel was more efficient in transmitting 

higher m/z ions (higher mass). Another striking discovery was that with the ion funnel 
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interface, the kinetic energy distribution of the ions was found to be narrower. However, 

the internal energy content was found to be higher. The increased in internal energy 

content could be from two sources: one would be due to multiple collision effect and the 

second would be due to RF heating effect. 

8.6 Future directions 

 Peptide/protein dissociation is the most important step in the identification of 

proteins in proteomic studies. Several commercially available mass spectrometers with 

different ion activation methods are currently available for this purpose. This dissertation 

mainly focuses on implementation of a more effective ion activation method, SID, in a 

commercially available quadrupole time-of-flight mass spectrometer. An in-line SID, 

device was successfully implemented and characterized. This is the first ESI-Q-TOF 

instrument available for surface-induced dissociation work. The preliminary results 

showed the capability of the instrument to dissociate a broad range of samples including 

peptides, proteins, inorganic clusters and also small molecules.  However more research 

has to be performed in order for SID to be a commercially available ion activation 

method.  Considering the status of the current research work, a more user friendly 

interface is a must.  Although an automated control for the SID elements are built into the 

current device, an instrument interface with SID capability would be a definite benefit.   

 Another encouraging modification to the SID instrument would be the coupling of 

ion-mobility separation in conjunction with SID/CID.  Ion mobility spectroscopy (IMS) 

is an ion separation technique based on ion mobility through a neutral target gas. One 

important aspect of IMS is its ability to separate ions with different conformers but with 
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the same m/z.  When coupled with a mass spectrometer, IMS becomes a powerful 

analytical tool for investigating molecular structure(s) and separating complex samples 

such as those found in applications of proteomics,292-294  glycomics,295-297 and 

metabolomics.  The SID work on non-covalent protein complexes reveals that with SID, 

monomers are ejected from oligomers with a charge state distribution that is much closer 

than that of CID to the statistical prediction made by taking the total charge and dividing 

by the oligomer number.  In other words, CID dissociates multiply charged complexes by 

transferring a higher number of charges to one monomer unit while SID splits charges in 

equal portions. The proposed mechanism for the CID process is explained as an 

asymmetric charge partitioning process.  As a slow, multiple step ion activation method, 

CID deposits internal energy through many collision steps. The multiple collisions 

condition allows one of the monomer subunit in the complex to be unfolded first. Thus 

unfolding followed by proton transfer produces asymmetric charge partitioned products. 

With SID, however, internal energy is supplied in one single step but with no time for the 

unfolding process. This allows the complexes to be dissociated by symmetric charge 

partitioning. One approach to studying the proposed mechanism is to separate CID and 

SID products by their ion mobility.  If CID produces a more unfolded monomer while 

SID produces a more folded monomer, implementing IMS after the ion activation step 

would identify the differences between the two.   
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Figure 8.1 The proposed ion-mobility instrument configuration for Q-TOF 

instrument. Ion mobility separation can be performed prior to the ion activation 

step. In addition the repositioning of the mobility cell after the ion activation allows 

the mobility separation of product ions. The current instrument allows both the 

mobility configurations with minimum instrument modifications.  

 

 

 Figure 8.1 shows another possible ion mobility application. In this case the 

mobility separation is performed prior to SID/CID activation. This particular setup allows 

studying the dissociation of different conformers with same m/z. Clearly, SID has great 

potential to contribute to structural biology studies and studies of other large 

macromolecular complexes. However, more work is needed on heterogeneous protein 

complexes where SID has the potential to provide substructure information with 

combined ion mobility separation.  

 



290 
 

APPENDIX A  

IN-LINE Q-TOF SID DIMENSIONS AND PARTS LIST 

 
 
 
 
 
 

 

 
 
 
 
 

Figure A.1. SID device is installed between the quadrupole and the collision cell. 

The total distance between the end of the post-quad filter and the entrance of the 

collision cell is approximately~ 54 millimeters. 

 

 

 

Collision cell 

Quadrupole 
analyzer 

SID device 
installed 
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1.1 Entrance Lens #1 1.8 Surface  

1.2 Entrance Lens #2 1.9 R.B.F Deflector* 

1.3 Entrance Lens #3 2.1 R.T.F Deflector* 

1.4 F.B.U Deflector* 2.2 Exit Lens #1 

1.5 F.T.F Deflector* 2.3 Exit Lens #2 

1.6 M.B.U Deflector*   

1.7 Surface Square   

 
Figure A.2 Electrical connections for the SID device. 
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Figure A.3 SID device mounting holder. The holder is supported on the 

instrument’s quadrupole railing. Two sets of set-screws were used to secure the 

alignment. All dimensions are in milimeters.  
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Figure A.4 SID entrance lens #1, #2 (left) and #3 (right). The first two lenses were 

machined to have thickness of 3 mm, where as lens #3 has a thickness of 1.5 mm.  

These lenses are function as einzel lens system as well as RF shield.    
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Figure A.6 The surface holder and the surface square.  
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Figure A.8 Top and bottom, PEEK holders for the SID elements.  
 
 
 

 
 



298 
 

 
 

 

 
 

 
 
 
 
Figure A.9 Modified base plate (railing) of the Q-TOF instrument. Two new 

threaded holes were machined, 50 mm away from the original threaded holes 
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Figure A.10 LabView automation controller layout for the SID device.  
 

LabView automation software is used to provide static voltages of the SID device. 

The PCI – 6703 data acquisition card, is installed and controlled by LabView software.   
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Figure A.11 I/O Connector Pin Assignments of the PCI card 
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Each voltage channel of the PCI card is connected to the I/O terminal block 

according to the above pin assignment. For example the entrance #1 lens of the SID 

device is connected AO 0(V) which is pin # 34 of the terminal block, and the 

corresponding ground connection is connected to pin # 68, AO GND 0/16. All the pin 

connections of the SID elements are presented in table I.1. 

 
 
Element 

#  I/O pin # Element 
#  I/O pin # 

1.1 Entrance Lens #1 34/68  1.8 R.T.F Deflector* 25/59 

1.2 Entrance Lens #2 66/33 1.9 Collision cell 
entrance 47/14 

1.3 Entrance Lens #3 31/65 2.1 Exit Lens #1 54/20 

1.4 F.B.U Deflector* 22/55 2.2 Exit Lens #2 52/18 

1.5 F.T.F Deflector* 63/30 2.3 Surface 15/49 

1.6 M.B.U Deflector* 28/62 2.4 Surface Square 17/50 

1.7 R.B.F Deflector* 60/27    

 
 
Table A.1 I/O terminal block pin connections of each of the SID elements.  
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APPENDIX B  

INLINE Q-TOF SID DEVICES – PREVIOUS GENERATIONS 

Cone design  

Various inline SID designs were modeled and only a few selected designs were 

implemented in the Q-TOF instrument. The first design to implement was the cone 

design. This design composed of three consecutive ring electrodes (Figure A.1) followed 

by a cone shaped deflector electrode. The ring electrodes were positioned in different 

elevations off of the ion beam. This unique alignment allowed capturing most of the ion 

beam leaving off the collision surface and transferring them in to the collision cell. The 

collision target (SAM surface) was positioned above the cone deflector.  The angle of the 

cone deflector was set to ~ 20˚. 

 
Figure B.1.In-line SID device is installed at the same position as of the previous 

design.  

Quadrupole 
analyzer 

Collision cell 

SID device 
installed 
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Although the cone design was successful in performing in-line SID experiments, there 

are some disadvantages into this design. Major disadvantage was the loss of instrument 

sensitivity. As one would expect, there is a fundamental problem in the geometry of this 

design. The cone deflector with a surface curvature generates a radial electrostatic field 

off of the axis of the ion beam path. Such radial fields disperse the ion beam off of the ion 

axis towards the two sides, thus losing a significant amount of the ion population. 

Another limitation of the design was that it was not efficient in dissociating large 

multiply charge proteins and their non-covalent complexes. This was a result of 

inadequate ion collection capability of the design. To overcome these limitations, 

additional electrostatic elements were required along with a new SID geometry.  
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Second Generation 

 

 

 
 
 
 

   
 
 
 

 

 

 

Figure B.2. Schematics of the second generation SID device. 
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(stainless steel) 

SID front 
precursor ion 

deflector 
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The second generation SID device consists of three main regions, precursor ion 

deflection region, ion-surface collision region and fragment ion extraction region. The 

preliminary goal of the device was to improve the ion transmission. In order to 

accomplish this, two lenses, SID entrance and exit were incorporated into the device 

(front and the back end). Such lens system helped to prevent any RF interferences 

coming from the quadrupole, thus providing a uniform electrostatic field and minimize 

the radial ion dispersion. Another improvement was to use flat angular deflectors instead 

of curved deflectors. These flat deflector designs allowed ions to deflect in a control 

manner. The dimensions of all the components of the second generation SID devices are 

listed in appendix II. 

The second generation SID design was successful in dissociating number of 

different molecules including, peptides, proteins and non-covalent protein complexes.  

However, prolong use of the device create some problems, including charging effect. The 

majority of the material used for the device is composed of non-conducting materials 

which induces charging of the surrounding elements. In order to overcome this limitation 

a third generation (current generation) of SID device was constructed.  
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Figure B.4. SID entrance lens function as a shield preventing RF interferences off of 

the quadrupole.  
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Figure B.5. Intermediate SID lens to re-focus deflected ion beam off the precursor 

ion deflector 
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Figure B.6 SID exit lens, provide acceleration voltage for the ions leaving off the 

collision surface. 
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Figure B.7. Precursor ion deflector deflects 

ion into the collision surface  
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Figure B.8. Back top fragment ion 

deflector 
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 Figure B.9. Noryl side walls to 

reduce interfering fields. 
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Figure B.10. SID surface holder 
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