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ABSTRACT 

Two major lines of investigation, both involving collisions of ions with organic 

thin films on metal, are described in this dissertation. The first topic involves studies of 

low-energy (e.g., 10-250 eV) ion-surface interactions with Langmuir-Blodgett (L-B) 

films labeled at the outermost surface carbon atom, either by isotopes (deuterium or 

or by fluorine. The L-B films are prepared from the labeled fatty acids. The ion-surface 

collision results suggest that the outermost surface atoms/groups are the main 

determinant of energy transfer, electron transfer, and ion-surface reactions for polyatomic 

projectile ions (e.g., benzene, pyrazine). The results presented in this highly 

interdisciplinary area could be of interest to ion chemists, surface scientists, molecular 

physicists, physical chemists and others. In addition, the results promise a novel surface 

characterization technique using ion-surface interactions in the future. 

The second research topic involves studies that utilize surface-induced 

dissociation (SID) for mecham'stic investigations of peptide fragmentation. Easily 

prepared self-assembled monolayers (SAMs) of alkanethiols or fluoroalkanethiols on 

gold are used in SID of peptides. A long-term goal associated with the work on peptide 

fi-agmentation is to provide improved and additional predictive rules of peptide 

dissociation for the computer-aided interpretation of MS/MS spectra in MS-based high 

throughput peptide/protein sequencing. For example, MS/MS resuhs of fixed-charge 

derivatized peptides unequivocally demonstrate that in the absence of an available mobile 

proton, selective cleavages at the peptide bond immediately C-terminal to an Asp residue 
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(Asp-Xxx), initiated by the Asp side chain acidic hydrogen, dominate the MS/MS 

spectra. SID on a series of dendrimers was also performed to investigate the effect of 

different charge states on the ion fragmentation. The dendrimers serves as model 

compounds that have a number of protonation sites with similar gas-phase basicities 

compared to peptides that have a more heterogeneous population of basic sites. In 

contrast to previously reported results for muhiply protonated peptides of comparable 

size and charge states, no dependence of SID characteristic collision energy on the charge 

state of the dendrimers is observed. This supports the idea that it is a mobile proton 

available to the amide group moiety, instead of simply an additional positive charge, that 

promotes the lower energy cleavage of peptide bonds. 
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l.l. LOW-ENERGY POLYATOMIC ION-SURFACE COLLISIONS 

Gas phase ion-surface interactions are of interest because of their practical 

applications and the fascinating fundamental chemistry and physics associated with the 

collision processes. Researchers in this field come from condensed matter physics, mass 

spectrometry, material science, physical chemistry, analytical chemistry, electronic 

engineering, and biomaterials. Figure 1.1, a figure adapted from a commentary article, ̂  

lists some of the practices for the research in this field. Investigations of ion-surface 

interactions may be viewed as falling into two categories if based on the range of 

collision energies applied; low energy (e.g., a few eV to a couple of hundred eV) and 

high energy (e.g., 1 keV to several hundreds of keV). For example, keV projectile ions 

(often atomic ions) can impart their energy and momentum to the surface species causing 

sputtering, or penetrate into the solid surface and become implanted there. Ion sputtering 
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from the surface is exploited for the analysis of chemical composition of surfaces in the 

established technique of secondary ion mass spectrometry (SIMS).^ Ion implantation is 

investigated for fabrication of semiconductor materials and optical films.^ The physics 

and physical chemistry associated with fundamental processes involving low-energy 

collisions of small ions (e.g., up to a few atoms) with crystal surfaces have been active 

research areas.^'^ During recent years, collisions of polyatomic ions with organic thin 

film surfaces have been investigated. Dramatic differences are seen between low energy 

ion-surface collisions and those in the keV range. For example, some polyatomic 

projectiles may survive the collision at lower energies (e.g., 5 eV) and "soft-land" as 

"molecular parachutes" on a fluorinated orgam'c surface.^ More recently, retrieval of 

DNA molecules soft-landed on a nitroglycerol surface following the high mass-resolution 

separation in a Fourier transform mass spectrometer (FTMS) has been reported.^ 

The studies that comprise this dissertation belong to the low energy category of 

ion-surface interactions (e.g., 10 eV to 250 eV). There are several aspects of interest to 

chemists in this range of collision energies. Figure 1.2 shows several processes that 

occur during or following the polyatomic ion collisions with an organic thin film on 

metal. Investigation of these processes is a primary focus of this dissertation. One 

process is dissociative scattering of polyatomic projectile tons. Other processes are 

reactive collisions, including surface atom/group transfers to some projectile ions and 

charge transfer between projectile ions and the surface. Although the sputtering of 

surface species is not a notable process under the conditions of polyatomic ion-surface 

collisions in the energy range investigated, some sputtering experiments utilizing atomic 
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projectile ions were nonetheless performed in certain experiments with special research 

interests described in this dissertation. 

Dissociative scattering of polyatomic projectile ions led to the development of 

surface-induced dissociation (SID) by Cooks and co-workers-^'^^ In this case, ion-

surface collisions can be used to obtain analytical information regarding the projectile 

tons, e.g., identification or elucidation of ion structures. This falls into the field of 

tandem mass spectrometry (MS/MS). ^2 Tandem mass spectrometric measurements 

are accomplished by mass-selecting a particular ion of interest after it is formed, 

activating it, and analyzing the unimolecular dissociation products that form from the 

activated ion, see Scheme 1.1 below. The mass-selected ions of interest (i.e., parent or 

precursor ions) are activated by collision with a gas (i.e., collision-induced dissociation, 

CID^3), with a surface (i.e., SID), or by absorption of photons (including blackbody 

infrared irradiation dissociation, BIRD 5). The "tandem" experiment can be 

Select 
Xon Activate 

Goa 
Surface 
Photons 

Unimolecular 
dissociotion 

Scheme 1.1 Unimoiecular dissociatioa of the parent ion activated by 

different methods ia tandem mass spectrometry (MS/MS). 
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accomplished either in space (such as in quadrupole or sector instruments where ions of 

interest travel across a space) or in time (such as in ion trap instruments or FT-mass 

spectrometers where ions of interest stay in the same cavity of the instruments). While 

photoactivation methods such as BIRD now focus on investigations of physical chemistry 

of the fragmentation processes, CID and SID are more powerful as analytical methods for 

structural analysis since they can provide "fragment rich" MSA4S spectra. While the 

CID technique is commercially available, SID is not yet available on conmiercial 

instruments. This is not fortuitous since SID, an activation method that replaces the 

gaseous target (i.e., in CID) by a surface, brings some special features to MS/MS studies. 

In particular, SID provides higher transfer of kinetic energy into internal modes of 

polyatomic projectile ions (e.g., translational freedom to vibrational modes; T -> V), and 

provides narrower distributions of the internal energy deposited into the ions (compared 

to CID).^ These two features result in easily tunable internal energies of polyatomic 

projectile ions activated by SID, as demonstrated in Figure 1.3. This figure, adapted from 

Ref shows the maximum occurrence for the product ions of consecutive unimolecular 

dissociation of the W(C0)6^ molecular ion in the energy-resolved SID spectra (part a of 

Figure 1.3) but not in the CID spectra (part b of Figure 1.3). Meaningful ion chemistry 

implications of SID include: i) effective fragmentation for some refractory ions (either 

large^^>^^ or very stable^^ ions), ii) mecham'stic insights drawn from energetic 

studies,^^'^^ and iii) extraction of activation energies for some ion fragmentation 

pathways.22,23 

Another interesting chemical aspect of low-energy ion-surface interactions is 
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reaction between the gas phase projectile ions and the target surfaces. The discovery of 

ion-surface reactions between a low-energy (eV magnitude) gas-phase ion (e.g., organic 

molecular ion) and an orgam'c surface 9,24,25 has expanded the scope of mass 

spectrometry with a promising new surface characterization technique.26 Extensively 

investigated ion-surface reactions involving an organic surface include the abstractions of 

CnHm and/or H from hydrocarbon-terminated surfaces^'^^,27-34 p (single or 

muhiple) from fluorinated surfaces27,30,35,36 some projectile ions. Certain 

projectiles react with orgam'zed orgam'c thin films to provide spectral features that reflect 

the film quality.^ ^ The potential to probe the outermost surface groups or atoms by 

certain polyatomic ion-surface reactions has recently been demonstrated by the Wysocki 

group.33'3^ Besides the reaction products scattered off surfaces, reaction products are 

sometimes formed on the target surface, and the potential of ion-surface reactions in the 

modification of organic surfaces is being investigated^^'^^ 

Organic thin films on metal provide control of the chemical and physical 

properties of the collision target surfaces. Figure 1.4 shows ion-surface collision spectra 

recorded when benzene molecular ions collide at 30 eV kinetic energy with (a) a 

hydrocarbon terminated surface, and (b) a fluorocarbon terminated surface.^^ It is seen 

in this figure that different extents of fragmentation and different ion-surface reaction 

products occur with these two different organic surfaces. The higher extent of 

fragmentation with the fluorinated surface than that with the hydrocarbon terminated 

surface indicates the higher internal energy deposited into the projectile ion; this energy 
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drives the unimolecular dissociation. It was also found that a fluorinated surface is more 

efficient than a hydrocarbon terminated surface in the total yield of scattered ions 

produced relative to the initial projectile ion current.27,30 71^5 indicates that the extent 

of neutralization of projectile ions, due to electron transfer from surface to the (positively 

charged) ions, is less when compared to hydrocarbon terminated surfaces. A question 

arises: Are the energy transfer, atom/group transfers and charge transfer influenced by the 

total film or mainly by the terminal group! This will be addressed by the experimental 

results obtained with labeled Langmuir-Blodgett films (Chapters 3 and 4 of this 

dissertation). A long-term goal associated with the research described in Chapters 3 and 

4 is to explore the feasibility of a novel surface characterization technique utilizing low-

energy ion-surface collisions to provide qualitative identification and quantification of the 

functional group or groups present at the outermost atomic layers of organic thin films. 

1.2 Peptide Sequence by Tandem Mass Spectrometry (MS/MS) 

Over the last decade, the discovery of "soft" ionization methods such as ESI 

39,40 Matrix Assisted Laser Desorption Ionization (MALDI)^^ has ignited great 

passions for the analysis of large, nonvolatile molecules by mass spectrometry.^^ The 

feasibility of introducing intact large, nonvolatile molecular ions into a mass spectrometer 

has also greatly intensified interests in structural elucidation or identification of 
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biological molecules via tandem mass spectrometry (MS/MS). The validity of 

identifying a molecular analyte by using mass spectrometry data with its fragmentation 

patterns along with molecular weight information has been long and widely accepted. 

The lack of fragments from a "soft" ionization source such as ESI ^9,40 necessitates the 

use of MS/MS for structural determination. 

The classical peptide sequencing technique introduced in the late I960's by 

Edman et al has been routinely used, in automated fashion, to sequence peptides.^^ 

Edman degradation sequentially removes one residue at a time from the N-terminus of a 

peptide and subsequently the truncated peptide (Figure l.S) and the cyclic derivatives of 

the terminal amino acids are then analyzed by high performance liquid chromatography 

(HPLC).^^ However, there are some disadvantages of this classic technique, including 

the following: (i) it is time consuming - each cycle of Edman degradation for an 

individual residue takes approximately 1 hour; (ii) it may not be used for peptides 

containing blocked N-termini or to identify^ post-translationally modified peptides; and 

(iii) it usually requires high purity for the peptide/protein to be analyzed and only very 

simple peptide mixtures can be analyzed satisfactorily. 

The fragmentation of protonated peptides by tandem mass spectrometry (MS/MS) 

provides a means for determination or identification of the primary structure of 

peptides.^^'^^ Cleavages at the amide linkages and other positions can occur when 

protonated or multiply protonated peptides are activated in the gas phase. MS/MS 

sequencing based on the dissociation patterns has several advantages over conventional 
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Edman peptide sequencing. Besides the high scan-speed provided by mass spectrometry, 

MS/MS is an attractive approach for dealing with mixtures of peptides, N-terminal 

blocked peptides, identification of posttranslational modification (e.g., phosphorylation 

sites of proteins),^^ and for rapid identification of proteins by database matching of a few 

peptides in the protein digests.^^ Even in Edman sequencing communities, mass 

spectrometry is now increasingly used for sample purity assessment, to estimate the 

number of Edman cycles needed, and to eliminate Edman ambiguities.'^ 

A peptide molecule is a repeating polymer that varies only in the side chains 

attached. Ideally, fragmentation of its backbone at similar positions at each amino acid 

residue in the chain leads to a series of fragment ions, whose sequence would readily be 

determined simply by the mass differences between adjacent peaks. In reality, several 

different series of fragment ions may occur and peaks among these series may be 

enhanced or totally absent. Figure 1.6 shows a SID tandem mass spectrum of ESI-

generated [M+2H]^^ ions of the peptide Substance-P methyl ester. Dotted lines indicate 

one series of fragment ions. The differences in mass between adjacent peaks correspond 

to the mass of amino acid residues (Figure 1.6). Note that the other peaks (that are not 

labeled) in the spectrum belong to other series of fragment ions. 

Scheme 1.2 illustrates the nomenclature for six types of fragment ions that occur 

by cleavages at backbone sites of a peptide. For example, bn or yn designates the M-

terminal or the C-terminal charged fragment, respectively, when the cleavage at the n"* 

(from the N- or C-terminus, respectively) amide linkage occurs. Other fragment ions 

include immonium ions of individual amino acid residues occurring in the low mass 
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region of MS/MS spectra, internal fragment ions generated by cleavages at both sites of 

a piece of an internal sequence, and the fragment ions generated by cleavage at amino 

acid side chains, etc. In fact, bn/an ions and yn ions are among the most frequently 

occurnng N-terminal and C-terminal fragment ions, respectively, in MS/MS experiments. 

In the SID spectrum of peptide Substance-P methyl ester (Figure 1.6), the peaks indicted 

by the dotted lines are the b„ series ions. Other peaks in the MS/MS spectrum (e.g., over 

m/i 200; Figure 1.6) are an series ions occurring at m/z positions 28 amu (CO) lower than 

those of bn series ions. Also observed in the spectrum are some doubly charged N-

terminal fragment ions produced from the doubly protonated peptide ions (not labeled; 

Figure 1.6). Note that most of the C-terminal y-type ions (except the small ones such as 

yt ion, not labeled) are absent in this MS/MS spectrum. 

The ^es of fragment ions that form in a MS/MS experiment also depend on the 

type of tandem mass spectrometers used which may differ in the internal energy 
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deposited into the ions and the time window for unimolecuiar dissociation after ions are 

activated. For example, in trapping instruments (quadrupole ion trap or Fourier 

Transform MS instrument), the internal energy is deposited into the ion in small 

increments and the long time frame for dissociation, which favors some low-energy 

fragmentation channels that are entropicaily difficult (see some examples later in Chapter 

6). Some fragment ions generated by cleavages at the side chain of amino acid residues 

(loss of the substituted group at the P-carbon, if applicable),occur in MS/MS 

spectra. They are useful for differentiating residues with the same mass but different side 

chain structures (e.g., leucine vs isoleucine), if they are not considered as another factor 

to complicate the MS/MS spectra even more. Note that these types of cleavages are 

usually observed under high-energy (keV) gas-phase collision conditions compatible with 

sector or sector-hybrid tandem mass spectrometers that deposit a broad distribution of 

internal energy with a high-energy tail. 

Much progress has been made in understanding the mechanisms of fragment ion 

formation. Scheme 1.3 shows the structures of bn/yn ions upon the cleavage of peptide 

linkages, as proposed in the literature. While yn ions are widely accepted as having the 

structure of a truncated peptide as shown in Scheme 1.3, different bn structures are 

suggested. For example, a linear structure, such as the acylium structure,^^ and a cyclic 

structure, such as the oxazolone structure,have been proposed in the literature. 

There is strong evidence, reported by the Wysocki group 21,61,62 jmd gome other 

groups,^^'^^ that low-energy formations of bn/yn ions are promoted when the iom'zing 

proton is available at the cleaved site, i.e., a so-called charge directed mechanism. The 
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fragment ion structures generated by involving side chain cleavage, e.g., d-type ions and 

w-type ions, are shown in Scheme 1.4. As suggested by Biemann and co-workers, 57,58 

these fragment ions are formed from radical ion intermediates (Scheme 1.4) that are 

produced by homolytic cleavage at backbone sites (Scheme 1.4) when the proton is 

located somewhere remote to the cleaved site.^^'^^ That is, they are formed via a so-

called "charge-remote" mechanism. 

Due to possibly complicated MS/MS resuhs, it is easy to understand that the 

interpretation of MS/MS data is the bottleneck for the utility of this technique while the 

acquisition of MS/MS data can be very fast and highly automated. Many 

interpretation/data analysis algorithms such as those based on the protein/nucleotide 

database search are being developed. A relatively successful example is the SEQUEST 

program written by Yates and co-workers.52,65-69 xhis approach involves the following 

procedure as shown in Figure 1.7. Briefly, sequence stretches are taken from a 

protein/nucleotide database to match the molecular weight of the measured peptide. The 

predicted fragment ion spectrum for each sequence taken from the database is generated 

by calculating all possible common cleavage sites in each peptide. By partial elimination 

by a scoring routine and then cross-correlation analysis between experimental and 

theoretically-generated MS/MS spectra, the candidate peptide (chosen from the database) 

with the highest correlation score is provided by the program. The database search 

algorithms is useful for rapid identification of proteins. For the investigations that target 

the peptides/proteins that are not in the existing protein/nucleotide databases, the 

protocols based on database matching can at least provide an effective means to avoid 
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waste of time on known peptides/proteins. Note that the prediction of a MS/MS 

spectrum for a given peptide is far away from being well-developed. Consequently, no 

match or bad matches can occur during the search even if the investigated peptide is in 

the database. 

Note that all existing algorithms (including the SEQUEST program) take 

advantage of the knowledge, regarding peptide fragmentation, gained in experimental and 

fundamental research performed for almost two decades. However, an improved 

understanding of how peptides dissociate in the gas-phase is still essential for allowing 

substantial improvements in the protocols that now exist for automated protein 

sequencing by MS/MS. For example, the SEQUEST program generates the theoretical 

spectra such that all the fragment ions within a series occur with the same probability 

(e.g., assume peptide ions cleave non-selectively across the peptide backbone). This is 

not consistent with experimental observation for selective/enhanced cleavage at certain 

specific amide linkages. For example, the selective/enhanced cleavages of the amide 

linkage at the C(0)-N bond C-terminal to an aspartic acid residue (i.e., at Asp-JGoc),^®-

72 or at the C(0)-N bond N-terrainal to a proline residue (i.e., J&cx-Pro),^^ have been 

noticed. However, the fact that these selective/enhanced cleavages do not always occur 

might have discouraged the investigators to include them into the existing computer-

based interpretation of peptide MS/MS spectra. Therefore, thorough investigations for 

improved understanding of peptide fragmentation on a molecular basis are warranted. 

The research projects described in chapter S and 6 are designed to increase our 

understanding of the mechanisms of peptide fragmentation. For example, what is the role 
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of the ionizing proton or the lack of an ionizing proton in affecting the fragmentation 

patterns? What are the most probable structures of certain ionic fragments of peptides 

(e.g., a generic bn ions vs a specific bn ion formed at an Asp residue)? Also, to better 

understand the fragmentation efficiency of multiply protonated peptides, SID of a series 

of polypropylenamine dendrimers was investigated as described in chapter 7. The 

dendrimers serve as model compounds, having a large number of protonation sites with 

similar gas-phase basicities compared with peptides that have a more heterogeneous 

population of basic sites, to investigate the effect of different charge states on the ion 

fragmentation, [n addition to fimdamental understanding the gas-phase ion chemistry of 

peptide fragmentation, a long-term goal of this type work is to provide improved and 

additional "rules" that can be used to enhance automated primary sequencing of peptides 

and proteins by tandem mass spectrometry. 
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Instrumentation and Experimental Methods 

2.1 IONIZATION METHODS 

The choice of ionization methods in mass spectrometry depends on the nature of 

the analytes. Small, volatile molecules can be ionized by removal of an electron from the 

gaseous neutral molecule with electron impact iom'zation (EI). In this case, a radical 

molecular ion is formed. The electron impact energy in an EI source is commonly set at 

70 eV^ for the following reasons: (i) this energy is within the plateau region of high 

ionization efficiency for most small, volatile molecules and (ii) by using the same 

electron impact energy, it is convem'ent to compare the EI spectra obtained on different 

instruments in different laboratories and thus, convenient to set-up a large database for 

database searching. EI is a so-called "hard" ionization method because the radical 

molecular ions almost always undergo fragmentation. Often (although not always), the 

fragmentation in EI is so facile that no molecular ion peak is present in the EI spectra for 
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determinatioa of molecular weight. On the other hand, the fragmentation in EI provides 

an easy means to generate some gas-phase ionic probes for the investigation of gas-phase 

ion-molecule reactions or ion-surface reactions. The projectile ions for the investigation 

of ion-surface interactions in Chapter 3 and 4 were all generated by EI. For example, Cr" 

and Mo"" ions generated from the corresponding metal-hexacarbonyl molecules in EI 

source are used to investigate fluorine addition from fluorinated organic surfaces (see 

Chapter 4). 

For large, nonvolatile molecules (e.g., biomolecules such as peptides, proteins), 

ions are generated for mass spectrometry by the addition or removal of a simple unit 

(e.g., a proton) from molecules. The ionization methods in this category include, but are 

not limited to, electrospray ionization (ESI),2^3 matrix-assisted laser desorption 

ionization (MADLI),^ and fast atom bombardment ionization (FAB).^ For example, 

protonated, deprotonated, or metal-cationized molecular ions are produced in these 

ionization methods (e.g., (M+H)^ (M-H)", (M+Li)"" ions). Such types of ions are often 

called even-electron ions since no radical sites exist in the ions. Since either almost no 

fragmentation (e.g., ESI) or little fragmentation (e.g., MALDI, FAB) occurs in the 

ionization source relative to that with EI, these ionization methods are often referred to as 

"soft" ionization methods. ESI was used to generate ions to investigate the fragmentation 

of some peptide and dendrimer ions and the results are presented in Chapter S, 6 and 7. 

A brief introduction to electrospray ionization (ESI) and a description of the ESI source 

used in our instrument are given below. 
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2.1.1 Electrospray Ionization (ESI) 

Electrospray ionization (ESI) coupled with a mass spectrometer was first 

developed by Fenn and co-workers about ten years ago.^^^ An earlier idea may be 

tracked back to Dole et ai who demonstrated the feasibility of obtaining gas-phase ion 

current from solutions of high molecular weight polymers.^ During the last decade 

following the discovery of ESI mass spectrometry, its use has rapidly grown. One 

important advantage of ESI that caused this rapid growth is the ease of coupling an ESI 

mass spectrometer with liquid chromatography (LC). Another notable feature of ESI is 

that multiply charged ions are often generated by this ionization method. ESI has made it 

possible to analyze high molecular weight compounds, provided they can carry the 

required number of charges, in a m/z range accessible with most mass analyzers. In 

ESI,^>^ charged droplets are first sprayed across a high electric field at atmospheric 

pressure. Evaporation of solvent from a charged droplet increases the surface-charge 

density until it reaches the Rayleigh limit, at which the force due to Coulombtc repulsion 

and surface tension becomes comparable. The resulting instability will bring about a 

fission of the parent droplet into a plurality of smaller offspring droplets. Such fission 

can repeat several times in a short time frame. Two different mechanisms have been 

proposed to account for the formation of free gas-phase ions from the small charged 

droplets. The first one, proposed by Dole et al.,^ depends on the formation of extremely 

small droplets that contain only one ion. Solvent evaporation from such a droplet will 

lead to a gas-phase ion. The other mecham'sm, proposed by Iribame and Thomson,^ 
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assumes ion evaporation (emission) from very small and highly charged droplets. The 

droplet does not undergo fission but emits gas-phase ions. A similar theory of "ion 

desorption from the electric field of a charge-droplet" was later developed by Fenn who 

demonstrated respectable enthusiasm in his effort to address pertinent questions.^ 

Regardless of the mechanism, the free gas-phase ions formed from the small charge 

droplets are finally introduced into the high vacuum region of the mass spectrometer and 

are analyzed. 

2.1.2 Our ESI Source 

A schematic of the ESI source used for the SID instrument is shown in Figure 2.1. 

It is a modified design based on those of Chowdhury et al. and Papac et ai ̂  1 The 

analytes were dissolved in solvents (e.g., a mixture of methanol/HiO) containing acid 

(e.g., 0.2-1 % acetic acid) to give a concentration of 20~150 pmol/^L. The solutions 

were sprayed at atmospheric pressure from a syringe needle held at 4.0-4.8 kV (flow rate 

of 2nL/min), towards a stainless steel capillary (0.020" i.d. x l/l6"o.d x ~8" length, 

Upchurch Scientific, WA). The nichrome heating wire (0.020" thickness) in fiberglass 

sleeving is wrapped around a cylindrical brass block in which the metal capillary is 

placed at the center (Figure 2.1). The brass block is electrically isolated from the front 

flange using ceramic washers and ceramic spacers (Figure 2.1). The metal capillary is 

also electrically isolated from the front flange and fi'om the alignment mounting to the 

skimmer cone by using Upchurch Scientific insulator adapters (Figure 2.1). The 
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Figure 2.1 Cross sectional view of the ESI source used on the SID instrument. 



58 

temperature of the capillary was maintained at 130 °C to ensure proper desolvation of the 

ions. The desolvated ions were directed toward a skimmer cone (orifice: 0.018" i.d.), 

after which the ions entered into the high-vacuum region (~2xI0*' torr) of the mass 

spectrometer while most of the neutral gas was pumped away from the region between 

the capillary end and the skimmer cone. Usually, a slightly higher voltage is applied on 

the heated capillary relative to that on the skimmer cone to ensure ion transmission (e.g., 

120 V on the capillary vs 90 V on the skimmer cone as shown in Figure 2.1). 

2.2 INSTRUMENT FOR LOW-ENERGY ION-SURFACE COLLISIONS 

Tandem mass spectrometry (MS/MS) ̂ 2,13 hag become increasingly important 

both as an analytical technique for the characterization of the structure of molecules and 

as a route to study fundamental gas-phase ion chemistry. Among other activation 

methods for ion fragmentation in MS/MS, surface-induced dissociation (SID), pioneered 

by Cooks and coworker, has undergone a great deal of investigation during recent 

years. SID has been investigated in a variety of instrumental set-ups, including sector-

quadrupole hybrid mass spectrometers,quadrupcle, 1^*18 sector, time-of-

flight (T0F),21-25 and Fourier Transform mass spectrometers (FTMS).26-28 in the 

studies that comprise this dissertation, a custom designed dual quadrupole SID 

instrument^ ̂  was used. This instrument is described below. 



P' quadmpole mass analyzer 

2^ quadmpole mass analyzer 

Ions 

To Detector 

Figure 2.2 A schematic 3-D view of the SID instrument. The surface holder can be moved along the z-direction and be rotated in 

the x-y plane. Electrostatic lenses before the 1^ quadrupole and after the 2^ quadmpole are omitted for simplicity. 
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2.2.1 Our Dual-Quadnipole SID Tandem Mass Spectrometer 

Figure 2.2 shows a schematic 3-D view of the SID instrument. The instrument is 

a dual quadrupole tandem mass spectrometer specifically designed for low-energy ion 

surface collisions. ^ ^>29-3 3 jg composed of two Extrel (now ABB Extrel, Pittsburgh, 

PA) 4000 amu quadrupoles positioned at 90° with the target surface placed at the 

intersection of the ion paths of both quadrupoles. Following the generation of ions in an 

ion source (e.g., EI or ESI), the precursor ions of interest were mass selected by the first ' 

quadrupole. The beam of the selected precursor ions was incident onto the surface at 

roughly 45° to the surface normal. Product ions resulting from collisions with surfaces 

were collected by electrostatic lenses and analyzed by the second quadrupole. Finally, 

the product ions were detected with a detector that consists of a high voltage (e.g., 9 kV) 

conversion dynode and a Channeltron (Galileo, Sturbridg, MA) electron multiplier. 

The SID instrument has a surface holder that can carry several surfaces 

simultaneously, which makes it possible to obtain results for different surfaces under the 

same instrumental conditions by moving each surface into the ion path. With an EI 

source that generates the highest ion intensity among the iom'zation methods used in this 

study, the ion beam density is less than I nA in a 0.5 cm^ area^^.^S of the ion-surface 

impact. 

The collision energy in SID is defined by the voltage difference between a place 

in the ion source where gas-phase ions are believed to form and the collision surface, 

multiplied by the charge states of the ion. For ecample, with 100 V applied to the EI 
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source block and -lOV to the surface for a doubly charged ion gives 2e x (lOO-(-lO)) V = 

220 eV. Likewise, with 90 V applied to the skimmer cone of the ESI source and 60 V to 

the surface for a triply charged ion gives 3e x (90-60) V = 90 eV collision energy. 

In the experiments of Chapter 5, 6 and 7, SID mass spectra were obtained over a 

range of collision energies for some selected ions. SID fragmentation efficiencies, 

defined as the ratio of 

£(fragment ion peak area) 

(parent ion peak area) + I(fi'agment ion peak area) 

were plotted as a function of collision energy (eV) for ESI-generated ions. The curve 

fittings for the raw data points were performed using the function 

Xx)= "-f *d (Eq.2-1) 

where a, b, c and d are the fitting parameters. The final value of c corresponds to the 

value of X at the inflection point of the SID efficiency curve. The ESI/SED fragmentation 

efficiency curves provide a measure of relative fragmentation energetics of the selected 

ions. 

2.3 ORGANIZED ORGANIC SURFACES ON METAL 

Two categories of organized organic surfaces on metal were used: self-assembled 

monolayers (SAMs) of alkanethiol or fluoroalkanethiol on gold, and Langmuir-Blodgett 

L-B) films prepared from fatty acids or &tty acid derivatives. The schematics of these 
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Figure 2.3 Idealized sketches of (a) a self-assembled monolayer (SAM) of alkanthiolate on gold; and (b) a three-layer Y-type 

Langmuir-Blodgettt (L-B) film. The hydrophilic heads of the amphiphilic molecules are represented by the circles, 'llie chain 

lengths, number of methylenes, in this figure do NOT represent the real chain length of the molecules utilized. 
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(two types of surface are illustrated in Figure 2.3. The surface chains of the SAMs on 

gold are tilted at an angle of approximately 20°-30° to the surface normal,^^-^^ whereas 

the amphiphilic molecules on L-B films are approximately normal to the surface.^^"^! 

The SAM surfaces are easy to prepare. Covalent S-Au bonds are formed by spontaneous 

chemical reactions between the thiol molecules in solution and the gold surface,3^'^2,43 

whereas in L-B films, the amphiphilic molecules are built-up on a substrate by physical 

adsorption via dipping procedures.^^"^^ In spite of the assistance of modem automation 

technology, the procedures used to prepare L-B films are still tedious and the preparation 

of the films may not be successful every time. In the studies described in Chapter 5, 6, 

and 7 on the dissociation of projectile ions, SAM surfaces terminated with alkyl chains or 

with perfluoroalkyl chains were used as collision target surfaces. For some special 

research interests in Chapter 3 and 4 that focus on ion-surface interactions, model 

surfaces that are labeled only at the terminal surface groups by isotopes or by fluorines 

were desirable. However, the matenals to make the pertinent SAM surfaces were not 

available. In this instance, the L-B films provided a means to obtain the desirable 

surfaces since the appropriate fatty acid derivatives were available. 

2.3.1 Preparation of Sci^Assemblcd Monolayer (SAM) Surface 

Three thiol compounds were used to prepare the SAM surfaces used in the 

experiments for Chapter 5,6 and 7. 
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CH3(CH2)i7SH octadecanethiol 

CF3(CF2)7CH2CH2SH 2-(perfIuoroctyl)ethanethiol 

CF3(CF2)9CH2CH2SH 2-(perfluorodecyl)ethanethioI 

Octadecanethiol (99%) was purchased from Aidrich and used without further 

purification. 2-(perfluoroctyl)ethanethioi and 2-(perfIuorodecyl)ethanethioI were 

chemically converted from the corresponding iodide, CF3(CF2)7CH2CH2l and 

CF3(CF2)9CH2CH2l (PCR Inc, Gainesille, FL), respectively; Vincent Angelico of the 

Wysocki group is acknowledged for this synthesis. Polycrystalline gold surfaces (1000 A 

of vapor-deposited gold on an underlying layer of 50 A Ti on silica; 13mmxl7mm in 

dimension) were purchased from Evaporated Metal Films (Ithaca, NY). Each gold 

surface was first treated in an UV "cleaner" (UV-Clean, Boekel, Philadelphia, PA) for 

-20 min., where ozone is presumably generated and present in the chamber under UV 

irradiation; this method was reconmiended for preparation of high quality SAM surfaces 

by Professor David Allara of Pennsylvam'a State University whose group had compared 

several surface cleaning protocols. The gold surface was then immersed in 1-mM 

solution (in ethanol) of a thiol compound for a minimum of 24 h. The self-assembled 

monolayer surfaces were rinsed with 4-6 portions of ethanol prior to insertion into the 

instrument. The reason for the use of two fluoroalkanthiols with slightly different chain 

lengths (lO-carbon thiol for Chapter 5 and 7 vs 12-carbon thiol for Chapter 6) was simply 

because both were available from an earlier study and one materiel (the lO-carbon one) 

was depleted. Furthermore, no notable dififerences in SID between the SAM surfaces 

prepared from the two fluoroalkanethiols were observed. 
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2.3.2 Preparation of Langmuir-Blodget (L-B) Films 

The L-B films were prepared in a NIMA (Type-611, England) Langmuir-Blodgett 

trough. Three-layer Y-type L-B films, with the hydrophobic end as the terminal group, 

were used in ion-surface collision experiments. A Y-type multilayer L-B film is one with 

hydrophobic-hydrophobic or hydrophilic-hydrophilic interactions between two adjacent 

layers (i.e., tail-to-tail, head-to-head. Figure 2.3b). It is formed when a vertically-

oriented substrate surface is repeatedly pulled-up and pushed-down through the 

monomolecular film on an air-water interface, as shown in Figure 2.4 adapted fi'om 

Ref Prior to the deposition of L-B films onto the substrate, amphiphilic molecules are 

first spread onto the air-water interface in a volatile and almost water insoluble organic 

solvent (e.g., chloroform). After evaporation of the organic solvent, the trough area 

containing the amphiphilic molecules is compressed to reach a certain surface pressure 

value at which the amphilic molecules are closely packed in a so-called "solid phase" on 

the air-water interface. 

Six different fatty acids or fatty acid derivatives are listed in Figure 2.5. Three of 

them are labeled onty at the terminal carbon by either fluorine or by isotopes such as 

and deuterium. Octadecanoic acid [n-CiTHsjCOOH (99%)] (i.e., stearic acid) and 

perfluoroteradecanoic acid [n-CisFiTCOOH (97%+)] were purchased fi'om Aldrich. The 

three isotopically labeled stearic acid derivatives, "CH3(CH2)i6COOH ("C, 99%), 

CD3(CH2)t6COOH (D, 98%), and n-CnDssCOOH (D, 98%), were purchased fi'om 

Cambridge Isotope Laboratories, Die. (MA). 18,18,18-trifIuorooctadecanoic acid 
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Figure 2.4 Following the spreading and compression of the amphiphilic molecules on the 

air-water inter&ce, (a) the first monolayer is transferred to a metal substrate (a 

hydrophilic substrate); (b) subsequent downstroke for the 2°'' layer; and (c) subsequent 

upstroke for the 3"^ layer. Figure adapted from Ref. ^ 



Materials for equivalent SAMs hjOT available 

FjC 

F2C 

F2C 

F2C 

F2C 

F2C 

HOOC 

pFj  

(CF2 

(CF2 

(CF2 

(CF2 

CF2 

CF2 

CF, 

HOOC 

CHi 

HOOC 

13 CH. 

HOOC 

CDi 

HOOC 

CD, 
D2Q 

DC,' / 
CDn 

CD. 
D2q 

CD. 
Dzq 

CD. 
D2Q 

CD. 
D2Q 

CD, 
D,C 

CD, 
D2Q 

CD, 
HOOC 

Figure 2.5 Fatty acids or fatty acid derivatives utilized to prepare the L-B films. ON 
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[CF3(CH2)i6COOH], as well as 12,12,12-trifIuorododecanoic acid [CF3(CH2)i2COOH], 

were synthesized at the laboratory of Professor Itsumaro Kumadaid of Setsunan 

University, Osaka, Japan. The synthesis procedures and purification of these two acids 

are provided in Appendix I. The reaction route of the synthesis is provided in Scheme 

2.1. 

The amphiphilic carboxylic acid molecules were spread onto the water-air 

Interface in a 0.1-1 mM solution of chloroform (HPLC grade). The high purity water ( 

[conductivity] *' > 18 MQacm) used for the subphase in L-B trough was generated by a 

Nanopure (Bamstead, Dubuque, lA) or a Milli-Q-plus (Millipore, Bedford, MA) ultra-

pure water system. The subphase contained 5x10"^ M Cd^"" (CdCU) for stearic acid and Its 

isotopically labeled derivatives, or 5x10'^ M Al^^ (AICI3) for C13F27COOH and 

CF3(CH2)i6COOH. The surface pressure of the monolayer during the deposition was 

maintained at 32 xlO'^*m'' for stearic acid and its isotopically labeled derivatives, 

maintained at 27 xlO*^*m'' for n-Ci3F27COOH, and 23 xIO*^»m'' for 

CF3(CH2)i6COOH. The dipping speed of the metal substrate was kept at 3 mm*min '. 

Substrates are either vapor-deposited gold surfaces (Evaporated Metal Films, Ithaca, NY) 

(for the experiments of Chapter 3) or aluminum plates (for the experiments of Chapter 4). 

The aluminum plates were first mechanically polished, and then exposed to air for a few 

hours (the presence of oxide is presumed and desirable). There are two reasons for 

making the switch fi-om gold (Chapter 3) to aluminum (Chapter 4) as the substrate of L-B 

films. First, aluminum (with an oxide layer present) is more hydrophilic than gold. 

Second, it is more convenient and economic to test different sizes of aluminum plates as 
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Scheme 2.1 Reaction route for preparatioa of 18,18,18-trifluorooctadecanoic acid in the 

laboratory of Professor Itsumaio Kumadaki of Setsunan University, Osaka, Japan. 
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the substrate than to place a custom order for evaporated gold of different size. The 

aluminum or gold surfaces were cleaned by ultrasonicating in various organic solvents 

(e.g., toluene, chloroform, dichloromethane, hexane, ethanol/methanol) and rinsed by the 

high purity water prior to deposition of L-B films. When the gold surface was cleaned 

with a mixture of H2SO4/H2O2 (3:1; v;v) prior to the preparation of L-B films, no much 

improvement in the "cleanliness" of the prepared L-B film was observed. It has been 

found that trilayer L-B films give reaction results consistent with a "cleaner" L-B film, 

relative to the corresponding monolayer L-B films. For example, a trilayer L-B film 

prepared fi'om perdeuterated stearic acid, relative to the monolayer film, gives fewer ion-

surface reaction products of normal hydrocarbons that are logically due to contamination. 

2.4 COLLISION-INDUCED DISSOCIATION IN AN ION-TRAP INSTRUMENT 

In the studies of Chapter 5 and Chapter 6, an ion-trap instrument (Finnigan LCQ, 

San Jose, CA) was used to carry out low-energy collision-induced dissociation (CID). 

Ion-trap CID deposits different distributions of internal energy and allows different time 

fi-ames for dissociation, relative to those with SID. The long time window for 

dissociation in an ion trap favors the preferential fi-agmentation that is via entropically 

difficult processes of low enthalpy (see Chapter 6). Furthermore, the ion-trap instrument 

provides the option to perform multistage mass spectrometry scans (i.e., MS" scan, n is 
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Up to 10 in the Finnigan LCQ instrument). With an ion-trap instrument, the ions are 

separated and analyzed in time rather than in space as with quadrupole or sector 

instruments, thus, no extra mass analyzer is needed for MS" analysis in an ion-trap 

instrument as required for a quadrupole or sector instrument. MS" is useful in the 

mechanistic investigation of gas-phase ion fragmentation. 

Figure 2.6 shows a cross sectional view of the ion-trap mass analyzer.^^ It 

includes a ring electrode and two endcap electrodes (Figure 2.6). The inner surfaces of 

electrodes are hyperbolic. Together, they form a cavity in which mass analysis occurs. 

An AC voltage of constant frequency (e.g., 0.76 MHz in Finnigan LCQ ^5) and variable 

amplitude (e.g., 0 to 8500 V zero-to-peak in Finnigan LCQ is applied to the ring 

electrode. The frequency of the AC voltage is in the radio frequency (RF) range. The 

application of a RF voltage to the ring electrode produces a three-dimensional quadrupole 

field within the mass analyzer cavity. This time-varying field drives ion motion in both 

the axial (toward the endcaps) and radial (from the ring electrode toward the center) 

directions. Ion motion must be stable in both the axial and radial direction for an ion to 

remain trapped. A stability diagram taken from Ref is shown in Figure 2.7. The 

coordinates of this stability diagram are parameters Ug and such that 

aj = -8 zU/mra<Si^ (Eq. 2-2) 

and 

qz--^ zV/mro<£t^ (Eq. 2-3) 

where U is DC offset voltage, V is the amplitude of the RF voltage applied to the ring 
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electrode, is the radius of the trap, o is the angular fraquency of the RF voltage, m is 

the mass of the ion, and z is the charge of the ion. If the az, qz pair falls within the region 

indicated (Figure 2.7), the trajectory can be stable depending on the initial velocity and 

position of an ion. Outside the region indicated, the trajectory is unstable regardless of 

the initial velocity and position. Note that the point c in the stability diagram is near the 

law-mass cut-off \n RF only mode (i.e. DC offset voltage = 0). 

The ions of interest can be selected by applying an AC waveform to the endcap 

electrodes, in combination with the ring electrode RF voltage, to eject all ions except 

those of a selected m/z ratio of a narrow window of m/z ratios. During the CID step, a 

resonance excitation RF voltage is applied to the endcap electrodes. The resonance 

excitation RF is not strong enough to eject an ion from the mass analyzer. However, ion 

motion in the axial direction is enhanced and the ion gains kinetic energy. After many 

collisions with the helium gas, which is present in the mass analyzer all the time, the ions 

gain sufficient internal energy to dissociate into product ions. During ion scan out, the 

system produces a mass*dependent instability to eject ions from the mass analyzer in the 

axial direction. During resonance excitation for CID, a low-mass cut-off for product ions 

is inevitable. 

The mass analyzer cavity contains helium (at approximately 10*^ torr that is 

used as a collision activation partner and a damping gas. During the ion storage step, 

collisions (of the ion entering the ion trap) with helium reduce the Idnetic energy of the 

ions, thereby damping the amplitude of their oscillations. As a result, they can be trapped 
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into the center of the cavity by the RF field rather than being allowed to spread 

throughout the cavity. 

In the experiments of Chapter 5 and Chapter 6, the peptides or peptide derivatives 

were dissolved in a solution of MeOHrHiO (70:30; v/v) contaim'ng 0.2-1% acetic acid to 

give a concentration of 20~100 pmol/nL. The peptide derivative solutions were then 

injected into the electrospray ionization (ESI) source at a flow rate of 3 ^L/min. The 

applied voltage on the needle of the ESI source was 4.8 kV and the capillary temperature 

was maintained at 200 °C for all samples. Unit mass selection of the precursor ion was 

performed in order to avoid ambiguities from isotope contributions. The operational 

parameter that controls the excitation energy in MS/MS or MS" mode (indicated as "% 

relative collision energy" by the manufacturer) was incremented in small steps to 

selectively monitor low energy fragmentation processes for the precursor ions selected. 
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Ion-surface Reactions Involving 

Isotopically Labeled Langmuir-Blodgett Films 

3.1. INTRODUCTION: 

The discovery of ion-surface reactions between a low-energy (eV magnitude) gas-

phase ion (e.g., organic molecular ion) and an organic surface has expanded the scope 

of mass spectrometry with a promising new surface characterization technique.^ Prior to 

the work described in this chapter,^ research on low-energy (tens of eV) ion-surface 

reactions involving organic surfaces utilized self-assembled monolayer surfaces 

(SAMs) of alkanethiols or their substituted derivatives on gold as well-defined model 

surfaces of varying chemical composition.2,3,6,9-11,13,14 po^ example, perdeuterated 

SAMs were used to confirm the occurrence of alkyl and hydrogen (deuterium) 

abstraction fi-om target surfaces by projectile ions as well as to confirm the chemical 



81 

compositions of ion-surface reaction products.2>3,6,9 research described in this 

chapter utilizes isotopically labeled Langmuir-Blodgett (L-B) fihns as the reaction 

partners of low-energy polyatomic ions and shows that predominantly the terminal 

groups or atoms of L-B films react with the incoming ions. The information obtained 

from low-energy ion-surface reactions is distinct fi-om the sputtering results that are 

obtained with the established method of kiloelectronvolt ion-surface collisions (i.e. 

secondary ion mass spectrometry, SIMS.) 15-17 

Various mechanisms for alkyl and/or hydrogen abstractions from surfaces have 

been proposed in the literature. These include sputtered ion mechanisms for alkyl 

abstractions (where alkyi/hydrogen cations, chemically sputtered from the surface, 

combine with neutralized projectiles in the vicinity of the surface),2.10.18,19 or direct 

abstractions via the Eley-Rideal mechanism (i.e., a concerted mechanism) 

order to improve understanding of the mechanisms of alkyl abstractions, as well as to 

explore the potential of ion-surface reactions for surface characterization, it is desirable to 

perform the ion-surface reactions on surfaces that are isotopically labeled only at the 

terminal methyl groups. Unfortunately, the matenals for preparation of the appropriately 

labeled alkanethiolate SAMs are not available. Custom order of the materials from 

commercial companies is practically inhibited [e.g., it would cost more than $10,000 for 

a minimum order (from Cambridge Isotope Lab, MA) of co,Q),(o,-trideuterium alkyl 

halide that could be converted into (o,co,(o,-trideuteriura alkanethiol.]. Langmuir-

Blodgett (L-B) films,21-23 another type of well-studied organized organic surface, were 
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chosen for this study. The study described in this chapter takes advantage of ready 

availability of isotopically-labeled fatty acids. 

3.2. MATERIALS AND METHODS: 

The source of stearic acid and its isotopically-labeled derivatives that were used 

for preparation of L-B films are listed below: 

CH3(CH2)i6COOH (99%, Aldrich), 

'^CH3(CH2)i6COOH ('^C, 99%, Cambridge Isotope Laboratories, Inc. MA), 

CD3(CH2)i6COOH (D, 98%, Cambridge Isotope Laboratories, Inc. MA), 

CD3(CD2)i6COOH (D, 98%, Cambridge Isotope Laboratories, Inc. MA). 

The three-layer (unless specified) Y-type21-23 l-B fihns (see Figure 2.3 and 

relevant text in Chapter 2), with methyl groups as the terminal groups at the vacuum-fihn 

interface, were used to investigate ion-surface reactions. The films were prepared in a 

NIMA (Type-611, England) Langmuir-Blodgett trough with a subphase of 5x10"* M Cd*"^ 

(CdCh) in pure water (18 MQ«cm, NANOpure). Procedures for preparing L-B films 

have been described in Chapter 2. The L-B fihns on a vapor-deposited gold substrate 

(Evaporated Metal Films, Ithaca, NY) were moimted in a surface holder, placed between 

the two quadrupole mass analyzers of a SID tandem mass spectrometer for investigation 

of ion-surface reactions (see Figure 2.2 and relevant text in Chapter 2). The dual 

quadrupole SID instrument and the experiments for dissociative and reactive ion-surface 

collisions have been described in detail in Chapter 2. 
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3.3. RESULTS AND DISCUSSION 

This chapter mainly focuses on the ion-surface reactions with isotopically labeled 

L'B films. However, an example illustrating the performance of the L-B films as target 

surfaces for surface-induced dissociation (SID), with benzene molecular ion as the 

projectile, is briefly described below. 

L-B Films As Collision Targets for SID. The data presented below illustrate 

that stearate L-B fihns perform as collision targets similar, in two aspects, to those for an 

alkanthiolate SAM.^ First, the product ion spectrum recorded when benzene molecular 

ions (m/z 78) collide at 30 eV kinetic energy with the CH3(CH2)i6COOH is shown in 

Figure 3.1a. Activated projectile ions upon collisions undergo dissociation to form 

fragment ions (such as m/z 63, 52, 39, 27). The extent of fragmentation produced by 

collision with the L-B films is similar to that reported^ for an alkanethiolate SAM surface 

CH3(CH2)i7S-Au, which indicates similar characteristics for internal energy deposition to 

the projectile ions. Secondly, the SID efficiency defined by the ratio of l5ciRer«/lBa,unussion as 

illustrated in Figure 3.2, was measured as 19.7% with the stearate L-B film, which is 

similar to the 18.9 % measured for CH3(CH2)i7S-Au SAM, on the same day with both 

surfaces mounted in the same surface holder to insure the same instrumental conditions. 

Ion-Surface Reactions: One-Carbon Unit CH, Addition from the L-B Films. 

In Figure 3.1a, the peak occurring at m/z 91, with a higher mass than that of the projectile 

ion (i.e., benzene molecular ion, m/z 78), corresponds to the ion-surface reaction product 
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(a) (b) 

t̂ransmission ^scattered 

Figure 3.2. SID efficiency is measured by the ratio of r,canered/Itnmm«ion. ItmamuMon is the ion 

current (part a) detected at the electron-muitipiier detector for the precursor ion under the 

circumstance of no collision with the sur&ce. Isemered is the total surviving ion cunent (part 

b) after the collision of the selected precursor ion with the surface (depicted by an 

explosion symbol). 

formed by the pick-up of one carbon unit from the surface {referred to as Ci later). This 

reaction has been previously observed with aikanethiolate SAM surfaces or with a metal 

contaminated with adventitious hydrocarbonsWhen the terminal CH3- group on 

the L-B film is ^^C-labeled, the product peaks shift to higher mass by 1 amu (Figure 3.1b 

vs a). Accordingly, the product ion at m/z 92 in Figure 3.1b should have the composition 

of This is in agreement with the observation of further fragments, produced by 

a neutral loss of acetylene from the Ci addition product, as described below in Eq.3-l and 

Eq.3-2. 

In Figure 3. la, 

CiW - HCsCH -)• CsKs" (m/z 65) (Eq-3-I) 
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In Figure 3. lb, 

HC=CH -• "CC4H5' {m/z 66) 
(Eq. 3-2) 

H'^CsCH ^ CjHs" (/n/r 65) 

It is worth noting that CsHs" can not be formed directly from benzene molecular 

ion, i.e., CH is not a stable neutral that can be lost from The peak at m/z 65 does 

not occur in EI spectra of benzene, while other fragment ion peaks in Figure 3.1, such as 

m/z 63, 52, 39, and 27, do occur in the EI spectra of benzene. 

Figure 3.3 gives the expanded Ci adduct ion regions for the projectile benzene 

molecular ion (m/z 78, the left column) or benzene-</(S molecular ion (m/z 84, the right 

column) reacting with four different L-B films. When the terminal CH3- group on the L-

B film is ^^C-labeled, a 1 amu shift to higher mass is also observed with benzene-^<; 

molecular ion (Part f vs Part g), similar to that with unlabeled benzene (jn/z 92 vs 91 as 

discussed above). Furthermore, both CD3(CH2)i6- and CD3(CD2)i6- L-B films give 

similar ion-surface reaction patterns (Part c & d. Part g & h), whether the L-B film is 

deuterium-labeled at the methyl group or along the whole alkyl chain. Peak patterns 

(multiple or single) for the reaction product ions in Figure 3.3 are explained by the peak 

assignments described in Table 3.L 

Ci abstractions were also investigated using two other projectile ions, pyrazine 

(m/z 80) and acetone-d« (m/z 64) molecular ions, for which methyl additions from SAM 

sur&ces have been reported.20.24 1,1 Figure 3.4, portions of the produa ion spectra of 

these two projectiles at 20 eV collision with "CH3(CH2)i6- or CD3(CH2)i6- L-B films are 
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shown. In the CI adduct ion regions, the predominant peaks correspond to the addition 

of the intact terminal methyl group, "CH3 (Figure 3.4, part a & c) or CD3 (Figure 3.4, part 

b & d). Some minor peaks that appear in the Ci adduct ion regions of the pyrazine 

spectra can be partially assigned as H loss (m/z 95 in part c) or D loss (m/z 96 in part d) 

from intact "CH3 or CD3 adduct ions, respectively. 

Table 3.1. Peak assignments for the reaction product ions in the spectra of Figure 3.3. 

Projectile ion Sur&ce 
transition states or 

intermediates 
of addition 

the loss of 
(m/z of product) 

part 

CH3-(CH2)I6- [CsHa-CHjJ* H2 
(91) (a) 

Benzene 
(C6H6*",m/z78) 

CD,-(CH2),6-

[C«H«~"CH,r 

[C«H«--CD,]+ 

H2 
(92) 

H2,HD,D2 
(94, 93, 92) 

(b) 

(c) 

CDj-(CDJ)I6- [CeHc-CDsr H2,HD,D2 
(94, 93, 92) (d) 

CH3-(CH2),6- [CsDfi-CHsr H2,HD,D2 
(97, 96, 95) (e) 

Benzene-d6 
(C6Ds**,m/z84) 

"CH,-(CH2),6-

CD3-(CH2)i6-

[C«D6-"CH,r 

[C6D6-CD,]+ 

H2,HD,D2 
(98, 97, 96) 

D2 
(98) 

(0 

(g) 

CDJ-(CD2)I6- [C6D6~CD,r D2 
(98) (h) 
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The experimental results discussed above indicate that predominantly the terminal 

methyl groups are involved in the Ci abstractions from these surfaces. At this point, it is 

unclear whether some minor reaction peaks are due to the involvement of underlying 

methylene carbons rather than the terminal methyl carbons in the Ci additions, e.g., the 

minor peak at m/z 91 vs the predominant peak at m/z 92 in the benzene product ion 

spectra with the '^CH3(CH2)i6- film (Figure 3.3b). The contribution of adventitious 

hydrocarbons (e.g. contaminants in the vacuum chamber at 10'^ to 10"^ torr pressure or 

contamination during film preparation) may, at least partially, explain these minor 

reaction peaks. For example, if benzene-d« were to be collided on a "perfect" 

perdeuterated film, all the reaction products would occur at even m/z values. Therefore, 

the minor peak at m/z 97 in Figure 3.3h must be due to adventitious hydrocarbons. The 

same minor peak at m/z 97 has also been previously reported for the perdeuterated SAM 

surface.^ This suggests that the minor peak at m/z 91 in Figure 3.3b is, at least partially, 

due to adventitious hydrocarbons. 

Two-Carbon Unit CiHs Addition from the L-B Films. The reaction products 

produced by the addition of two-carbon units (CjHx, referred to as Ci later), from the 

CH3(CH2)i6- or '^CH3(CH2)i6- L-B film to benzene molecular projectile ions, are shown 

in Figure 3.5. On unlabeled CH3(CH2)ii- terminated surfaces, the peaks corresponding to 

the major Cz adduct ions occur at m/z 103 and 105 (Figure 3.5a). With the ^^C-label at 

the terminal methyl carbon, two major peaks corresponding to the Ci adduct ions occur at 
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m/z 104 and 106 (Figure 3.5b). A 1 amu sliift to higher mass occurs due to the terminal 

methyl ^^C-label. An explanation is described in Eq. 3-3 and Eq. 3-4 below. 

100 . 
(a) 91 

5 0 - 103 

105 

100 -

(b) 

50. 

85 

92 

J 
90 

T-r-i 
95 100 

104 

106 

' \ ' 
105 no 

Figure 3.5. Ci and Ci adduct ion regions of 

benzene molecuJar ion upon collision with 

(a) the CH3(CH2)i6COOH L-B film, and (6) 

the '='CH3(CH2)i6COOH L-B film. 

m/z 

In Figure 3.5a, 

- H2 CgHg" (m/z 105) 
+CH3CH2 (Eq.3-3) 

2H2 CgHr^ (w/r 103) 

In Figure 3.5b, 

- Rz -* "CC7H9^(/«/rl06) 
CstU" +"CH3CH2 (Eq.3-4) 

2H2 ^^CC7H7^(/«/rl04) 
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In the C2 adduct ion regions of the pyrazine spectra (Figure 3.4c & 3d), the peaks 

at the highest mass correspond to the additions of terminal ethyl group, ^^CH3CH2 (Figure 

3.4c) or CD3CH2 (Figure 3.4d). The other peaks in the regions can be assigned as H2 

loss (/n/z 108, Figure 3.4c) or HD loss {m/z 109, Figure 3.4d) from the intact ethyl adduct 

ions. 

Note that predominantly the terminal labeled carbon and one unlabeled carbon 

on the surface, presumably the terminal ethyl group, are involved in the C2 additions. No 

incorporation of two '^C-labeled carbons was detected in C2 additions, which is consistent 

with the report that the two carbons in C2 addition are not from different chains on a 

mixed SAM surface ofCH3(CH2)i5S-Au and CD3(CD2)i5S-Au.20 

Hydrogen/Deuterium Addition From the L-B Films. In addition to the 

investigation of alkyl abstraction from the surface, the isotopically labeled L-B films used 

in this study are also good candidates for investigating the addition of H/D from the 

surfaces. With the CD3(CH2)i6- L-B film, both acetone-d< and pyrazine molecular ions 

show deuterium additions as the major Ei/D addition products (Figure 3.4b & d), 

although only the terminal methyl group on this L-B film is deuterium labeled. Further 

study is required to determine whether the H addition peaks for the CD3(CH2)i6- L-B film 

(Figure 3.4b & d) are mainly caused by adventitious hydrocarbons or at methylenes that 

are exposed at defect sites or upon bombardment, of the CD3(CH2)t6- L-B film, because 

H additions were also observed on perdeuterated L-B films (spectra not shown here). 

The relatively higher H addition from the CD3(CH2)i6' film to pyrazine vs acetone-d« 
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(Figure 3.4d vs b) could be further investigated by using pyrazine-d4 to determine if 

surface contamination by the projectile (including its neutral vapor in the chamber) 

contributes to the difference in the H addition. 

Damaging the Film. A L-B film of '^CH3(CH2)nCOOH was bombarded with 70 

eV At" for 3 hr. The sputtering spectrum obtained at the beginning of the bombardment 

(after a few minutes of tuning instrument) is shown in Figure 3.6. The peaks at even-

number m/z ratio correspond the sputtered ions (the ionic species dislodged &om the 

film) as listed below; 

One carbon; (m/z 16), 

Two carbons; '^CCHs (m/'z 30), ''CCH3 (jm'z 28), 

Three carbons; '^CC2H7 (m/z 44), '^CCzHs (m/z 42), '^CC2H3 (m/z 40), 

It is worthy noting that the peaks corresponding to the sputtered ions from 

unlabeled hydrocarbon terminated surfaces occur at m/z IS for one carbon unit, at m/z 29 

and 27 for two carbons, and at m/z 43, 41, and 39 for three carbons (spectra not shown 

here). Relative to the intensities of sputtered ions at the odd-number m/z, the sputtered 

ions at even-number m/z are at very low intensity with unlabeled hydrocarbon terminated 

surfaces, whether they are SAMs, adventitious hydrocarbons on a metal, or L-B films. 

There are notable amounts of sputtered ions at odd-number m/z with 

"CH3(CH2)aCOOH L-B film (Figure 3.6a), such as m/z 15, 27, 29, 39, 41, and 43. This 
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indicates that sputtered Ci, C2, and C3 ions do not necessarily come from the terminal 

methyl, ethyl, and propyl group. Therefore, a sputtered ion mechanism, in which the 

formation of ion-sur&ce reaction products are proposed as between neutralized 

projectiles and sputtered ionic surface species in the vicinity of the surface, is not in favor 

of the high selectivity of the reaction for the terminal carbon(s) as discussed in previous 

sections. 

The intensities of sputtered ions at odd-number m/z vs even-number m/z increase 

after 3 hr Ar" bombardment on '^CH3(CH2)nCOOH L-B film (Figure 3.6b vs a). For 

example, m/z 27:ni/z 28 and ra/z 39: m/z 40 change to approximately 2:1 (part b) from 

approximately 1:1 (part a). This indicates either an increase in the exposed underlying 

carbon on the film, or the adsorption of adventitious hydrocarbons (e.g., pump oil 

residues) at the damage surface sites. 

Note that there is a huge change observed for the Ci adduct ions with 30 eV 

pyrazine molecular ion (Figure 3.6d vs c) after 3 hr Ar"" bombardment. Although the 

peak corresponding the [M+^CHaf {m/z 96) is still the dominant peak in the region, 

[M+CHs]"" (m/z 95) has increased in abundance to approximately 30%. Simple 

calculations are done as below to estimate the collision rate per '^CHs surface group 

during the 3-hr bombardment. 

Assume the primary-ion current Ur* = 0.5XIO*'A (as approximate value of the 

current detected by a picoamperementer connected between the surface and ground), 

hence, during 3 hour Ar^ bombardment. 
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# of collisions with the film = Ll̂  = 3 4x 10" (Eq. 3-5) 

where 1.60x10"''C. 

Area of bombardment « 0.5 cm^,25 use 20 (20x 10''^ cm^) as the area per 

surface chain of'^CH3(CH2)nCOOH, hence, 

# of chains within the bombard area = 2.5x10^'* (Eq. 3-6) 

Based on the calculated results above and the assumption that the low-energy ion-

surface collision is a "single" collision event, it is reasonable to say that even after 3 

hours continuous bombardment, not every '^CHa- group within the bombarded area had 

an impact by the projectile ions during the 3 hours. Moreover, it not clear whether each 

impact can cause damage to the film even though the Ar" is used (atomic ion and thus 

without internal vibration modes, moreover, high recombination energy [~15.8 eV] and 

thus high tendency to transfer the charge to the surface). The results discussed above 

suggest that the damage that can be caused by a polyatomic ion should be even less 

because many of the channels to release energy can be via the dissociation of the 

polyatomic projectile ion as shown in Figure 3.1. This is consistent with the fact that a 

target surface in SID (i.e., of polyatomic ions) can be used for a reasonable time span 

with good reproducibility of SID spectra, especially if mainly the fragmentation patterns, 

but not the energy deposition, are of interest. 
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S-layer vs 3-layer and D vs H for SID. As described at the beginning of the 

Results and Discussion in this chapter, not much difference was observed for the 

performance in SID between a stearate L-B film and an octadecanethiolate SAM surface. 

Note that the L-B film is a three-layer film non-covalently bound to the substrate, while 

the SAM is a monolayer covalently bound to the gold substrate. In Figure 3.7, another 

example is shown to illustrate that the thickness of the film does not notably affect the 

energy transfer and the percent neutralization of the projectile ions (if the thickness is 

more than a certain threshold value ^ ). Similar percent fi'agmentation for benzene-c($ 

molecular ion (m/z 84, Figure 3.7 a & b) and similar SID efficiency (data not shown here) 

were observed for both 3-layer and 5-layer CD3(CD2)i6COOH L-B films. Another 

interesting experimental result is the slightly higher percentage fi'agmentation in SID 

consistently observed with a deuterium labeled film V5 a hydrogen terminated surface. 

This is shown in Figure 3.8 by comparing the intensities of some of major fi'agment ions 

of benzene molecular ion (m/z 78) for the L-B film target surface of the CH3(CH2)„- vs 

CD3(CH2)n- vs CD3(CD2)n- • Determining the characteristics that the control SID percent 

fi'agmentation and SID efficiency will be the subject of next chapter. 
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3.4. CONCLUSIONS: 

In summary, the range of amphiphilic compounds available for the preparation of 

L-B films, as well as the ease of variation in the numbers of layers, suggest that L-B films 

will serve as a useful complementary set of well-defined organic surfaces, in addition to 

alkanethiolate SAM surfaces, for the studies of ion-surface interactions at low collision 

energies. The ion-surface reaction results presented above indicate that predominantly the 

uppermost groups or atoms are involved in these low-energy ion-surface reactions. This 

supports the use of low-energy ionic projectiles to probe the uppermost groups or atoms 

on organic surfaces. Based on the results reported here, mechanisms proposed for the 

alkyl abstractions should account for the fact that predominantly the terminal alkyl 

groups are involved and a concerted mechanism could be the choice, e.g, the formation 

of the transition state of a reaction product and the cleavage of the C-CH3 carbon-carbon 

bond on the surface could occur simultaneously. 
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Dissociative and Reactive Ion-Surface Collisions 

With Langmuir-Blodgett Films Terminated by 

CF3(CH2)n- 9 n-Perfluoroalkyl, or n-Alkyl Groups 

4.1. INTRODUCTION 

One of the important developments in surface-induced dissociation is the use of 

organic thin films on metals as the collision targets (e.g., self-assembled monolayers 

(SAMs) of n-alkanethiols on gold or silver).Organic thin films such as SAMs provide 

control of the chemical properties of the target surface. The thin fihn provides a barrier 

to electron transfer and thus limits the neutraUzation of projectile ions that otherwise 

would occur readily on a bare metal,without the charge accumulation that would 

occur on an insulator surface.^ Fluorinated thin films show some practical advantages as 

the collision targets. It is known that increased internal energy deposition (e.g.. 
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transladonal to vibrational modes of a polyatomic projectile ion; T V) and decreased 

neutralization of projectile ions occur on fluorinated surfaces relative to hydrocarbon 

terminated surfaces. These differences have been reported for ordered thin films such as 

SAMs of fluoroalkanethiols [e.g., CF3(CF2)nCH2CH2SH, n=7, 11] vs n-alkanethiols on 

gold,3.4 and thin films of a liquid perfluoropolyether (PFPE) vs pump oil residue on 

metal.^'^ 

The experiments in this study are designed to investigate; i) whether the 

difference in internal energy deposition into projectile ions with fluorinated and 

hydrocarbon terminated siu^aces is mainly caused by the rigidity of (CF2)n vs (CH2)n or 

the mass (momentum) effect of terminal fluorine vs hydrogen, and ii) whether the 

difference in neutralization of projectile ions is mainly controlled by the exposed surface 

groups (e.g., terminal CF3 vs CH3). Answers to these two questions will add to our 

fundamental understanding of ion-surface interactions. The CFa-terminated model 

surface also raises an additional interesting point. It provides a convenient model surface 

for further experimental examination of the proposed mechanism of multiple fluorine 

additions to an atomic transition metal projectile ion.^ 

The present study compares the results obtained with a model surface terminated 

by a CF3(CH2)i,- group to those obtained with n-perfluoroalkyl or n-alkyl terminated 

surfaces. Langmuir-BIodgett (L-B) fihns^.lO were utilized in this study. In the 1930s, 

Irving Langmuir and Katharine B. Blodgett discovered the technique of transferring 

monomolecular films of amphiphilic molecules (e.g., fatty acids or their dicovalent metal 

salts) from an air-water interface to a sohd substrate (e.g., a glass or metal plate), to form 
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a monolayer or a built-up multilayer by dipping procedures. Since then, comprehensive 

investigations made on L-B fihns for diverse purposes using a great variety of 

amphiphilic molecules have been described in many books and review papers, including 

several excellent recent ones.^.lO gy using isotopically labeled L-B films, we reported 

that low-energy ion-surface reactions of organic projectiles predominantly involve the 

outermost surface groups (e.g., terminal methyl group on '^CH3(CH2)i6COOH or 

CD3(CH2)i6COOH L-B fihn).l 1 A reason for our choice of the L-B films for the present 

study, quite similar to that in our previous Communication, is that the material to make 

the desired surface (i.e., CF3(CH2)n- terminated L-B fihn) is available, whereas the 

materials for making equivalent SAM surfaces were not available when we began this 

study. 12 Recently, characterizations of SAM siufaces prepared fi-om CF3(CH2)nSH (n = 

9-15) have been reported. ^3,14 18,18,18-trifluorooctadecanoic acid [CF3(CH2)t6COOH] 

and 12,12,12-trifluorododecanoic acid [CF3(CH2)ioCOOH] were synthesized initially for 

'^F-NMR studies of the stabilizing effect of vitamin E on liposome membranes. ̂  5 jhe 

use of 18,18,18-trifluorooctadecanoic acid in the investigation of ion-surface interactions 

is described in this chapter. 

4.2. MATERIALS AND METHODS 

(A) Fatty Acid and Flourinated Fatty Acids. Octadecanoic acid [n-

C17H35COOH, Stearic acid] (99%) and perfluorotetradecanoic acid [n-Ci3F27COOH] 
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(97%+) were purcahsed from Aldrich and used without further purification. 18,18,18-

trifluorooctadecanoic acid [CF3(CH2)i6COOH] and 12,12,12-trifluorododecanoic acid 

[CF3(CH2)i2COOH] were synthesized at Setsunan University, Japan. See Chapter 2 and 

Appendix 1 for the synthesis procedures and purification. 

(B) Preparation of L-B Films. The preparation procedures have been described 

in Chapter 2. The preparation of the L-B film from octadecanoic acid (n-CnHsjCOOH, 

stearic acid) follows a well-established "textbook" method with Cd^"" as the counter ion in 

the aqueous subphase (5x10"^ M CdCl2).^ The preparation of the L-B film from 

perfluorotetradecanoic acid (n-Ci3F27COOH) follows the method of Nakahama et al^^ 

who first successfully deposited the L-B film of a perfluorinated fatty acid (e.g., n-

C10F21COOH) by using a subphase containing Al^^. 

We have found that a well-packed monolayer of 18,18,18-trifluorooctadecanoic 

acid forms on 5x10'^ M (AICI3) aqueous subphase, the same subphase used by 

Nakahama et al for a perfluorinated fatty acid.^^ We found that no packed monolayer of 

18,18,18-trifluorooctadecanoic acid forms on the subphase of either Cd^^ (0.5 mM 

CdCb) or 0.01 Vf HCl aqueous solution which are two typical subphases^ used for 

making L-B films with "normal" fatty acids. This seems an indication that the head 

groups of the amphiphilic molecules, namely CF3 groups, control the monolayer packing 

at the air-water interface. Figure 4.1 gives the surface pressure as a fiinction of area per 

molecule (i.e., tc ~ A, Langmuir isothermal curve), measured in the L-B trough with 

18,18,18-trifluorooctadecanoic acid molecules on the air-water inter&ce. The measured 
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Figure 4.1. Surface pressure as a function of siuface area (i.e., Langmuir isotherms), 

measured at room temperature in a L-B trough, with SxlO'^M in water as the subphase for 
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isothermal curve for stearic acid and that for perfluorotetradecanoic acid are provided as 

dashed lines in Figure 4.1 for comparison. The isothermal curve of 12,12,12-

trifluorododecanoic acid, which has a shorter chain length than 18,18,18-

trifluorooctadecanoic acid, is also provided in Figure 4.1. Note this shorter chain length 

o),o),0-trifluoroalkanoic acid does not form a close-packed ("solid phase") monolayer on 

the air-water interface. This is not surprising since longer amphiphilic molecules result in 

better quality of the L-B film. For example, in order to prepare a vinyl-terminated L-B 

film, naturally occurring CH2=CH(CH2)8COOH had to be expanded to 

CH2=CH(CH2)2oCOOH by chemical synthesis. 

Hereafter, the L-B films made from n-CiyHssCOOH, n-Ci3F27COOH and 

CF3(CH2)i6COOH will be referred as to stearate, pafluorinated and CF3(CH ,̂r 

terminated L-B films, respectively. 

(C) Ion-Surface Collision Experiments. Ion-surface collisions were carried out 

on a SID tandem mass spectrometer that has been described in chapter 2. The precursor 

ions used in this study were all generated in an electron impact ionization (EI) source. 

All chemicals used to generate projectile ions, except Ceo, were introduced into the EI 

source region through a needle valve inlet attached to a sample reservoir. C6o was 

introduced by thermal desorption at 400 °C fi-om a direct probe for solids. The atomic 

metal ions (e.g.. Mo"*, Cr"^ used in the experiments were generated from the metal 

hexacarbonyl by EI. 
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4.3. RESULTS AND DISCUSSION: 

Different chemistry occurs when organic projectile ions collide with flurocarbon 

vs. hydrocarbon terminated organic thin films (L-B films in the present study). Several 

sets of experiment^ data are presented and discussed below that are aimed at determining 

the effect of different terminal surface groups (namely CF3 vs CH3) on the diflferent 

chemistry of hyperthermal ion-surface interactions. The experimental data include those 

for internal energy deposition, electron transfer, and ton-surface reaction. Also provided 

are comparisons of data for polyatomic ions vs. atomic ions, and lower collision energies 

(e.g., <100 eV) vs a slightly higher energy (e.g., 220 eV). 

Transfer of Kinetic Energy into Internal Modes for Polyatomic Projectile 

Ions. The energy deposition at collision energies < 100 eV was investigated by using 

several different projectile ion probes: e.g., benzene molecular ion, dimethyl sulfoxide-t/^ 

(DMS0-</5) molecular ion, and tungsten hexacarbonyl molecular ion. The product ion 

spectra recorded when benzene molecular ion (m/z 78) collides at 30 eV with three 

different L-B films are shown in Figure 4.2. The spectra of molecular ion {m/z 

84) at 20 eV collisions with the same L-B films are given in Figure 4.3. As shown by 

these spectra, the CF3(CH2)n-terniinated L-B film gives resuhs similar to those for the 

perfluorinated film, but quite different from those for the stearate film. This is evident by 

the following three observations: (i) overall shape (product ion distribution) of the 

spectra, (ii) ratios of low-mass fi'agments, and (iii) ion-sur&ce reaction products. 

It is seen in Figure 4.2 and Figure 4.3 that the CF3(CH2)a-tenmnated L-B film 
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provides a percent fragmentation of the projectile ions similar to that given by the 

perfluorinated L-B film (Figure 4.2a vs b, 4.3a vs b), but different fi-om that produced by 

collision with the stearate L-B film (Figure 4.2c, 4.3c). Furthermore, some low mass 

fragments that require relatively higher energies, such as C2H2^ (m/z 26) fi-om benzene 

(Figure 4.2a, b) and CDa"" (m/z 18) from DMSO-c/d (Figure 4.3a, b), are present in SID 

spectra for both perfluorinated and CF3(CH2)Ti-terminated L-B films, but are absent in the 

spectra for the stearate L-B film (Figure 4.2c, 3c). All of these resuhs indicate that 

similar internal energy is deposited into the projectile ions with CF3(CH2)n-terminated 

and perfluorinated L-B films. 

The fragmentation patterns produced when the W(C0)6'' projectile ion collides 

with the films were used to estimate the percentage of kinetic energy transferred to 

internal energy (T -> V). W(C0)6^ is an established "thermometer" ion (with a known 

unimolecular dissociation pattern and established dissodation energetics) that has been 

used for this purpose previously.^'^'^'^^'^O The energy-resolved SID mass spectra of 

W(C0)6" (up to 70 eV) obtained with the three L-B film targets are illustrated in Figure 

4.4. The trend observed with W(C0)6^ (Figure 4.4) for these three L-B films is the same 

as that observed with the two small organic molecular ions (Figure 4.2 & 3). For 

example, the maximum abundance of the fi-agment W(C0)4'', formed by the loss of two 

CO molecules, occurs at approximately 20 eV collision energy with both perfluorinated 

and CF3(CH2)n-terminated L-B films (Figure 4.4, part a & b), but at approximately 40 eV 

collision energy with the stearate film (Figure 4.4c). Using an algorithm previously 

published by Cooks and co-workers, the distribution of internal energy deposited 
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Figure 4.4. Energy-resolved mass spectra for sur&ce-induced dissociation (SID) of W(C0)6'' with 

(a) n-CtsFivCOOH; {b) CF3(CH2)i6COOH; and (c) n-CiTHssCOOH L-B films. The products of 

"chemical side reactions" other than the unimolecular dissociation of W{C0)6^ are not included 

(e.g., ion-sur&ce reactions and chemical sputtering of sur&ce species during SID). The total 

abundance of those "by-product' ions increase in the raw spectra as collision energy increases 

(e.g., approximately 10% of the total scattered ions at 60 eV collisions with perfluorinated and 

CF3(CH2)a-terminated L-B fihns, a little more than 20% at 70 collisions with the same two films). 
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into W(CO) 6^ at each collision energy was estimated. The weighted average of each 

estimated internal energy distribution is plotted against collision energy in Figure 4.5. 

The estimated ratio of T V for W(CO) is determined as 18.1% (±1.5), 17.4% 

(±0.8) and 11.9% (±0.6) for the perfluorinated, CF3(CH2)n-terminated and stearate L-B 

films, respectively, assuming a linear fit is applicable (Figure 4.5). The errors listed in 

the parentheses above represent twice the standard deviation of the least-square linear fit 

shown in Figure 4.5, but do not represent the genuine error that could be caused by the 

algorithm for the estimation of the internal energies. The estimated T ^ V ratios for 

perfluorinated and CF3(CH2)n-terminated L-B films are in good agreement with the 

previously reported value of 19-20% for the fluoroalkanethiolate SAM surface on gold 

prepared from CF3(CF2)ii(CH2)2SH,3 and the reported value of 18% for liquid 

perfluoropolyether (PFPE) thin films on a metal.^ Those cited values were obtained at a 

collision angle similar to that in our SID instrument and using the same algorithm as that 

employed for L-B films in this study. The estimated value for the stearate L-B film is 

comparable to the value of 11-13 % for SID on stainless steel covered with adventitious 

hydrocarbons.^'^^ Different methods for the internal energy estimation other than the 

algorithm used in this study have also been published.22-24 However, this study 

concerns mainly the trend in internal energy deposition among three L-B films and other 

estimation methods will not be discussed here. Another point which must be made clear 

is that we do not intend to allege that the deposited internal energy as a function of the 

collision energy should be linear over a large range of energy, although a good linear 

relationship is shown in Figure 4.5 within a range of collision energies. However, we 
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also can not conclude that the ratio of V decreases at the collision energies above 60 

eV with perfluorinated and CF3(CH2)n-terminated L-B films, just based on the deviation 

of two data points at 60 and 70 eV for those films. There are several limitations of using 

a "thermometer" ion for the estimation of V during SID: I) "Chemical side 

reactions", such as ion-surface reactions and chemical sputtering during SID, occur and 

are not included in the estimation of internal energy. Significant errors could be caused if 

such "chemical side reactions" are not negligible. ii)The maximum internal energy that 

can be estimated using a "thermometer" ion is limited by the molecular structures, 

dissociation pathways and activation energies for dissociation. For example, the energy 

range that can be estimated with W(C0)6^ is about 13.0 eV (i.e., W(C0)6" W^, Eo = 

13.0 eV). As a consequence, when a "thermometer" ion with a small maximum limit 

range such as Cr(C0)6'" is used ( Cr(C0)6'" -• Cr"", Eo = 5.9 eV), the observed deviation 

fi-om linearity starts at even lower collision energies with perfluorinated and CF3(CH2)n-

terminated L-B films where no ion-surface reactions and chemical sputtering were 

observed (data not shown here). 

Electron Transfer From Surface to Polyatomic Projectile Ions. Neutralization 

of projectile ions occurs by electron transfer fi-om target surfaces during ion-surface 

collisions. The relative tendency of three L-B films to cause neutralization of 

benzene molecular ions incident onto the films at 30 eV is presented in Figure 4.6. This 

figure is a plot of total scattered-ion currents (TIC) recorded when the precursor ions 

collide with the L-B films, measured with the electron multiplier detector of the SID 

tandem mass spectrometer. The total scattered-ions include intact precursor ions, ionic 
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fragments and ion-surface reaction product ions, in siiort, all the ions appearing in the 

spectra shown in Figure 4.2. The baseline in Figure 4.6 was recorded when the filaments 

in the EI ion source were turned off. Higher total scattered-ion currents were recorded 

for perfluorinated and CF3(CH2)n-terminated L-B films compared with that for the 

stearate film (Figure 4.6). This indicates less neutralization on both the perfluorinated 

film and the CF3(CH2)n-terminated films than that on stearate L-B film. The 

measurements reflected by the TIC curve are in agreement with the current measured at 

the surface by a picoamperemeter vX}nnected to the target surface during the collisions. 

The higher the electric current at the target surface, the lower the ion current at the 

detector of the tandem mass spectrometer. For example, one set of measurements is 

recorded as 0.37 nA: 0.39 nA: 0.50 nA for perfluorinated : CF3(CH2)n-terminated : 

stearate L-B films, respectively. In summary, the efficiency of electron transfer fi-om the 

films to benzene molecular ion follows the order: perfluorinated L-B « CF3(CH2)n-

terminated L-B < stearate L-B. 

The relative electron transfer fi'om three L-B films was also investigated in a 

different way by using Ceo (buckminsterfullerene, "buclcy ball") doubly charged 

molecular ion (Ceo^^ m/z 360). C^o was chosen because of its remarkable stability in the 

gas phase. One noteworthy example in the literature is that, in keV collisions with 

helium as target gas (keV CID), Ceo** can encage a helium atom instead of 

fi-agmenting.^^>^^ Due to the stability of Ceo, almost no fiagments are observed when 80 

eV kinetic energy is applied in the collision of with the L-B films (Figure 4.7). The 

electron transfer reaction measured is: 
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Ceo^" + e  [from surface] -> Cfio"", RE ( «- IE [Ceo'l) 

where RE is the recombination energy, IE the ionization energy. Many researchers have 

measured the IE of Ceo using various methods. For example, Scheier et al^S compiled 8 

reported values for the first ionization energy of Ceo (i.e., IE[C6o], measured by six 

different methods) and 11 reported values for the second ionization energy of Ceo, (i.e., 

lECCeo'l. measured by five different methods). Almost all measured IE[C6o] are 

consistent at 7.6 eV, whereas eleven reported IE[C6o*T values range from approximately 

9 to 12 eV with the arithmetic mean at ~ll.O eV.28 Regardless of the exact value, the 

second ionization energy of Ceo is higher than, or at least comparable to, the expected 

ionization energy of the CH3(CH2)n- terminated surface (e.g. IE[CtoH22] =9.7 eV). Thus, 

electron transfer from an alkyl-terminated surface to Ceo^"^ is expected to be exothermic. 

This is in agreement with the fact that more than 99 percent of the scattered ions recorded 

are Ceo*^ ions when Ceo^^ collides with the stearate L-B film (Figure 4.7c). In contrast, 

the expected higher ionization energy for the fluorocarbon surface (e.g., lECCaFg] = 13.4 

eV ) reduces the likelihood that electron transfer will occur when Ceo^^ is incident on a 

fluorocarbon surface. As a result of the higher IE of the fluorocarbons, a large portion of 

the Ceo^^ ions scatter from the surface without charge reduction (Figure 4.7a). Finally, 

more evidence for control of the electron transfer by the outermost group on the surfaces 

is that the CF3(CH2)n-terminated L-B film gives a ratio of Ceo*^ : Ceo^^ which is quite 

similar to that for the perfluorinated surfiice (Figure 4.7b vs a). 

220 eV Collisions of with L-B Films. SID spectra of Ceo^  ̂at 220 eV are 
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given in Figure 4.8. At this SID collision energy, a number of fragment ion peaks at 12 u 

or 24 u apart are present in the spectrum with the perfluorinated L-B film (Figure 4.8a). 

These peaks correspond to doubly or singly charged fragments that are produced either 

by loss of a singly entity C^i or by the sequential loss of nxCz from Ceo ions. The 

major fragment of Qo formed when collides with the stearate L-B film is seen as 

one peak of [Ceo-Cz]^ at a very low abundance (Figure 4.8c). The differences between 

the spectra acquired with the perfluorinated vs the stearate L-B films are similar to that 

reported previously using SAM surfaces of fluoroalkanethiolate vs alkanethiolate.^ ^ 

Even at this relatively higher collision energy, the CF3(CH2)n-terminated L-B film still 

gives a SID spectrum more like that with the perfluorinated film (Figure 4.8b vs a) than 

that with the stearate L-B film (Figure 4.8c), in terms of fragmentation of Ceo and charge 

reduction from Ceo^^ to Ceo**. Nonetheless, at this higher collision energy, a little more 

charge reduction and a little less fragmentation is provided by the CF3(CH2)n-terminated 

film in comparison with the perfluorinated L-B film (Figure 4.8b vs a). The results of a 

molecular dynamics (MD) simulation done by Mowrey et al shows that the carbon lattice 

on a hydrogen-terminated diamond surface {111} is crumpled three layers deep during 

the impact of a neutral Ceo at 200 or 250 eV.32,33 other words, the differences as 

shown with CF3(CH2)n-tenmnated vs perfluorinated L-B films (Figure 4.8b vs a) indicate 

some significant contributions from the underlying (CH2)b vs (CF2)n for Ceo collisions 

with L-B films at 220 eV. 
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Ion-Surface Reactions with L-B Films. DMSOH/^ molecular ion (m/z 84) was 

chosen as a probe for hydrogen abstraction from the films (e.g.. Figure 4.3c). Benzene 

molecular ion (m/z 78) is a good probe to investigate fluorine addition versus the addition 

of one carbon unit to the projectile ion (i.e., the product ions CeUtF^ and CeHsF"" at m/z 

95 and 96, respectively, versus the produrt ion C7H7* at m/z 91; Figure 4.2). For the 

perfluorinated L-B film, a small amount of m/z 91 (not labeled, Figure 4.2a) and a small 

amount of [DMSO-</tf + H]^ (not labeled. Figure 4.3a) indicate that the film is slightly 

contaminated by hydrocarbon, either during the preparation or in the vacuum chamber 

(10'^ to 10"® torr pressure). However, note that hydrocarbon is much more reactive for 

the CHx transfer to the projectile ions than fluorocarbon for the F addition. Therefore, the 

relative abundance of m/z 91 vs m/z 95 & 96 (Figure 4.2a) does not represent the relative 

composition of two different species on the surface. The ratio of m/z 91 to m/z 95 & 96 

in benzene spectra with the perfluorinated L-B film (Figure 4.2a) is similar to that with a 

fluoroalkanethiolate SAM on gold prepared by 12 hours inmiersion of gold substrate in 

the fluoroalkanethiol solution (unpublished data in the Wysocki research group). This 

suggests that the packing quality of the L-B film and/or its resistance to contamination of 

hydrocarbon residue in the vacuum chamber is comparable to the SAM surface prepared 

by 12 hours immersion in the thiol solution. It should be mentioned, though, that the 

same SAM surface with a higher quality after 72 hours immersion shows almost no m/z 

91.^ With the CF3(CH2)n-terminated L-B film, the reaction products are similar to 

(although not exactly the same as) that are formed with the perfluorinated L-B films 

(Figure 4.2b vs a, 4.3b vs a). This suggests that the terminal group is also the main 



125 

determinant of these atomic / group transfers to the polyatomic projectile ions, in addition 

to being the determinant of the energy transfer and electron transfer for polyatomic 

projectile ions as discussed in previous sections. A slightly higher CHx/H adduct ion 

intensity for CF3(CH2)n-terminated L-B film relative to that for the perfluorinated film 

(Figure 4.2b vs a, 4.3b vs a) could be the results of several possible factors; First, the 

pacldng quality of the L-B film for 18,18,18-tnfIuorooctadecanoic acid and 

perfluoroteradecanoic acid tends to be slightly different and thus the films could have 

different amount of defect sites, and/or, slightly different tendency for contamination in 

after formation. Second, exposed methylenes of CF3(CH2)n- at surface defect sites or 

disruption sites caused by ion impact could attribute a slightly higher hydrogen/CHx 

adduct ion intensity. Future investigation of these ion-surface reactions with the SAM 

surface of CF3(CH2)nSH (n= 9-15) on gold is planned in a collaboration between the 

Wysocki group and T. Randall Lee of the University of Houston. It is worthy noting that 

a L-B film made fi'om 12,12,12-trifluorododecanoic acid [ CF3(CH2)ioCOOH ], which 

does not form a "solid phase" in the air-water interface (Figure 4.1), gives a much higher 

intensity of m/z 91 vs m/z 95 & 96 in the product ion spectrum of benzene molecular ion 

(spectra not shown here). The percentage fragmentation is accordingly lower with the 

CF3(CH2)IOCOOH L-B film (spectra not shown here) than that obtained with the 

CF3(CH2)i6COOHL-B film. 

Fluorine addition to an atomic ion with the L-B films was investigated using Mo"" 

orCr"* as the projectile probes. Figure 4.9 shows the precursor ion and adduct ion regions 
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of the product ion spectra for a ®*Mo^ (solid line) or ^Mo^ (dashed line) incident at 60 eV 

onto the perfluorinated L-B film (part a) and CF3(CH2)n-terminated L-B film (part b). 

Additions of multiple fluorine atoms to a Mo^ projectile are seen with the perfluorinated 

L-B film (Figure 4.9a). The spectra obtained with perfluorinated L-B films are consistent 

with that previously reported by Cooks and co-workers using a fluoroalkanethiolate SAM 

surface ofCF3(CF2)ii(CH2)2SH on gold.® Cooks and co-workers suggested that some of 

the fluorine atoms in the additions come from the underlying -CFj- on the 

fluoroalkanethiol SAM surface (moreover, two or more of the multiple fluorine atoms 

could be from the same surface fluoroalkyl-chain).® Arguments in their proposed 

mechanism include; i) Some of the required energy for the endothermic processes of M** 

-> MFn" could be provided by the energy released in the concomitant C=C bond 

formation on the surface (e.g., a double bond formed between two carbon atoms of 

terminal CF3CF2 by abstraction of one fluorine atom from each carbon), and ii) the 

number of fluorine atoms in the additions and the relative intensities of the adduct ion 

peaks are dependent on the incident angle of the primary ion beam, with the maximum at 

the angle of the surface normal.® In other words, the multiple number of fluorine 

additions could be dependent on the penetration of the atomic metal ion into a depth of 

the surface to reach at least the first CF2 unit underneath the temunal CF3 group. 

According to their proposed mechanism,® the probability of fluorine additions would be 

predicted to decrease for the CF3(CH2)ii- terminated film. This is in agreement with the 

experimental observation that the adduct ion peaks are of lower intensities with 

CF3(CH2)a-terminated vs perfluorinated L-B films (Figure 4.9b vs a). Similar results 
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were also observed with a ^^Cr^ ion (spectra not shown here). For example, the intensity 

ratio of Cr^'rCrF^rCrFj^ is detected as 100:95:8.5 at 40 eV collision with the 

perfluorinated L-B, whereas no trace of CrFi" is detected for 40 eV collision with the 

CF3(CH2)n-terminated film and the ratio of Cr^'iCrF'" is 100:19. The penetration of the 

atomic projectile ion into a depth of the CF3(CH2)„-terminated film is confirmed by our 

observation of the extent of neutralization of Mo" and Cr^ incident on the film. By 

comparison of total scattered-ion currents (TIC) measured for Mo" incident at 60 eV on 

the L-B films (TIC not shown here), the neutralization for 60 eV Mo" collisions with the 

films has the following order: perfluorinated L-B < CF3(CH2)n-terminated L-B » stearate 

L-B. This is also illustrated by the different signal-to-noise ratios in Figure 4.9. Relative 

to that for the perfluorinated film, the signal-to-noise for the CF3(CH2)n-terminated L-B is 

worse (Figure 4.9b vs a) due to the weaker signals (i.e., as a result of higher 

neutralization), although the resolution of the quadrupole mass analyzer was actually 

opened a little in the acquisition of the spectra obtained with the CF3(CH2)n-terminated L-

B film. Based on the results discussed above, our experiments provide further evidence 

that could support the mecham'sms proposed by Cooks and co-workers.^ The similarity 

between CF3(CH2)ii- and CH3(CH2)n- terminated films for electron transfer to the atomic 

ion Mo^ at 60 eV collisions is in contrast to what is observed for polyatomic ions such as 

benzene molecular ion ( Figure 4.6) and CM^^ ( Figure 4.7), and, is consistent with 

penetration of atomic metal ions into the hydrocarbon portion of the film. The 

observations discussed above suggest that there is a projectile-size dependence for the 

low-energy ion-surface interactions. The resuhs of Ar^ scattering fi'om a SAM surface of 
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CF3(CH2)ISS-AU, recently reported by Rabalais and co-workers, also suggest the 

penetration of atomic Ar"" ion into a few atomic layers of the surface. 

Regarding the Mechanisms of Energy Transfer in SID. When a collision 

occurs, two physics laws are applied: the law of energy conservation and the law of 

momentum conservation. In the literature, an impulsive excitation is suggested as a 

dominant mechanism for internal energy deposition into a polyatomic projectile ion 

during its collision, in particular, with orgam'c thin films on metal.22,34,35 jj^is infers 

that momentum transfer to (in fact, the momentum loss of) one atom or one portion of the 

incoming molecule, which is under direct impact with the surface, causes deformation of 

the incoming molecule, i.e., vibrational excitation. It should be noted, though, that the 

observation of charge transfer-induced electrom'c excitation of a tetra-atomic ion CFs^ at 

100-600 eV collision with a metal surface has been reported,^^ in addition to the reported 

evidence of charge transfer-induced electrom'c excitation for many diatomic ion collisions 

with crystal surfaces.^^ Fragmentation of a polyatomic ion seems often to occur from a 

vibrationally excited state, but in some case (e.g., CsFg*"^, the excited ion may fragment 

from an electronically excited state, just as it does in keV gas phase CID experiments.^^ 

It has been suggested by several authorsl'3.6,22,31,38 that the difference in energy 

transfer occurring with fluorinated vs hydrocarbon-terminated surfaces is due to the 

different effective masses of target surface species, with the importance of momentum 

transfer. The molecular beam scattering experiments with liquid films by Nathanson and 

co-workers show that the energy transfer to the film is dependent on the mass of both 
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partners of the collision (i.e., mass of the gaseous impinging molecules and effective 

mass of the surface).^^ These authors tried to estimate the effective mass of the surface 

under impact. A similar energy transfer ratio found for a perfluoropolyether(PFPE) 

surface (|im thickness with adequate electric conductivity) and a fluorinated SAM (nm 

thickness) suggested control of the energy transfer by the effective mass of the outermost 

surface layer.^ A large influence of the azimuthal orientation of a single crystal surface 

indicated the importance of direct momentum transfer.^^ The dependence of internal 

energy deposition ratio on the size and shape of projectile ions, observed by Beck et al 

using a series of fullerene molecular ions, was suggested as due to the effective mass of 

the surface which is contacted at the moment of impact.23 

Our results show that the difference in internal energy deposition with fluorinated 

vs hydrocarbon-terminated surfaces is mainly determined by the effective mass of the 

outermost surface atoms (e.g., terminal group CF3 vs CH3). That is, the heavier the target 

atom exposed on the surface, the higher the momentum transfer to the direct impact 

portion of an incoming molecule. At this point, our ability to understand the roles of 

underlying methylene/fluoromethylene chains or an assembly of the surface backbone 

chains in the conversion of translational energy into internal modes of a polyatomic ion is 

still limited. First, the physical processes of polyatcnuc ion-surface collisions can be 

very complicated. For example, multibody collision or collective collisions of a 

polyatomic ion with a number of atoms or groups on the sur&ce can occur during the ion-

surface impact. The orientation or average orientation of a polyatomic projectile ion 

during the impact can influence the energy transfer. Moreover, the time frames of the 
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collisions (e.g., a low energy polyatomic ion collision with organic thin films) are not yet 

well understood. The influences of underlying surface chains or assemblies of chains 

under relatively low energy impacts of a polyatomic ion (e.g., 10-100 eV) are not clear 

based on our expenmental observations. These experimental observations may 

encourage further Investigations, both experimental and theoretical, to better understand 

the processes. 

4.4. CONCLUSIONS: 

The use of model surfaces, e.g., labeled by fluorine (this chapter) or by isotopes 

(Chapter 4) at the outermost carbon, is an effective way to investigate low-energy ion-

surface interactions. Recent developments in preparation of new thiolate SAMs and new 

L-B films will lead to future research in this direction that will better characterize the ion-

surface collision processes. In turn, the knowledge that is being and will be gained in the 

investigations of the ion-surface interactions with various model surfaces might lead to a 

surface characterization techm'que based on the interactions, e.g., to probe the outermost 

exposed surface groups or atomic layers. 

Our results from this study support the previous speculation by many researchers that 

the efifective mass of the surface controls the conversion of translational energy into 

internal modes of a polyatomic impinging ion. Moreover, our results suggest that the 
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outermost surface group (e.g., CF3 vs CH3) is the main determinant of energy transfer 

with fluorinated vs hydrocarbon-terminated surfaces for a low-energy (e.g., 10-100 eV) 

polyatomic projectile ion. On the other hand, it is still not clear whether the high 

electronegativity and low polarizability of fluorine plays a role in energy transfer. This 

question could be addressed in future by using a series of model surfaces terminated by 

fluorine vs chlorine vs bromine. 

The results of electron transfer (neutralization of a projectile ion) and atom/group 

transfer (ion-surface reaction) to an impinging ion are distinctive for polyatomic ions vs 

atomic ions. For polyatomic ions, the outermost surface group seems to be the main 

determinant for the efficiency of these transfers. The trends for different L-B films 

towards the electron transfer to a polyatomic ion, investigate in the absence of solvent 

and electric double-layer effects, might provide information relevant to studies of 

electron transfer at electrode-solution interfaces. Our results for neutralization and ion-

surface reaction of an atomic ion, together with ion scattering and ion-surface reaction 

results reported by other researchers, suggest the penetration of an atomic impinging ion 

into a depth of the films (e.g., the methylene portion of a CF3(CH2)n-terminated film). 
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Fragmentation of Protonated Oligopeptides 

XLDVLQ (X = L, H, K, R) by SID: 

Additional Evidence for the '^Mobile Proton'' Model 

5.1. INTRODUCTION 

The author of a recent review on interpretation of MS/MS spectra of peptides 

stated that interpretation of MS/MS data remains "the limiting factor in greater 

dissemination of this method of analysis".^ Improving our knowledge of peptide 

fragmentation mechanisms could thus substantially increase the utility of sequencing by 

MS/MS. Much progress has been made recently in understanding the mecham'sms of 

peptide fragmentation. For example, general models such as the "mobile proton" model 

and, equivalently, the "heterogeneous proton distribution" have been proposed for 

the low-energy pathways to form bn and yn ions by charge-directed cleavage of amide 
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linkages. A charge-remote process has been suggested for the formation of side chain 

cleavage ions, e.g., d„ ions from [an+l] radical ions (see Chapter 1, Scheme 1.4).^ 

Understanding the selective/enhanced cleavage at a specific amide linkage is of interest 

because it is directly related to the successful application of MS/MS in the determination 

of primary structure of peptides. For example, the selective/enhanced cleavage of the 

amide linkage at the C(0)-N bond C-terminal to an aspartic acid residue (i.e., at Asp-

Xxx),^-^0 or at the C(0)-N bond N-terminal to a proline residue (i.e., Xxx-Pro),ll has 

been previously noticed and investigated. 

In conjunction with many other approaches, including linked scan measurements, 

6,12 derivatization, '̂̂  isotopic labeling (e.g.. Dor ''O labeling),^multistage mass 

spectrometry (e.g., MS/MS/MS), neutral fragment reionization,^^,!? ^^d quantum 

chemical calculations,2.10,18,l9 the investigation of relative energetics of peptide 

fragmentation can provide useful mechanistic insights. Surface-induced dissociation 

(SID)^^ is a suitable method for studying relative fragmentation energetics because i) the 

distribution of internal energy deposited into the projectile ions by SID is relatively narrow 

(compared to that in CID) and ii) the averagejntemal energy is easily varied.^ As a 

consequence, when SID is used in conjunction with ESI, an ionization method which 

produces relatively "cold" ions, a sharp increase in percent fragmentation of protonated 

peptides can be achieved by gradually increasing the SID collision energy. In fact, the 

correlatioa observed in ESI/SID between the energies required for peptide fragmentation 

and peptide composition (e.g., gas phase basicities of amino acid residues) has provided 
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one important piece of experimental evidence for the development of the "mobile proton" 

model.^ 

In the present study, the ESI/SID fragmentation of a series of synthetic peptides X-

Leu-Asp-Val-Leu-Gln (ALDVLQ; X - Leu(L), His(H), Lys(K), or Arg(R) ) was 

investigated. These peptides differ only in the N-terminal amino acid residues. All of the 

three common amino acid residues that have a basic side chain. His, Lys, and Arg, are 

included. The peptides chosen are good candidates for the further examination of the 

influence of the gas phase basicity of amino acid residues on peptide fragmentation. They 

were also used to probe the likelihood of enhanced cleavage at the aspartic acid residue in 

the presence of different basic amino acid residues. Another aspect of this work is a 

comparison of the occurrence of side chain cleavage dn ions in SID spectra to those 

previously observed for these peptides by high energy (keV) CID.23 Finally, the relative 

dissociation onset for His and Lys containing peptides was investigated by comparing 

dissociation data for HLDVLQ / KLDVLQ with data for HAAAA / KAAAA, Na-Ac-

HAAAA / Na-Ac-KAAAA, and AAHAA / AAKAA. 
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5.2. MATERIALS AND EXPERIMENTAL METHODS 

The Oligopeptides: A'-Leu-Asp-Val-Leu-Gln (ALDVLQ; X = Leu(L), His(H), 

Lys(K), or Arg(R) ) were acquired from the Department of Pharmaceutical Chemistry, 

University of California at San Fracisco 23 HAAAA / KAAAA, Na-Ac-HAAAA / Na-

Ac-KAAAA, and AAHAA / AAKAA were prepared in our lab via solid phase synthesis. 

Na.-monoacet\ilation of HAAAA and KAAAA. Fmoc-Lys(Boc)-Ala-Ala-Ala-AIa 

and Fmoc-His(Trt)-Ala-Ala-Ala-Ala attached to Wang Resin were prepared using solid-

phase synthesis protocols outlined by Atherton and Sheppard 24 xhe Fmoc (9-

fluoroenylmethoxycarbonyl) protecting group at the N-terminus of Lys or His was then 

removed by piperidine in DMF (N,N-dimethylformamide). The free N-terminal peptides 

attached to the resins were subsequently acetylated using acetic-anhydride in DMF while 

the side chains of Lys or His were protected by t-butyloxycarbonyl (Boc) or trityl (Trt, 

triphenyhnethyl) group, respectively. Finally, Na-Ac-Lys(Boc)-Ala-Ala-Ala-Ala and Nd-

Ac-His(Trt)-Ala-Ala-Ala-Ala were cleaved from the resin and the Lys or His side chains 

were deprotected using TFA(trifluoroacetic acid)/H20/EDT(l,2-ethanedithiol) 

(95:2.5:2.5), The Fmoc derivatives of the amino acids required for the synthesis were 

obtained from Novabiochem (California, USA) or Advanced Cheratech (Kentucky, USA). 

The C-terminal Ala residue for the synthesis was purchased already attached to Wang 

Resin from Novabiochem (California, USA), 
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Electrospray Ionization / Surface Induced Dissociation (ESl/SID): Singly 

protonated peptide ions were generated by ESI as descnbed in Chapter 2. SID 

experiments were carried out in a custom SID tandem mass spectrometer that has been 

described also in Chapter 2. Several precautions were taken in the investigation of relative 

energetics for the fragmentation of the protonated peptides. For example, data at various 

relative collision energies for peptide "pairs" containing lysine vs histidine were acquired 

under the same instrumental operating conditions by introducing one sample after another. 

The surface used in this study is a self-assembled monolayer (SAM) on gold prepared 

from octadecanethiol (i.e., CH3(CH2)i7S-Au, referred to as C18 SAM), or 2-

(perfluorooctyl)-ethanethiol(i.e., CF3(CF2)7CH2CH2S-Au, referred to as FCIO SAM). 

5.3. RESULTS AND DISCUSSION 

Relative Fra^entation EfRciencv 

SID fragmentation efficiency values are plotted in Figure S.l as a function of 

laboratory collision energy (eV) for electrospray generated [M+H]'̂  ions of AIDVLQ (X 

== L, H, K, or R). The fragmentation efficiency is defined as the ratio of 

I(fragment ion peak area) 
(parent ion peak area)+Z(&agment ion peak area) 

This formula provides a quotient for percent fragmentation of precursor ions upon 
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Figure 5.1. ESI/SID fragmentation efficiency curves for singly protonated peptides of XLDVLQ (X= L, H, K, or R). 

The collision target surface used is a self-assembled monolayer (SAM) of octadecanethiolate on gold (i.e., CH](CH2),7S-

Au,  CI 8  SAM) N) 
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Figure 5.2 MNDO bond order calculations (see Ref 2, 29) indicate that the amide bond 
of this dipeptide has been significantly weakened from the value of LOIS to 0.690 when 
the amide nitrogen is protonated. The values in parentheses are the MNDO bond orders 
of die neutral molecule. This figure is adapted from Ref. 2. 

activation. It is seen in Figure 5.1 that more energy is required for fragmentation of 

peptides containing a basic residue (H, K, or R) than for that with no basic residue 

(LLDVLQ). Arginine, with a highly basic guanidinc side chain, has the highest gas phase 

basicity among the 20 common amino acid residues.25,26 Accordingly, the highest onset 

energy is observed for protonated RLDVLQ. The general trend in SID collision energy 

required for fragmentation of these peptides on the timescale of the instrument (|is) is 

consistent with previous results obtained in our research group for other series of 

peptides.^ Based on the "mobile proton" model,^ the trend in onset energies of the 

ESFSID fragmentation efiBciency curves shown in Figure S.l can be explained as follows. 

The population of dififerent protonated forms of a peptide depends on the internal energy 

content of the peptide and the relative gas-phase basicities of the different protonation 

sites of the peptide. In the electrospray ionization process mainly the thermodynamicaliy 
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most stable protonated forms are generated. These forms may be highly solvated and 

"ball-like" involving significant intramolecular solvation of the protonation site.2'7,28 jgn 

activation in MS/MS alters the population of dififerent protonated forms (mobilizes the 

proton via rapid intramolecular proton transfer). Quantum chemical bond order 

calculations^>^^ suggested that the strength of the amide bond is significantly different in 

the different protonated forms. Based on the calculations, the amide bond is significantly 

weaker in those forms in which the amide nitrogen is involved in the protonation (either 

entirely or partially, e.g., via H-bonds).2.29 ^ example is provided in Figure 5.2. This 

means that by transferring the proton fi'om a more basic site (e.g., from a basic side chain, 

a N-terminal ammo nitrogen) to the less basic amide nitrogen, the cleavage of the amide 

C(0)-N bond can be promoted by a "charge-directed" low-energy pathway. It is more 

difScult to mobilize a "strongly held" or "sequestered" proton (e.g., fi-om the side chains 

of basic amino acid residues) than a less strongly bound proton (e.g., fi'om the relatively 

less basic N-terminal a-amino group). Thus, higher SID collision energies are required to 

fragment protonated peptides containing basic residues than that required for a non-basic 

peptide. 

Gaskell and co-workers^^ recently have suggested another location for a mobile 

proton to initiate the low-energy pathway to form peptide bn/yn ions involving charge 

(proton) directed cleavage of peptide linkages. In the proposed mechanism, an avaUable 

proton located at the amide carbonyl oxygen promotes a nucleophilic attack on that 

carbonyl carbon by another amide carbonyl oxygen of the N-terminal adjacent residue^^ 
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(see Scheme 5.1; this will be further 

discussed in the next chapter, e.g., see 

Scheme 6.5.). The mechanism^® thus 

subsequently yields a protonated 

oxazolone structure, as the bn ion 

structure proposed by Harrison and co

workers (see Chapter I). ̂ 8,19 \ 

commonality in this mechanism published 

by Gaskell and co-worker and that 

discussed in last paragraph is that a 

HiN—peptide n 
A NH-pepOde—COOH 

HJN—peptide Q 
NH-peptKle—COOH 

Yo„ 

i 
mobile proton to the amide group of the of the oxazalone 

structure intermediate for bn/ya ion is suggested 
to be initiated by a proton located at amide 
oxygen; see Scheme 6.5 later for more steps of 
the proposed mechanism (Ref 30). 

peptide backbone is required to promote 

the low-energy pathway for the formation 

of b„ ions. 

Another interesting aspect of the fragmentation efficiency curves in Figure 5.1 is 

the relative fragmentation energetics of Lys- vs His- containing peptides. The gas phase 

basicities (GBs) of the 20 common amino acids have been previously measured by 

different methods in several research groups. These studies have been recently reviewed 

and evaluated by Harrison and by Hunter & Lias.^^ Uncertainties of the measured 

GBs and limitations of different methods are noted.^^ For example, the relative GBs of 

histidine(H) vs lysine(K) can be found in the literature as H = K,^ H < or H > K 
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(see Ref 26 and the references therein). For the purpose of the following discussion. 

Table 5.1 lists the GB values according to the reviews by Harrison 26 or by Hunter & 

Lias.25 The relatively large gap observed in the dissociation energy requirement between 

R- and H/K- peptides, or that between L and H/K- peptides, corresponds to the relatively 

large difference in GBs of arginme vs histidine/lysine residues (>10 kcal mol"', see Table 

5.1), or GBs of histidme/lysine vs leucine residues ( >10 kcal mol'̂  see Table 5.1). The 

GB of lysine is evaluated to be almost the same as, or slightly lower than that of histidine 

(Table 5.1). Accordingly, the curve positions for the peptides containing lysine or 

histidine residue are relatively close to each other (Figure 5.1). However, contrary to the 

order of GB(Iysine) ^ GB(histidine) as evaluated by Harrison and Hunter & Lias (Table 

5.1), the position of the fragmentation efficiency curve for protonated KLDVLQ is 

observed at slightly higher collision energies than that for protonated HLDVLQ (Figure 

5.1). In order to eliminate the influence of side chains other than those of lysine and 

histidine for possible discrepancies in the positions of the ECLDVLQ vs HLDVLQ curves, 

additional model peptides were investigated; HAAAA / KAAAA (Figure 5.3a). A higher 

onset energy is still observed for fragmentation of KAAAA vs HAAAA, similar to that of 

HLDVLQ vs KLDVLQ (Figure 5.3a vs Figue 5.1). 

A cyclic hydrogen bond between the a-amino terminus and the protonated side 

chain amine of lysine, which is similar to that which exists in protonated 1,5-

diaminopentane, is believed to contribute to the high GB of lysine 26,34 QQS of 

lysine, 1,5-diaminopentane, and butylamine in Table 5.1). Some authors have suggested 
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Figure 5.3. ESI/SID Fragmentation efBciency curves for singly protonated peptides of (a) 

(H/K)AAAA; (b) Na-<mono)acetylated (H/K)AAAA; and (c) AA(H/K)AA. The same SAM 

surf^, C18 SAM, as that in Figure 5.1 is used. 
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Table S.L Gas phase basicities of amino acids and some molecules related to lysine or histidine. 

Molecules GB (kcal mol*^) Molecules 

Hunter & Lias^^ Harrison26 
Leucine (Leu, L) 210.5 209.6 
Lysine (lys, K) 227.3 221.8 
Histidine (His, H) 227.1 223.7 
Arginine (Arg, R) 240.6 237.0 
1,5-diaminopentane* 226.1 
Butylamine 211.9 
Histamine" 229.9 
4(or 5)-methvlimidazole 220.1 

' For H2N(CH2)4CH(NH2)-X : X=COOH - lysine; 
X=H 1,5-diaminopentane 

" For Imidazol-4(or 5)-yl-CH2CH(NH2)-X: X=COOH — histidine; 
X= H histamine 

that this cyclic intramolecular proton bridging between the a-amino nitrogen and the s-

amino nitrogen would make lysine more basic than histidine in the gas phase since the 

more rigid histidine side chain does not favor such an interaction.^^ Similarly, Harrison 

pointed out that the higher GB of ar^nine relative to guanidine or methyl substituted 

guanidine can be explained by an additional stabilization of intramolecular hydrogen 

bonding with the a-amino group in protonated arginine. While this is plausible for the 

amino acid, different additional stabilization of the charge center in an Arg containing 

peptide has been suggested from the investigation of the gas phase conformation of 

bradykinin (Arg-Pro-Pro-Gly-Ser-Pro-Phe-Arg) by the Bowers group and the Williams 

group.^^>^^ For the lowest-energy conformations of singly protonated bradykinin, the 
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charge center on the guanidino group of Arg is stabilized by the coordination of several of 

the backbone carbonyl groups and the C-terminus. No involvement of the a-amino group 

was noted in the proposed gas phase structures of bradyldnin.28,35 

In order to investigate whether coordination to the N-terminal a-amino group 

stabilizes the protonation site at the side chain, and to determine whether this contributes 

to the relative energetics of dissociation of K- vs H- containing peptides, monoacetylation 

only at the N-terminal a-amine nitrogen of BCAAAA and HAAAA was performed (see 

experimental section). The fragmentation efficiency curves of the monoacetylated 

peptides are given in Figure S.3b. Virtually no change was observed for the positions of 

the fragmentation efficienqr curves after monoacetylation at the N-terminal nitrogen 

(Figure 5.3b vs a). This is in contrast to the shift of fragmentation efficiency curves to low 

energies after acetylation at the free N-terminal a-amine nitrogen of non-basic peptides 

(where the charge center of [M+H]'' generated from the ESI source is believed to be at the 

N-terminal nitrogen).^^ 

There are two possible explanations for the results of Figure 5.3b vs 5.3a. One is 

that the N-teminal a-amino group of lysine and that of histidine have similar contributions 

in stabilizing the charge center at their basic side chain. More plausibly, the lack of 

significant involvement of the a-amino group in stabilization of the protonation site at the 

side chain could account for the frict that no change occurs in the relative energetics of 

protonated peptide fragmentation after Na-monoacetylation of KAAAA vs HAAAA. 

Another set of experiments has been performed for the peptides AAKAA and 
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AAHAA, i.e., with Lys and His "moved" to the middle of the sequence. The 

fragmentation eflSciency curves for these two peptides are almost on top of each other, 

i.e., dissociation energy requirements are virtually the same (Figure S.3c). These resuhs 

show that the position of the amino acids has an efifect on the relative ease of 

fragmentation. At this point, it is difScult to conclusively explam this dependence on the 

position of the amino acids. After all, ESl/SID fragmentation efSciency curves result from 

unimolecular dissociations of activated ions (i.e., they are "Idnetically" controlled), so they 

are not direct measures of relative GBs of different individual amino acid residues in a 

series of peptides. It is not clear whether a small difference in the GBs can be resolved by 

the positions of the curves, even though the instrumental operating conditions are carefully 

controlled. The relative energetics do not exclusively depend on the relative GBs of 

mdmdual amino acid residues but they may also be dependent on conformations of 

peptides. Unfortunately, the low-energy conformational structures of these protonated 

peptides in the gas phase are unknown. However, it is reasonable to assume that some 

conformational changes may play a significant role in fragmentation when the difference in 

the GBs of the amino add residues is small. The conformations may affect the apparent 

GB of a basic site in a peptide by additional stabilization, and/or may influence the 

intramolecular proton transfers. For example, the flexible lysine side chain vs the more 

rigid side chain of histidine nught allow easier stabilization of the protonation charge 

center at the lysine side chain by the peptide backbone carbonyl groups and/or the C-

terminus when Lys vs Ifis is located at the N-terminus. The additional flexibility of the 

lysine side chain may be less important when K and H are at the center of a pentapeptide. 
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It is worthy noting that the GBs for the lysine vs histine containing tripeptides, reported by 

Carr and Cassady, have the following order: GB (KGG or GGK) > GB (HGG, or GGH) 

when K or H is located at the terminus, but GB(GKG) = GB(GHG) when K or H is in the 

middle of the sequence.^ ^ This reported dependence of relative GBs on the position of K 

vs H in the sequence of tripeptides is in agreement with our measured dissociation onsets 

for the fragmentation of K vs H containing pentapeptides (Figure S.3a & c). 

Cleavage at Asp-)Ccx 

This section and the next section address how the highest GB of an arginine 

residue relative to all other common amino acids can affect the dissociation patterns of 

singly protonated RLDVLQ and make them notably different from those for other 

ALDVLQ type peptides where K, H, or L. The ESI/SID spectra of singly protonated 

RLDVLQ, KLDVLQ and HLDVLQ are shown in Figure 5.4. The spectra in Figure 5.4 

represent relatively low collision energies such that the percent fragmentation in SID for 

each of the oligopeptides is low (approximately 10%, refer to Figure 5.1). As described in 

Chapter I, the labeling of peaks in this figure follows the nomenclature defined by 

Roepstorflf & Fohbnan and modified by Biemann.^ For example, b„ or yn designates 

the N-terminal or the C-terminal charged fragment, respectively, when the cleavage at the 

n"* (from the N- or C-terminus, respectively) amide linkage occurs. The ions that formally 

correspond to a loss of 28 amu (CO) from bsions are called an ions. 

Selective cleavage at the C(0)-N bond C-terminal to the Asp residue (i.e., at the 
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peptide bond of Asp-Val), represented by ions ba and ba-lT (ba*), is observed in the 

presence of arginine (Figure S.4a), but does not occur when arginine is replaced with the 

other common amino acid residues that have a basic side chain (lysine or histidine. Figure 

5.4b & c) or a nonbasic amino acid residue (e.g., leucine in LLDVLQ, spectra not shown). 

Seleaive/enhance cleavage of the amide linkage C-terminal to the aspartic acid 

residue (i.e., Asp-Xxx) has been previously noticed and investigated. The 

involvement of the acidic carboxylic hydrogen at the aspartic acid side chain was 

confirmed by esterification that blocks the selective/enhanced cleavage at Asp-Xxx.^ The 

fact that the long time window of trapping instruments (quadrupole ion trap or FT-ICR) 

favors the selective cleavage at Asp-%cx suggests the cleavage to be a low enthalpy but 

entropically disfavored process.^ Martin and coworkers ^ proposed a mecham'sm that 

involves the proton transfer from the Asp side chain to the adjacent amide nitrogen C-

temunal to Asp, as shown in Scheme 5.2. In a collaborative study with the Jean Futrell 

group at the University of Delaware and the Gaskell group at UMIST (Manchester, UK), 

Wysocki and coworkers recently suggested that the difference in observed enhanced 

cleavages at an aspartic amide linkage vs glutamic amide linkage (i.e., Asp-Xxx vs Glu-
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Figure 5.4. SID spectra for ESI generated (M+HT ions of (a) /{LDVLQ at SO eV collision; (b) 

ATLDVLQ at 40 eV collision; and (c) flLDVLQ at 40 eV collision with a C18 SAM sur&ce. 

Note that only in the presence of arginine, the most basic common amino acid residue, the 

selective cleavage at the C(0)-N bond C-teiminai to the Asp residue is observed (bs & bs* ions). 

The peaks labeled with an asterisk are bn-17 / aa-l7, presumably due to the NH3 loss ftom side 

chains of Arg or Lys residues. 
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Scheme 5.2. The mechanism proposed by Martin and co-workers ^ for the 
selective/enhanced cleavage at Asp-Xxx peptide bonds. 

Xxx) can be explained by a kinetic effect due to the different ring size of the cyclic H-bond 

between the Asp/Glu side chain acidic hydrogen and the adjacent amide nitrogen.^ ̂  It 

was also suggested, based on that collaborative work, that the requirement for the 

occurrence of selective cleavage at Asp-Xxx in peptides containing Arg is that the number 

of ionizing protons is no more than the number of arginines present in protonated 

peptides.^ ̂  In other words, it is the lack of excess "ionizing" proton that allows 

significant involvement of the Asp acidic hydrogen. Whether other basic residues could 

"sequester" the charge allowing involvement of the Asp side chain in initiating the 

cleavage is addressed here with the spectra in Figure 5.4. 

As discussed in the previous sub-section, the measured GB of arginine is much 
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higher than that of histidine or lysine (Table 5.1). The ionizing proton is most favorably 

located at the guanidino side chain of arginine (quite possibly solvated by carbonyl groups 

of the peptide). When a proton is "sequestered" at such a basic side chain, the acidic 

hydrogen of the Asp residue becomes significant as an alternative source of proton (active 

hydrogen) to initiate low energy cleavage, i.e., the involvement of the side chain acidic 

hydrogen is dominant when the "ionizing" protons are tightly bound elsewhere in the ion. 

This is particularly the situation at relatively low collision energies when the activation is 

insufficient to promote intramolecular transfer of the "ionizing" proton with a reasonable 

rate, to less basic sites in the molecule (e.g., to an amide group moiety to promote charge-

directed cleavage of amide linkages). 

The 80 eV SID spectrum of ESI generated singly protonated RLDVLQ, 

representing relatively high collision energies for RLDVLQ such that the percent 

fragmentation in SID is over 95% (refer to Figure 5.1), is also provided for comparison 

(Figure 5.5a). It is clear that the cleavages at Asp-Val (bs and bs-l?) are less dominant at 

80 eV than at 50 eV (Figure 5.5a vs Figure 5.4a). The preferential fi-agmentation at Asp-

Xxx occurs at relatively low SID coUision energies, whereas "fi'agment rich" spectra can 

be obtained at relatively higher collision energies. As a practical implication, SID might 

provide more structural information by opening more fi'agmentation channels compared to 

these reported preferential low-energy cleavages (e.g., at Asp-Xxx) produced by CID in 

trapping instruments (Quadnipole Ion trap and FT-ICR). Note however that preferential 

fi'agmentation could still be investigated at relatively low collision energies in 



156 

100 

70 -

60 -

50 -

40 -

30 -

:o -

10 

(a) ESI/SID of RLDVLQ 

[M+H]" 

rrrrrrr i ' itit  ~ 

100 

TjTTrrm 
:oo 

111 11 111 I 11 r 
400 

®4 1 -A 

tw* 
rrrp-r 

600 

N-JT-
300 

RXJTT 
SCO 

I I I I t I M I I 
700 

3a 

10. 

X8 
(b) MALDI / keV CID of RLDVLQ 

iR 

d a 

[M+H]" 

1 
y.bt <4 a/  

1 1  II  I  ^  I I 
iJj I 4 lluj lil>ii Jh i i IJiiIiIiL Xut I >I| 1| I>uj|iilililijiiifat in, i4|t I,» I I i I f. SO lis tio 30a ISO 100 ISO 400 410 SOO SIO <00 iSO tit ISO 

m/z 

Figure 5.5. SID and keV CID spectra for /{LDVLQ. (a) 80 eV SID (with C18 SAM) for 

ESI generated [M+H]^ ion. (b) 800 eV CID (with Xe) for MALDI generated [M+H]^ ion. 

The peaks labeled with an asterisk are (an-lT), (ba-l7) or dB-l7, presumably due to the NH3 

loss fiom side chains of Arg. 



157 

SID. In the high energy CID spectra previously acquired at the University of California, 

San Francisco,23 this preferential cleavage at Asp-Xoc is not as obvious (Figure 5.5b). 

However, examination of the high energy CID spectra of RLDVLQ reveals that the 

backbone cleavages occur mainly as an/an* and d„ ion series, except for a bj ion and a b 3-

17 ion at the Asp-Xxx position (Figure 5.5b). This is consistent with recent resuks from 

our research group 38 for other R- and D- containing peptides. 

Formation of fb-l 7) / fa - 17) ions in peptides with N-terminal Arg residues 

As previously mentioned in the previous sub-section regarding selective cleavage at the 

DV peptide bond, an increase in SID collision energy results in more fragmentation 

channels for the protonated peptide ions. Some effects on the dissociation patterns due to 

collision energy are also observed for other peptides of the type ALDVLQ where X= L, H, 

or K. The main difference in the spectra of these peptides (ALDVLQ where X= L, H, or 

K) is the increased ratio of bn/'an ion intensities with increasing SID collision energy. This 

can be easily seen by comparing the 60 eV SID spectrum of HLDVLQ (Figure 5.6a) with 

that at 40 eV figure 5.4c). A notable spectral feature for RLDVLQ with increasing SID 

colUsion energy is the occurrence of abundant (b„-I7) / (an-17) ions, the ions formally 

correspond to loss of 17 amu from ions (labeled with an asterisk as b^/a* in the 

spectra, e.g.. Figure 5.5a). 

In order to gain some insights into the formation of b„* / a^* ions, the formation of 

these ions was studied using a simple peptide RAAAA. Since ^itT-NHs) ions are 
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Figure 5.6. SID and keV CID spectra for ffLDVLQ. (a) 60 eV SID (with CIS SAM) for 

ESI generated ion. (b) 800 eV CID (with Xe) for MALDI generated [M+El]^ ion. 
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usually observed in MS/MS of arginine-containing peptide, it was decided to explore if b„* 

/ an* ions could be produced from the (MIT - NH3) ion as shown below: 

MIT ^ (MBT-NHs) -> (b„-NH3) / (an-NHj) [i.e., (b„.l7)/(a„-17), or b„*/a„* ] 

A pseudo MS/MS/MS experiment was performed for RAAAA. First, CID in the 

region between the heated-capillary and skimmer cone (depicted by an explosion symbol 

in Figure S.7a) was performed by increasing the voltage of the heated-capillary vs the 

skimmer cone (250 V on the capillary, 90 V on the skimmer cone for acquiring the spectra 

in Figure 5.7). All the ions ejected from the heat-capillary undergo activation upon 

collision with the residue gas in the region (The pressure in the region between the heat-

capillary and the skimmer cone is usually around the magnitude of 0.1-1 torr). 

Subsequently, the (MiT-NHs) ions formed by this CID process were selected for SID 

fragmentation (depicted by another explosion symbol in Figure 5.7b). Finally, the pseudo 

MS/MS/MS spectrum for the (MtT-NHs) ion was compared with the SID spectrum for 

MlT of RAAAA (Figure 5.8b vs a). The results show that all the bVa* ions occurring in 

the SID spectrum for MlT (Figure 5.8a) can also be found in the further fragmentation 

spectrum of the (MiT- NH3) ions (Figure 5.8b). This suggests that a possil}le channel for 

die formation of bn* / an* ions is via the further fragmentation of the (MET-NHs) ions. 

Later, a quadrupole ion-trap instrument was also used to study the fragmentation 

channel of MET-^ (MlT-NHs) -• bn*/aa*. The MS/MS/MS results for singly protonated 
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Figure 5.7. (a) A spectrum produced by CID in the region between the heated-capillaiy and the skimmer cone, which (depicted 

by an explosion symbol) was performed by increasing the voltage of the capillary vs the skimmer cone. Note that the fragment 

ions (MH^ - 17) are formed from ESI generated MH^ ion of RAAAA, (b) A pseudo MS/MS/MS spectrum for the fragmentation 

of the (MH* - 17) ions accomplished by capillary-skimmer CID followed by SID (depicted by another explosion symbol on the 

target surface). 
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(b) further fragmentation of (MH" - 17) by a pseudo MS/MS/MS illustrated in Figure 5.6. 
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RAAAA are shown in Figure 5.9. Following generation of (MFT- NH3) ion under 

MS/MS CID conditions (part a), the (MET- NH3) ion was selected (part b) and subjected 

to MS/MS/MS using CID (part c). The fragmentation spectrum of the (MBT- NHj) ions 

(Figure 5.9c) indicates the presence of all bVa* ions that occur in the MS/MS spectrum of 

the MlT ion (Figure 5.9a). 

Because of the highly basic guanidino side chain of the Arg residue, an ionizing 

proton is very likely to be sequestered by an Arg residue. That is, there is no mobile 

proton available in singly protonated Arg-containing peptides to promote low-energy 

pathways for the cleavage of the peptides. As a result, different fragmentation channels 

could be opened when sufBdent amounts of internal energy are deposited into the 

precursor ions. It is found that, for singly protonated RAAAA, the relative energy 

requirement for the fragmentation of [MH-NHa]^ is lower that that of MlT (discussion 

about the relative energetic not includes here). A mobile proton might originate by loss of 

NH3 from the protonated Arg residue. A plausible mechanism is drawn in Scheme 5.3. 

d ion formation 

Ions generated by the side chain cleavages, such as d, w, or v ions, ^ are useful for 

the differentiation of residues with the same mass but different side chain structures (e.g., 

leucine vs isoleucine). These types of cleavages are usually observed under high-energy 

(keV) gas-phase collision conditions compatible with sector or sector-hybrid tandem mass 

spectrometers. Some occurrence of d, w, or v ions of peptides in SID has been previously 

observed.^ For the protonated peptides ALDVLQ (X = H, K, or R), a series of 
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Figure 5.9. MS/MS/MS results for singly protonated RAAAA, which was obtained by 

using an ion trap mstrument (Finnigan LCQ). Following MS/MS CID (part a), the (MIT-

NH3) ion was selected (part b) and subjected to MS/MS/MS using CID (part c). 
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Scheme 5.3. A plausible mechanism for a dissociation cliannel of 

protonated Arg-containing peptides. 

CID.23 It is of interest to further investigate the d ion occurrence in SID (at eV 

collisions), in particular, in comparison with those observed in high energy CID (at keV 

coUisions). The d ions detected in SID along with those previously observed in high 

energy CID are tabulated in Table 5.2. In the SID spectra of the ESI generated [M+H]" 

ion of RLDVLQ at collision energies > 70 eV with a CIS SAM surface, a ds and a (da -

17) ions are observed (e.g.. Figure 5.5a). However, no dn ions were detected for other 

ALDVLQ peptides (X^= L, H, and K, e.g.. Figure 5.6a for HLDVLQ). It is worth noting 

that, in order to search for d ions in SID, a fluorinated SAM surface (which provides 

higher internal energy deposition than CIS SAMs was utilized. SID was also 

investigated for (M+H]^ ions generated by bombardment of sample in glycerol matrix with 

Cs"" ions (t.e., liquid secondary ion mass spectrometry, LSIMS, producing "hotter" d ions 

with relatively high intensities were previously detected in high energy (keV) ions than 
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ESI generated [M+H]"" ions The only d ions detected were still the d? and (ds-l?) 

ions from singly protonated RLDVLQ. These d ions at Asp residues could be formed by 

a mechanism different from that for usual d ions, which will be discussed in the next 

Chapter. Therefore, it is reasonable to conclude that the different abundances of d ions 

between SID and keV CED such as shown in Table S.2 are caused by differences between 

these two activation methods. 

Table 5.2. Comparison of dn ion (a cleavage at the side chain of amino acid residues) occurrence 

between SID and high energy CID 

ESI/SID' LSIMS / SID* MALDI/CID" 
800 eV, Xe 

LSIMS/CID" 
4 keV, He 

LLDVLQ 
HLDVLQ 
KLDVLQ 
RLDVLQ 

not found 
not found 
not found 

da and da-l? 

not found 
not found 
not found 

da and da-lT 

no data 
dj, da, 
dj, di 
dz, da, d4, ds 

extremely weak, if any 
d2, da, di, ds 
d2, da, d4, ds 
d2, da, di, ds 

Both CIS and FCIO SAM surfaces were used in SID to investigate the occurrence of d 
ions. 
The instrumental conditions for the acquisition of the CID spectra were previously 

described in Ref. 23 



5.4. CONCLUSIONS 

The ESI/SID results reported in this Chapter for XLDVLQ (X=L, H, K, and R) 

provide additional evidence that the energy required for fragmentation of peptides 

increases with increasing basicity of amino acid residues. It has also been demonstrated 

that when the gas phase basicities are similar, the position of the amino acid residues in the 

sequence can result in slight changes in the positions of the fragmentation efficiency curves 

(such as those for H and K in BCAAAA / tIAAAA, AAKAA / AAHAA). This may be 

related to conformational effects that can affect the apparent GB of a basic site in peptides 

by dififerent additional stabilization, and/or alter the relative energy requirements for 

proton mobilization. 

The high GB of an arginine residue relative to all common amino acids can affect 

the dissociation patterns of singly protonated RLDVLQ and make them notably different 

from those for other ALDVLQ type peptides where X= K, H, or L. A selective cleavage 

at the C(0)-N bond located C-terminai to the Asp residue (i.e., Asp-}Ooc peptide bond, 

which is Asp-Val in this study) was observed only in the presence of Arg, the most basic 

common amino acid residue. Other basic amino acid residues. His and Lys, do not 

promote this selective cleavage at Asp-?&cx. The results suggest that acidic hydrogen of 

the Asp side chain becomes significant as an alternative source of proton to promote the 

"charge-directed" cleavage of the amide linkage of Asp-Xxx, when the "ionizing" proton 

is "sequestered" by the Arg residue. In the next Chapter, further investigation of the role 

of arginine in the promotion of selective cleavage at Asp-^Ooc will be presented. 



167 

In contrast to the detection of several d ions for the peptides ALDVLQ (X = L, H, 

K, R) in high energy CID spectra, the only d ions detected in the SID spectra were a da 

and a (ds-l?) ions in the spectrum of RLDVLQ. The d ions at the Asp residue could be 

formed by a mechanism different from that for usual d„ ions, which will be discussed in the 

next Chapter. 
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Selective Gas-Phase Cleavage at the Peptide Bond 

C-Terminal to Asp Residue 

In Fixed Charge Derivatives of Asp Containing Peptides 

6.1 INTRODUCTION 

Selective gas-phase cleavage at the peptide bond C-terminal to an Asp residue 

(Asp-^Ocx) in protonated or sodiated peptide ions has been previously noticed and 

investigated by several research groups. The study described in this chapter focuses 

on the interpretation on a molecular level, of the selective gas-phase cleavage at Asp 

residues in protonated peptides. A thorough investigation of this effect is warranted in the 

development of predictive rules for its occurrence in the MS/MS measurements of 

protonated Asp-containing peptides. 
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A succinic anhydride five-membered ring structure has been proposed by Martin 

and co-workers (see Chapter 5, Scheme 5.1), I and accepted by other authors,^"^ as the 

structure at the "C-terminus" of the N-terminal fragment (either ionic or neutral), 

following gas-phase cleavage of the Asp-Xxx peptide bond. The involvement of the Asp 

side chain carboxylic hydrogen in this fragmentation was confirmed by esterification that 

blocked the selective/enhanced cleavage at Asp-Xxx.^ Martin and co-workers proposed 

a mechanism for cleavage involving proton transfer from the Asp acidic side chain to the 

adjacent amide nitrogen C-terminai to Asp. ^ In order to explain the selective cleavage at 

Asp-Xxx in sodiated peptides, Beauchamp and co-workers suggested a salt bridge 

model.5 For singly protonated peptides, Qin and Chait noticed the presence of an 

argim'ne residue in the peptides that demonstrated selective cleavage at Asp-Xxx, but did 

not attach any role to the arginine residue.^ By comparison of MS/MS resuhs for a series 

oligopeptides of the type X-Leu-Asp-Val-Leu-Gln (X = Arg, Lys, or His), we found that 

the selective cleavage at Asp-Val occurred in the presence of an arginine residue, but not 

when Arg was replaced with other basic amino acid residues (i.e., lysine or histidine).^ 

This finding could be related to the fact that arginine has the highest gas-phase basicity 

(GBs) among the 20 common amino acids^'^^ due to its highly basic side-chain 

guanidino group. Recently, selective cleavage at Asp-Xxx in a series of protonated 

peptides has been investigated by using several di£ferent activation methods in the 

laboratory of Wysocki and collaborators.^ Selective cleavage at Asp-Xxx was observed 

only when the number of added protons did not exceed the number of arginines.^ This 
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suggested that when the ionizing protons are immobilized at sufGcientiy basic residues, 

the cleavage catalyzed by the acidic Asp residue becomes significant.^ 

The approach in the present study is to use a fixed-charge chemical group to 

"mimic" a protonated arginine residue (i.e., an arginine residue that purportedly 

sequesters an iomzing proton). This "mimic" consists of a (()3P'"-CH2C(=0)- group (cj) = 

2,4,6-trimethoxyphenyl) which is attached to the N-terminal nitrogen of peptides via 

solid-phase synthesis. This fixed-charge group has been chosen among others, as 

previously reported by Huang et since it gives no neutral loss from the charge 

moiety and thus, does not complicate the interpretation of MS/MS spectra of such peptide 

derivatives. 

6.2 EXPERIMENTAL SECTION 

Synthesis of the N-terminal Fixed-Charge Derivatives. Fmoc-Ala-Ala-Ala-

Ala, Fmoc-Leu-Asp(OtBu)-Ile-Phe-Ser(tBu)-Asp(OtBu)-Phe, and Fmoc-Leu-

Asp(C)tBu)-Ile-Phe-Ser(tBu)-Asp(OtBu)-Phe-Arg^mc) attached to Wang Resin were 

prepared using solid-phase synthesis protocols outlined by Atherton and Sheppard.^^ 

The N-terminal Fmoc (9-fluoroenylmethoxycarbonyl) protecting group of the peptides 

was removed by piperidine in N,N-dimethylformamide ^MF). The resin-bound 

peptides (0.037 mmol) with the &ee N-terminus (active side chains still protected), were 

then reacted with 0.10 mmol iodoacetic anhydride in DMF for 25 min, washed by DMF 
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twice, and reacted with 0.15 mmol tris(2,4,6-trimethoxyphenyl)phosphine in toluene / 

DMF (I;I; v/v) for 90 min. Following this, the resin-bound fixed charge derivatives were 

washed with toluene, DMF, and then with dichloromethane. Finally, the peptide 

derivatives, tris(2,4,6-triraethoxyphenyl)phosphoniuni-acetyl-Leu-Asp-Ile-Phe-Ser-Asp-

Phe, and tris(2,4,6-trimethoxyphenyl)phosphonium-acetyl-Leu-Asp-De-Phe-Ser-Asp-

Phe-Arg were cleaved from the resin and any protected amino acid side chains were 

deprotected using a l.5-niL mixture of trifluoroacetic acid (TFA)/H20/l,2-ethanedithiol 

(95:2.5:2.5; v:v:v). Tris(2,4,6-trimethoxyphenyl)phosphonium-acetyl-Ala-Ala-Ala-Ala 

was cleaved from the resin with TFA/HjO (95:5; v:v). The Fraoc derivatives of the 

amino acids required for the synthesis were obtained from Novabiochem (Caliform'a, 

USA) or Advanced Chemtech (Kentucky, USA). The C-terminal residue for the 

synthesis was purchased already attached to Wang Resin from Novabiochem or 

Advanced Chemtech. Once a peptide denvative was precipitated in diethyl ether, its 

identity and the purity were confirmed by electrospray ionization (ESI) mass 

spectrometry. Hereafter, the peptide derivatives are referred to as ((»3P'"CH2C(=0)-

LDIFSDF, (t>3P^CH2C(=0)-LDIFSDFi?, and (|)3PXH2C(=0)-AAAA ((|) = 2,4,6-

trimethoxyphenyl). 

Tandem Mass Spectrometry (MS/MS). Low-energy collision-induced 

dissociation (CID) experiments were carried out in an ion trap mass spectrometer 

(Finm'gan LCQ) with helium as coUfsion gas, as described in Chapter 2. Surface-induced 

dissociation (SID) was performed in a dual quadrupole SID tandem mass spectrometer 
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that has also been described in Chapter 2. The collision target surface used in the SED 

experiments was a self-assembled monolayer (SAM) of 2-(perfluorodecyl)ethanethiol on 

gold (i.e., CF3(CF2)9CH2CH2SAu) prepared in procedures as described in Chapter 2. 

Molecular Modeling: The peptide /IGDGGGDG was built in Macromodel 

(Version 6.0; Silicon Graphics Indigo II workstation IRIX 5.2 operating system) using 

the program's amino acid library by the postdoctoral associate George Tsaprailis of the 

Wysociu group. It was then modified to cany one positive charge with a proton being 

placed on the guanidino group of the argim'ne residue side chain, the most basic site of 

the peptide. The built-in protonated peptide structure was first subjected to 500 

optimization iterations in Macromodel resulting in an energetically refined starting 

structure. Stochastic molecular dynamics using the AMBER forcefield^^ were then 

performed on this structure using the Batchmin program of Macromodel. AMBER 

forcefield default parameters were used for the electrostatic and hydrogen bonding 

treatments during the molecular dynamics. Moreover, large distance cut-off values were 

assigned to ensure smoother convergence and the Polak-Riviere Conjugate Gradient 

(RPCG) was used for the program's energy mim'mization routines. In all, 8466 

structures were sampled during the stochastic dynamics run (1 fs time step; 10,000 ps 

total time; 800 K initial and final temperature; 0.5 ps bath time). Our choice of 

temperature for the molecular dynamics was based on previous analysis of kinetic energy 

transfer into internal energy for singly protonated YGGFL using thermal decomposition 

kinetics methods. Those results showed that applying the thermal kinetic parameters 
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to the dissociation rate constant for singly protonated YGGFL at the inflection point of 

the ESI/SID fi-agmentation efficiency curve yields an estimated effective temperature of 

796 K which corresponds to the internal energy deposited into protonated YGGFL ions. 

6.3 RESULTS AND DISCUSSION 

MS/MS Spectra of the Asp-Containing Fixed-Charge Derivatives. Two 

different methods, low-energy CID in an ion-trap instrument and SID in a quadrupole 

tandem mass spectrometer, were utilized to obtain the spectra discussed below. These 

methods were chosen because they deposit different distributions of internal energy and 

allow different time frames for dissociation. Labeling of peaks in the spectra follows the 

nomenclature defined by Roepstorff & Fohlman^S and modified by Biemann,l^'20 

previously described in Chapter L For example, b„ or yn designates the N-terminal or the 

C-temunal charged fragment, respectively, when the cleavage at the n"* (from the N- or 

C-terminus, respectively) peptide bond occurs. The ions that formally correspond to a 

loss of 28 amu (CO) from bnions are called an ions. 

(A) ESI / Low-Energy CID In The Ion Trap Instrument. Figure 6.1 shows the 

ESI / low-energy CID spectra obtained in the ion-trap instrument for the derivatized 

peptides in which the (^P''CH2C(=0)- group is attached to the K-terminus of the peptides 
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Figure 6.1. ESI/Low-energy CID spectra of (a) NT ions of (j)3P"CHiC(=0)-LDIFSDF, (b) 

[M+H]^" ions of (j>3P"CHzC(=0)-LDIFSDF, and (c) [M+H]^^ ions of (ji3P^CH2C(=0)-LDIFSDF^; 

obtained in a ion-trap mass spectrometer (Finnigan LCQ) using helium as collision gas. 
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containing Asp-residues, LDIFSDF and LOIFSDFA. The singly charged 

({)3PXH2C(=0)-DIFSDF ions, where the fixed charge is located at the N-terminus, cleave 

seleaively at the DI and DF peptide bonds to give b-type N-terminal fragment ions (bz 

and bfi ions, respectively; Figure 6.1a). The peak at ra/z 573 corresponds to the fixed-

charge group (i.e., fi-agment (j)3P'"CH=C=0).12 when an iom'zing proton is added to 

(t>3P''CH2C(=0)-LDIFSDF, the dissociation patterns change dramatically. The doubly 

charged ions of the derivative (j)3P''CH2C(=0)-LDIFSDF, with one charge 

provided by the phosphonium and the other by an iom'zing proton, cleave non-selectively 

along the whole peptide backbone as demonstrated by the whole bn ion series (Figure 

6.1b). However, when an arginine is present in the peptide derivative such as in 

(j>3P'"CH2C(=0)-LDIFSDFi?, the doubly charged ions cleave selectively at two 

Asp-Xxx peptide bonds (Figure 6.1c). Complementary bg/yz and bi/ye ion pairs produced 

by cleavage of the OF and DI peptide bonds, respectively, dominate the spectrum (Figure 

6.1c). The lower intensity of the yz ion, relative to that of b^ ion in the complementary 

pair, could be due to the mass discrimination that occurs near the low-mass cut-ofiT end of 

ion-trap MS/MS mode.21>22 ft jg noteworthy that, on the dissociation of the singly 

charged <j>3P^CH2C(=0)-LDIFSDFJf ions, two dominant b-type ions are also observed (bz 

ion and btf ion; spectra not shown) similar to those for (j)3P'"CH2C(=0)-LDIFSDF. 

(B) ESI / SID In The Tandem Quadrupole Instrument. Figure 6.2 shows the 

ESI / SID spectra for the same parent ions as those in Figure 6.1. Note that the precursor 

ion peaks in parts a & b of this figure are ofif scale. The different SID collision energies 

for obtaining these two spectra provide similar percentages of fi^gmentation for both the 
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Figure 6.2. ESI/SID spectra of (a) ions of (|i3P'CHjC(=0)-LDIFSDF at a collision 

energy of 65 eV, (b) [M+EI]^'" ions of (j)3PXH2C(=0)-LDIFSDF at a collision energy of 15 

eV, and (c) ions of (|)3P'"CHiC(=0)-LJ)IFSDFiJ at a collision energy of 65 eV. In 

all cases, a self-assembled monolayer (SAM) of 2-(perfluorodecyl)ethanethiol on gold (i.e., 

CF3(CF2)9CH2CH2S-Au) was used as the collision target surface. 
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doubly and singly charged ions of 4>3P''CH2C(=0)-LDIFSDF (Figure 6.2, part a & b). 

The spectra of doubly charged ions are similar by SID and by low-energy CTD (part b, c 

of Figure 6.2 vs part b, c of Figure 6.1). For example, the complementary bs/ya ion pair 

dominate in the MS/MS spectra of [M+H]^^ ions of <|)3P^CH2C(=0)-LDIFSDF/f (Figure 

6.2c and 6.1c), while for the ions of (|)3P^CH2C(=0)-LDIFSDF, non-selective 

cleavages occur at all the peptide bonds (e.g, a whole series of bn ions as well as some y-

type ions are observed; Figure 6.2b and Figure 6.1b). Much higher intensity ratios of 

an/bn ions are observed for doubly charged [M+H]^"" ions of (j)3P'"CH2C(=0)-LDIFSDF by 

SID (Figure 6.2b) than by ion trap CID (Figure 6.1b, an-type ions not labeled due to very 

low intensities). The peak at m/z 181 corresponds to the fragment (j)CH2^ ((j) = 2,4,6-

trimethoxyphenyl) that has been suggested as a further dissociation product via a skeletal 

rearrangement of the fragment ion at m/z 573 ((j)3P^CH=C=0 ). ̂ 2 

For singly charged M*" ions of the derivative (t)3P^CH2C(=0)-LDIFSDF, the SID 

results differ from those obtained by ion-trap CID (Figure 6.2a vs 6.1a). However, some 

inherent similarities can be seen. Di the SID spectrum, aa series ions occur except for 

those positions corresponding to the two Asp residues (Figure 6.2a). Moreover, the only 

b-type ions present are those corresponding to cleavage at the two C(=0)-N positions C-

terminal to the Asp residues (bi and be; Figure 6.2a). In addition, d2 and ci ions, as well 

as dfi and cs ions, corresponding to cleavage adjacent to the two Asp residues are 

observed. Note that d-type ions (that are formed by the cleavage at the side chain of an 

amino acid residue) and c-type ions occur less commonly in ESI/SID or low energy CID 

spectra of peptides. It is of interest that the SID results shown in Figure 6.2a are similar 
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to those obtained previously by MALDI/PSD or FAB/keV CID for the N-tenninal fixed 

charge derivatives of other Asp-containing peptides7'23 jn ai[ Qf jjjggg experiments, bn, 

dn and Cn-i ions produced by cleavages at the Asp residue of the n^** position, in addition to 

a-type ions at all other residues, are observed7'23 in previously reported studies using 

MALDI/PSD or FAB/keV CID, ̂ >23 the only charge in the singly charged parent ions 

was fixed at the N-terminus by either a quaternary ammonium^  ̂ or by a quaternary 

phosphonium^ such as that used in this study. Occurrences of dn and Cn.i, along with bn, 

at the Asp residue of the n'*' position have also been observed for singly protonated 

peptides containing an Arg (presumably protonated Arg) at the N-terminus.^'24 

Formation of dn/Cn-i At The Asp Residue of The n"* Position. Two different 

approaches described below were used to investigate if the dn/Cn.i at the Asp residue of 

the n"* positions (Figure 6.2a) can be produced from the corresponding bn ion. First, as 

shown in Figure 6.3, the fractional abundance of the ions related to the two Asp residues 

is plotted as a function of SID collision energy. From this figure it is seen that, as the 

collision energy increases, the fractional abundance of [Z(d ion) + I(c ion)] increases 

whereas that of the S(b ion) decreases. This dependence of abundance ratio of (Sd + 

Ic)/Ib on the coUision energy may suggest that the d:/ci and d«/c5 ions corresponding to 

cleavages at the Asp positions (Figure 6.2a) are produced from the bi and bs ions, 

respectively. 
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Secondly, as shown in Figure 6.4, MS/MS/MS experimental results were obtained 

in the ion-trap instrument. After generation of the bi ion under MS/MS CID conditions 

for (j)3PXH2C(=0)-LDIFSDF (e.g., refer to Figure 6.1a), the b2 ion was selected (Figure 

6.4a) and subjected to MS/MS/MS CID (Figure 6.4b). It is evident from the spectra in 

Figure 6.4, that dj and ci ions can be produced from bj ions. It is worth noting that 

dissociation of the di ions of (j)3P^CH2C(=0)-LDIFSDF gives no trace of Ci ions 

(MS/MS/MS spectra not shown), i.e., both di and Ci are products of bi fragmentation. 

Additionally, further dissociation of the be ions of (j)3PXH2C(=0)-LDIFSDF gives dg, cs, 

b2, d2, and Ci ions ( MS/MS/MS spectrum not shown). 

Plausible mechanisms for the formation of the dn and Cn.i ions, at the Asp residue 

of the n"* position from the corresponding bn ions, are proposed in Scheme 6.1. The dn 

ion occurring at the Asp residue of the n"* position can be formed by loss of a CO2 and a 

CO molecule from the five-membered ring anhydride structure (Scheme 6. la). Migration 

of an a-hydrogen from this anhydride structure to the amide oxygen N-terminal adjacent 

to the Asp residue, via a six-membered ring hydrogen bridge, can lead to formation of 

resonance structures of the Cn.t ion, with concomitant loss of a neutral molecule of maleic 

anhydride (Scheme 6.1b). 

Molecular Modeling. The selective cleavages at Asp->Ooc bonds demonstrated 

here in the spectra of peptide derivatives with a fixed-charge at the N-terminus (e.g., part 

a, c of Figure 6.1 and part a, c of Figure 6.2) are similar to those previously reported for 
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protonated peptide ions with an N-terminai arginine (e.g., the IM+H]"" ions of/JLDIFSDF 

and [M+2H]^^ ions of ilLDIFSDFi?)^ This similarity confirms the role assigned to an 

arginine in protonatd peptides: sequestering and immobih'zing an iom'zing proton.In 

order to flirther address the molecular basis of this selective cleavage, molecular 

modeling as described in the Experimental Section was done for gas-phase ions of singly 

protonated /?GDGGGDG. All residues except Arg and Asp were replaced with Gly to 

simplify the calculation. Figure 6.5 shows one of the structures obtained by the 

molecular modeling. Tn this structure, the positive charge created from the added proton 

on the guanidino group of Arg, is seen to be solvated by backbone and C-terminal 

carbonyi oxygen atoms (Figure 6.5). A key point of Figure 6.5 is the H-bond formed 

between the carboxylic hydrogen of the Asp residue at the 7"* position and its amide 

carbonyi oxygen (marked with dotted line and referred to as intra-Asp-residue H-bonding 

later). With this H-bonding in place, a five-membered ring structure is almost in shape 

(marked with dashed line). Among a total of 8466 structures sampled during the 

molecular dynamic modeling with the temperature set at 800 K, approximately 5 % of 

structures have such an intra-Asp-residue H-bonding at the Asp residue of either the 3"^ 

or the 7"* position. For this 5 % of structures, different peptide gas-phase conformations 

of various minimum potential energies were exhibited. 

Proposed Mechanism for the Selective Oeavage at Asp-Xxx. We propose a 

mechanism here in Scheme 6.2 for the formation of bn ions at Asp-Xxx peptide linkages. 

The ''remote" positive charge in this scheme represents the quaternary phosphonium in 
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Figure 6.5. A gas-phase structure of singly protonated itGDGGGDG, obtained by 

molecular dynamics simulation at 800 K temperature, showing the H-bonding (dotted 

line) between the side chain carboxylic hydrogen of the 7''' Asp residue and its amide 

carbonyl oxygen. The dashed line is meant to draw attention to the five-membered ring 

structure described in the text. 
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the fixed-charge peptide derivatives, or a protonated Arg residue in protonated Arg-

containing peptides. The H-bond involving the Asp side chain carboxylic hydrogen 

(dotted line in Figure 6.5) has two effects on the formation of the succinic anhydride 

structure of the bn ion at Asp-Xxx. First, it geometrically brings the five-member 

structure into place (Figure 6.5). Secondly, and more importantly, the H-bonding to the 

amide oxygen catalyzes the nucleophilic attack by the Asp side chain carboxyl oxygen on 

the amide carbonyl oxygen (Scheme 6.2). Subsequently, the five-membered ring 

intermediate is formed, after which, upon a hydrogen rearrangement and cleavage of the 

C-N bond, the bn ion with a substituted succinic anhydride cyclic structure is produced 

(Scheme 6.2). Note that if the "remote" positive charge (e.g., a protonated Arg) were to 

be located somewhere on the C-terminal side to the Asp residue, the succinic anhydride 

would be the terminating structure of a /leu/raZ N-terminal fragment and consequently, aiv 

ionic C-terminal fragment (i.e., a y-type ion) upon the cleavage of Asp-Xxx would occur 

(refer to the product ion spectra in ref 

U3,6). 

Selective cleavage repotted at the 

C(0)-N peptide bond C-terminal to a 

glutamic acid residue (i.e., GIu-JOcx)^.^ peptides 

fnsr 
should occur via a similar mecham'sm. ^peptides 

However, in the case of Glu-Xcx, the Scheme A eight-membered ring H-bonded 

cyclic H-bond required to initiate the structure for Glu residue 

Glu 

4-NH 



191 

formation of a fragmenting intermediate would consist of an eight-membered-ring 

structure, as shown in Scheme 6.3. Formation of such an eight-membered cyclic H-

bonded structure involving the Glu side chain is expected to be less kinetically favorable 

than the corresponding seven-membered cyclic structure involving Asp. The kinetics of 

formation of these different ring size cyclic H-bonded structures involving Asp vs Glu is 

likely to account for the selective cleavage at Asp-Xxx vs at Glu-Xxx as recently 

proposed.^ For this reason, selective cleavages at Glu-JOcx have only been observed in 

trapping instruments (i.e., FT-ICR or quadrupole ion trap), where the long time window 

for dissociation favors entropically difficult processes of a low enthalpy.^>^ 

"Generic'* bn Ions Produced From The Fixed-Charge Derivative 

(j»3P'^CH2C(=0)-AAAA. It was previously suggested that the structure of the bn ion 

formed at Asp-Xxx is unique in that it is cyclic,^ compared to non-cyclic acylium 

"generic" bn ions^^ thought to occur at other amino acid residues. Recently, cyclic 

structures for the "generic" bn ions produced in MS/MS of protonated peptides have been 

proposed (e.g., oxazolone structure).26-31 on the other hand, some authors have also 

suggested that the structure of ketene type -C(R)=C=0 might "more accurately" 

represent the bn ions produced from some protonated peptides where the charge is 

retained somewhere else other than the cleaved site.^ To address this issue, MS/MS 

studies of the fixed-charge derivative (|)3P^CH2C(=0)-AAAA were performed. 
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Figure 6.6. (a) ESI / CID spectra obtained in the ion-trap instrument for singly charged ions of (|>3P^CIl2C(=0)-AAAA, (b) 

molecular ion region of an ESI mass spectrum after H/D exchange for (J>3P'CH2C(=0)-AAAA in deuterated solvent, and (c) 

ESI / CID spectra of <|>3P*CH2C(=0)-AAAA-</i. The inset in part c shows the expanded region of the b2/a2 ions. 
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In Figure 6.6a, the m/z values of bn ions recorded under the ion-trap CID 

conditions for <j>3P''CH2C(=0)-AAAA indicate that when the Ala-AIa peptide bond is 

cleaved, a hydrogen atom is transferred away from the N-terminal fragment, presumably 

to the C-terminal neutral fragment. The original location of the transferred hydrogen is 

important for determining the structure of the "generic" bn ions produced from the fixed 

charge derivatives. H/D exchange for (j)3P''CH2C(=0)-AAAA was carried out to meet this 

goal. The derivative (ti3P''CH2C(=0)-AAAA was dissolved in deuterated CH3OD solvent 

containing 0.5 % CD3COOD for ~20 min, after which it was introduced into the ESI 

source via infrision. The infusion line was pre-cleaned with CH3OD. A portion of the 

ESI mass spectrum is provide on the right side of Figure 6.6 (part b) and shows that the 

five active hydrogen atoms of (j)3P^CH2C(=0)-AAAA ion have been replaced with 

deuterium. The ion-trap CID spectrum for (j)3P*CH2C(=0)-AAAA-c/5 is shown in the 

bottom part of Figure 6.6 (part c). After the active hydrogens were exchanged with 

deuterium, bi/ai ions do not change in mass while, b2/a2 ions and b3/a3 tons shift by 1 

amu and by 2 amu, respectively (Figure 6.6, part c vs a). An expanded region showing 

b2/a2 ions is provided as the inset of Figure 6.6c and the dominant peaks at m/z 688 and 

716 correspond to the one deuterium migration for a2 and b2 ions, respectively. The 

smaller peaks at m/z 689 and 717 (the inset of Figure 6.6c) are likely due to "C-

contaminatioa in parent ion selection (refer to the peak labeled as in Figure 6.6b). The 

results in Figure 6.6 show that it is, at least predominantly, the hydrogen at the amide 

nitrogen which migrates away from the N-terminal fragment. Previously reported D> 
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labeling experiments have revealed that the transferred hydrogen (from the N-terminai 

neutral part) during the ion formation of singly protonated peptides is originally 

attached to a nitrogen atom but not the a-carbon32,33 Wesdemiotis and co-

workers^^'^^have also investigated the transferred hydrogen from the N-terminal neutral 

fragments by neutralization-reionization mass spectrometry (NRMS). However, for the 

ionic N-terminal fragments generated from protonated peptides, the original location of 

transferred proton can not be conclusively determined because of an ionizing deuterium 

that can not be avoided in active H/D exchange experimental conditions. 

Based on our experimental results with H/D exchange for the fixed-charge 

derivatized peptide (Figure 6.6), the transferred hydrogen is moved away from a nitrogen. 

Hence, the most probable option for a "generic" b-ion structure is that of a cyclic 

structure as opposed to a non-cyclic ketene type structure^ that would require the 

migration of a proton from an a-carbon. In Scheme 6.4, a five-membered ring oxazolone 

structure (Scheme 6.4a) and a three-membered ring aziridinone structure (Scheme 6.4b) 

are drawn as possible structures for a "generic" bn ion produced from the N-terminal 

fixed-charge peptide derivatives. There is evidence in the literature that the terminal 

structure of bn ions can be the five-membered cyclic structure of an oxazoIone.26-31 

However, the three-membered ring aziridinone structure (Scheme 6.4b) may not be 

excluded and it could more easily dissociate further into the corresponding an ion due to 

its ring strain. Previously, Wesdemiotis and co-workers have proposed, based on 

neutraUzation-reioization mass spectrometry (NRMS) experimems, that a three-
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membered ring aziridmone can be one of possible structure for a neutral N-terminal 

fragment during the formation of a Yn ion from singly protonated peptides.^^ 

Figure 6.7 shows the MS/MS/MS spectrum of the bs ion from the derivative 

(^3PXH2C(=0)-AAAA under ion-trap CID condition. Note that the pattern on further 

dissociation of the supposed succinic anhydride bi ion of (|>3P"CH2C(=0)-LDIFSDF 

(MS/MS/MS spectrum in Figure 6.4) is distinct from the pattern shown in Figure 6.7 for 

a "generic" b„ ion. This difference could be seen as supporting evidence that the 

structure of the b„ ion occurring selectively at an Asp-Xxx peptide bond differs from that 

of a "generic" b„ ion, although they both are cyclic in nature. 

Competitive Non-Selective Cleavage Promoted by A "Mobile" Proton. With 

a proton added to the peptide derivative (()3P''CH2C(=0)-LDIFSDF, non-selective 

cleavages occur across the whole peptide backbone (Figure 6.1b and 6.2b). Previously, a 

general model for the fragmentation of protonated peptides, based on the "mobile 

proton"^^'^^ or equivalently, the "heterogeneousiy distributed proton",29,37,38 f,as 

evolved. The "mobile proton" model states that in the absence of a strongly basic 

residue (e.g., Arg), the cleavages of various peptide bonds in protonated peptides occur 

following a migration of a mobile proton to the amide moiety.^ In other words, the 

low-energy pathways that form bn or yn ions are promoted by a so-called charge-directed 

cleavage of peptide bonds initiated by a mobile available proton. Recently, a significant 

harmony between cyclic bn ion structures and the "mobile proton" model or equivalently, 

the "heterogeneousiy distributed proton" model has been reached with a mechanism 
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An (available) ionizing proton located at the carbonyl oxygen of an amide group moiety promotes the nucleophilic attack on the 

carbonyl carbon. After this acid-catalyzed formation of an oxazolone structure, C-N bond order lowering with a proton (migrated from 

the immonium nitrogen of formed oxazolone structure, by the opinion of Hunt and Gaskeli,) suggests that two pieces would separate. 

Consequently, either an oxazolone structure b„ ion or a yn, ion is produced. 
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published by Gaskeil and co-workers,29 based on an earlier idea by Hunt and co-

workers^^ as well as on work by Harrison and co-workers.27,28 proposed 

mechanism, 26,29 gg shown in Scheme 6.5, that a proton located at the oxygen of an 

amide group moiety catalyzes the nucleophilic attack on the carbonyl carbon of this 

amide group and thus, promotes the formation of an oxazo lone-structure bn ion. 

Moreover, Gaskeil and co-workers demonstrated analogies of gas-phase fragmentation to 

solution-phase acid-catalysis chemistry.29 

The relative energetics of fragmentation for the Asp-contaim'ng fixed-charge 

peptide derivatives were investigated by SID. The ESI/SID efiBciency curves obtained as 

described in the Experimental Section are provided in Figure 6.8. Approximately 75-eV 

collision energy is required to achieve 50% fragmentation for the (j)3P''CH2C(=0)-

LDIFSDF singly charged ions (Figure 6.8), whereas, for the doubly charged [M+H]^^ 

ions with the addition of an extra proton to (j)3P''CH2C(=0)-LDIFSDF, the required 

collision energy for 50% fragmentation is dramatically lowered to approximately 20 eV 

(Figure 6.8). The main reason for this shift in the ESI/SID efficiency curves is not a 

charge efifect (e.g., Coulombic repulsion). For example, the fragmentation efficiency 

(dashed line) for the doubly charged (M+H]^^ ions of <j>3PXH2C(=0)-LDIFSDFi? is 

much lower (i.e., the curve shifted to higher collision energies) relative to that of the 

[M+H]^^ ions of ((>3P^CH2C(=0)-LDIFSDF. Due to the highly basic guanindino group of 

the arginine residue, the added proton in the [M+H]^^ ions of (foP'"CH2C(=0)-LDIFSDFi? 

is most likely retained by the Arg side chain. For (j)3P'^CH2C(=0)-LDIFSDF without an 
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Arg residue, it is the available mobile proton, but not the facile fragmentation simply due 

to two charges, that makes the fragmentation much easier for the [M+H]^"" ions relative to 

the vr ions (see the relative positions of two solid curves in Figure 6.8). This suggests 

that charge-directed fragmentation channels due to an available mobile proton (e.g., acid-

catalyzed formation26,29,31 gf oxazolone-like bn ions or the corresponding y-type ions) 

can compete with those catalyzed by Asp residues as described in Scheme 6.2. As a 

result, cleavages at Asp-Xxx are not dominant anymore. 

Note that bn ions of (|)3P^CH2C(=0)-AAAA (Figure 6.6) are formed by a so-called 

charge-remote mechanism, i.e., there is no mobile proton available at amide moieties. 

Previous studies regarding b-ion oxazoione structure have usually utilized protonated 

non-basic peptides where a so-called charge-directed mechanism (i.e. acid-catalysis with 

a mobile proton) can be readily applied.^^"^^ At this point, it is not clear if the bn tons 

recorded in Figure 6.6 have different structures (e.g., three-membered-ring azindinone; 

Scheme 6.4) other than oxazoione structures. The bn ions with the three-memberred-ring 

azindinone structure could, however, be more easily converted into the corresponding an 

ions due to the intrinsic instability of the three-memberred-ring structure. 

The Formation of [brr-i+HjO] ion From the Fixed Charged Peptide 

Derivatives. It is of interest that whenever selective cleavages at Asp->&cx are observed, 

[b^.i+HsO] product ions also occur in the spectra. A capital N is used here to represent 

the total number of amino acid residues in a selected precursor ion and, to distinguish it 

from a lower case n used for bn ions where n is a variable for a selected precursor ion. 
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This co-occurrence phenomenon has been seen for both protonated peptides and the 

fixed-charge peptide derivatives (e.g., b6+H20 in Figure 6.1a & 6.2a, bT+HiO in Figure 

6.1c & 6.2c). Note that an arginine is commonly present in the protonated peptides that 

give relatively strong [bN-i+HiO] ions under MS/MS conditions.Gaskell and co

workers have previously investigated the nature and formation of the [bN.i+H20] ions 

from protonated peptides.^ Recently, Glish and co-workers^ ̂  noticed and 

investigated the [bN-v+H^O] ions produced from fixed-charge derivatives with a 

tris(2,4,6-trimethoxyphenyl)phosphonium-acetyi group at the N-terminus. Observations 

of equivalent [bN-i+ metal cation +0H] ions,^2-44 produced from metal ion cationized 

peptides, were reported prior to those of the [bN.i+H20] ion from protonated peptides. 

Previous work focusing on the formation of [bN.i+H20] ions'^^ from protonated 

peptides by Gaskell and co-workers^^'^® concluded the following; (i) The structure of 

the [bN-i"'"H20] ion is the same as that of the [M+H]^ ion of the peptide with one fewer 

amino acid residue, (ii) Formation of this product ion occurs with retention of one of the 

C-terminal carboxyl oxygens as demonstrated by ^^0-labeling experiments, (iii) This 

product ion only occurs for peptides with a C-terminal free carboxylic group (i.e., not for 

peptides with a C-terminal amide or a C-terminal methyl ester). Based on these findings, 

Gaskell and co-workers^^ have proposed that [bv-i+HiO] ions are formed via an 

intermediate five-membered ring structure. This intermediate, formed by nucleophilic 

attack of the C-terminal carboxyl oxygen on the carbonyl carbon of the penultimate 

residue, is initiated by a seven-membered cyclic structure involving m H-bond between 
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Figure 6.9. Ion-trap CID spectrum of (j)3PXH2C(=0)-AAAA-0CH3. Note that [bs+H^O] 

ions disappear after C-terminal esterification of (t)3P*CH2C(=0)-AAAA (refer to Figure 6.6, 

part a & c) 

the C-terminal carboxylic hydrogen and the oxygen of the attacked amide group.^^ The 

necessity of a free C-terminal carboxylic hydrogen for the formation of [bN-i+HiO] ions 

from the fixed-charge derivatives is demonstrated here in Figure 6.9 where [bN-i+H^O] 

ions disappear in the MS/MS spectrum of the C-terminal methyl ester of <|»3P^CH2C(=0)-

AAAA. The C-terminus of (j)3P^CH2C(=0)-AAAA was esterified with methanolic HCl. 

Note that the mecham'sm for the formation of [bN-i+HjO] ions is similar to that 

proposed in this study for selective cleavage at the Asp-Xxx peptide bond. The similarity 

is remarkable in terms of the seven-membered cyclic H-bonded structures preceding 

formation of five-membered ring intermediates. Therefore, it is not surprising that 

reduction or disappearance of the [bN-i+HiOJ ion is observed under the circumstance 
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when non-selective cleavages occur across the whole peptide backbone. (Figure 6.1b & 

6.2b, or see ref 6,8,39 for protonated peptides). In this case when a mobile proton is 

available to the peptide backbone amide group moieties, both the formation of the [bN-

1+H2O] ion and the selective cleavage at Asp-Xxx have to compete with low-energy 

formation of oxazolone-like bn ions promoted by acid-catalysis26,29,31 by this available 

mobile proton. 

6.4 CONCLUSIONS 

In conclusion, the present results unequivocally demonstrate that in the absence of 

an available mobile proton, selective cleavages at the peptide bond immediately C-

terminal to an Asp residue (Asp-%oc) dominate the MS/MS spectra of charged peptides. 

Moreover, their occurrence in MS/MS measurement of Asp-containing peptides is very 

likely promoted by a 7-membered ring H-bonded structure involving the Asp side-chain 

carboxylic hydrogen, as supported by molecular modeling. The resulting product bn ion 

is accordingly a succinic anhydride S-membered cyclic structure. In the presence of an 

available mobile proton, low-energy dissociation pathways involving proton-catalyzed 

formation of oxazolone-type structures compete with the cleavages promoted by the 

cyclic H-bonding involving the Asp side chain. This leads to non-selective fragmentation 

patterns, as well as improved fragmentation efficiencies. A similar «q)lanation may be 
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applied to the occurrence or lack of [bN-i+HiO] because its formation is similar to the b„ 

ion at Asp residue, in terms of a 7-membered ring H-bond initiating structure. 

Strong supporting evidence for the cyclic nature of a "generic" b„ ion has been 

gained in H/D exchange experiments performed on a fixed charge derivative of 

tetraalanine. Although a "generic" bn ion and the specific bn occurring at Asp are both 

cyclic in nature, their different dissociation patterns for these two types of bn ions under 

MS/MSMS conditions may support that they differ in structure. Another interesting 

finding on further dissociation of bn ions at Asp residue is the formation of a dn ion from 

the bn ion. This provides a different mechanism from that previously suggested in the 

literature for common dn ion formation from [an+l] radical ions. 

It is expected that the aforementioned MS/MS and product ion structure results 

will help in strengthening the analytical utility of MS-based sequencing protocols by 

providing improved and additional predictive rules of peptide dissociation for the 

computer aided interpretation of MS/MS spectra. That is, with a consideration of high 

probabilities for the occurrence of some particular ions under certain conditions, the 

correlation between the experimental MS/MS spectra and the predicted spectra for a 

given peptide by a computer algorithm should be increased. 
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Fragmentation of Singly and Multiply Protonated 

Polypropylenamine Dendrimers by SID 

7.1. INTRODUCTION 

For the research described in this Chapter, a series of polypropylenamine 

dendrimers serve as model compounds to investigate the effect of different charge states 

on ion fragmentation. It is anticipated that the results of this work will have an impact on 

resolving the controversy over why, for protonated peptides, higher charge state ions tend 

to fragment easier than lower charge state ions. Dendrimers consist of monomer units that 

are connected in a tree-like branching &shion. In Figure 7.1, the molecular structures are 

drawn for the dendrimers used in this study. These dendrimers consist of a 1,4-

diaminobutaneCDAB) core, to which propyleneamine (PA) repeating units are attached 
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such that the dendrimer contains n NHz end-groups(5ee dendrimer DAB(PA)8, 

DAB(PA)i6, and DAB(PA)32 in Figure l).^ The tertiary amine 'inner* nitrogens in a 

dendrimer molecule have higher gas-phase basicities than the end-group primary amine 

nitrogens. 

The introduction of electrospray ionization (ESI) 2,3 has greatly facilitated the 

production of multiply charged ions. ESI has made it possible to analyze high molecular 

weight compounds, provided they can carry the required number of charges, in a m/z 

range accessible with most mass analyzers. An important aspect of the dissociation of 

multiply protonated ions (namely, multiply protonated peptide ions) by tandem mass 

spectrometry (MS/MS) is the often observed easier fragmentation with increasing charge 

state.^"^ This is favorable for example when the MS/MS set-up is limited to low-energy 

collision activation.^'In many studies, the influence of peptide composition and charge 

state on the ease of fragmentation have been investigated.^"^ ^ In most of these studies 

either gas-phase collision-induced dissodation (CID)^'^^ or surface-induced dissociation 

(SID) were employed, and the results obtained from both indicate that fragmentation 

is often facilitated for higher charge state peptide ions. An exception is reported by 

Jockusch et al. who determined an increase in the fragmentation energy for ubiquitin 6+ to 

11+ in blactc-body infrared dissociation (BIRD) experiments. The authors proposed that 

the multiple charges in ubiquitin change the ion conformation and/or charge distribution 

rather than lowering bond dissodation energies.^^ 

Generally speaking, there are two different proposed explanations for the easier 
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fragmentation of multiply charged peptides. One explanation focuses on the role of the 

proton in promoting charge (proton)-directed low-energy pathways as the means by which 

the peptide backbone is cleaved. Gaskell and co-workers use the term 'increased charge 

heterogeneity' 9,14,15 Wysocki and co-workers have proposed the 'mobile-proton' 

model.^'^' These models, which are similar, state that factors that allow protons to 

access less basic sites in the peptide molecular ions lead to enhanced non-selective 

cleavages that provide sequence information. The participation of amide groups, which 

have relatively low gas-phase basicities within the peptide molecule (e.g., relative to side 

chain basic site or N-terminal amine), in the protonation is assumed to be required to 

Initiate the relatively low-energy charge-directed fragmentations. ^ Although proton 

migration to the less basic amide group is an endothermic process, the significant 

weakening of the amide bonds, or acid-catalyzed nucleophilic attack on the carbonyl 

carbon, in these forms 'drives' the amide bond cleavages faster than in other protonated 

forms of the peptide. That is, an extra proton in protonated peptides, in fact, may provide 

a significant "catalyst" to initiate the low energy pathway cleavages of the amide linkages 

leading to the formation of bn/yn ions. Separate from these explanations, multiply charged 

ions have also been proposed to be inherently less stable than singly charged ions. 

Rockwood et al. predict a lower activation energy for dissociation of a linear polymer with 

higher charge state, as a result of Coulomb repulsion.Vekey and Gomory have 

calculated potential energy profiles using semi-empirical and ab initio methods for doubly 

protonated tetraglycine and conclude that the presence of multiple charge sites in a peptide 
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may lead to further weakening of the amide bond J ̂  However, this result calculated by 

Vekey and Gomory has not been verified experimentally because a doubly protonated ion 

is not obtained in an ESI source for such small non-basic peptides. 

To further study the charge-state dependence of fragmentation efSciencies, we 

have looked for compounds which can be multiply protonated, but in which the gas-phase 

basicity of various sites in the molecule does not vary as greatly as in peptides. The 

polypropylenamine dendrimers DAB(PA)8, DAB(PA)i6 and DAB(PA)32 are good 

candidates for this investigation. 

The proposed fragmentation mecham'sm for polytertiary alkylamines is based on a 

charge-directed intramolecular nucleophilic substitution reaction A generalization 

of the SNI fragmentation mecham'sm for these compounds, based on earlier publications for 

singly protonated dendrimers,jg shown in Scheme 7.1. In the dendrimers, the 

protonation of the sites with the highest gas-phase basicity within the molecule (i.e., the 

tertiary amine m'trogens) can give rise to the SNI fragmentation reactions, and therefore 

''V H^+/R3 R1.+/R2 
N N I ^R3 

R2'^ \ 1 / \ —^ , / \ ^ H-N: 

Scheme 7.1 SNI fragmentation for a protonated ploytertiaiy-alkylaniine 

prior mobilization of the proton is not necessary. This is different from the situation in 

peptides, where the proton may reside at a basic site where it can not readily initiate 
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fragmentation, e.g. at the side chain of a basic amino acid residue or a free N-terminal 

amino group. Later in tiiis chapter, the results obtained for these dendrimers by SID are 

presented in detail and the implications of the results are discussed. 

7.2. MATERIALS AND EXPERIMENTAL METHODS 

The dendrimers DAB(PA)8, DAB(PA)t6 and DAB(PA)32 were obtained from 

DSM (Geleen, The Netherlands). {Note that these dendrimers are new available from 

Aldrich and are named as DAB-Am-8, DAB-Am-16, and DAB-Am-32, respectively.). For 

ESI, 75-1 SO solutions in a 3:1 methanoliwater mixture were used. To enhance 

multiple protonation, acetic acid was added to a concentration between 0.1-2%, to 

optimize the intensity of a specific charge state to be selected for SID. 

The ESI/SID experiments were performed in a dual-quadrupole SID tandem 

instrument that has been described in Chapter 2. Self-assembled monolayers (SAMs) of 

fluoroalkanethiols on an evaporated deposited gold surface [i.e. CF3-(CF2)7-(CH2)2-S-Au, 

referred to as FCio surface hereafter] were utilized for all SID results spectra presented in 

this chapter. To maximize sensitivity, the quadrupole mass analyzers were routinely set to 

a resolution of 3-5 mass units (FWHH). Some experiments were performed with unit 

resolution to confirm the accuracy of peak assignment. 
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7.3. EXPERIMENTAL RESULTS 

Fraipnentation efficiencies 

Figure 7.2 shows the ESI/SID fragmentation efiSciencies obtained for protonated 

DAB(PA)g C+IH* and +1YC), DAB(PA)i6 (+2ir and +3ir), and DAB(PA)32 (+3ir and 

+4tr) as a function of SID collision energy. These charge states correspond to those of 

two of the most intense protonated ions generated from the ESI source for each of the 

dendhmers. As in previous chapters, the fragmentation efficiency values is defined as the 

ratio of 

£(fragment ion peak area) 

(parent ion peak area)+£(&agment ion peak area) 

Two features are evident from this figure: 

1) The fragmentation efficiency curves shift to higher collision energy regions as 

the size of dendrimers increases. This is normal for various types of projectile ions. 

2) A difference in the charge states does not affect the energy requirement for the 

fragmentation. That is, an extra charge, provided by one extra proton, does not make the 

fragmentation of the dendrimers easier, for the charge states investigated here. 
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Figure 7.2. Fragmentation efficiency for the dendrimers DAB(PA)„ (n = 8, 16, 32) plotted as a function of SID collision 

energy. "+1, +2, +3 and +4" in the figure refer to the numbers of ionizing protons in the precursor ions generated by ESI. A 

fluoroalkanethiolate SAM on gold [ CF3-(CF2)7-(CH2)>-S-Au, FC,o surface ] was used for SID. 
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This is contrary with that previously observed for protonated pepetides and is a somewhat 

striking feature. The significance of this finding and the explanations to it will be discussed 

in next section (i.e. 7.4. DISCUSSION). 

SID spectra 

Figure 7.3a shows the SID spectrum resulting fi-om 40 eV coiUsions of singly 

charged DAB(PA)8ir ions (m/z 773) with a FCw surface. The formation of most 

fragments, such as m/z 58, 115, 172, 243, 414, and 642, can be explained by the SNI 

reactions shown in Schemes 7.2 and 7.3. The fragment at m/z 414 has been identified as 

the lowest-energy fragmentation channel, and m/z 172 as the next lowest, by both low 

energy CID experiments in an ion trap mass spectrometer^^ and thermal decomposition 

experiments. The possibility of sequential Segmentation, such as the formation of m/z 172 

out of m/z 414 (see Scheme 7.2), has been confirmed by CID MS^ experiments in an ion 

trap mass spectrometer^^ and in a triple quadrupole mass spectrometer.^^ The 

abundance of the fragment at m/z 58 is low in Figure 7.3a but it increases with increasing 

collision energy. The fiegment at m/z 642 is of low intensity at ail coUision energies 

utilized with a maximum (10% of the base peak) around 30-35 eV collision energy 

(energy resolved spectra not shown). Other low intensity fragments, observed at m/'z 70, 

72, 84, 101, 112, 115, 144 and 243 (Figure 7.3a), can be explained by sequential SNI 

rearrangement reactions in the ion terminated by a SNI fiegmentation. Examples are 

shown in Scheme 7.3 for formation of the fragments at m/z 115 and 243. 
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part b, a blow-up of the region > m/z 400 does not reveal any peaks with s/n > 3 other than m/z 602. 
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Figure 7.3b shows a 40 eV SID spectrum obtained by coUision of doubly charged 

DAB(PA)8H2^^ {m/z 387) with a FCw surface. The most abundant fragment is again the 

ion at m/z 172 which, however, is not as dominant as that in the SID spectrum of 

DAB(PA)8ir. The complementary ion oim/z 172 appears at m/z 602 (i.e.,[MH2^"-l72]"). 

Fragments at lower masses, such as at m/z 58, 115, and 127, are more intense in the SID 

spectrum of the doubly charged ion than in that of the singly charged ion (Figure 7.3b vs 

7.3a). Scheme 7.4 shows a proposal for the Sni reactions leading to the fragments 

observed for DAB(PA)gH2^''. One notable spectral feature is the absence of a fragment at 

m/'z 414 (the lowest fragmentation channel for singly protonated DAB(PA)8, see Figure 

7.3a and related text) in the SID spectra of doubly protonated DAB(PA)g at all collision 

energies investigated (e.g.. Figure 7.3b), although a "possible" complementary fragment 

ion at m/z 360 was detected at some colh'sion energies (e.g.. Figure 7.2b). 

Figure 7.4a shows the 90 eV SID spectrum of doubly charged DAB(PA)i6H2^'" 

im/z 844) produced by the collision with a FCio surface. Below m/z 200 this spectrum 

shows the same fragments as those observed for DAfi(PA)gHa'^ (n-l,2). Most fragments 

of DAB(PA)i6H2^'^ can also be explained based on the Sni fragmentation mechanism 

(Scheme 7.5); for example, the ion at m/z ill and its complementary ion [MH2-172]'' at 

m/z 1516, as well as a doubly charged fragment ton OfH2-131]^'' at m/z 778.5 due to loss 

of a 13 lu neutral fragment. In Figure 7.4b, similar fragment ions of DAB(PA)i6H3 '̂" (m/z 

563) are the ion at m/z 172 and its complementary ion [MH3-I72]^'" (jn/z 758) and, the ion 

produced upon loss of a 131 amu neutral fragment, (MHj-nif" {m/z 519). However, a 
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Scheme 7.5 Fragmentation channels for DAB(PA)i6H2"'' 

logical explanation for the abundant fragment at m/z 285 in the 90 eV SOD spectrum of 

DAB(PA)i6H3^'^ (Figure 7.4b) has not yet been developed. When compared with Figure 

7.3 for DAB(PA)8 (+lfr and +2^"), the intensity ratio of m/z 58 to m/z 172 is again 

much higher for DAB(PA)i6H3^'" vs DAB(PA)i6H2^'" (a higher charge state vs a lower 

charge state). 

The SID spectra of DAB(PA)32H3^'' and DAB(PA)32Ht'*'^ (not shown) also show 

mostly Sxi fragmentation products: for example, complementary ion pairs such as m/z 58 

and [MHn-58]^"-'^ m/z 172 and [MH,-l72r'^ m/z 400 and [MH„-400]^"-'^ and, upon 

loss of a 131 amu neutral fragment, [MHn-131]"^ (n=3,4). Similar to that for the two 

smaller dendrimers, the intensity ratio of fragment ion at m/z 58 vs m/z 172 is greater for 

the higher charge state [i.e., DAB(PA)32H4'*^ than that for the lower charge state [i.e., 

DAB(PA)32H3^1 at the same collision energy. 

In summary, one significant spectral feature is that there is a higher relative 
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abundance of fi-agment ions from the periphery of the protonted dendrimer ions for higher 

charge states vs lower charge states. At a recent ASMS conference, McLuckey and co

workers reported the observation of this same spectral feature, in a follow-up work, using 

the same dendrimers in an ion-trap instrument.^^ 

7.4. DISCUSSION 

Charge distribution f̂ ovemed both bv gas-phase basicity and bv Coulomb 

repulsions 

As indicated in Scheme 7.2, formation of m/z 414 and 172 from DAB(PA)gfr 

(Figure 7.3a) can occur following protonation at either of the innermost tertiary amines 

(N-3 and N-3', see Scheme 7.6 for numerical designation of different amine nitrogens). 

The protonation at these innermost tertiary nitrogens is favored by the relatively high gas-

phase basicity values of tertiary amines. Table 7.2 summarizes the gas-phase basicities 

(GB) for various diamines^^ that are considered to be representative for the amine groups 

in the dendrimers. It should be mentioned that the presence of many amine nitrogens in 

the dendrimers makes internal solvation possible, resulting in high gas-phase basicity. In 

general, a protonation site in a polyamine compound is assumed to consist of several 

amine nitrogens to which the proton is hydrogen-bound. Experimental data by Yamdagni 
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1 

Scheme 7.6 Labels for the different amine nitrogens in DAB(PA)g 

Table 7.1: Gas-phase basicities of several primary and tertiary diamines, as obtained from ref 

Molecule Gas-Phase Basicity Gas-Phase Basicity 

(kcal/tnol) (eV) 

NH2(C3H«)NH2 224.7 9.74 

NH2(C4H8)NH2 228.1 9.89 

NH2(C5HIO)NH2 226.1 9.81 

NH2(C6H,2)NH2 226.1 9.81 

(CH3)2N(C3H<)NH2 233.1 10.11 

(CH3)2N(C3H6)N(CH3)2 235.5 10.21 

(CH3)2N(C4H8)N(CH3)2 237.3 10.29 

(CH3)2N(C6HI2)N(CH3)2 234.8 10.18 
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and Kebarle indicate that proton-bound cyclic structures are formed in singly protonated 

polyamines.26 An assumption can thus be made that, for DAB(PA)gHr at low internal 

energy, the proton is solvated at least between the two central tertiary nitrogens (N-3 and 

N-3' in Scheme 7.6) because these nitrogens have the largest substituents and therefore the 

highest gas-phase basicity and because the ring size (7-membered) is favorable for H-bond 

formation. This is consistent with the experimental results that the m/z 414 fragment ion 

of DAB(PA)gfr is the lowest-energy fragmentation channel and m/z 172 is a dominant 

fragment ion. In addition, the resulting protonation structure is a proton-bound 

'cyclicized' substituted-diaminobutane, which has a relatively low ring strain.^^ This can 

also been seen in Table 7.2 with the highest GB value of NH2(C4Hg)NH2 among the group 

of NH2(C,jH2n)NH2 (n=3-6) and that of (CH3)2N(C4Hg)N(CH3)2 among the group of 

(CH3)2N(C„H2„)N(CH3)2 (n=3, 4, 6). 

In multiply protonated dendrimers the distribution of the charge sites is governed 

both by the gas-phase basicity of the site (as rationalized above) and by the Coulomb 

interactions of the charges in the ion. Schnier et al. have proposed that for a multiply 

protonated molecule, the lowest-energy configuration of the charges is such that the 

relative free energy of a given charge configuration is minimized. This relative free 

energy is minimized when 

i— icBi"^ (Eq.7.1) 
i j 47C8o8|-rjj j=n 

i>i 

is minimized, where q is the charge, 8d is the permittivity of vacuum , 8r the relative 
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permittivity of the medium, ry the distance between the charges, and the intrinsic 

gas-phase basicity of a protonation site. This and related expressions have been helpful in 

predicting the maximum charge state and proton transfer reactivity of multiply protonated 

compounds. 28,29 xhe relative free energies associated with the charge distribution in a 

multiply protonated dendrimer can in principle be determined from expression 1. It is 

clear that the Coulomb interactions decrease when the charge sites are more widely 

separated. Although the exact determination of the lowest-energy proton distribution is 

complicated by the absence of values for the gas-phase basicity of the protonation sites in 

the dendrimer and for the distances in the lowest-energy geometry, a rough estimate of the 

magnitude of these effects can be still helpful. For the Coulomb interactions in 

DAB(PA)gH2^*, one logical assumption is that the maximum possible distance between the 

charges is realized when NH2 groups on opposite sides of the dendrimer are protonated. 

Using C-C and C-N bond lengths of 1.54 A and 1.47 A, respectively, and assuming 

average bond angles of 110°, the maximum distance is about 2SA giving 0.6 eV Coulomb 

energy (using Ecouioinb(eV) = l4.4/r(A)). The displacement of one of the protons from the 

'outer* shell one layer inward (by one propyl group) leads to an increase in the Coulomb 

energy of 0.1-0.3 eV. The gas-phase basicity of the tertiary amine nitrogens is higher than 

that of the primary nitrogens of the outer shells by 0.2-0.4 eV (refer to Table 7.2). Thus 

the changes in gas-phase basicity and Coulomb repulsion are at least comparable, such that 

a single lowest-energy proton distribution may not be predicted. However, it is reasonable 

to say that for higher charge states there is increased participation of the 'outer* amine 
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nitrogens (N-2 and N-l in Scheme 7.6) in the solvation of the protons, compared to that 

for DAB(PA)8fr where at low internal energy the proton is solvated by the central tertiary 

nitrogens (N-3 and N-3'). This assumption is supported by the higher relative abundance 

of fragments from the periphery of the ion for higher charge states of the dendrimers (see 

intensity ratio of m/z 58 to m/z 172 in Figure 7.3b vs 7.3a, and Figure 7.4b vs 7.4a). 

However, the probability that two of the outer primary amines are simultaneously 

protonated in a doubly charged dendrimer is low. For example, proton transfer from sites 

N-2 and N-2' to N-l and N-l' in DAB(PA)8H2^^ decreases the Coulomb repulsion by only 

-0.3 eV, but the gas-phase basicity by ~0.6 eV. Similarly, the probability of simultaneous 

protonation of two tertiary amine nitrogen atoms on the same half of the DAfi(PA)8 

should be low (e.g., one proton at N-3, the other at N-l in Scheme 7.6), as supported by 

the absence of m/'z 414 from the SID spectra of DAB(PA)8H2^^ Such fragment ions as 

that containing the S-membered ring are also absent from the SID fragment spectra of the 

other multiply protonated dendrimers. For example, there is no peak at m/z 870 in the 

spectra of DAB(PA)i6H2^^ whereas it has been observed in the SID fragment spectra of 

the singly protonated form, DAB(PA)i6fr (spectra not shown). Control of the charge 

distribution in a multiply protonated dendrimer (e.g., DAB^A)i6 by Coulombic repulsion 

and the gas-phase basicity is highlighted in Scheme 7.7 for the formation of fragment ion 

m/z 58 and m/z 172, respectively. As a result of higher Coulombic repulsion in an ion of 

higher charge state, the fragment ion m/z 58 is more likely to form since the protonation 

sites are more likely to be located close to the periphery of the molecule in order to spread 

away form each other. The protonation sites, one layer inward, for the formation of m/z 
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172 have higher intrinsic gas-phase basicity than that for the formation of m/z 58. 

Therefore, the chance for this type protonation, and thus the formation of fragment ion 

m/z 172, increases with decreasing charge states. 

Relative Energetics 

From Figure 7.1 and Table 7.1, it is seen that the measured characteristic collision 

energy (Echr) does not depend on the charge state for these dendrimer ions. This contrasts 

with the results for protonated peptides, for which lower Echr have been observed for 

higher charge states. Prior to the discussion about the significance of this contrast, the 

uncertainty in Echr is discussed below. In general, Echr can be determined with a 

reproducibility of 1-2 eV due to statistical variations in the data. Additionally, there can 

be systematic, charge dependent errors in the measured Echr- For example, more internal 

energy can be gained by activation in the nozzle-skimmer region with higher charge state 

ions. Consequently, less SID collision energy is needed for the multiply charged ions to 

have the same internal energy as a lower charge state ion. Hence there can be a systematic 

underestimation of Echr for a higher charge state ion. A second systematic error comes 

from the fact that a multiply charged parent ion can give more than one singly-charged 

fragment per unimolecular dissociation. Consequently, at a comparable fragmentation 

rate, the multiply charged ion can give a higher fragment ion abundance 
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compared to a singly charged ion. This could also introduce a shift in Echr to lower values 

for the higher charge states. Thus, although the experimental values of Echr are charge 

state independent, a small increase in the characteristic activation energy with charge state 

might be present. It is worthy noting that, under the same uncertainty as discussed above, 

the measured Echr by SID for a doubly protonated peptide can be a few tens of eV lower 

than that for the singly protonated ion of the same peptide.^'^ 

As described earlier in this chapter, the protonation at any of the tertiary amine 

nitrogen sites (that have relative high gas-phase basicity within the molecule) can give rise 

to the Swi fragmentation. The protonation primarily determines the preferred position of 

the nucleophih'c attack by a non-protonated amine nitrogen in the SnI mecham'sm, but not 

the bond dissociation energy of the C-N bonds. Therefore, the activation energies for the 

SnI reactions may not differ significantly when an extra proton is added to one of the 

tertiary amine nitrogens in a dendrimer molecule. For protonated peptides, the proton 

located at the most basic site (such as a basic side chain and free N-terminus) does not 

promote fragmentation of the peptides. Additional energy may be required for 

Intramolecular proton transfer to the amide group to promote low-energy pathways for 

fragmentation. In the case that an extra proton can be more mobile, or more available to 

the amide groups of peptide backbone, the addition of the second proton then has a 

pronounced effect in lowering the activation energy for the unimolecualr dissociation.^'^ 

Our understanding of the contrast between the SID energetic results for the dendrimers 

and those tor peptides is illustrated in Figure 7.5. 



(a) 

DAB(PA), 

(b) 

Peptides 

Figure 7.5. A simple illustration for understanding the contrast between the SID energetic results for the dendrimers 

and those reported for peptides. Adding an extra proton might have the similar effects on the ground state energy level 

of the precursor ions for both the dendrimer and peptides due to Coulombic repulsion. In the protonated dendrimers, S^i 

fragmentation reactions are possible from any protonation at the tertiary amine nitrogen atoms and the addition of an 

extra proton does not result in a significant decrease in the activation energy of the S,gi processes. For peptides, in the 

case that an extra proton can be more mobile, or more available to the amide groups of peptide backbone, the addition of 

the second proton then has a pronounced effect in lowering the activation energy for the unimolecuair dissociation. 
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The observed independence of Echr on the charge states for protonated dendrimers 

also suggests that there is no significant destabilization by Coulomb repulsion within the 

multiply charged ions selected for activation. Experiments with higher charge states (if the 

ions with much higher charge states could be generated and introduced into a mass 

spectrometer) would be Interesting because stronger Coulombic effects may affect the 

fragmentation efiBciency more distinctly. Larger destabilizing effects for sufficiently high 

charge states might lead to an observable decrease of Echr- Alternatively, a higher 

activation energy for the SnI firagmentation for higher charge states may be required, when 

the charges are driven to primary amine sites (N-l) with high enough Coulombic 

repulsion. However, we have not been able to obtain sufficient highly charged dendrimers 

in our ESI source to test this hypothesis. In this case, additional activation energy may be 

needed to mobilize the protons to the tertiary sites (N-2 and N-3), which could increase 

Eciif. 

7.5. CONCLUSIONS 

The origin of most of the ftagment ions firom singly and multiply protonated 

dendrimers can be explained based on charge-directed Sni reactions. Observed trends in 

relative abundances of fragments for different charge states of the dendrimers can be 

explained based on competition between minimization of the Coulomb repulsion and 
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proton occupation at the sites of highest gas phase basicities. 

The characteristic SID collision energy required for fragmentation is found to 

increase with the size of the dendrimers. However, in contrast to reported results for 

multiply protonated peptides of comparable size and charge states, no dependence of SID 

characteristic collision energy on the charge state of the dendrimers is observed. 

Apparently, for the charge states produced in the ESI source, Coulombic forces due to 

multiple protonation do not lead to sufficient bond weakem'ng to influence the ease of 

fragmentation. In the protonated dendrimers, SnI fragmentation reactions are possible 

from any protonation at the tertiary amine nitrogen atoms and the addition of an extra 

proton does not result in a significant decrease in the activation energy of the Swi 

processes. Therefore, increasing the charge state does not result in easier fragmentation. 

For protonated peptides, the activation energy for fragmentation is determined both by the 

energy required for intramolecular proton transfer from the sites that are most basic (even 

if such protonation results in non-fragmenting structures), and by the C(0)-N bond 

dissociation energy (or the activation energy for nucleophilic attack of the carbonyl 

carbon). In this case, the addition of a second proton can have a pronounced effect (e.g., 

the second proton could be more available, i.e., more mobile, to the amide groups of 

peptide backbone). 
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Summary and Future Work 
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This dissertation contains a collection of studies that utilize collisions of low-

energy (e.g., 10-250 eV) polyatomic Ions with organic thin films on metal. When 

poiytomic ions collide with a surface, several processes may occur. These processes 

include dissociation of the polyatomic projectile ion (i.e., surface induced dissociation, 

SID), electron transfer between surface and projectile ion, ion-surface chemical reactions, 

and sputtering of surface species. These processes may provide information either for 

structural analysis of the polyatomic ion or for characterization of the target surface. 

Chapters 3 and 4 focus on investigations designed to better understand the ion-

surface collision processes. In general, mass- and energy-selected ions are collided with 

carefully chosen surfaces and the resulting scattered produa ions are studied. More 

specifically, L-B films labeled at the outermost surface carbon atom, either by isotopes 

(deuterium or Chapter 3) or by fluorine (Chapter 4), are prepared from the 

corresponding &tty acid derivatives and used for the investigation of ion-surface 
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collisions. The studies described in these two chapters determine that polyatomic ion-

surface reactions involve mainly surface terminal groups. The studies also make it clear 

that the energy transfer that leads to surface induced dissociation is pnmarily due to the 

effective mass of the terminal group. In addition, electron transfer between a surface and 

polyatomic projectile ions is shown to depend very strongly on the terminal group at the 

vacuum-film interface. 

Can the qualitatively high selectivity of these ion-surface interactions with 

terminal surface atoms/groups be exploited in the quantitative characterization of 

outermost atoms/groups on a surface sample? Much research will be required before a 

definite answer to this question is reached. For example, this might include studies 

designed to determine the types of organic surfaces (e.g., compositions) to which the 

quantitative analysis is applicable, to determine the type of information that may be 

obtained (e.g., surface packing that controls the terminal group orientation), or to 

determine the reproducibility and accuracy of the quantitative analysis. Various model 

surfaces can be used in the future to address the question. The experiments described in 

Chapters 3 and 4 have demonstrated that the use of model surfaces is an effective way to 

investigate ion-surface interactions. It is certain that the future research along this 

direction will definitely profit from the great number of recently reported SAM surfaces 

or L-B films that vary in chemical nature and compositions. Along with ion-surface 

collision experiments, the use of some other conventional surface characterization 

techniques on the chosen model surfaces will also be essential in addressing the question. 

The knowledge that is being and will be gained about ion-sur&ce interactions using well 
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defined model surfaces may eventually lead to the development of a novel MS surface 

characterization technique in the future. 

Note also that the study of ion-surface interactions is a highly interdisciplinary 

area in which results are of interest to ion chemists, surface and material scientists, 

molecular physicists, physical chemists and others. Therefore, in addition to possible 

analytical applications of surface characterization, low-energy polyatomic ion-surface 

interactions will also be investigated in order to increase our fundamental understanding 

in this highly interdisciplinary area. This could be even more significant in the near 

future than the practical applications. The topics of interest include the development of a 

better understanding of the physics and chemistry of the interactions (e.g., reaction 

mechanisms, time scale and a physical "picture" of the collisions), the effects of surface 

packing and terminal group orientation on ion-surface reactions, and the influence of the 

surface chain beneath the terminal group on electron transfer. 

In Chapters S, 6 and 7, studies that utilize ion-surface collisions as a tool for 

mechanistic investigations of peptide fragmentation are presented. High throughput 

peptide sequencing is highly desirable in proteomics and related bioscience. While the 

conventional method, Edman sequencing, may not fulfill this task, tandem mass 

spectrometry together with biotechnology in sample preparation provides a means for 

rapid identification and characterization of proteins. State-of-the-art MS instrumentation 

and computer technologies have made it possible to run samples at a high throughput in a 

highly automated fashion, to analyze data at an amazingly fast speed. However, the 

current understanding of peptide fragmentation mechanisms is not sufficient to ensure 
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high correlation between theoretically predicted MS/MS spectra and experimental resuks. 

Therefore, a long-term goal associated with the work on peptide fragmentation 

mechanisms is to provide improved and additional predirtive rules of peptide dissociation 

for the computer-aided interpretation of MS/MS spectra (either by database search or by 

'We novo sequencing"), and thus to strengthen the analytical utility of MS-based high 

throughput peptide/protein sequencing protocols. SAMs of alkanethiols or 

fluoroalkanethiols on gold, which are easy to prepare, are used in these SID 

investigations. The work in these chapters takes advantages of some attractive features of 

SID. Namely, the distribution of internal energies deposited into the projectile ions by 

SID is relatively narrow and the average internal energy is easily variable, compared to 

that in CID where selected ions are collided with gaseous target atoms/molecules. 

One focus of the work described in Chapters S and 6 is the role of the proton in 

the fragmentation of protonated peptides. Chapter 5 describes dissociation as a function 

of collision energy for a series of singly protonated oligopeptides that differ only at one 

amino acid residue. The results described in this chapter provide additional evidence for 

the previously proposed "mobile proton" model that states that the low-energy cleavage 

pathways of peptide bonds in protonated peptides occur following a migration of a 

mobile proton to the amide moiety. In Chapter 6, the approach employed makes use of a 

fixed-charge chemical group (4»3P^CH2C(0)- group, ((> = 2,4,6-trimethoxylphenyl) to 

"mimic" a protonated arginine residue which is known strongly bind proton. An 

immediate goal of this work is to see if fixed-charge Asp-containing peptide derivatives 

exhibit fiagmentation characteristics similar to those of the corresponding protonated 
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peptides with an arginine at the N-terminus. The results described in Chapter 6 

unequivocally demonstrate that in the absence of an available mobile proton, selective 

cleavages at the peptide bond immediately C-terminal to an Asp residue (Asp-Xxx), 

initiated by the Asp side chain acidic hydrogen, dominate the MS/MS spectra of charged 

peptides. 

Chapter 7 deals with a series of polypropylenamine dendrimers. The dendrimers 

serve as model compounds, having many protonation sites with similar gas-phase 

basicities compared to peptides that have a more heterogeneous population of basic sites, 

to investigate the effect of different charge states on the ion fragmentation. In contrast to 

previously reported results for multiply protonated peptides of comparable size and 

charge states, no dependence of SID characteristic collision energy on the charge state of 

the dendrimers is observed, i.e., a more highly charged ion of protonated dendrimers does 

not fragment easier than a lower charge state. Such data increases our understanding of 

the fragmentation of multiply protonated peptides. The results described in Chapter 7 

provide supporting evidence that it is a mobile proton available to the amide group 

moiety in protonated peptides, instead of simply an additional positive charge, that 

promotes the lower energy cleavage of peptide bonds. 

The studies described in Chapters S and 7 are a small part of the effort, in our 

group during the last several years, to propose and refine a general model of protonated 

peptide fragmentation. The developed general model, namely the "mobile proton" 

model, certainly has a profound impact on increasing our understanding of the 

fundamentals of protonated peptide fragmentation and also serves to guide additional 
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mechanistic investigations of peptide fragmentation. The studies described in Chapter 6 

involves characterization of specific pathways of peptide fragmentation, an aspect of 

recently concentrated research efforts in our group. It seems that, with respect to this 

type of work, the research results and "rules" derived will have direct influence on 

practical MS-based high throughput peptide/protein sequencing. It is anticipated that 

existing collaborations between the Wysocki group on mechanistic investigations of 

peptide fragmentation and other research groups who use and develop computer-aided 

interpretations of peptide MS/MS data will have an impact in the future. 
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Appendix 1 

Synthesis of 18,18,18-Trifluorooctadecanoic Acid 

And 12,12,12-Trifluorododecanoic Acid 

The experiments for the synthesis and purification of these two compounds in the 

laboratory of Professor Itsumaro Kumadaki of Setsunan University (Osaka, Japan) are as 

follows. 

Methyl 12,12,12-Trifluoro-lO-iodododecanoate (2). Methyl 10-undecenoate (1, 

8.72 g, 44.0 mmol) was dissolved in MeOH (20.0 ml) and the solution with Raney Ni 

(W-2) (2.09 g) was sealed in a stainless steal tube. The tube was cooled to -78°C, and 

CF3I (6.S0 ml) was added using a vacuum line. The tube was sealed and stirred at 80°C 

for 20 h. After the catalyst was filtered of^ the solvent was evaporated under vacuum, 

and the residue was dissolved in CHzCb. The CH2CI2 layer was washed with saturated 

NaHCOa, and dried MgS04. After evaporation of the solvent, the residue was distilled to 

give methyl 12,I2,12-trifluoro-10-iodododecanoate(2,16.43 g, 95 %). 2: A colorless oil. 

B.p. 103.0X / 0.0190 mmHg. MS m/z: 394 (M^. HRMS Calcd. for C13H22F3IO2 (M^: 

394.062. Found: 394.063. IR (neat) cm-': 2932, 2864 (C-H), 1742 (CQOCH3). 'H-NMR 

(CDCI3) 5: 1.15-1.45 (lOH, b), 1.62 (2H, quin, J=7.3 Hz), 1.75 (2H. m), 2.30 (2H, t. 
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J=1.6 Hz), 2.83 (2H, m), 3.67 (3H, s), 4.19 (IH, m). ^'F-NMR (CDCb) ppm: -1.12 (3F. t, 

/=10.3 Hz). 

Methyl 124242-Trifluorododecanoate (3). Zn (1.97 g, 30.1 mmol) and 

NiCl2*6H20 (0.36 g, 1.50 mmol), H2O (5 dr) were stirred in THF (25 ml) for 15 min in a 

stream of Ar, and methyl 12,12,l2-trifluoro-10-iodododecanoate (2, 5.85 g, 14.8 mmol) 

was added to this mixture. After stirred at room temperature for 3 h, the mixture was 

poured into saturated NaHCOs. After stirred for 30min, the mixture was fihered through 

a Celite layer. The layer was washed with Et20. The filtrate and washings were 

combined and extracted with Et20. The Et20 layer was washed with H2O, dried over 

MgS04, and concentrated under vacuum. The residue was separated by a column 

chromatography (Si02, hexane: Et20, 9; 1) to give methyl 12,12,12-trifluorododecanoate 

(3, 3.75 g, 94 %). 3; A colorless oQ. MS m/z: 268 (NT). HRMS Calcd. for C13H23F3O2 

OVT): 268.165. Found: 268.166. IR(neat) cm'^: 2936, 2864 (C-H), 1744 (CQOCH3). ^H-

NMR (CDCI3) 5: 1.15-1.45 (14H, b), 1.58 (2H, m), 2.05 (2H, qt, /=10.6, 7.5 Hz), 2.30 

(2H, t, /=7.6 Hz), 3.66 (3H, s). "F-NMR(CDCI3) ppm: -3.42 (3F, t, /= 10.6 Hz). 

12,12,12-Trifluoro-l-dodecanol (4). A solution of methyl 12,12,12-

trifluorododecanoate (3, 2.70 g, 10.1 mmol) in Et20 (10.0 ml) was dropped into a 

suspension of LiAlHt (0.458 g, 12.1 mmol) in Et20 (20.0 ml) at room temperature in an 

atmosphere of Ar, and the mixture was stirred at room temperature for 5 h. The mixture 

was treated with ice, then 10% H2SO4 was added slowly until Al(0H)3 dissolved, and 

extracted with Et20. The Et20 layer was washed with saturated NaCl, dried over 

MgSO^, and concentrated under vacuum. The residue was purified by column 
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chromatography (Si02, CH2Cl2:MeOH, 99:1) to give l2,12,12-tri£luoro-l-dodecanoi (4, 

2.40 g, 99 %). 4: Colorless Crystals. M.p. 42.0®C. MS m/z: 222 (Nf-OEI). HRMS Calcd. 

for C12H21F3 (NT-OH): 222.160. Found: 222.160. IR (KBr) cm'̂  3700-3200 (0-H), 

2928, 2860 (C-H). ^H-NMR (CDCI3) 5; 1.15-1.45 (15H, b), 1.56 (4H, m), 2.05 (2H, qt, 

J=10.6, 7.5 Hz), 3.64 (2H, t, 7=6.6 Hz). ^'F-NMR (CDCI3) ppm: -3.42 (3F, t, 7=10.6 

Hz). 

l-Bromo-12,12,12-trifluorododecane (5). Concentrated H2SO4 (7.60 ml) and 48 

% HBr (30.0 ml) were added to 12,12,12-trifluoro-l-dodecanol (4, 9.77 g, 40.67 mmol) 

altematingly under ice-cooling, and the mixture was refluxed at 135 °C for 5 h. After 

cooled the mixture was extracted with CH2CI2. The CH2CI2 layer was washed with H2O 

then with saturated NaHCOa, dried over MgS04, and concentrated under vacuum. The 

residue was purified by column chromatography (SiOj, hexane) to give 1-bromo-

12,12,12-trifluoro-dodecane (5, 12.27 g, 99 %). 5: A pail yellow oil. B.p. 114.0 °C / 5.00 

mmHg. MS m/z: 302 (M^, 304 (M+2). HRMS Calcd. for Ci2H22BrF3 (M^: 302.086. 

Found: 302.087. IR (neat) cm*': 2932, 2860 (C-H). 'H-NMR (CDCI3) 5: 1.15-1.49 (14H, 

b), 1.55 (2H, t, y=7.0, 6.7 Hz), 1.85 (2H, tt, J=7.3, 7.2 Hz), 2.05 (2H, qt, 7=10.6, 7.5 Hz), 

3.40 (2H, t, 7=7.0 Hz). ''F-NMR(CDCI3) ppm: -3.42 (3F, t, 7=10.6 Hz). 

1-(12,12,12-Trifluorododecyl)cycloheunol (6). In an atmosphere of Ar, 1-

bromo-12,12,12-trifIuorododecane (5, 0.010 g, 0.033 mmol) was added to a suspension 

of Li (0.054 g, 7.78 mmol) in Et20 (4.0 ml), and the mixture was immersed in an 

ultrasonic bath till the reaction started (about for 10 min). After the reaction started, a 

solution of 5 (1.00 g, 3.32 mmol) in Et20 (10.0 ml) was added dropwise in 3.5 h, then the 
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mixture was stirred for further 1 h. After cyclohexanone (0.70 ml, 6.75 mmol) was added 

to this mixture, it was stirred at room temperature overm'ght. The mixture was poured 

into ice-water, neutraUzed with 10 % HCl, then extracted with EtzO. The Et20 layer was 

washed with saturated NaCl, dried over MgS04, and concentrated under vacuum. The 

residue was purified by column chromatography (Si02, hexaneiCHzCIi, 7:3) to give I-

(l2,12,l2-trifluorododecyI)cyclo-hexanol (6, 0.431 g, 40 %). 6:Yellow oil. MS m/z: 322 

(M^. HRMS Calcd. forCigH33F30(M^: 322.248. Found: 322.249. IR(neat) cm*': 3600-

3200 (0-H), 2932, 2860 (C-H). 'H-NMR (CDCI3) 5: 1.15-1.75 (31H, b), 2.05 (2H, qt, 

y=10.3, 7.5 Hz). ''F-NMR (CDCI3) ppm: -3.42 (3F, t, 7=10.3 Hz). 

18,18, l8-Trifluoro-6-oxooctadecanoic Acid (7). To a solution of l-(12,12,12-

trifluorododecyOcyclohexanol (6, 1.52 g, 4.73 mmol) in acetic acid (55.0 ml), Cr03 

(0.379 g, 3.79 mmol) was added, and stirred vigorously for 10 rain. Then CrOs (4.13 g, 

41.3 mmol) was added slowly keeping the mixture under 30°C by ice-cooling. After 

stirred for 3 h, H2O (50.0 ml) was added, and the mixture was extracted with EtiO. The 

Et20 layer was washed by water, then extracted with 5 % NaOH. The aqueous layer was 

acidified with 36 % HCl, and extracted with EtjO. The Et^O layer was dried over MgS04 

and concentrated under vacuum. The residue was recrystallized from hexane to give 

18,18,18-trifluoro-6-oxooctadecanoic acid (7,0.773 g, 46.4 %). 7: Colorless plates. M.p. 

52.0-53.0 X. MS m/z: 352 IR(KBr) cm*^: 3650-3200 (0-H), 2920, 2856 (C-H), 

1734, 1710 (CQOH, C=0). 'H-NMR (CDCI3) 5: 1.15-1.88 (I4H, b), 2.07 (2H, m), 2.37 

(4H, m), 2.47(2H, t, J=7.3 Hz)n^'F-NMR(CDCI3) ppm: -3.42 (3F, t,/=10.1 Hz). 
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18,18,18-Trifluorooctadecanoic Acid (8). A suspension of Zn (1.40 g, 21.3 

mmol) and HgCb (0.124 g, 0.457 mmol) in 36 % HCI (0.60 ml) and HiO (15.0 ml) was 

stirred for 5 min. After the surface of Zn was amalgamated, the aqueous phase was 

decanted off. To this Zn, H2O (4.00 ml), 36 % HCI (11.0 ml), toluene (6.40 ml) and 

18,l8,18-trifluoro-6-oxooctadecanoic acid (7, 0.154 g, 0.437 mmol) was added in this 

order, and the mixture was refluxed for 30 h under vigorous stirring. To keep the acidity 

of the medium, 36 % HCI (0.50 ml) was added every 6 h. The mixture was diluted with 

H2O, and extracted with EtiO. The Et20 layer was washed with H2O, dried over MgS04, 

and concentrated under vacuum. The residue was recrystallized from hexane to give 

18,18,18-trifluorooctadecanoic acid (8, 0.042 g, 28 %). 8: Colorless plates. M.p. 68.7-

69.0®C. MS m/z: 338 (M^. HRMS Calcd. for C18H33F3O2 (M^: 338.243. Found: 

338.242. m. (KBr) cm'^: 3700-3300 (0-H), 2920, 2852 (C-H), 1706 (COOH). ^H-NMR 

(CDCI3) 5: 1.15-1.45 (24H, b), 1.55 (2H, quin, 7=7.8 Hz), 1.64 (2H, quin, 7=7.2 Hz), 

2.07 (2H, qt, 7=10.1, 7.5 Hz). "t-NMR (CDCI3) ppm: -3.42 (3F, t,7=10.1 EIz). 

12,12,12-Trifluorododccanoic Add (9). It was converted from methyl 12,12,12-

difluorooctadecanoate (3) via NaOH catalyzed hydrolysis followed by acidification. 9; 

Colorless wool. M.p. 49.5-50.0 «C. MS m/z: 254 (M .̂ FIRMS Calcd. for C12H21F3O2 

(MO: 254.149. Found: 254.149. IR (KBr) cm*^: 3700-2200 (O-H), 2928, 2860 (C-H), 

1702 (CQOH). ^H-NMR (CDCI3) 5: L15-1.45 (14H, b), 1.58 (2H, m), 2.05 (2H, qt, 

7=11.0, 7.50 Hz), 2.30 (2H, t, 7=7.63 Hz). ^'F-NMR (CDCI3) ppm: -3.42 (3F, t, 7=11.0 

Hz). 


