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Abbreviation List 

• mass spectrometry (MS) 

• mass-to-charge ratio  (m/z) 

• matrix-assisted laser  desorption/ionization (MALDI) 

• electrospray ionization  (ESI) 

• tandem mass spectrometry (MS/MS) 

• posttranslational modification (PTMs) 

• electron ionization  (EI) 

• fast atom bombardment (FAB) 

• first mass spectrometer  (MS-1) 

• infrared ray (IR) 

• ultraviolet  (UV) 
• second mass spectrometer (MS-2) 

• time-of-flight (TOF) 

• tandem TOF mass spectrometers with MALDI ion source (MALDI-TOF/TOF) 

• collision induced dissociation  (CID) 

• multi-turn tandem TOF mass spectrometer (MULTUM-TOF/TOF) 

• electron transfer dissociation (ETD) 

•  microchannel plate (MCP) 

• fragmentation efficiency (FE) 

• collection efficiency (CE) 

• electron capture dissociation (ECD) 

 • fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) 

 • tandem TOF mass spectrometer with ESI ion source (ESI-TOF/TOF) 

 • electrostatic analyzer (ESA) 

 • density functional theory (DFT) 

 • multistage mass spectrometry  (MS11) 

• spherical jellium model (SJM) 

 • closed-shell (CS) 

 • negative to neutral to positive (NeNePo) 

 • kinetic energy release (KER) 

 • collisional activation (CA)



• ionization energy  (1E) 

• appearance energy (AE) 

• bond energy (BE) 

• dissociation energy (DE) 

• orthogonal acceleration (OA) 

Unit List 

• Amount of substance (mol) 

• Current (A) 

• Angle  (°) 

• Efficiency (%) 

• Energy (eV) 

• Frequency (Hz) 

• Length (m) 

• Mass (g) 

• Pressure (Pa) 

• Temperature  (°C) 

• Time (s) 

• Voltage (V)



Chapter 1 

Introduction 

Mass spectrometry (MS) 

    Mass spectrometry (MS) is a powerful analytical technique that is used to identify 

unknown compounds, to quantify known compounds, and to elucidate the structure and 

chemical properties of molecules. Detection of compounds can be accomplished with 

very minute quantities (as little as  1042 g, or  10-15 moles for a compound of mass 1000 

Daltons). This means that compounds can be identified at very low concentrations (one 

part in 1012) in chemically complex mixtures. As a result, MS is widely used, e.g., to 
determine the composition of molecular species found in space, to detect and identify 

the use of steroids in athletes, and to establish the elemental composition of 

semiconductor materials. Thus MS is now an indispensable tool in chemistry, physics, 

biology, pharmacy, and medicine because of its high sensitivity and specificity. 
    The basic principle of MS is to generate ions from inorganic or organic 

compounds by any suitable methods, to separate these ions by their mass-to-charge 

ratio (m/z) and to identify them by their respective m/z and abundance. Various methods 

have been developed for ionization and separation, allowing compounds to be analyzed 

efficiently for any purpose. Continuous development and improvement of instruments 

and techniques have expanded the range of MS research and applications. For example, 

MS has become one of the most useful tools in the analysis of biological samples such 

as proteins and peptides, since the development of "soft" ionization methods such as 

matrix-assisted laser  desorption/ionization (MALDI) [1-5] and electrospray ionization 

(ESI) [6-8]. The continuing development and improvement of instruments and 
techniques is therefore necessary further to expand the scope of this technique. 

    Currently, the structural analysis of many biological samples is readily performed 

using MS. However, it is still often insufficient for the determination of protein and 

peptide structure. In order to determine their structure completely, high sensitivity, high 
mass resolution, and high mass accuracy are required in MS instruments, and there is at 

present much room for improvement. MS instruments capable of determining the 
structure of biological samples efficiently are in high demand. In view of this pressing 
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need, the development of new MS instruments for the structural analysis of biological 

samples is described in this thesis. 

Tandem mass spectrometry  (MS/MS) 

    The  function of proteins and peptides is related to their structure (e.g., amino acid 

sequence, type and site of post-translational modifications (PTMs)). For this reason, in 

order to investigate a protein's function, it is necessary to determine its structure. For 

example, PTMs such as phosphorylation, sulfation, and glycosylation of proteins are of 

great importance in the activation, localization, and regulation of protein function in 

vivo. Thus,  identifying PTMs of proteins of interest will provide insights into their 

function and, in the long run, benefit the study of many diseases. It is therefore clear 

that the determination of protein and peptide structure is one of the most important 

goals in bioscience. 

    Although a single MS analysis provides mass information, it often provides little 

structural information. In such biological applications, two coupled stages of mass 

analysis, termed "tandem mass spectrometry (MS/MS)  [9-11]", are required in order 

fully to identify and characterize proteins. A schematic view of MS/MS is shown in Fig.  

1  1

Fig. 1.1. Schematic view of MS/MS experiments. 

              2



    In such experiments, the sample is ionized by various methods such as electron 

ionization  (EI) [12], fast atom bombardment (FAB) [13-16], MALDI, and ESI. The  first 

mass spectrometer  (MS-1) provides separation and selection based upon the m/z of the 

ions, called precursor ions. Mass-selected precursor ions are then fragmented by various 

dissociation methods. There is a variety of excitation methods which have been used to 

generate peptide fragments, including blackbody radiation [17], infrared (IR) 

multiphoton excitation [18], ultraviolet (UV) laser excitation [19-23], and collisions 

with a target gas [24] or surfaces [25]. The ions formed by these excitation methods are 

called product ions. The product ions are once again mass-separated based upon their 

m/z values by the second mass spectrometer (MS-2) and then detected. Various types of 

mass spectrometers, such as magnetic sector [26-28], time-of-flight (TOF) [3, 29, 30], 

ion trap  [31-34], and quadrupole mass analyzer [35,36], are used as  MS-1 and MS-2. 

    Roepstorff and  Fohlman have proposed a fragmentation notation for peptide 

fragmentation  [37,38], as shown in Figure 1.2. Charge retention on the N terminus leads 

to ions defined as a, b, and c, while charge retention on the C terminus produces ions 

 defined as x, y, and z. The d-, v-, and w-type ions are formed by the loss of side chains 

of a-, y-, and z-type ions, respectively. Structural information on proteins and peptides 

can be obtained from these fragment ion peaks, and therefore MS/MS is now widely 

used in protein biochemistry and in proteomics for the identification and 

characterization of proteins [39].

 Fig.  1.2. Peptide fragmentation notation. 
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Tandem time-of-flight (TOF) mass spectrometry 

    Structural analysis using MALDI in combination with MS/MS has been used 

quite extensively in structural biochemistry  [40,41]. For example, tandem mass 

spectrometers with a MALDI ion source have been developed in which a magnetic 

sector [42], an ion trap [43], or a quadrupole mass analyzer [44] has been used as the 

 MS-1 with the TOF mass spectrometer as the MS-2. Instruments in which both the 

 MS-1 and MS-2 are TOF mass spectrometers, so-called "tandem TOF mass 

spectrometers", have also been constructed [45-49]. The pulsed nature of MALDI 

sources allows the use of relatively simple TOF mass spectrometers, which can generate 

a complete mass spectrum per ionization event, with, in principle, unlimited mass range. 

The capability of  TOF mass spectrometers to collect all ions simultaneously makes 

them suitable as the MS-2 of tandem mass spectrometers with a MALDI ion source. As 

a result, tandem TOF mass spectrometers have excellent sensitivity. Currently, various 

tandem  TOF mass spectrometers with a MALDI ion source, "MALDI-TOF/TOF", have 

been developed and are widely used for analyses of biological samples [45-49]. 

    High-energy collision-induced dissociation (CID) is generally adopted as the 

dissociation method in MALDI-TOF/TOF. In this method, mass-selected precursor ions 

are accelerated to kinetic energies of 1 - 20 keV and allowed to collide with a target gas 

(usually a rare gas) under single collision conditions. When only a fraction of the 

collision energy in the center-of-mass system is converted into internal energy of the 

precursor ions, the precursor ions are fragmented. The high internal energy of the 

excited ions then produces a variety of backbone fragmentations (yielding N-terminal a-, 

b-, and C-terminal y-fragment ions) as well as side-chain fragmentations (yielding 

N-terminal d- and C-terminal v-, w-fragment ions) [50-54]. 

    Recently, a new multi-turn tandem TOF/TOF mass spectrometer 
 "MULTUM -TOF/TOF" was designed and constructed in our group [49, 55, 56], 

consisting of a MALDI ion source, a multi-turn TOF mass spectrometer, a collision cell, 

and a quadratic-field ion mirror. The multi-turn TOF mass spectrometer [57-60] 

overcame the problem of precursor ion selection in  TOF mass spectrometers arising 

from insufficient time separation between two adjacent TOF peaks, by forcing the ions 

to fly in a closed orbit and passing around the same orbit many times. As a result, the 

mass resolution in precursor ion selection increased with increasing total TOF. The 

quadratic-field ion mirror, which was itself a type of a  TOF mass spectrometer, allowed 
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high resolution in simultaneous fragment ion separation. It was demonstrated that 

 MULTUM-TOF/TOF was useful for the structural analysis of biological molecules 

such as polypeptides [49], phosphopeptides [55], and phosphatides [56]. As is the case 

with MALDI-TOF/TOF in general, this method also suffered from the low efficiency 

(ca. 5 - 10%) of high-energy CID  [61-63]. Improving the dissociation efficiency of 

TOF/TOF would allow measurements of small amount of sample, thus expanding the 

applicability of this technique. For these reasons, the enhancement of the dissociation 

efficiency of TOF/TOF is one of the most important research challenges in tandem TOF 

mass spectrometry. 

High-energy electron transfer dissociation (ETD) 

    In this thesis, a new dissociation method using alkali metal targets, termed 
"high -energy electron transfer dissociation (ETD)", is proposed as an alternative to 

high-energy CID in order to enhance the dissociation efficiency of TOF/TOF. 

Additionally, two types of tandem mass spectrometers (tandem magnetic sector type 

and tandem TOF type) for performing high-energy ETD experiments were developed. 

Using the magnetic sector instrument, the dissociation efficiency of high-energy ETD 

was evaluated by comparing fragment ion intensities in high-energy CID and 

high-energy ETD spectra of protonated polypeptides. In addition, the usefulness of 

high-energy ETD in structural analysis was demonstrated by measuring spectra of 

protonated polypeptides and phosphopeptides. After this evaluation, a tandem TOF 

mass spectrometer for performing high-energy ETD experiments was developed. 

Outline of this thesis 

Chapter 2: 

    The improvement of dissociation efficiency in TOF/TOF mass spectrometry is a 

significant problem in the biosciences. Improved efficiency would allow the 

measurements of small amount of sample, expanding the range of applicability of this 

technique. It was found necessary to investigate the root causes of the low efficiency of 

high-energy CID before attempting to enhance this efficiency, as discussed in this 

chapter. In brief, this low efficiency could be attributed to the small cross section (10-16 

cm2) of collisional excitation using rare gases. Accordingly, it was proposed that alkali 

metal targets be used as the collision gas. These targets had larger cross sections  (10-14 
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 cm2) for electron transfer and generated excited species by electron transfer from the 

         alkali metal target to the positive ions with high efficiency. The larger excited cross 

         section was found to be advantageous for the dissociation of biomolecular ions in this 

         research. This new dissociation method using alkali metal targets was termed 
        "high -energy ETD" . The principles of high-energy ETD will be described in this 

          chapter. 

         Chapter 3: 

             In order to investigate the dissociation efficiency of high-energy ETD and 

         evaluate its usefulness in structural analysis, a prototype tandem sector mass 

         spectrometer was developed for performing high-energy ETD experiments. The concept 

         of this instrument will be described here. 

         Chapter 4: 

             Because it was thought important to understand the differences in dissociation 

         behavior between rare gas targets and alkali metal targets, both types of dissociation 

         were investigated. The dissociation of inorganic samples, which are simple species, was 

         investigated at first since the analysis of biological samples is rather more difficult. 

         Some samples such as silver bromide and tungsten hexacarbonyl were initially used. In 

         section 4.2, unimolecular dissociation and high-energy CID of  Ag,,Br+, (x = 2, 4, 6, 8, 

         10) clusters were investigated using a rare gas target. In section 4.3, dissociation 

         channels for the silver bromide cluster Ag2Br and the silver cluster  Aga and their ions 

         were studied using an alkali metal target. In section 4.4, high-energy ETD of doubly 

         charged tungsten hexacarbonyl  W(C0)62+ ions was investigated using alkali metal 

         targets. It was expected that fundamental data obtained by these investigation would 

         prove useful in interpreting the high-energy ETD experiments on biomolecular ions. 

         The results presented in sections 4.2 - 4.4 indicated that this instrument had the potential 

         to generate high-energy ETD spectra of inorganic ions. However, its sensitivity and 

         mass range were insufficient to obtain high-energy ETD spectra of biomolecular ions, 

         and therefore needed to be improved. After the necessary improvements were made, 

         high-energy ETD spectra of polypeptides (Section 4.5) and phosphopeptides (Section 

         4.6) were measured. The results from these polypeptides demonstrated that high-energy 

         ETD allowed the determination of their amino acid sequence. In addition, the efficiency 
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of high-energy ETD was about six times higher than that of high-energy CID. The 

results from phosphopeptides indicated that the high-energy ETD did not depend 

strongly on the type of phosphorylated amino acid, and therefore that this method was 

useful in determining the amino acid sequence of phosphopeptides, and also the 

positions of the phosphate groups in these molecules. 

Chapter 5: 

    The results of chapter 4 demonstrated the usefulness of high-energy ETD in the 

structural analysis of biomolecular ions. However, the mass resolution of MS-2 and the 

sensitivity of the tandem magnetic sector mass spectrometer were not enough to study 

larger biological molecules. A new tandem TOF mass spectrometer with an ESI ion 

source "ESI-TOF/TOF" was designed and constructed in order to achieve the desired 

aim of high resolution in fragment ion analysis, high quality structural information via 

high-energy ETD, and simultaneous detection of all fragment ions. It consisted of an 

orthogonal accelerator ESI ion source, a linear  TOF mass spectrometer, a collision cell 

for alkali metal targets, a quadratic-field ion mirror, and a microchannel plate (MCP) 

detector. High-energy ETD spectra of doubly protonated angiotensin II, substance P, 

bradykinin, and phosphopeptides could be obtained. Several c- and z-type fragment ions 

formed by the high-energy ETD process could be clearly observed in all cases. It was 

therefore demonstrated that high-energy ETD could be performed in ESI-TOF/TOF, 

desirable for the structural analysis of tryptic peptides. 

Chapter 6: 

The achievements of this study and directions for future research are summarized. 
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Chapter 2 

High-energy electron transfer dissociation (ETD) 

2.1 Introduction 

    MALDI-TOF/TOF is useful in the structural analysis of biological samples. 

However, it is disadvantageous that the high-energy CID efficiency is low [1-3]. If the 

dissociation efficiency of TOF/TOF is improved, it is expected that the measurements 

of micro amount of samples are offered, and then the range of researches and 

applications is expanded. Therefore improving the dissociation efficiency of TOF/TOF 

is important. In order to enhance the dissociation efficiency, it is essential to investigate 

the cause of the low efficiency of high-energy CID. In this chapter, high-energy CID 

efficiency will be discussed in the beginning. Subsequently, the dissociation method to 

overcome the low efficiency of high-energy CID will be discussed. 

    The reaction scheme of high-energy CID is shown in the following scheme (2-1), 

Scheme (2-1)  

                            AB+ + T  ---÷ AB+* + T, 

                     AB+*  --*  A+ + B (or A +  13), 

where  AB+ and T indicate a precursor ion and a rare gas target, respectively. The 

excited species (AB+*) are produced from their corresponding precursor ions  (AB+) by 

collision with a rare gas target. The fragment ions  (A+ or  B+) are formed from the 

dissociation of the excited ions (AB+*). The CID efficiency, which is given by the 

equation (2-1), is  defined as the total fragment ion current  (Four) divided by the ion 

current of the precursor ion  (Phi) entering the collision region [1]. The CID efficiency is 

the product of two other parameters, the fragmentation efficiency (FE) and the 

collection efficiency (CE). The FE, which is given by the equation (2-2), is defined as 

the total fragment ion current divided by the total ion current (fragment ions and 

precursor ions  (Pour)) exiting from the collision region. The CE, which is given by the 

equation (2-3), is the total ion current out of the collision region divided by the 

precursor ion current into the collision region. The precursor ion attenuation, which is 

given by equation (2-4), is defined as the ion current (subtract  Pout from  Phi) divided by 

the precursor ion current  (PO. The attenuation of precursor ion is caused by the 
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collision with target gas since the collision with target gas leads to the fragmentation, 

scattering, and neutralization of the precursor ions. Thus precursor ion attenuation 

increases with increasing gas pressure. 

                   CID  efficiency  =  FE  X  CE  = Foul  P
in (2-1) 

                        FE = F out   P
our  +  Four (2-2) 

                            CE  =  Pout  Four  
 Pin (2-3) 

                     precursor ion  attenuation  =Pin—Pour                 Put (2-4) 

    High-energy CID efficiency of the methane ions with He gas target was measured 

by  Gllsh and co-worker [3]. According to the measured result, the CE decreases almost 

linearly with increasing precursor ion attenuation due to scattering and neutralization. 

The FE increases, linearly with increasing precursor ion attenuation at first due to 

increasing probability of interaction of an ion with the target gas. In higher precursor 

ion attenuation, the FE increases more rapidly because of multiple collisions. As a result, 

the maximum CID efficiency occurs as a plateau in the range of 70 - 80% attenuation 

and is about 7.5%. The reported high-energy CID efficiency is normally about 5 - 10% 

[2, 3]. Therefore, it can be concluded that CID efficiency dose not increase just by 

increasing the pressure of target gas. 

2.2 Method for improving dissociation efficiency 

    Above discussion led us to the conclusion that the FE needs to increase under the 

condition where CE dose not decrease, in order to enhance the CID efficiency. In order 

to achieve this, the ratio of  F  mt to  Pout is essential to be increase. In the case of the 

collision between precursor ions and target gas,  Four is given by the equation (2-5) 

 Four  =  Pin [1-exp(-a x D x  L)] (2-5) 

where  6, D, and L indicate cross section, density of target, and length of collision cell, 

respectively. In order to increase  Four,  a needs to be increased. The cross section  (o-cA) of 

the collisional activation on collision with rare gas has been estimated to be in order of 

                                                    cm2) 10-16 cm2 [4]. This value is comparable in the cross section(40-16of the 

scattering. This comparable value is attributed to the low efficiency of high-energy CID. 
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Therefore, target gas, which has small cross section of the scattering and large cross 

section of the excitation, is necessary to be adopted in order to improve the dissociation 

efficiency. 

    According to the report [4-6], when alkali metal gas is used as target gas, 

high-energy collision leads to electron transfer from alkali metal atom to precursor ion 

and the formation of excited neutral species. Then these excited neutrals are 

spontaneously fragmented by excess internal energy. The neutral fragments (A + B) 

obtained from the dissociation of the excited neutrals (AB*) were mass-analyzed and 

detected as the negative ions  (A- +  B) which are formed by another electron capture 

from alkali metal target, as shown in the following reaction scheme (2-1), 

Scheme  (2-11 

 AB+  +  T  —>  AB*  + 

                           AB* —> A + B, 

 A  (or  B)  +  T  —>  (or  B-), 

where  AB+ and T indicate a precursor ion and an alkali metal target, respectively. This 

reaction, which is known as charge inversion mass spectrometry [4-6], is often used for 

the investigation of dissociation of the neutral species. The neutral fragment yield 

 (Fout(neutrao) of charge inversion involving electron transfer in a single collision is 

described by the equation (2-6): 
 Fout(neutral)  =  Pin  x  CYET1  x  D  x  L (2-6) 

Similarly, the negative ion yield  (F  out(negative)) of charge inversion reactions involving 

successive single-electron transfers on two collisions is described by the equation (2-7): 

                                  Pin X CIET1 X CrET2 X D2 X 1,2                             F
out(negative)          2 (2-7) 

where  GET/ and  6ET2 are single-electron transfer cross sections of the first and second 

collisions, respectively. Equations (2-6) and (2-7) do not apply under high target density 

conditions, because scattering of both the projectile and the secondary particle may 

affect the collection efficiency of the secondary particle. The value of  GET/ is reported to 

be in order of  10-14 cm2 [4]. This value is much larger than the cross section of the 

collisional activation (10-16 cm2) and scattering  (1016 cm2) [4]. If the excitation induced 

by electron transfer is applied to MALDI-TOF/TOF, the drawback of dissociation 

efficiency of MALDI-TOF/TOF can be solved. However, in charge inversion mass 

spectrometry, the cross section of  GM is in the order of  10-16 cm2 [4]. As a result, this 
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overall reaction efficiency is lower than high-energy CID efficiency. The dissociation 

method using electron transfer under single collision conditions, which results in 

fragment ions, is essential in order to achieve high dissociation efficiency. 

Consequently, I proposed new dissociation method using the electron transfer reaction 

under the single collision conditions, as shown in the following reaction scheme (2-3). 

Scheme (2-3)  

                            AB2+ + T  —> AB+* + 

 A÷ B (or A +  B4). 

In this method, multiply protonated peptides are used as precursor ions since neutral 

species, which are re-ionized to be detected, are formed by electron transfer in the case 

of singly protonated peptides. For example, the case of doubly protonated peptides for 

precursor ions is shown in scheme (2-3). The excited charge reduced species (AB+*) are 

expected to be produced from their corresponding doubly protonated ions  (AB2+) by 

electron transfer from the alkali metal target. The fragment ions  (A+ or  B+) may be 

obtained from the dissociation of the excited ions (AB+*). Fragment ions can be 

detected efficiently in this reaction since inefficient negative ionization of neutral 

species is not needed. 

2.3 Dissociation induced by electron capture and transfer 

    Dissociation of multiple protonated peptides induced by electron capture has 

already been reported. McLafferty and co-workers developed electron capture 

dissociation (ECD) [7-10]. In ECD experiments, slow electrons eV) are introduced 

along magnetic field lines of a fourier transform ion cyclotron resonance mass 

spectrometer (FT-ICR MS) and captured by trapped multiply protonated peptides. One 

of the reported dissociation mechanisms [11-19] of ECD is shown in Fig. 2.1 

    It is presume that electron capture in a charged group of the protonated peptide, 

followed by hydrogen transfer to a proximate amide carbonyl forming an aminoketyl 

intermediate. The latter undergoes a fl-fission, breaking the N-Ca bond and forming 

incipient fragments denoted as a c-type ion and a z-type ion. Capture of a thermal 

electron by a protonated peptide induces cleavage of the peptide backbone at N-Ca 

bonds to yield complementary N-terminal c-type and C-terminal z-type fragment ions. 

ECD is believed to be non-ergodic [7], i.e., the cleavage happens prior to any 

intramolecular energy redistribution. This characteristic of ECD is useful in the 
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structural analysis of multiply protonated peptides with PTMs since the modification 

groups are preserved in the case of ECD, as shown in Fig. 2.2. Therefore ECD is useful 

tool for determining the type and site of PTMs as well as amino acid sequence.

Fig. 2.1. Dissociation mechanism of ECD.

Fig. 2.2. Dissociation of protonated peptides with PTMs by various dissociation 

methods. 
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    As a similar fragmentation technique, electron transfer dissociation (ETD) was 

recently proposed [20-22] by Hunt and co-workers. In ETD experiments, multiply 

protonated peptides react with singly charged anions in a linear ion trap. The singly 

charged anion transfer an electron to the multiply protonated peptide and induces 

fragmentation of the peptide backbone along pathways that are similar to those 

observed in ECD. Both ECD and ETD are widely used in determining the type and site 

of PTMs and the amino acid sequence of peptides with PTMs [7-10, 20-22]. 

2.4 Principle and advantage of high-energy ETD 

    The dissociation method using alkali metal targets, which is proposed in this 

research, is based on ETD. However, there is clearly difference between ETD and this 

dissociation method. The dissociation processes of our methods took place in the 

high-energy collision, unlike ETD. The dissociation process of multiple protonated 

peptides is discussed. When multiply protonated peptides are accelerated at several kV 

and collided with the alkali metal target, excited charge-reduced species are expected to 

be formed by electron transfer form alkali metal targets, and then fragmented, as shown 

in scheme (2-3). This new dissociation method is termed "high-energy electron transfer 

dissociation (ETD)" to distinguish ETD. 

    It is expected that there are some advantage of high-energy ETD over 

high-energy CID. (1) While fragment ions are formed from the collisional activation in 

the case of high-energy CID, fragment ions results from the electron transfer in the case 

of high-energy ETD. The cross section of the electron transfer on collision with the 

alkali metal target is a hundred times higher than that of collisional activation on 

collision with rare gas. Therefore it is expected that high-energy ETD efficiency is 

much higher than high-energy CID efficiency. (2) In case of high-energy CID of 

peptides with PTMs, many types of modification groups are considered to be easily lost 

during the collisional process because the bonds between peptides and modification 

groups are relatively weak bond in the molecules, as shown in Fig. 2.2. Therefore it is 

often difficult to determine the modification site in high-energy CID. Both ECD and 

ETD are dissociation methods using electron capture of protonated peptides, and 

high-energy ETD is also the dissociation method using electron transfer from the alkali 

metal target to protonated peptides. Therefore it is expected that c- and z-type fragment 

ions with no loss of PTMs are formed in the high-energy ETD of peptides. As a result, 
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high-energy ETD also is expected to have the potential to determine the modification 

site and amino acid sequence of peptides with PTMs. In this thesis, dissociation 

efficiency of high-energy ETD will be evaluate and demonstrate the usefulness in the 

structural analysis of high-energy ETD. 

    In the next chapter, development of a tandem mass spectrometer for performing 

high-energy ETD is described. 
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Chapter 3 

Development of a tandem magnetic sector mass spectrometer 

for probing high-energy ETD 

3.1 Introduction 
    In this chapter, development of a tandem mass spectrometer for probing 

high-energy ETD is described. In order to investigate the dissociation efficiency of 

high-energy ETD and, demonstrate the usefulness in structural analysis of high-energy 

ETD, a tandem TOF mass spectrometer for performing high-energy ETD experiments 

needs to be newly developed. In the high-energy ETD experiments, multiply protonated 

peptides are accelerated at several kV and collided with alkali metal target. Therefore, 
multiply protonated peptides are necessary to be generated. However, singly protonated 

peptides are usually generated by MALDI. Hence ESI ion source is necessary for a 
TOF/TOF instrument to generate a multiple protonated molecule. Unfortunately, 

however, tandem TOF mass spectrometers with ESI ion source "ESI-TOF/TOF" have 

never been achieved. A number of reasons can be given for this lack of ESI-TOF/TOF. 

One of the main reasons is the fact that the mass resolution in fragment ions analysis of 

general TOF/TOF is insufficient to analyze multiply charged fragment ions. In ESI 
[1-3], the isotopomers are not spaced at 1 u distance as in singly charged  MALDI 
spectrum [4-8], but spaces at fractional u, depending on the charge state of the analyte 

ions. Therefore the high mass resolution in fragment ions is required to determine the 

charge state and m/z of fragment ions. Although there are other reasons that 

ESI-TOF/TOF has never been developed, the reason is explained in detail in chapter 5. 

    High-energy collision can be also performed by tandem magnetic sector mass 

spectrometers. In this case, the tandem magnetic  sector  mass spectrometers with ESI ion 

source has been already commercialized. Consequently, a tandem sector mass 

spectrometer for performing high-energy ETD experiments was newly developed as a 

prototype instrument for the investigation of dissociation efficiency of high-energy ETD 

[9-12]. In addition, introduction of alkali metal target into the collision cell is required 
for high-energy ETD experiments. The technique for introduction of alkali metal targets 

gas into collision cell of tandem magnetic sector mass spectrometers has been already 
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established in Hayakawa laboratory of Department of Chemistry in Osaka Prefecture 

University [13-15]. The introduction technique of alkali metal targets is applied to the 

tandem sector mass spectrometer for high-energy ETD. We will demonstrate the 

usefulness (high dissociation efficiency and high sequence coverage) of high-energy 

ETD by using this tandem sector mass spectrometer in chapter 4. The details of the 

instrument will be described in this chapter. 

3.2 Instrumentation 

3.2.1 Overview of a sector type tandem mass spectrometer 

    A schematic view and photograph of the tandem sector mass spectrometer are 

shown in Fig. 3.1 and Fig. 3.2, respectively. This instrument has been developed jointly 

by Awazu laboratory of Division of Sustainable Energy and Environmental Engineering 

at Osaka University, Mass Spectrometry laboratory of Department of Physics at Osaka 

University, and Hayakawa lab, which is placed at Mass Spectrometry lab. This system 

consists of a double-focusing mass spectrometer  (JMS-HX110, JEOL, Akishima, Japan), 

a collision cell for rare gas or alkali metal gas, a spherical electric sector (M80-B, 

Hitachi, Chiyoda, Japan), and a detector.

                   JMS -  HX110 (JEOL) 

 MS-1 MS-2 
                 Precusor ion selection Product ion analysis 

Fig. 3.1. Schematic view of the tandem sector mass spectrometer for probing 

high-energy ETD. Singly (or doubly) charged precursor ions are mass selected by  MS-1. 

Rare gas targets (or alkali metal targets) are introduced into the collision cell. CID 

spectra of precursor ions are mass analyzed by using MS-2. 
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Fig. 3.2. Photograph of the tandem sector mass spectrometer for probing high-energy 

ETD. 

3.2.2 Measurement of  product  ion spectra 

    In this instrument, various ionization methods such as  EI, FAB, and ESI can be 

used for ionization of atoms and molecules. The analyte ions are accelerated by an 

accelerating voltage up to 10 kV. A  JMS-HX110 double-focusing mass spectrometer is 

used for high-resolution precursor ion selection as  MS-1. The central radius of the 

electric sector is 381 mm, and the magnetic field had a central radius of 720 mm. The 

resolution of precursor ion selection is set to 1,000, which was accomplished by 

adjusting the main (1000 unit) and collector slits (140  IA,M wide) of  MS-1. The 

mass-selected precursor ions enter a 3.7 cm long collision cell located at the exit of 

 MS-1. The distance between the exit of  MS-1 and the entrance of the collision cell is 

365 mm. Fragment ions are formed by the collision with the target gas. The fragment 

ions possess the same velocity as the precursor ion but a wide range of kinetic energies. 

The kinetic energy of a fragment ion can be expressed as equation  (3-1), 

                                           m, 
                       E= E  '                      fP m 

 P  (3-1) 

where  Ef is the kinetic energy of the fragment, mf is the mass of the fragment ion,  Alp is 

the mass of the precursor ion, and  Ep is the kinetic energy of the precursor in the 
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laboratory frame. The kinetic energy analysis of fragment ions provides the mass of 

fragment ions. The kinetic energy is measured by a spherical electrostatic analyzer 

(ESA) with central radius of 216 mm (MS-2), of the same type as that found in the 

M80-B instrument. The mass-analyzed ions are detected by a 9 kV post-acceleration 

secondary-electron multiplier. The mass resolution of MS-2 is less than 100. 

3.2.3 Alkali metal gas transfer system 

    Schematic view and photograph of alkali metal gas transfer system is shown in 

Fig. 3.3. and Fig. 3.4 respectively. Alkali metal gas transfer system consists of a 

reservoir, a ball valve, a pass, and a collision cell. They are made of the copper from the 

point of view of heat transfer except for the ball valve. The ball valve is made of the 

brass. The collision cell is mounted in a vacuum chamber consisting of a perpendicular 

cylinder with an inner diameter of 112 mm and a height of 118 mm. The square flange 

and circular flange are made of the athermic stainless. A wedge-shaped slit 300  p.m 

width and 4.3 mm high in front of the collision cell  confines the ions that entered the 

collision cell. The entrance hole of the collision cell is 1 mm wide and 8 mm high and 

the exit hole is 2 mm wide and 10 mm high. The position of the collision cell, which 

can be moved in a direction perpendicular to the ion beam by using the pusher, is 

adjusted so that the incident ions do not collide with either the entrance hole or the exit 

hole. 

    The alkali metal target is introduced into the collision cell as a vapor from a 

reservoir through a ball valve. The alkali metal targets existed in the thermal 

equilibrium in the collision cell. Both the vacuum chamber and MS-2 are differentially 

evacuated by turbo molecular pumps  (STP-300H/SEIKO SEIKI and  TMH260/Balzers). 

The pressures measured by ionization vacuum gauges  (GI-TL2RY/ULVAC) mounted 

on both the vacuum chamber and on MS-2 are less than 6 x  10-5 Pa when the target gas 

is not supplied. The temperatures of the collision cell, the ball valve, and the reservoir 

are adjusted to control the density of alkali metal in the collision cell. The temperature 

of the collision cell (170°C) is set to be higher than those of both the ball valve (130°C) 

and the reservoir (115°C) so that the alkali metal vapor do not deposit in the collision 

cell. When the supply of alkali metal vapor from the reservoir is stopped by closing the 

ball valve, the pressure of the alkali metal vapor in the collision cell decreases 

toone-hundredth of its original value in 1 s. 
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    By changing the collision cell, the rare gas target can be introduced in a collision 

cell of the same size as the alkali metal target. The density of the rare gas target is 

controlled by means of a variable-leak valve (Whitey SS-22RS2). The target pressure is 

directly measured by means of a capacitance manometer (MKS Baratron 

127AA-00001B) attached by a pipe with a 26 mm inner diameter and a gas conductance 

of 11  dm3.s-1.

Fig. 3.3. Schematic view of alkali metal gas transfer system.

Fig. 3.4. Photograph of alkali metal gas transfer system. 
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Chapter 4 

Investigation of dissociation induced by collision with rare gas 

and alkali metal targets 

4.1 Introduction 

    In this chapter, the investigation of dissociation induced by collision with rare gas 

and alkali metal targets are described. It is important to understand the difference of 

dissociation behavior between rare gas targets and alkali metal targets, in advance, in 

order to ensure the success of high-energy ETD experiments. For this reason, 
dissociation induced by collision with rare gas targets and alkali metal targets are 

investigated. The dissociation of inorganic samples such as silver bromide and tungsten 

hexacarbonyl, which are simpler species than biological samples, are investigated in the 

beginning since the analysis of biological samples is difficult to interpret. In the section 

4.2, unimolecular dissociation and high-energy CID of  AgxBr+ (x = 2, 4, 6, 8, 10) 

clusters are investigated by using the rare gas target [1]. In the section 4.3, dissociation 

channels of silver bromide cluster Ag2Br, silver cluster  Aga and their ions by using the 

alkali metal target are studied [2]. In the section 4.4, high-energy ETD of doubly 

charged tungsten hexacarbonyl  W(C0)62+ ions using alkali metal targets is investigated 

[3]. It is expected that fundamental data obtained by these investigation is useful in the 
high-energy ETD experiments of biomolecular ions. After these investigations, 

high-energy ETD spectra of polypeptides (Section 4.5) [4] and phosphopeptides 

(Section 4.6) [5] are obtained in order to investigate the dissociation efficiency of 
high-energy ETD, and to demonstrate the usefulness in the structural analysis of 

high-energy ETD. 
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4.2 Unimolecular and high-energy collision induced dissociation (CID) 

of singly-charged mono-bromide silver clusters  Ag,,Br+ (x = 2, 4, 6, 8, 

10) using the rare gas target 

4.2.1 Introduction 

    In this section, dissociation of singly charged silver bromide clusters induced by 

collision with the rare gas target is described. 

     Halogenated coinage metals have attracted much interest recently, from both 

experimental and theoretical standpoints. Halogenated coinage metals are of interest not 

only for the practical applications such as the use of copper (II) halides as catalysts  [1] 

and of CuC12 as possible as a chemical laser [2], but also due to a new interest in gold 

halides, some of which appear to have unique structures [3]. Among the halogenated 

coinage metals, silver bromide and chloride have been extensively studied at the bulk 

level due to their implications in the photographic process. They are commonly used as 

photographic materials. The photochemistry of silver bromide and chloride has been 
investigated for several years in order to understand the fundamental processes on 

photographic films, plates or papers [4,5]. Several mechanisms of the photographic 

process have been proposed by Mott and Gurney [6], Mitchell [7] and Hamilton [8]. 

    Recently, the photophysics of silver bromide clusters [9] was examined by 

gas-phase spectroscopic techniques to obtain information on the unique properties of the 

compounds at the microscopic level. Metastable fragmentation channels for anionic and 

cationic silver bromide clusters were examined by L'Hermite et al  [10,11]. and were 

compared with the results obtained by ab initio Density Functional Theory (DFT) 

[12,13]. Dissociation channels of small silver bromide clusters, Ag2Br and the  Ag2Br+ 

ions were investigated by high-energy CID and charge inversion mass spectrometry 

using an alkali metal target [14]. Experimental studies were also performed to 

investigate the relative stability, possible structural formulas, unimolecular dissociation, 

and CID of mono-iodide silver clusters [15]. Recently, a number of theoretical studies 

were also performed to investigate the geometric structures and stabilities of silver 

halide clusters [12,13,16-18]. Molecular-ion reactions between mass selected silver or 

silver hydride cluster cations and organic molecules with synthesized silver halide 

clusters have been examined using multistage mass spectrometry  (MS11) [19-21]. 
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    The CID of mixed clusters has been investigated because CID of cluster ions is a 

well-established mass spectrometric tool for the study of the dissociation of size-

selected cluster ions. There are two types of CID, a low-energy CID and a high-energy 

CID. Low-energy CID spectra were obtained at energies of tens of eV (laboratory 

frame) or less, whereas high-energy CID spectra were obtained at energies on the order 

of several keV (laboratory frame). Observation of a CID spectrum is made possible 

through collision of a mass-selected precursor ion with a target neutral species when the 

energy in the center-of-mass system becomes available for conversion from 

translational (or kinetic) energy to internal energy in the precursor ion. 

    The energy distribution of the excited ions activated by low-energy multiple 

collisions is very narrow and centers closely around the lowest dissociation energy limit 

[22-26]. The low internal energy available in the low-energy CID yields the fragment 

ions formed by cleavage of the relatively weak bond in the molecules. Likewise, the 

mechanism of unimolecular dissociation is well understood. 

    In contrast, high-energy CID has a maximum distribution at the low energy limit 

and shows a long tail extending to the higher energy beyond several electron volts. The 

broad and higher internal potential energy of excited ions examined in the high-energy 

CID allows many dissociation channels [22-26]. In general, high-energy activation can 

lead to different fragmentation pathways compared with low-energy activation. 

    Herein, I focus on the stabilities, structural formulas and dissociation channels of 

the mono-bromide silver clusters  Agxl3r+. The mono-bromide silver clusters are of 

interest because by employing these clusters in type  Ag„Bry+ (x  > y), the simplest system 

may facilitate further understanding of the influence of a bromine atom within the 

system. The relative intensities of generated  Ag,,Br+ (x = 1 - 24) and the unimolecular 

dissociation and high-energy CID spectra of  Ag„Br+ (x = 2, 4, 6, 8, 10) were measured 

in order to investigate their stabilities, structural formulas and dissociation channels. 

Although several studies on low-energy dissociation pathways of silver bromide 

clusters have been conducted [10,11], there have been almost no investigations of 

high-energy dissociation pathways of silver bromide clusters. It is clear that 

unimolecular dissociation and high-energy CID methods are highly complementary, and 

utilizing these dissociation methods is structurally more informative. The unimolecular 

dissociation and high-energy CID provide information about the weakest bond in the 

mono-bromide silver clusters as well as what types of ion products are typically 
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generated. The difference in the dissociation channels between the unimolecular 

dissociation and CID was explained in terms of the internal energy distribution in the 

excited  AgrBr+* cluster. The experimental results obtained in the current work were 

compared with the calculated thermochemical data and the spherical jellium model 

(SJM) [27,28]. SJM is known to account for the relative stabilities and structural 

properties observed for alkali- [29,30] and noble-metal [31-33] clusters and, to a certain 

extent, for other metallic clusters [34]. On the other hand, metal clusters (charged or 

neutral) with 2, 8, 18, 20, 34, and 40 delocalized valence electrons showed enhanced 

stability and thus strong peaks in the mass spectrum, whereas metal clusters possessing 

3, 9, 19, 21, 35, 41, delocalized valence electrons were relatively unstable, as was 

confirmed by the mass spectral ion peak intensity distribution of the clusters. To our 

knowledge, there have been no reports in which high-energy dissociation channels of 

mono-bromide silver clusters were compared with both thermochemical data and SJM. 

These approaches provide new insight into the dissociation of mono-bromide silver 

clusters. 

4.2.2 Experimental section 

    Only a pertinent point to the present work will be given here because the 

experimental setup was already described in detail in chapter 3 [35]. Bromide silver 

cluster ions were generated by FAB on a pressed pellet of silver bromide purchased 

from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) [36]. The pellet was 

sputtered by xenon (Xe) atom bombardment, typically at 8 keV. A FAB gun was 

operated using Xe gas at an emission current of 20  mA. The mass spectrum of silver 

bromide cluster ions was measured in order to determine what types of ions were 

generated by FAB. In this measurement, only one part of the  MS-1 was utilized. 

    Unimolecular dissociation and CID product ions of  Ag,,Br+ (x = 2, 4, 6, 8, 10) 

were also measured in order to investigate the dissociation channels of these ions. In 

this work, argon (Ar) was used as the collision gas and introduced into the collision cell 

through a variable-leak valve. In order to achieve CID under single-collision conditions, 

the gas pressure was controlled in order to reduce the transmission of the precursor ions 

to about 70%. In the case of  Ag,Br+ (x = 2, 4, 6, 8, 10), the peak ratios of the product 

ions in the CID spectra observed using Ar gas were constant at the employed gas 

pressures by the transmission of 70%. The consistency of the peak ratios indicated that 
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the CID spectra measured at a transmission of ca. 70% did not differ from those 

expected based on the single-collision conditions. The CID spectra of  Ag2Br+,  Ag4Br+, 

 Ag6Br+,  Ag8Br+, and  AgioBr+ with the Ar target were measured at target pressures of 

1.50 Pa, 1.37 Pa, 0.96 Pa, 0.73 Pa, and 0.72 Pa, respectively. The unimolecular 

dissociation spectra were obtained under the condition that the collision gas was 

excluded from the collision cell. The pressures in the vacuum chamber and the  MS-II 

were measured using an ionization gauge mounted on each compartment and were less 

than 6 x  10-5 Pa when the collision gas was not supplied. Hence, the collision with the 

background gas was considered negligible. 

4.2.3. Results and Discussion 

4.2.3.1 Mass spectrum of brominated silver clusters 

    Figure 4.2.1 shows the mass spectrum of the positively charged ions generated by 

FAB on the pressed silver bromide pellet. This spectrum reveals a wide range of 

brominated silver cluster  Ag,Bry+ ions, as well as "bare" silver cluster  Ag,± ions, where 

x is the number of silver atoms,  and  y is the number of bromine atoms, up to m/z 2500. 

A combination of numbers labeled above each peak refers to the combination of the 

number x  and  y for the cluster ion  Ag„Bry+. For example,  Ag5Br2+  is represented as 5,2. 

In this mass spectrum, a series of bromine-deficient cluster ions (x > y, in particular 

when  x—y = odd) such as  AgtBrx_i+,  Ag,xBrx_3+, and  Ag,Brx_5+ are dominant. On the other 

hand, cluster ions are rarely observed with  x-y = an even number, such as  AgtBrx-2±, 

Ag,Brx4+, and  AgxBrx-6+. 

    Figure 4.2.2(A) shows the correlation between the relative intensities of  Ag,,+ and 

its cluster size (x) obtained from the mass spectrum of Fig. 4.2.1. As observed in 

previous studies of noble metal cluster ions produced by sputtering [24], Fig. 4.2.2(A) 

shows an  odd/even alternation in intensity against x as along with the shell-closing 

effect at x = 3, 9, (19), and 21 for  Agt+, which correspond to the number of delocalized 

valence electrons, n = 2, 8, (18), and 20, respectively. 

    Figure 4.2.2(B) shows the correlation between the relative intensities of  AgxBr+ 

and the cluster size (x) of  Ag,Br+ obtained from the mass spectrum of Fig. 4.2.1. In this 

work, the mono-bromide silver clusters was investigated in order to determine the 

influence of a bromine atom on the silver cluster. An oscillatory correlation and the 

shell-closing effect at x = 4, 10, (20), and 22 were observed for the relative intensities of 
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Fig. 4.2.1. Mass spectrum of the positively charged ions generated by FAB on the 

pressed silver bromide pellet. The numbers in the subscripts for x,y above some peaks 

refer to the numbers of silver (x) and bromine atoms (y) in the corresponding cluster. 
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Fig. 4.2.2. (A) Correlation between the relative intensities of  Agr+ and its cluster size (x), 

where x and n = x -  1 are the numbers of silver atoms and delocalized valence electrons 

in the cluster, respectively. (B) Correlation between the relative intensities of  Ag,Br+ 

and the cluster size (x) of  Ag,Br+. The number of delocalized valence electrons in the 

cluster is given by n = x - 2. 
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 Ag,Br+ clusters. Compared with the ion intensities of  Agr+, the number of delocalized 

     valence electrons of  Ag„Br+ can be given by n = x - 2. The number of delocalized 

     electrons thus obtained for  Ag,,Br+ suggests that addition of a bromine atom to a silver 

     cluster ion  Ag,± gives rise to the formation of an AgBr unit, and therefore localizes a 

     previously delocalized valence electron of  Ag„+ onto the bromine atom. Namely, 

 Ag,Br+ is thought to have a structural formula of the type  Ag,t_i+(AgBr) and the relative 

     stability can be determined by the intrinsic stability of the remaining metallic moiety 

 (Ag,_1+) of the cluster  Ag„..1+(AgBr). Similar results were reported in the literature for 

     silver iodide [37] and hydroxide [38], lithium oxide [39] and hydride [40]. C. K. 

     Fagerquist et al. [37] determined the relative intensities of  AO+ clusters formed from 

     sputtering of an isotopically enriched silver foil in the presence of CH3I vapor and 

     proposed that the charged metal-rich iodinated silver clusters consisting of  Ag,,I+ have 

     the structural formula  Ag,i+(AgI). Therefore, the assumption that  Ag,Br+ has the 

     structural formula of the type  Agx_i+(AgBr) in the current work is consistent with their 

      proposal. 

         Although the method of generating  Ag,+ and  Ag,Br+ clusters as well as the cluster 

     ions examined are different from those reported in previous works [31,37], I found that 

     the  odd/even alternation in intensity and the shell-closing effect was noticeable in the 

     clusters generated by FAB on the pressed silver bromide pellet. 

     4.2.3.2 Unimolecular dissociation and CID of mono-bromide silver clusters. 

         Unimolecular dissociation and CID spectra of  Ag„Br+ clusters (x = 2, 4, 6, 8, 10), 

     which are indicated with stars above the peaks in the mass spectrum (Fig. 4.2.1), were 

     also measured to investigate the dissociation channels. In these measurements, the series 

     x = 2, 4, 6, 8, 10 was selected, since the relative intensities of the series of x  > 12 and x = 

     odd are too low to investigate the dissociation channels, as shown in Fig. 4.2.1. 

         Unimolecular dissociation spectra (A) and CID spectra (B) of  Ag2Br+ (m/z 295), 

 Ag4Br+ (m/z 511),  Ag6Br+ (m/z 727),  Ag8Br+ (m/z 943), and  AgioBr+ (m/z 1159) are 

      shown in Figs. 4.2.3, 4.2.4, 4.2.5, 4.2.6, and 4.2.7, respectively. All spectra are 

     normalized to the peak intensities of the product ions  Ag+,  Ag3+,  Ag5+,  Ag7+, and  Ag9+ 

      in Figs. 4.2.3, 4.2.4, 4.2.5, 4.2.6, and 4.2.7, respectively. The actual intensities of the 

     product ions were significantly weaker for unimolecular dissociation than for CID, 

     where the CID spectrum was measured at a transmission of ca. 70%. Only the spectra 
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for  Ag4Br+ (Fig. 4.2.4) and  Ag6Br+ (Fig. 4.2.5) are explained in detail here, since all the 

unimolecular and CID spectra may be interpreted similarly. 

    In the unimolecular dissociation spectrum of  Ag4Br+ in Fig. 4.2.4(A), the  Ag4Br+ 

peak at m/z 511 that did not dissociate is by far the strongest and the intensity is 

significantly higher than the upper limit of the scale of the vertical axis. Such high 

intensity for the  Ag4Br+ peak is consistently the case for a precursor ion that does not 

dissociate. The predominant peak at around m/z 323 is associated with  Ag3+ formed by a 

loss of AgBr from  Ag4Br+. The peaks assigned to  Ag3Br+,  Ag2Br+ and  Ag2+ were 

observed at around m/z 404, 295, and 216, respectively. 

    In the CID spectrum of  Ag4Br+ in Fig. 4.2.4(B), the peak for the undissociated 

precursor ion  Ag4Br+ at m/z 511 is also by far the strongest, and exceeds the upper limit 

of the scale of the vertical axis. The peak located at around m/z 323 was the dominant 

peak observed, and is associated with  Ag3+ accumulated from the loss of AgBr. There 

are also a number of minor dissociation channels,  Ag2 loss, Ag2Br loss, Br loss, Ag3Br 

loss, and  Ag3 loss. The peak located around m/z 79 associated with the  Be ion was very 

rarely observed. 

    In the unimolecular dissociation spectrum of  Ag6Br+ in Fig. 4.2.5(A), the 

strongest peak at m/z 727 was attributed to the undissociated precursor ion  Ag6Br+. The 

peak associated with  Ag5+ was dominantly observed at around m/z 539 in Fig. 4.2.5(A). 

The  Ag5+ ions formed from the loss of AgBr. The peaks associated with  Ag3+,  Ag4+, and 

 Ag4Br+ ions were observed at around m/z 323, 432, and 511, respectively. 

    In the CID spectrum of  Ag6Br+ in Fig. 4.2.5(B), the strongest peak at m/z 727 was 

attributed to the undissociated precursor ion that did not interact with the target. The 

peaks located at around m/z 539 and 511 are associated with  Ag5+ and  Ag4Br+ and are 

the dominant peaks in the CID spectrum of  Ag6Br+. These product ions were thought to 

occur due to the loss of AgBr and  Ag2, respectively. Product peaks resulting from other 

various dissociation channels, such as Ag loss, Ag2Br loss, and  Ag3 loss, are weaker 

than those associated with AgBr and  Ag2 loss. Further, these may also be observed in 

the CID spectrum of  Ag6Br+. 
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Fig. 4.2.3. (A) Unimolecular dissociation spectrum and (B) high-energy CID spectrum 

of  Ag2Br+ (m/z 295) formed by FAB. In high-energy CID, the target gas was Ar and the 

collision energy was 5 keV.

Fig. 4.2.4. (A) Unimolecular dissociaton spectrum and (B) high-energy CID spectrum 

of the  Ag4Br+ (m/z 511) formed by FAB. In high-energy CID, the target gas was Ar and 

the collision energy was 5 keV. 
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Fig. 4.2.5. (A) Unimolecular dissociation spectrum and (B) high-energy CID spectrum 

of the  Ag6Br+ (m/z 727) formed by FAR In high-energy CID, the target gas was Ar and 

the collision energy was 5 keV.

Fig. 4.2.6. (A) Unimolecular dissociation spectrum and (B) high-energy CID spectrum 

of the  AgsBr+ (m/z 943) formed by FAB. In high-energy CID, the target gas was Ar and 

the collision energy was 5 keV. 
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Fig. 4.2.7. (A) Unimolecular dissociation spectrum and (B) high-energy CID spectrum 

of the  AgioBr+ (m/z 1159) formed by FAB. In high-energy CID, the target gas was Ar 

and the collision energy was 5 keV. 

    As is shown in Figs. 4.2.3, 4.2.4, 4.2.5, 4.2.6, and 4.2.7, the most intense 

fragment peaks were always from the  Agx_i+ ion, accompanying the loss of AgBr from 

 Ag,13r+ (x = even). In this work, I have focused our attention on the relative intensities 

of the peaks resulting from AgBr loss. However, a clear difference is recognized in the 

relative intensity between the unimolecular dissociation spectra and CID spectra of 

 Ag,,Br+. Relative intensities of the  Agi_i+ peaks are much higher in the unimolecular 

dissociation spectra than those in the CID spectra for the respective precursor ions. This 

clear difference can be attributed to the difference in the internal energy distribution of 

the produced excited precursor ion  AgxBr+* as described below. 

    Figure 4.2.8 illustrates the internal energy distribution and dissociation channels 

of  AgxBr+* in the cases of the unimolecular dissociation and high-energy CID, which 

are suggested by several works using thermometer molecules [22-26]. In the case of the 

unimolecular dissociation, the internal energy distribution of the excited precursor ions 

 Ag,13r+*, which are generated by FAB, and reach the 3rd FFR without dissociation, is 

very narrow in width. Furthermore, it centers closely around the lowest dissociation 

energy limit. Therefore, the dissociation channel of the lowest energy is the most 

                         38



accessible for the clusters with such low internal energies. Thus, the high intensity of 

AgBr loss in the unimolecular dissociation spectra suggests that the weakest bond in the 

mono-bromide  Ag„Br+ cluster is the  Ag,_1+ - AgBr bond.

Fig. 4.2.8. Schematic representation of the internal energy distributions of  Ag„Be* in 

the unimolecular dissociation and high-energy CID, which are indicated by the 

wedge-like solid and dotted lines, respectively. 

    Since our instrument is not capable of distinguishing sequential losses of Ag and 

Br atoms from the AgBr unit loss, it is certainly not clear whether the neutral fragment 

detached is a molecule of AgBr or a group of Ag + Br atoms. However, taking the bond 

energy of AgBr into account is of the magnitude of 2.61 - 2.71 eV [13], and thus, high 

energy is required to excite AgBr in the ionic ground state up to the dissociative 

covalent excited state at which the dissociation of AgBr occurs. The sequential losses of 

Ag and Br atoms therefore appear to be difficult with such low internal energies 

available in the unimolecular dissociation. Moreover, considering the stability of the 

neutral fragment; that is, while the neutral AgBr fragment has a closed-shell 

configuration, the neutral fragments (Ag + Br) formed by sequential losses of Ag and 

Br atoms have open-shell configurations. It therefore seems reasonable to conclude that 

the neutral fragment detached is AgBr. 

    In order to investigate the weakest bond in the mono-bromide  AgrBr+ cluster in 

further detail, I compared our experimental results with the calculated thermochemical 

data for  Ag,,Br+. The dissociation energies for  Ag,Br+ (x = 4, 6, 8, 10) are not found in 

literature, therefore in the current work, I am only concerned with  Ag2Br±. The heats of 
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formation of  Ag2Br+ along with those for the fragments formed via dissociation of 

 Ag2Br+ are shown in Fig. 4.2.9. All the data are taken from Ref. [12]. 

 Br + Ag2                                           6.81 eV 

 AgBr+  +  Ag   3.90  eV 

 Ag2+ + Br 
  3.20  eV 

 Ag+ + AgBr                                            2
.22 eV 

 Ag2Br+                                       0 
eV 

Fig. 4.2.9. Heats of formation for  Ag2Br+ and those of the fragments formed via 

dissociation of  Ag2Br+, relative to that of  Ag2Br+ in the ground state. Thermochemical 

data were taken from reference [23]. 

The dissociation energies of  Ag2Br+ into  Ag2+ + Br,  AgBr+ + Ag,  Ag+ + AgBr, and  Be 

+ Ag2 are 3.20 eV, 3.90 eV, 2.22 eV, and 6.81 eV respectively. The dissociation energy 

of  Ag2Br+ into  Ag+ + AgBr (at 2.22 eV) was determined to be the lowest among the 

 Ag2Br+ for all the fragments. The finding that the dissociation energy necessary for 

breaking  Ag2Br+ into  Ag+ + AgBr is the lowest among for of  Ag2Br+ into all possible 

fragments. This may be why the highest intensities are for  Ag+ in the unimolecular 

dissociation spectrum of  Ag2Br+. The results obtained in the current work for  Ag2Br+ 

were in agreement with the calculated thermochemical data for  Ag2Br+. Although I 

were concerned here only with  Ag2Br+, the results for other silver bromide clusters 

 Ag„Br+ (x = 4, 6, 8, 10) will be discussed based on the success of the calculations for 

AgxBr+. 

    The results of the relative intensities of  Ag,,Br+ (x = 1  — 24) and the unimolecular 

dissociation of  Ag„Br+ (x = 2, 4, 6, 8, 10) lead us to the conclusion that a Ag-Br bond 
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exists in the  Ag„Br+ ion cluster with the structural formula of the type  Ag,_1+(AgBr), and 

that the weakest bond in  Ag,_1+(AgBr) is the  Ag„_i+ - AgBr bond. 

    In contrast to unimolecular dissociation, the broadly distributed and higher 

internal energies of the excited  Ag,Br±* precursor ion produced by collision with the 

target may provide many dissociation channels in addition to those involved with loss 

of AgBr. However, AgBr loss processes are primarily observed in CID and the high 

intensities of the product  Agx_i+ ions are reasonable. This is because in the high-energy 

CID, which has a maximum at the low energy limit and has a long tail to higher energy 

(beyond several electron volts), the lower-dissociation energy channel such as that for 

AgBr loss may remain dominant. It is also interesting that this trend is consistent, even 

compared with the new channels with the higher-dissociation energies, as shown in Fig. 

4.2.8 [22-26]. 

   In order to address the dissociation channels of CID of  Ag„Br+ (x = 2, 4, 6, 8, 10) 

in detail, the experimental results were compared with SJM electronic configurations. A 

summary of the results for the CID experiments is shown in Table 4.2.1.  Ag,Br+ is 

thought to take a structural formula of the type  Agx_i+(AgBr), even when it is a product 

ion. The SJM electronic configurations obtained for the precursor ions, product ions, 

and neutral fragments are also shown in Table 4.2.1. Here, in the case of Ag,  Ag+, Br, 

and  Br+, their inner electronic configurations are written as [Ar] and [Kr] in Table 4.2.1, 

which are the electronic configurations of Ar and Kr atoms, respectively. A SJM 
"closed" -shell configuration is denoted by CS, and indicates a cluster of high stability. 

The "ratio" in Table 4.2.1 indicates the ratio of the loss of a neutral fragment to that of 

AgBr. The intensities of other dissociation channels are normalized with the most 

intense peaks, which result from AgBr loss. 

    In the case of  Ag3+(AgBr), the product ions  Ag3+ (ratio = 100) and  Ag+(AgBr) 

(ratio = 42) are observed at a high ratio, as is listed in Table 4.2.1. These product ions 

are formed from the loss of AgBr and  Ag2, respectively. The neutral fragments have 

closed-shell configurations and, hence high stability. Therefore, the dissociation 

channels that yield these fragments are observed. The loss of AgBr is more frequently 

observed than that of  Ag2, because this dissociation channel generates the  Ag3+ ion and 

the neutral fragment AgBr, both of which possess jellium shell closing (CS). On the 

other hand, the  Ag2 loss generates the product  Ag+(AgBr) ion, which does not possess 

jellium shell closing. 
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Table 4.2.1. Summary of the results of the high-energy CID experiments.  SJM 

electronic configurations are shown for the precursor ions, product ions, and neutral 

fragments. [Ar] and [Kr] represent the electronic configurations of Ar and Kr atoms, 

respectively. A  SJM "closed"-shell configuration is denoted by CS, and indicates a 

cluster of high stability. The  "ratio" in the last column gives the values for the ratio of 

the loss of a neutral fragment compared to AgBr. 

    Precursor ion Product ion Neutral loss R (ratio) 

                                                            per AgBr loss 

 Ag+(AgBr)  ([Kr]4d1°)  Ag+;  [Kr]4d1° AgBr; CS 100 

 Ag2+(AgBr);  1s' Br;  [Ar]3d10, 4s2, 4p5 67 

 AgBff; — Ag;  [Kr]4d10, 5s1 62 

 Be;  [Ar]3d1°, 4s2, 4p4  Ag2; CS <10 

 Ag3+(AgBr) (CS)  Ag3+; CS AgBr; CS 100 

 Ag+(AgBr);  [Kr]4d10  Ag2; CS 42 

 Ag2+(AgBr);  1s1 Ag;  [1(1]4d1°, 5s1 30 

 Ag2+;  1s' Ag(AgBr);  [Kr]4d1°,  5s' <10 

 Ail;  1s2,  1p1 Br;  [Ar]3d1°, 4s2, 4p5 <10 

 Ag+;  [Kr]4d1°  Ag2(AgBr); CS  <10 

 AgBr+; —  Ag3;  1s2, 1p1 <10 

 Ag5+(AgBr)  (1s2,  1s4)  Ag5+;  1s2,  1p2 AgBr; CS 100 

 Ag3+(AgBr); CS  Ag2; CS 83 

 Ag3+; CS Ag2(AgBr); CS 34 

 Ag44"(AgBr);  1s2,  1p1 Ag;  [1(1]4d1°,  5s' 24 

 Ag4+;  1s2, 1p1 Ag(AgBr);  [Kr]4d1°,  5s1 <10 

 Ag2÷(AgBr);  1s1  Ag3;  1s2,  1pl <10 

 Ag+(AgBr);  [1(114d1°  Ago;  1s2,  1p2 <10 

 Ag6+;  1s2,  1p3 Br;  [Ar]3d1°,  4s2, 4p5  <10 

 Ag2÷;  1s1 Ag3(AgBr);  1s2,  1p1 <10 
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 Ag7±(AgBr)  (1s2, 1p4)  Ag7+;  1s2, 1p4 AgBr; CS 100 

 Ag5+(AgBr);  1s2, 1p2  Ag2; CS 61 , 

 Ag5÷;  1s2,  1p2  Ag2(AgBr); CS 50 

 Ag3+(AgBr); CS  Ag4;  1s2, 1p2 12 

 Ag6+(AgBr);  1s2,  1p3 Ag;  [Kr]4d1°, 5s1  11 

 Ag3+; CS  Ag4(AgBr);  1s2,  1p2 <10 

 Ag6+;  1s2,  1p3 Ag(AgBr);  1s' <10 

 Ag4+;  1s2,  1p1  Ag3(AgBr);  1s2,  1p1 <10 

 Ag2+(AgBr);  1s'  Ag5;  1s2,  1p3 <10 

 Ag8+;  1s2, 1p5 Br;  [Ar]3d1°, 4s2, 4p5 <10 

 Ag4+(AgBr);  1s2,  1p1  Aga;  1s2,  1p1 <10 

 Ag9+(AgBr) (CS)  Ag9+; CS AgBr; CS 100 

 Ag7÷ ;  1s2,  1s4  Ag2(AgBr)  ; CS 58 

 Ag7÷(AgBr) ;  1s2,  1p4  Ag2 ; CS 36 

 Ag5+(AgBr);  1s2, 1p2  Ag4;  1s2,  1p2 24 

 Ags÷ ;  1s2, 1p2  Ag4(AgBr) ;  1s2, 1p2 22 

 Age+;  1s2,  1p5 Ag(AgBr);  1s1 13 

 Age+(AgBr);  1s2, 1p5 Ag;  [Kr]4d1°,  5s' 14 

 Ag3+(AgBr); CS Ag6;  1s2, 1p4 <10 

 Ag6+;  1s2,  1p3  Ag3(AgBr);  1s2, 1p1 <10 

 Ag3+; CS  Ag6(AgBr);  1s2, 1p4 <10 

 Ag+(AgBr) ;  [Kr]4d10  Age; CS <10 

 Ag4+;  1s2,  1p1  Ag5(AgBr);  1s2, 1p3 <10 

 Agi0+;  1s2,  1p6,  1(11 Br;  [Ar]3d1°, 4s2, 4p5 <10 
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          In the case of  Ag5+(AgBr), the product ions  Ag5+ (ratio = 100),  Ag3±(AgBr) (ratio 

      = 83), and  Ag3+ (ratio = 34) are primarily observed. These product ions are the result of 

      losses of AgBr,  Ag2 and Ag2(AgBr), respectively. Since Ag2(AgBr) has a closed-shell 

      configuration and high stability, the dissociation channels that yield these 

      configurations are primarily observed. The losses of AgBr and  Ag2 are more frequently 

      observed compared with that of Ag2(AgBr). Table 4.2.1 shows that the loss of AgBr is 

      the dominant dissociation channel for these clusters, however, only  Ag5+(AgBr) is 

      observed to have an additional dominant channel for the  Ag2 loss. The difference in the 

      dissociation channels for  Ag5+(AgBr) and  Ag„+(AgBr) (x = 3, 7, 9) may be explained by 

      the SJM electronic configurations of the products formed from the  Ag2 loss. For 

 Ag,+(AgBr) (x = 3, 7, 9), the loss of  Ag2 does not generate either the product ion or the 

      neutral fragment, which possess the jellium shell closing. On the other hand, in the case 

      of  Ag5+(AgBr) the loss of  Ag2 generates the ion  Ag3+(AgBr) and the neutral fragment 

 Ag2, both of which possess  jellium shell closing. This may be why the  Ag2 loss attains 

      such a high value for the ratio in the case of  Ag5+(AgBr). 

          Similarly, the main fragment peaks observed in the CID spectra of  Ag+(AgBr), 

 Agif(AgBr) and  Ag9+(AgBr) may be explained in terms of stabilities of the generated 

      product ions and neutral fragments. In summary, the dissociation channels in CID 

      reflected the stabilities of the dissociation products. Namely, the dissociation channels, 

      which generate both product ions and neutral fragments with even numbers of 

      delocalized valence electrons, especially the closed-shell configurations, are primarily 

      observed in the CID spectra; AgBr loss,  Ag2 loss, and Ag2(AgBr) loss. In contrast, the 

      charged or uncharged clusters, with odd numbers of delocalized valence electrons, are 

      not observed in the CID spectra as the primary fragmentation peaks (such as the Ag and 

      Br loss). The present results indicate that based on  SJM the relative intensities of the 

      fragments observed in the CID spectra may be explained based on the stability of the 

      dissociation products. 

          The relative intensities in the CID spectrum of  Ag2Br+ are also discussed based 

      on the thermochemical data, as in the case of unimolecular dissociation. The heats of 

      formation for  Ag2Br+ as well as those for the fragments formed via dissociation of 

 Ag2Br+ in Fig. 4.2.9 were used. As described above, the internal energy distribution in 

      high-energy CID decreases with increasing internal energy, whereas there is a fmite 

      probability of depositing more than several electron volts of energy [22-26]. The 
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dissociation energies of  Ag2Br+ into  Ag2+ + Br (at 3.20 eV),  AgBr+ + Ag (at 3.90 eV), 

and Br+ + Ag2 (at 6.81 eV) are higher than those of Ag2Br+ into Ag+ + AgBr (at 2.22 

eV). The dissociation energy of  Ag2Br+ into  Ag+ + AgBr (at 2.22 eV) was determined to 

be the lowest among all the fragments for  Ag2Br+. The finding that the dissociation 

energies of  Ag2Br+ into  Ag+ + AgBr is the lowest for all fragments may explain why the 

highest intensity is for  Ag+ in all the high-energy CID spectra, regardless of the 

precursor ions. The relative intensities decrease in the order of  Ag+  <  Ag2+ <  AgBr+ < 

 Be. The dissociation energies for  Ag2Br+ increase in the order of  Ag+ + AgBr <  Ag2+ + 

Br <  AgBr+ + Ag. This indicates that the lower dissociation energies, the higher the 

relative intensities. The relative peak intensities of fragment ions may also be explained 

by the dissociation energies of  Ag2Br+. These decay channels for  Ag2Br+ are in good 

agreement with the calculated thermochemical data. The dissociation mechanisms for 

 Ag,Br+  (x  > 4), however, cannot be explained by the thermochemical data at this time 

because the calculation for  AgxBr+  (x  > 4) cannot be found in the literature. When the 

dissociation energies for  Ag,Br+  (x  > 4) clusters are reported, the results found in the 

current work may be useful if compared with the results of the calculations and may 

provide new insight into the dissociation of mono-bromide silver clusters. 

    In this section, it was demonstrated that dissociation of singly charged silver 

bromide clusters induced by collision with the rare gas target could be investigated. In 

the next section, dissociation of singly charged silver bromide cluster and silver cluster 

induced by collision with an alkali metal target is investigated. 
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4.3 Dissociation channels of silver bromide cluster Ag2Br, silver cluster 

 Ag3 and their ions studied by using the alkali metal target 

4.3.1 Introduction 

    In this section, dissociation of silver bromide cluster, silver cluster, and their ions 

induced by collision with the alkali metal target is described. 

    Silver bromide has been studied for many years in the condensed phase due to its 

important implications in the photographic process. In order to clarify the reactions 

involved in the process, both of silver and silver bromide clusters have been widely 

investigated [1]. The silver clusters have also received particular attention because of a 

theoretical interest in the fact that a silver atom has electrons in the outer 4d-orbitals 

energetically overlapped by the partially filled 5s-orbital. 

    Silver trimers have been a main topic of a large number of earlier experimental 

[2-8] and theoretical [1, 9-18] studies. Among other experimental works on small silver 

clusters, Spasov et al. reported the fragmentation patterns, cross sections, and 

dissociation energies of anionic silver clusters  Agn- by using the energy-resolved CID 

method [6]. The main reaction channels were found to be the eliminations of a Ag atom 

and a dimer  Age, with the dimer less favored for odd n values. Dissociation energies for 

the loss of a silver atom showed a strong odd-even-dependent alternation against n. 

Handschuh et al. studied photoelectron spectra of silver anion clusters by exciting at 

different photon energies in order to explore the electronic structures of various silver 

clusters [5]. The shaper spectral patterns of the silver clusters observed in their 

experiments as compared with those of the corresponding alkali metal clusters might be 

due to the stronger bonding in the silver clusters. This can be interpreted as the result of 

overlapping of the outer 4d and 5s orbitals, which gives rise to van der Waals type 

attractive force. Recently the symmetric and  antisymmetric vibrational bands of neutral 

 Ag3 were assigned by using far-infrared spectroscopy by Fielicke et al. [8]. The energy 

levels of the silver clusters and their ions were theoretically evaluated [1, 9-18]. 

    Regarding the dissociation methods, electronic mechanism (electronic excitation) 

and impulsive mechanism (momentum transfer) about initial steps of collision induced 

dissociations have been discussed using position sensitive detections [19-24]. Barat and 

coworkers differentiated between electronic and impulsive mechanism in the CID for 

the collisions of cluster ions with H2 or rare gas targets by detecting both fragment ions 
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and fragment neutrals [20-24]. After the excitation by impulsive mechanism, the excited 

molecules dissociate through the internal collisions in the second step. For the 

experiment using metal targets, de Bruijn et al. [19] indicated that dissociative electron 

transfer initiated by the electron mechanism dominated molecular dissociation. One of 

the authors also confirmed the electron transfer mechanism by charge inversion mass 

spectrometry using alkali metal targets [25]. Femtosecond negative to neutral to positive 

(NeNePo) spectroscopy was used to study the structural dynamics of the neutral cluster 

 Ag3 [26-28]. The wave packet dynamics along the coordinate of the linear-to-triangular 

rearrangement on the ground state potential surface was investigated in detail by Boo et 

al. [27]. These authors commented on the splitting of the degeneracy of the neutral  Ag3 

states due to a strong Jahn-Teller effect. Leisner et al. [28] indicated an apparent loss of 

vibrational coherence by the ultrafast intramolecular vibrational energy redistribution 

interpretable as an intermolecular collision process. These experimental results have 

been confirmed by the theoretical studies [29-33]. 

    Mixed clusters have been also an object of recent researches. Metastable 

fragmentation channels for anionic and cationic silver bromide clusters were examined 

by L'Hermite et al. [34, 35] and were compared with ab initio DFT results [36, 37]. 

They indicated that the fast fragmentation induced by a  UV laser made the cations lose 

a bromine atom more easily than a silver ion and that the negative ions mass spectra 

contained species with more silver atoms than required by stoichiometry. Contrary to 

the silver clusters, dissociation processes of the neutral silver bromide clusters are not 

known to our best knowledge. 

     In this study, the dissociation processes of the cations of both silver trimer (Ag3) 

and silver bromide cluster (Ag2Br) were investigated by high-energy CID spectra 

measured by using the Cs metal target. As has been confirmed from their internal 

energy distributions [38, 39], the dissociation processes in the high-energy CID spectra 

do not depend on which of alkali metal and rare gas targets is employed [39, 40]. 

Furthermore, the dissociation processes of their neutrals were investigated by charge 

inversion mass spectrometry with alkali metal targets, which has been developed in our 

laboratory [39, 41, 42]. Charge inversion mass spectrometry can provide us with direct 

information about the dissociation pathway of energy-selected neutral clusters formed 

by the near-resonant neutralization of the corresponding cation clusters [39, 41, 42]. The 

reaction process involved in this spectroscopy corresponds to a reverse process of 
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NeNePo [26-28]. Dissociation mechanisms of small clusters are particularly interesting 

from the viewpoint of chemical reactivity, because the small clusters often exhibit 

significantly different physical and chemical properties from those in the isolated 

molecular state or in the condensed phase. In the present work, the dissociation 

mechanisms of the excited silver trimer  Ag3 and silver bromide cluster Ag2Br were 

investigated by the charge inversion mass spectrometry. The obtained charge inversion 

mass spectra showed a significant difference between  Ag3 and Ag2Br. The difference is 

discussed in terms of the energy levels of the respective excited neutral clusters and 

relevant fragments. 

4.3.2 Experimental section 

    Mass-selected positive ions were made to collide with an alkali metal target, and 

the resulting negative ions formed upon two successive single-electron transfers were 

mass analyzed by using an MS/MS instrument. Silver bromide cluster ions and silver 

cluster ions were generated in the same way as in section 4.2. The alkali metal was 

introduced into the collision cell as a vapor from a reservoir through a ball valve. In this 

work, cesium (Cs) was used as a target vapor. The temperatures of the collision cell, the 

ball valve, and the reservoir were controlled to adjust the density of the Cs vapor in the 

collision cell. Neutralization, dissociation, and negative ion formation took place in the 

collision cell containing the Cs vapor. The negative ions were mass analyzed by a ESA). 

The mass-analyzed ions were detected by a 9 kV post-acceleration secondary electron 

multiplier, which could detect both positive and negative ions upon the application of an 

appropriate polarity. Charge inversion spectra were measured by mass-analyzing the 

negative ions exiting from the collision cell by scanning the ESA voltage. By changing 

the polarities of  MS-II and multiplier, the CID spectra of the positive ions exiting from 

the collision cell were measured in the same way as for the negative ions. 

4.3.3 Results and Discussion 

4.3.3.1 Silver bromide cluster Ag2Br 

    A CID spectrum and a charge inversion spectrum of the silver bromide cluster ion 
10779  Ag2Br+ (m/z 293) measured with the Cs target are shown in Figs. 4.3.1(a) and (b), 

respectively. Mono-isotopic precursor ions were selected. 

                         50



Fig. 4.3.1. High-energy CID spectrum (a) and charge inversion spectrum (b) of  Ag2Br+ 

(m/z 293). The ion was formed by fast atom bombardment (FAB). The target element 

was Cs and the collision energy was 5 keV. 

A clear difference is recognized between the CID spectrum and the charge inversion 

spectrum of  Ag2Br+. In the CID spectrum [Fig.  4.31(a)], the peak for the undissociated 

ion  Ag2Br+at m/z 293 is by far the strongest and well exceeds the upper limit of the 

scale on the vertical axis. The high intensity of this  Ag2Br+ peak is attributed to the 

precursor ion that did not interact with the target. The peaks located at m/z 107, 186, and 

214 are observed dominantly and are associated with  Ag+,  AgBr+, and  Ag2+ ions 

resulting from the loss of AgBr, Ag, and Br from the precursor ion  Ag2Br+, respectively. 

The peak located at m/z 79 and associated with  Br+ ion is scarcely observed. 

    The investigation by L'Hermite et  al. [34] showed that only the peak associated 

with  Ag+ formed by the loss of AgBr was observed in the metastable fragmentation of 

 Ag2Br+. The lowest dissociation channel of  Ag2Br+ derived from ab initio DFT 

calculations is in a satisfactory agreement with their experimental results, and is able to 

account for the dissociation channel of  Ag2Br+ which dissociates preferentially into  Ag+ 

+ AgBr. In contrast to the metastable fragmentation , the peaks associated with  Ag+, 

 AgBr+, and  Ag2+ were dominantly observed in the present high-energy CID spectrum of 

 Ag2Br+. The difference in the dissociation channels between the high-energy CID and 
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the metastable fragmentation was explained by the internal energy distribution in 

Ag2Br+*. The energy distribution of the metastable ions produced thus is very narrow 

and centers closely around the lowest dissociation energy limit. The low internal energy 

available in the metastable fragmentation yields only the peak associated with  Ag+ 

formed from the loss of AgBr. On the contrary to this, high-energy CID has a maximum 

of distribution at the low energy limit and shows a long tail extending to the higher 

energy beyond several electron volts [38, 45-48]. The broad and higher internal 

potential energy of  Ag2Br+* examined in the present work allows many dissociation 

channels such as the loss of any one of Br, Ag, AgBr, and  Ag2. 

    The charge inversion spectrum of the silver cluster ion  Ag2Br+ (m/z 214) with the 

Cs target is shown in [Fig. 4.3.1(b)]. The peaks located at m/z 186 and 214 are 

associated with AgBf and  Ag2-, respectively and are the dominant peaks in the charge 

inversion spectrum [Fig. 4.3.1(b)], whereas the peak at m/z 293 associated with the 

undissociated ion  Ag2Br- is hardly observed. The peaks associated with  Br" and  Ag" are 

also observed at m/z 79 and 107, but their intensities are much weaker than those for 

 Ag2- and  AgBf. In order to elucidate the mechanism of dissociation of the excited 

cluster Ag2Br*, I compared our experimental results with the thermochemical data 

available. These thermochemical data for the Ag2Br system are illustrated in Fig. 4.3.2 

together with the energy levels associated with the near-resonant neutralization using 

the Cs target. The heats of formation of  Ag2Br+, Ag2Br, and those of the fragments 

formed via dissociation of Ag2Br, relative to that of the ground state of the Ag2Br 

neutral are given in Fig. 4.3.2. Since the ionization potential and dissociation energies of 

Ag2Br have not been reported experimentally, theoretically calculated values are used. 

Most of the data are taken from Refs. [36, 37]. The bond dissociation energies of the 

Ag-Br and Ag-Ag bonds are also taken from Ref. [37]. In our previous studies using 

thermometer molecules, such as  W(CO)6, which lose CO ligands consecutively when 

they have enough energy to dissociate [38, 39, 49], it was demonstrated that the 

neutralization step in the charge inversion process is via near-resonant electron transfer. 

Therefore, when this is the case, the energy level of the neutral species formed should 

be lower than the level of the corresponding precursor ion by an amount equal to the 

ionization energy of the target atom. The energy level associated with the resonance 

process with the Cs target is shown as a dashed line (at 2.72 eV) in Fig. 4.3.2. 

Dissociations into  Ag2 + Br and AgBr + Ag are energetically allowed when the 
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neutralization is a near-resonant process, because the energy level of  Ag2 + Br (at 

1.84eV) and AgBr + Ag (at 0.75 eV) are lower than that of Ag2Br* (at 2.72 eV) by 0.88 

and 1.97 eV, respectively, as is shown in Fig. 4.3.2. The dissociation into 2Ag + Br (at 

3.36 eV) is, however, energetically impossible, since it is 0.64 eV higher than that of 

Ag2Br* as is also shown in Fig. 4.3.2. From a comparison with the thermochemical data, 

all the fragment ions observed in the charge inversion spectrum are supposed to be 

formed by the dissociation of Ag2Br* into AgBr + Ag and  Ag2 + Br. The very weak 

intensity observed for the undissociated  Ag2Br- ion indicates that the excited neutral 

species Ag2Br* has sufficient internal energy to dissociate before the second electron 

transfer occurs. Thus, the dissociation behavior of Ag2Br* revealed in the charge 

inversion spectrum is explained by the calculated thermochemical data.

Fig. 4.3.2. Heats of formation of the neutral and cationic forms of Ag2Br, relative to that 

of Ag2Br in the ground state. The thermochemical data are taken from Ref. [15, 16]. 

The dashed line shows the energy level predicted by the near-resonant neutralization 

with a Cs target. 

4.3.3.2 Silver cluster  Aga 

    The CID and charge inversion spectra of the silver cluster ion  107Ag3+ (m/z 321) 

recorded with the Cs target are shown in Fig. 4.3.3. The fragment peaks associated with 

 Ag+ (m/z 107) and  Ag2+ (m/z 214) are observed in the CID spectrum [Fig. 4.3.3(a)], and 

the intensity of  Ag+ is much weaker than that of  Ag2+. The strongest peak at m/z 321 
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was attributed to the undissociated precursor ion that did not interact with the target, as 

was done in analyzing the CID spectrum of  Ag2Br+ shown in Fig. 4.3.2.

Fig. 4.3.3. High-energy CID spectrum (a) and charge inversion spectrum (b) of  Ag3+ 

(m/z 321). The ion was formed by fast atom bombardment (FAB). The target element 

was Cs and the collision energy was 5 keV. 

The low-energy dissociation channel of the silver cluster ion  Ag3+ determined by CID 

using a Penning trap was reported by Kruckeberg et al. [7]. In their CID experiment, the 

cyclotron motion of the cluster ions was excited by a 1 ms resonant excitation pulse and 

an argon gas pulse was directed into the trap volume. A storage period of 100 ms there 

allowed the clusters to collide with argon atoms and to decay to smaller neutral or ion 

fragments. In their low-energy and multiple-collision CID experiment, the  Ag3+ ions 

decayed predominantly into  Ag+ ions, which were presumably produced by the 

evaporation of silver dimer  Ag2. On the other hand, the dissociation energy of  Ag3+ into 

 Ag2+ + Ag calculated theoretically by Huda et al. [17], is 2.374 eV and lower than that 

of 2.533 eV required for the dissociation into  Ag2 +  Ag+. In the high-energy CID 

spectrum of  Ag3+ measured in the present work, I observed the ion  Ag2+, which was 

formed by loss of a Ag atom, as a predominant fragment peak. The differences in the 

dissociation channels between the low-energy and high-energy CID can be again 
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understood by considering the internal energy distribution in  Ag3+*. High-energy CID 

has a maximum of distribution at the low energy limit and shows a long tail extending 

to the higher energy beyond several electron volts [38, 45-48]. For low-energy CID, the 

energy distribution is controlled by changing the collision energy and the times of 

collisions, and both low-energy and high-energy tails are short [47]. Therefore, if the 

theoretical calculation of the dissociation energy of  Ag3+ is relied on, then the higher 

preference of the lower-dissociation-energy channel of Ag elimination in the 

high-energy CID experiment is explained by the internal energy distribution localized 

mostly in the low energy region. 

    The charge inversion spectrum of the silver cluster ion  107Ag3+ (m/z 321) 

measured with the Cs target is shown in Fig. 4.3.3(b). Peaks associated with  Ag-,  Ag2-, 

and  Ag3- are observed. The peak for the undissociated ion  Aga" is predominantly 

observed at m/z 321, whereas the peak at m/z 293 associated with the undissociated ion 

 Ag2Br- was hardly observed in the charge inversion spectrum of  Ag2Br+ ions [Fig. 

4.3.1(b)]. The predominant peak of undissociated  Aga-, which makes a great contrast to 

the case described above for Ag2Br, is unusual, since the electronically excited species 

formed from their corresponding positive ions are not usually observed in charge 

inversion spectra because of their rapid fragmentations driven by sufficient internal 

energies. In the previous studies using the charge inversion mass  spectrometry, 

undissociated charge inverted ions were observed only for atomic [50], C2 and C2H 

anions [51, 52] formed by double-electron transfer in a single collision. When an alkali 

metal is used as a target, the double-electron transfer in a single collision is much less 

probable than successive single-electron transfers in two collisions, as was discussed 

previously by one of the present authors [42, 50]. The successive electron transfers do 

not often yield stable anions, even if the intermediate neutral clusters or molecules have 

positive electron affmities, as has been known in the case of vinylidene [53, 54] or  CHn 

[55]. Only one exception for the formation of negative ions by the successive 

single-electron transfers was observation of an undissociated anion of H- atom adduct 

Gly-Pro, in which the ring opening of the proline residue took place by N-Ca bond 

cleavage [56]. The small peaks at m/z 107 and 214 shown in [Fig. 4.3.3(b)] are 

associated with Ag and  Ag2, respectively, which are the fragments expected from the 

dissociation of  Aga into  Ag2 + Ag. The intensity difference between  Ag and  Ag2- 

results from a difference in the cross section for the negative ion formation as well as in 
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the detection efficiency of a post-acceleration secondary multiplier. Such difference in 

the peak intensity between the complementary fragments has been observed for 

isomeric dichlorobenzenes [42, 57, 58] and isomeric  chlorophenols [59]. 

     In order to clarify the mechanism of the process from the positive ion  Ag3+ to 

the negative ion  Aga- via successive single-electron transfers in two collisions, I 

compared the experimental results with the thermochemical data. The thermochemical 

data for the  Aga system were calculated by many researchers [1, 9-18]. Recently 

calculated values reported by Huda  et  al. [17] are illustrated in Fig. 4.3.4 (a).

Fig. 4.3.4. Heats of formation of the neutral and cationic forms of  Ag3, and their 

fragments relative to that of  Ag3 in the ground state. Panels (a) and (b) show the 

theoretical and experimental values, respectively. The thermochemical data are taken 

from Ref. [40, 41, 19]. The dashed lines show the energy levels predicted by the 

near-resonant neutralization with a Cs target. 

The energy level associated with the near-resonance neutralization with the Cs target is 

shown by a dashed line (at 1.03 eV) and is higher by 0.32 eV than that of  Ag2 + Ag (at 

0.71 eV) but 1.03 eV lower than that of 3Ag (at 2.06 eV). The thermochemical data 

show that the dissociation of  Ag3 into three Ag atoms is energetically impossible but the 

dissociation of  Ag3 into  Ag2 + Ag is allowed. However, the predominant peak observed 

for  Ag3 in the charge inversion spectrum shown in Fig. 4.3.3 (a) indicates that the 

 Ag2-Ag bond cleavage in  Ag3* is unfavorable. The thermochemical data based on the 
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experimental work are also reported by Ho et al. [3] and Jackschath et al. [4] and these 

experimental values are given in Fig. 4.3.4(b). The vertical ionization energy of  Ag3 

was obtained as 6.2 eV from an appearance energy by electron impact ionization [4], 

and the bond dissociation energy of  Ag2 - Ag was estimated as 0.97  + 0.16 eV using 

photoelectron spectroscopy of  Ag3- [3]. Except these works, there are no experimental 

data available for both the ionization energy and bond dissociation energy of  Ag3. The 

differences in ionization energy and in the bond dissociation energy between the 

experimental and theoretical values are 1.3 eV and 0.3 eV, respectively, as is seen from 

Fig. 4.3.4. Although a part of this large difference in the ionization energy between the 

experimental and theoretical values may be rationalized by ascribing it to the difference 

between the vertical and adiabatic values, the difference of 1.3 eV is still too large. The 

ionization energy evaluated from the appearance energy by electron impact [4] is not so 

reliable. For example, the observation of  Ag3+ by two photon ionization at 410 nm in 

the NeNePo experiments reported by Boo et al. [27] indicates that the ionization energy 

is lower than 6.05 eV which is 0.15 eV smaller than the ionization energy determined 

by the electron impact method. The energy level of 2.31 eV by the near-resonant 

neutralization shown as the dashed line in Fig. 4.3.5(b) is higher approximately by 1.30 

eV than the experimental value for the dissociation into  Ag2 + Ag (at  ca.1.0 eV). The 

thermochemical values evaluated from both theoretical and experimental values cannot 

explain the dominating presence of the undissociated ion  Ag3- in the charge inversion 

spectrum. 

4.3.3.3 Dissociation energies and mechanisms for the formation of undissociated 

 Ag3" 

    By using the thermometer molecules, it has been demonstrated that the formation 

process of the negative ions in the charge inversion mass spectrometry proceeds via 

near-resonant neutralization with an alkali metal target, followed by spontaneous 

dissociation of the neutrals and the endothermic negative ion formation upon a second 

collision with the alkali metal target, as shown in the following reaction scheme (4-3-1) 

[38, 39, 42, 49]. 

Scheme (4-3-1)  

 AB+  +  T  —>  AB*  +  T+, 

                             AB* –4 A + B, 
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                    A (or  B)  +  T  —>  A-  (or  B-)  +  T+, 

where AB and T indicate a projectile and a target, respectively. The charge reversal 

reactions in the femtosecond negative to neutral to positive (NeNePo) spectroscopy in 

which an electron is photo-detached from a negative ion, followed by two-photon 

ionization to a positive ion [26-28], as shown in the following reaction scheme (4-3-2), 

correspond to the reverse processes to our charge inversion processes. 

Scheme (4-3-2)  

 ABilinear) +  hv  -->  AB(linear) +  e-, 

                    AB(linear)  —> AB(bent), 

 AB(bent)  +  2  hv  —>  AB+  +  e-. 

A large number of theoretical calculations [1,  9-18] have been performed to determine 

the structures and energies of silver trimers  (Ag3-,  Ag3, and  Ag3+) and it has been 

confirmed that  Ag3 and  Ag3+ assume triangular forms at their global potential minima 

but  Ag3- takes a linear form. The investigation using the femtosecond NeNePo 

spectroscopy suggested that the linear cluster  Ag3 produced by the photodetachment of 

the linear ion  Ag3- rearranged into a triangular form on a 1  ps timescale due to a very 

low isomerization barrier as compared with that for the decomposition [26-28]. This 

very fast rearrangement was confirmed by a few theoretical works [29-33]. In the 

NeNePo experiment,  Ag3+ ions were produced by the two-photon ionization of  Ag3 

neutral clusters. The constant signal intensity of  Ag3+ after 2 ps from the ionization 

preceded by the electron detachment of  Ag3- indicated that an equilibrium between the 

linear and triangular forms of  Ag3 was achieved within a few ps [27, 28]. 

    The excited states of the linear and triangular forms of  Ag3 were also reported [1, 

10, 14, 15]. Fig. 4.3.5 shows the calculated electronic energy levels of  Ag3-,  Ag3, and 

 Ag3+ along the bending coordinate taken from Ref. [27]. Typical collision interaction 

times for the neutralization in which the precursor ions are accelerated by 5.0 kV is in 

the range of  10-14 s. Since this time is significantly shorter than the time required for a 

conventional vibration  10-" s), the neutralization is expected to be a Franck-Condon 

process. Consequently, the geometry of the electronically excited cluster  Ag3* is 

presumed to remain the same as that of the precursor ion  Ag3+. As shown in Fig. 4.3.5, 

the energy levels of 2E' (at 4.6 eV) and 2A1' states (at 4.7 eV) of the triangular cluster 

 Ag3* match the excitation energy (at 4.4 eV) required for the near-resonant 

neutralization with the Cs target, which is lower than the energy level of the precursor 
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ion (at 8.3 eV) by an amount equal to the ionization energy of the Cs target (3.89 eV). 

Since the energy level is much higher than the isomerization barrier between the linear 

and triangular forms, the intramolecular rearrangement by ultra fast vibrational energy 

redistribution can occur on a ps time scale as reported in the NeNePo experiments 

[26-28].

Fig. 4.3.5. Calculated transition energies of  Ag3",  Ag3, and  Ag3+ along the bending 

coordinate. The thermochemical data are taken from Ref. [7]. 

As the average free time between the neutralization and anionization in the collision cell 

is 0.35  1.tS, the equilibrium between the linear and triangular forms is expected to be 

fully achieved provided that the dissociation does not take place because of the high 

dissociation barrier. On the basis of above discussion, I assumes that the linear cluster 

 Ag3 which has the higher electron affinity than that of the bent cluster captures another 

electron from the Cs target and, hence, the linear cluster ion  Ag3" is observed in the 

charge inversion spectrum of  Ag3+. From a comparison with the NeNePo experiments 

of  Ag3", it is presumed that  Ag3* formed from  Ag3+ by the near-resonant neutralization 

with the Cs target does not dissociate due to the energy barrier too high for the 

dissociation into  Age + Ag and, instead,  Ag3 does intramolecular rearrangement to the 

linear neutral cluster  Ag3, followed by negative ion formation on another collision with 

the target, as is expressed in the following reaction scheme (4-3-3). 
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Scheme (4-3-3) 

 AB+(bent) + T  —> AB*(bent) +  T+, 

                      AB*(bent)  —> AB* (linear), 

                   AB* (linear) + T —> AB- (linear) + T+. 

From the existence of the predominant peak for the undissociated cluster ion  Aga" in the 

charge inversion spectrum, I inferred that the energy barrier for the dissociation into 

 Age + Ag is higher than the energy level of  Aga* formed via near-neutralization with the 

Cs target, though the energy barrier theoretically calculated has not been reported so far. 

4.3.3.4 Dissociation mechanism and structure of Ag2Br+ 

    To see the peak shape more clearly, the charge inversion spectra  of  1°7Ag279Br+ 

and  107A.g3+ expanded in the m/z 170-230 range are shown in Figs. 4.3.6(a) and (b), 

respectively.

Fig. 4.3.6. Charge inversion spectra of the  Ag2Br+ (m/z 293, Fig. 4.3.1) (a) and  Ag3+ 

(m/z 321, Fig. 4.3.3) (b) enlarged in the range  m/z 170-230. 

While in the case of  Ag3+, the peak associated with  Age; at m/z 214 in Fig. 4.3.6 (b) is 

sharp and its peak shape resembles a triangle, the peak at m/z 214 derived from  Ag2Br+ 

shown in Fig. 4.3.6 (a) is broad and its band shape resembles a trapezoid. The width and 

profile of the fragment peaks of  Agi show a clear dependence on precursor ion. In 
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addition to this difference, the peak associated with AgBf ions at  in/z 186 is also sharp 

and has a triangular profile, as shown in Fig. 4.3.6 (a). Such triangular profile is typical 

of the fragment peaks observed in CID of the ions and reflects the dissociation from the 

excited species with a wide range of internal energy. The trapezoidal profile, on the 

other hand, is characteristic of the dissociation process from the state with a specific 

internal energy as is the case for the dissociation of the neutralized methanol, in which 

the excited methanol dissociates along a purely repulsive potential curve [39, 49]. 

    From the width at half maximum and the correction for the main beam width, I 

evaluated the kinetic energy release (KER) values for the ions  AgBf and  Ag2" derived 

from  Ag2Br+ as 0.12 and 0.73 eV, respectively. The KER value for  Ag2- derived from 

 Ag3+ is evaluated as 0.07 eV. These KER values correspond to the total kinetic energy 

released in the center of mass frame in the dissociation process of the excited cluster 

Ag2Br*. Using the thermochemical data shown in Figs. 4.3.2 and 4.3.4, the energies 

available for the dissociation of Br or Ag from Ag2Br* are 1.4 and 2.49 eV, respectively 

and that of Ag from  Ag3* is 0.41 eV. It is interesting to know that the KER value for the 

elimination of Br is much larger than that of Ag, though the corresponding available 

energy of Br loss is smaller than that of Ag loss. 

    The fraction of the KER values to the corresponding available energies for the 

elimination of Ag and Br from Ag2Br* are 5 and 52%, respectively. Efficiency for the 

internal to kinetic energy conversion is usually less than 15% for the elimination of 

atoms or small molecules [60]. While the fraction for Ag loss from Ag2Br* is in the 

right range of efficiency, that for Br loss is much larger than the efficiency expected. In 

the case of Ag loss from  Ag3* a theoretical value for the fraction is 22% and 

experimental one is 5%. The fraction obtained using the theoretical value is larger than 

the fraction often found experimentally. The large available energy due to the low 

dissociation energy barrier presumed can explains this larger fraction for the 

dissociation of  Ag3* into  Age + Ag. Regarding the large fraction of 52% for the 

elimination of Br from Ag2Br, the structure of  Ag2Br+ is discussed below. The 

structures of Ag2Br* and  Ag3* formed by the near resonant neutralization are considered 

to remain the same as those of the respective positive ions, since the neutralization is a 

Franck-Condon process. The structure of  Ag2Br+ in the ground state is reported by 

Rabillioud to be an isosceles triangle  (AgBrAg+) whose apex angle is 111 degrees [36, 

37]. Since the loss of Ag from the isosceles triangular cluster AgBrAg* is expected to 
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provide significant vibrational and rotational excitation in the  Ag2 fragment due to the 

large structural difference in the  AgBrAg+ ion and the ground state  Ag2. A value of 5% 

obtained for the KER fraction is reasonable. However, the large fraction of 52% in the 

elimination of Br cannot be explained from the isosceles triangular cluster AgBrAg* due 

to the larger structure difference than that of the Ag elimination. The available energies 

evaluated from the thermochemical data shown in Fig. 4.3.2 are based on the formation 

of  Ag2 molecule and Br atom in their ground states. When the  Ag2 molecule is in an 

excited state, the available energy for the dissociation will decrease. The distance of 

Ag-Ag in the triangular ion  AgBrAg+, reported by Rabilloud et  al. [36, 37] is evaluated 

to be 3.86 x  10-10  m from the Ag-Br bond length of 2.54 x  10-10 m and the apex angle of 

111 degrees. When I employ a Morse potential with De = 1.67 eV and re = 2.48 x 10-10 

m [61], the bond length of 3.86 x  10-10 m of the  Ag2 molecule corresponds to a potential 

energy higher than the vibrational ground state of  Ag2 by 1.28 eV. If this excitation 

energy of the fragment  Ag2 molecule is used to estimate the available energy, it 

becomes almost zero and, hence, the observed large KER value of 0.73 eV for the 

elimination of Br is too large to be explained by a reaction mechanism via precursor ion 

 AgBrAg+ in the lowest state. From the large KER value for the loss of Br, therefore, it 

is suggested that the precursor ion  Ag2Br+ does not assume an isosceles triangular form 

but a scalene one of the type of  AgAgBr+, though the latter structure has not been 

confirmed by theoretical calculations. The excited neutral cluster AgAgBr* thus formed 

retains the same structure as that of  AgAgBr+ and is expected to provide a large KER 

value due to a single bond cleavage of AgAg-Br leading to the production of  Ag2 and 

Br. 

    In this section, it was demonstrated that dissociation of singly charged silver 

bromide cluster and silver cluster induced by collision with the alkali metal target could 

be investigated. In the next section, dissociation of doubly charged tungsten 

hexacarbonyl induced by collision with an alkali metal target is investigated. 
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4.4 High-energy ETD of doubly charged tungsten hexacarbonyl 

 W(C0)62+ ions using alkali metal targets 

4.4.1 Introduction 

    In this section, dissociation of doubly charged tungsten hexacarbonyl induced by 

collision with alkali metal targets is investigated. 

    Since the development of ESI [1], there has been a growing interest in electron 

capture and electron transfer processes of multiply charged ions formed from large 

biomolecules as ECD [2-5] or ETD [6, 7]. These processes have been studied to obtain 

information about the dissociation of molecular projectile ions, particularly amino acid 

sequences in peptides and proteins. The usefulness of the electron capture and electron 

transfer process is associated with N-Ca bond cleavages to form c- and z-type ions [8, 

9] without the loss of labile posttranslational modification groups. [2-7] The mechanism 

of N-Ca bond cleavage reactions has been studied by Turecek and coworkers [10-13]. 

N-Ca bond cleavages induced by electron transfer processes of multiply charge 

peptides on collision with neutral targets, such as alkali metals [14, 15], or metastable 
rare gases [16] have also been reported. Because the dissociation behavior of isolated 

molecules is controlled by the internal energy distribution P(e) of the molecular 

population, it is of fundamental importance to be able to characterize this distribution 

for charged ions whose charge is reduced by electron transfer. The current interest in 

ECD and ETD of multiply charged ions of large biomolecules also makes it important 

to develop methods for characterizing their internal energy distributions. Theoretical 

calculations to estimate the internal energy and the cross section are virtually impossible 

for electron transfer processes involving multiply charged ions of large biomolecules, 

because of the multitude of ion structures and dissociation pathways involved. 

    Beynon and coworkers [17-19] reported an approximate thermometer method in 

which branching ratios were used to characterize energy deposition associated with 

photodissociation. Wysocki et al. [20] have reported the use of so-called thermometer 

molecules to measure internal energy distributions P(e) of gas-phase ions. By using the 

same method, Cooks and coworkers determined the internal energy distributions, P(e), 

in doubly charged ions following electron transfer in high-energy collisions by using a 

sector-type mass spectrometer and in low-energy collisions by using a triple quadrupole 

mass spectrometer with various atomic and molecular targets [21-23]. One of the 

                         67



authors have previously measured the internal energy distribution of neutral species 

formed through neutralization in charge inversion mass spectrometry with alkali metal 

targets by using the thermometer molecule  W(CO)6 [24]. The internal energy 

distributions in the charge-inversion mass spectrometry indicated that dissociation 

occurs in the energy-selected neutral species formed by way of near-resonant 

neutralization [24-26]. I recently reported differences between the internal energy 

depositions induced by collisional activation and by electron transfer of  W(C0)62+ ions 

on collision with Ar and K targets [27]. The internal energy deposition in CID evaluated 

with the Ar target was broad and decreased with increasing internal energy. On the 

contrary to this, internal energy deposition evaluated with the K target was very narrow 

and centered at a particular energy, 7.8 eV below the energy level of the  W(C0)62+ ion. 

This narrow internal energy distribution was explained in terms of electron transfer by 

Landau-Zener [28-30] potential crossing at a separation of 5.9 x  10-8 cm between a 

 W(C0)62+ ion and a K atom, and the coulombic repulsion between singly charged ions 

in the exit channel. These results were compared with a classical overbarrier model [31, 

32], that successfully explained processes involving electron capture by multiply 

charged atomic ions in collision with atoms or simple molecules. From these 

experimental results, I proposed that the terms "CID" and "CAD", which were similarly 

 defined [33], should not be used interchangeably, on the basis that there are differences 

in the observed ions and in their intensities with Ar and K targets. 

    In the present work, I measured the CID spectra of doubly charged  W(C0)62+ 

ions following collision with either an K target or a Cs target. While the internal energy 

distributions obtained with both the K and Cs targets were very narrow, the average 

internal energy with a K target was lower than that with a Cs target. From the 

similarities and differences between the K and Cs target, I concluded that electron 

transfer from the alkali metal proceeds through a potential crossing at a large 

internuclear distance and that polarizability of the target is an important factor 

determining the position of the potential crossing. 

4.4.2 Experimental section 

    Mass-selected doubly charged ions were made to collide with alkali metal targets, 

and the resulting singly and doubly charged ions that formed upon electron transfer and 

collisional activation were mass analyzed by using an MS/MS instrument [27]. Doubly 
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charged  W(C0)62+ ions were formed by 70 eV electron ionization and accelerated to a 

kinetic energy of 10 keV by an accelerating voltage of 5 kV. Tungsten hexacarbonyl 

 [W(CO)6; 99%, Aldrich, USA]] was used as received. CID spectra were measured by 

mass-analyzing the singly and doubly charged positive ions leaving the collision cell by 

scanning the electric field in MS-2 from 0 to twice the electric field that causes the 

primary doubly charged ions to pass through the MS-2. 

4.4.3 Results and Discussion 

   The CID spectra of the doubly charged tungsten hexacarbonyl cation  W(C0)62+ 

with K and Cs as the targets are shown in Fig. 4.4.1(a) and 1(b).

Fig. 4.4.1. Collision-induced dissociation (CID) spectra of the doubly charged tungsten 

hexacarbonyl cation  [W(C0)621 with K and Cs as targets. The target gas is K for (a) 

and Cs for (b). The scales on the vertical axes of the spectra in (a) and (b) are 

normalized at the intensities of the strongest fragment peaks in the respective spectra, 
which are associated with the  W(C0)3+ ions and  W(C0)2+ ions, respectively. 
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Singly charged fragment ions were formed by electron transfer followed by dissociation, 

and doubly charged fragment ions were formed by collisional activation (CA), as shown 

in the reference [27]. In the both CID spectra, the non-dissociated  W(C0)62+ peak at m/z 

= 176 is by far the strongest , with a height higher than the upper limit of the scale of the 

vertical axis. The high intensity of this  W(C0)62+ peak was attributed to a precursor ion 

that did not interact with the target. In the CID spectrum with both K [Fig. 4.4.1(a)] and 

Cs [Fig. 4.4.1(b)] targets, the predominant peaks at m/z = 240 and 268 are associated 

with singly charged  W(C0)2+ and  W(C0)3+ ions, respectively. The singly charged 

fragment  W(C0)2+ and  W(C0)3+ ions result from electron transfer followed by a loss of 

four and three CO ligands, respectively. The relative abundances of these two peaks are 

much different between the K and Cs targets. The relative abundance of the peak 

associated with  W(C0)2+ ions compared with that for  W(C0)3+ ions is 1.0:1.66 with K 

target in Fig. 4.4.1(a) and 1.0:0.49 with the Cs target in Fig. 4.4.1(b). The relative 

abundances associated with  W(C0)+ (m/z = 212) and  W(C0)2+ (m/z = 240) ions in the 

Cs target [Fig.  4.4.1  (b)] are higher than those in the K target [Fig. 4.4.1(a)]. The higher 

intensity of the lower mass ions with the Cs target than that with the K target indicates 

that the internal energy of the charge-reduced  W(CO)6+* ions obtained on collisions 

with the Cs target was higher than that with the K target. The very weak peaks 

associated with doubly charged  W(C0)„,2+ (m = 4,5) ions resulting from cleavage of the 

W—CO bonds are observed at m/z = 148 and 162 in both spectra of Fig. 4.4.1. The 

relative abundances of  W(C0),,2+ (n = 4,5) and  W(C0)„+ (n = 1-6) obtained from the 

CID spectra following collisions with K and Cs targets are shown in Table 4.4.1; the 

relative abundances are evaluated from the average of several CID spectra measured 

atdifferent target pressures under the single-collision conditions. The peak intensities of 

the doubly charged fragment ions are much lower than those associated with singly 

charged  W(C0)„,+ (m = 2, 3) ions. The excessive intensity difference between the singly 

charged ions and doubly charged ions indicated that the electron transfer process was 

much effective than CA in the case of collisions with alkali metal targets. This result is 

explained by the fact that the difference in the cross section of the electron transfer of 

doubly charged ions on collision with the alkali metal targets, which is of the order of 

1014   cm2 is much larger than that of CA, which is of the order of  10-16 cm2 [27]. 

    The method to evaluate the internal energy distribution P(e) was reported by 

Wysocki et al. [20] by using the peak abundances in the spectra and the thermochemical 
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Table 4.4.1. The relative abundances of  W(C0)„2+ (n = 1-5) and  W(C0),n+ (m = 1-6) 

obtained from the CID spectra. The abundances are normalized to that of the largest 

fragment peak associated with the  W(C0)3+ and  W(C0)2+ ions with K and Cs targets, 

respectively. The relative abundances are evaluated from the average of the several 

mass spectra measured in different target pressures under the single-collision conditions. 

Intensities lower than  1% are shown as "-" 

 Singly charged ions Doubly charged ions 

      Target Target 

 Ion K Cs Ion K Cs 

 W(CO)6+ -  W(C0)62+ 

 W(CO)5+ -  W(C0)52+ 3 4 

 W(C0)4+ 2 -  W(C0)42+ 1 

 W(C0)3+ 100 36  W(C0)32+ 

 W(C0)2+ 63 100  W(C0)22+ 

Table 4.4.2. Thermochemical data for  W(C0)6+,  W(C0)62+, and their fragment ions. 

 IE/AE are the ionization energies or appearance energies and BE are the bond energies. 

DE are energy differences from the energy level of the charge reduced  W(C0)6+ ion. 

All values are in eV. IE/AE values for singly charged ions are taken from Wysocki et al. 

[20] IE/AE values for doubly charged ions are taken from Cooks et  al.  [21] 

       Singly charged ions Doubly charged ions 

 Ion IE/AE BE  dE Ion IE/AE BE  dE 

 W(C0)6+  8.  5 0.0  W(C0)62+  23.  5 15.0 

 W(C0)5+  9.  7  1.  2 1.2  W(C0)52+  24.  5  1.  0 16.0 

 W(C0)4+  11.9  2.2 3.4  W(C0)42+  27.3  2.8 18.8 

 W(C0)3+  13.  7  1.  8 5.2  W(C0)32+  29.  7  2.  4 21.2 

 W(C0)2+  16.  0  2.  3 7.5  W(C0)22+  32.  0  2.  3 23.5 

 W(C0)+  18.6  2.6 10.1  W(CO)  2+  35.7  3.7 27.2 

 W.  21.5  2.9 13.0  W2+  38.6  2.9 30.1 
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data. The thermochemical data for  W(C0)6±,  W(C0)62+, and their fragment ions are 

listed in Table 4.4.2. The thermochemical data of IE/AE values for singly charged ions 

and for doubly charged ions are reported by Wysocki et al. and Cooks et al., which were 

obtained from the measured ionization energy of the  W(C0)6+ ion and the appearance 

energies of the fragment ions [20, 21]. This method assumed that all the ions that have 

enough internal energy to dissociate do so and that they undergo the most endothermic 

reaction open to them. All the charge reduced  W(CO)6+* ions with energies between the 

activation energies for formation of  W(CO)m+ ions and  W(C0)„,i+ ions [DE(m) and 

DE(m-1), respectively] are assumed to fragment to yield  W(CO)m+ ions. The relative 

abundance of each fragment  W(CO)m+ ion is taken as a measure of the number of 

charge reduced  W(CO)6+* ions with internal energies between DE(m) and DE(m-1). 

The abundances of fragment  W(CO)m+ ions divided by the energy range DE(m-1)  — 

DE(m) gives the data height in P(e) between DE(m) and DE(m-1), which allow a 

comparison to be made between the relative abundances in P(e) and those in the CID 

spectra. To apply the method in the present work, some other additional assumptions are 

necessary, including the following: (1) a low initial energy of the parent  W(C0)62+ ions; 

(2) a low translational energy in the center of mass system of fragments after 

dissociation; (3) a low internal energy in fragment CO molecules; and (4) the short 

dissociation lifetimes of  W(CO)m+ ions. These assumptions (1)—(4) were rationalized in 

the previous report [27]. 

    Figures 4.4.2(a) and 4.4.2(b) show the internal energy distributions, P(e), 

obtained from the relative abundances tabulated in Table 4.4.1 evaluated from the CID 

spectra with the K and Cs targets and by using the thermochemical data tabulated in 

Table 4.4.2, by using the same method as that reported by Wysocki et al. [20]. The 

internal energies are scaled from the energy level of the charge reduced  W(C0)6+ ion. In 

Fig. 4.4.2 (a) and (b), the P(e) values between 5.2 and 7.5 eV correspond to the 

abundances of the peaks associated with the  W(C0)3+ ion in Fig.  4.4.1  (a) and (b), 

whereas those between 7.5 and 10.1 eV correspond to those associated with the 

 W(C0)2+ ion. The peak associated with the precursor  W(C0)62+ ion contains the 

contributions that did not interact with the target, and the relative intensity of this peak 

relative to those of the fragment ions depends on the target density. Therefore, the value 

between 15.0 and 16.0 eV that corresponds to the intensity of the precursor  W(C0)62+ 

ion is not plotted. The values that correspond to the intensities of the atomic singly 
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charged  W+  ions are not plotted, because the upper limits of the internal energies are not 

determined for atomic ions.

Fig. 4.4.2. Internal energy distributions,  P(e), obtained from the relative abundances 

listed in Table 4.4.1 and evaluated from the CID spectra with the K (a) and Cs (b) 

targets and calculated by using the thermochemical data reported by Wysocki et  al.  [3] 

and from Cooks et  al. [4]. The scales on the vertical axes of  P(0) distributions for the K 

(a) and Cs targets (b) are normalized at the height of the strongest fragments in the 

respective spectra, which are associated with  W(C0)3+ ions and  W(C0)2+ ions, 

respectively. 

    As Fig. 4.4.2 show the relative abundances, the plots for the K target in Fig. 

4.4.2(a) and for the Cs target in Fig. 4.4.2 (b) are normalized at the largest P(e) value 

between 5.2 and 7.5 eV and to that between 7.5 and 10.1 eV, respectively. The 

intensity of the singly charged ions formed by electron transfer is much larger than that 

in the positive region of the doubly charged fragment ions formed from collisional 

activation for both K and Cs target. This intensity difference indicates that the relative 
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cross section for electron transfer is much larger than that for collisional activation with 

alkali metal targets. The presence of the narrow maximum peak in the internal energy 

distribution for the singly charged ions  formed by electron transfer from the K and Cs 

targets shows that a specific excitation for the singly charged  W(CO)6+* formed by the 

electron transfer predominates in the case of alkali metal targets, as is the case in 

charge-inversion mass spectrometry [24-26]. 

 W(CO)62+ + K (or Cs)   15.0                             AE =3.5 AE =2.9I 
                                                    W(C0)6+*+  Cs+ 

 w+13.0  W(C0)6+* +  K+   12.1 
  11.5 

                                                            Cs (113=3.9)          W(C0)4.  - 10.1 K  (IP=4.3) 

          8.2     W(C0)6+* + Cs 
       W(CO)2+ 7.5                 7

.2    W(CO)6+*  + K 

 W(CO)3+  — 5.2 

 W(CO)4+  - 3.4 

 W(C0)5+  - 1.2 

 W(C0)6+  + K (or Cs)   0   

Fig. 4.4.3. Energy levels of  W(C0)6+,  W(C0)62+, and their fragment ions in electron 

volts. The thermochemical data are from Wysocki et al.  [3] and from Cooks et al. [4]. 

The average values of the internal energy of  W(CO)6+* were evaluated from the data 

shown in Fig. 4.4.2. For the sake of clarity, + K and + Cs ions are omitted from the 

energy levels of the fragments. 

The internal energy distribution for the Cs target is higher than that for the K target, as 

shown in Fig. 4.4.2. The average internal energy for the K target, evaluated from the 

relative abundances of the  W(C0)2+ ion and the  W(C0)3+ ion, is 7.2 eV. As the 

fragment ions with the maximum intensity were  W(C0)2+ ions in the case of the Cs 

target, the average value of the internal energy for the Cs target was evaluated to be 8.2 

eV from the abundances of  W(CO)  + to  W(C0)3+ ions. The lower values of the average 

internal energy for both targets than the energy level of 15 eV for the precursor 

                         74



 W(C0)62+ ion indicated that the electron transfer on collision with alkali metal targets 

provided the charge reduced  W(CO)6+* whose energy was lower than the precursor 
 W(C0)62+ ion. The internal energy distributions for the K target, in which the energies 

were scaled from the energy level of the precursor  W(C0)62+ ion, was already shown in 
the previous report [27]. The average internal energy of 7.2 eV scaled from the energy 

level of the charge reduced  W(C0)6+ ion is identical to that of -7.8 eV scaled from the 

energy level of the precursor  W(C0)62+ ion. 
    Energy levels of  W(C0)6+,  W(C0)62+, and their fragment ions are shown in Fig. 

4.4.3. The energy values of the fragments are scaled from the ground state of the charge 

reduced  W(C0)6+ and a neutral alkali metal, whose energy is 15 eV lower than the 

entrance channel of the collision. The average energy level of  W(CO)6+* ions for K and 

Cs targets estimated from the internal energy distribution for the electron transfer 

process in Fig. 4.4.2 are 7.2 and 8.2 eV, respectively. The energy level of 7.2 (or 8.2) 
eV corresponds to an energy level of the W(C0)6±* + K (or Cs) reaction. The energy 

level of the exit channel of  W(CO)6+* +  K+ (or  Cs+) in the reaction of the present work 

is higher than that of W(C0)6+* + K (or Cs) by an amount equal to the ionization energy 

of the respective target. Since the ionization energies of K and Cs are 4.34 and 3.89 eV, 

respectively, the energy differences of 3.5 and 2.9 eV are evaluated to be those between 

the entrance channel of  W(C0)62+ + K (or Cs) and the exit channel of  W(CO)6+* +  K+ 

(or  Cs). While the electron transfer process between singly charged ions and an alkali 
metal target was near-resonant as demonstrated by our group [24-26], the energy 

differences of 3.5 and 2.9 eV indicated that the electron transfer between the doubly 

charged ions and the alkali metal targets were not near-resonant process. These 

differences have been explained in terms of an ion induced dipole in the entrance 

channel and a coulomic repulsion in the exit channel as discussed in the previous study. 

[27] The process most likely to be responsible for electron transfer is Landau-Zener 
curve crossing [28-30], which is represented schematically in Fig. 4.4.4. In this model, 

the doubly charged ion and the target gas approach each other along an ion-induced 

dipole curve; at some critical distance (Re), electron transfer takes place and the two 
singly charged positive ions exit on a coulombic repulsion curve. The energy difference 

(DE) of this process between the entrance and the exit channels is calculated by using 
equation (4-4-1), 
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 e2 a(2e)2  AE  -  
4.rre0k  32i2R4 (4-4-1) 

where e is the electric charge,  eo is the permittivity of a vacuum, and a represents the 

polarizability of the target. The Landau-Zener curve crossing near the critical distance 

of the electron transfer is represented schematically in Fig. 4.4.4. The energy levels of 

the entrance channel decrease with decreasing the  internuclear distance, because of the 

large polarizabilities for the K and Cs targets, whose values are 43.4 x  10-3° and 59.6 x 

 10-30 m3, [34, 35] respectively.

Fig. 4.4.4. Schematic of the potential energy curves near the critical distance of 

Landau-Zener  [8-10] potential crossing. The a symbols indicate positions of potential 

crossing of the respective targets. 

Based on the energy difference between the entrance and exit channels evaluated from 

the maximum in the internal-energy distribution, an critical distances of the electron 

transfer of  W(C0)62+ and K and Cs targets are evaluated to be 5.88 x 10-8 and 6.83 x 

 10-8 cm, respectively. This potential crossing at this large internuclear distance meets 

the criterion for electron transfer by the Landau-Zener curve crossing. The decrease in 

the energy as a result of the ion-induced dipole in the entrance channel at the critical 
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points from the  infinite  internuclear distance are 1.05 eV for the K target and 0.79 eV 

for the Cs target. The ratio between the decreases in the energy and the energy 

differences between the entrance and the exit channel for the K and the Cs targets are 30 

and 27%, respectively. If these decreases are neglected, the critical distances for the K 

and Cs targets become 4.11  x  10-8 and 4.96  x  10-8 cm, respectively. The decrease of 

more than 27% in the energy and the difference in the critical distances indicate that the 

decrease in the energy as a result of the ion-induced dipole cannot be neglected in 

evaluating the critical distance of electron transfer in case using alkali metal targets. The 

critical distances estimated in this work are longer than the  internuclear distances of the 

alkali metal molecules K2 and Cs2 reported to be 3.91  x  10-8 and 4.47x  10-8 cm, 
respectively [36]. Electronic structures of the alkali metal molecules were well 

represented by two valence s electrons with well-separated inner cores [37]. Whereas 

the ratio of the estimated critical distances between K and Cs is 0.86, the ratio of the 

 internuclear distances of the diatomic molecules is 0.87. The larger values of the critical 

distance compared with the  internuclear distances of the molecules and the similarity of 

their ratios suggests that electron transfer between doubly charged ions and an alkali 

metal target takes place from the outmost s orbital. 

    While the cross section estimated on the basis of an  internuclear distance of 5.88 

 X  10-8 cm for K target is 1.09  x10-14cm2, that of 6.83  x  10-8 cm for Cs target is 1.47  x 

 10-14 cm2. The cross section of the order of  10-14 cm2 estimated in the present work is 

much larger than that for collisional activation, which has been estimated to be in order 

of  10-16 cm2 [27, 38]. I believe that the electron transfer processes of multiply charged 

ions of large biomolecules that follow collision with alkali metal targets will provide 

information about the dissociation of molecular projectile ions, particularly about 

amino-acid sequences in peptides and proteins, in the same manner as do the isomeric 

differentiations in charge-inversion mass spectrometry [27, 38-41]. 

    In this section, it was demonstrated that dissociation of doubly charged tungsten 

hexacarbonyl induced by collision with an alkali metal target could be investigated. In 

the next section, dissociation of multiply protonated peptides induced by electron 

transfer from an alkali metal target is investigated. 
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