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“A few years ago the idea of making proteins or polymers “fly” by electrospray 

ionization (ESI) seemed as improbable as a flying elephant, but today it is a standard part 

of modern mass spectrometers”  

Professor Fenn in his Nobel lecture 
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1. ABBREVIATIONS 

APCI atmospheric pressure chemical ionization  

APPI atmospheric pressure photoionization 

CAD collision-activated dissociation 

CE  capillary electrophoresis 

CI chemical ionization  

CID collision induced dissociation  

CRM charged residue model 

DART direct analysis in real time 

DETA diethylenetriamine 

DOF degrees of freedom 

EI electron ionization  

ESI electrospray ionization  

ETD electron transfer dissociation 

FAB  fast atom bombardment  

FTICR fourier transform ion cyclotron resonance  

HPLC high performance liquid chromatography 

IEM ion evaporation model 

IRMPD infrared multiphoton dissociation 

ISCID in-source collision-induced dissociation 

LC liquid chromatography 

MALDI matrix-assisted laser desorption ionization  

MCP microchannel plate 

https://en.wikipedia.org/wiki/Electron_transfer_dissociation
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MRM multiple reaction monitoring 

MS mass spectrometry 

MS/MS tandem mass spectrometry 

NaTFA sodium trifluoroacetate 

PEG polyethylene glycol 

PPG polypropylene glycol 

PTHF  polytetrahydrofurane 

PTMG poly (tetra methylene glycols)  

PTMO  poly (tetra-methylene oxides)  

QIT  quadrupole ion traps 

Qq-TOF quadrupole-time-of-flight 

RF radio frequency 

ROP ring-opening polymerization  

RRK Rice–Ramsperger–Kassel  

RRKM Rice–Ramsperger–Kassel–Marcus  

SIM selected ion monitoring  

SY survival yield  

TOF time of flight 
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2. INTRODUCTION 

2. 1. Mass spectrometry 

Mass Spectrometry (MS) were born in UK in 1897 by J. J. Thomson, a British physicist, 

who discovered the electron and its m/z ratio [1]. In 1918 A. J. Dempster developed what is 

considered the first modern mass spectrometer [2]. MS has played important role in many fields 

of sciences such as, polymer, environmental studies, inorganic applications, etc. [1, 3]. 

Application of mass spectrometry is not limited to chemistry and physics. It has powerful 

application in biology, pharmacy and medicine as well. Some examples are direct analysis of 

intact proteins, drug metabolism, lipid analysis, metabolomics, quantitative proteomics, and 

imaging of both small molecules and proteins in tissues [4]. Mass spectrometry has had a long 

story and was applied as a sensitive analytical method for the structural characterization of 

molecules from long time ago [5]. 

Harold Wiley well said the truly definition of mass spectrometry, in 1949: “About the 

best, short, non-technical description of the mass spectrometer is that it weighs molecules, sorts 

them according to weight, then counts the number of each weight”. In a more technical sense 

mass spectrometry is a method which determines the mass of a molecule by measurement of 

mass-to-charge ratios of the ions formed when a sample is ionized. The ions are separated, and 

detected so that the information of the molecular mass and molecule structure can be reached.  

All mass spectrometers contain the following parts (Fig. 1). Introducing inlet e.g. a 

chromatograph, ion source to generate ions from the sample, mass analyzer to separate the ions 

based on their mass-to-charge ratio, detector to count the ions and measure their abundance and 

recorder to process the data [1]. Most of the ions are reactive and short lived in the gas phase. 
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For mass spectrometer working, in most cases, the mass analyzer and the detector must be kept 

under high vacuum condition of 10-6-10-7 torr by turbo molecular pump or diffusion pump [5, 6]. 

 

Fig. 1. Basic diagram for a mass spectrometer [7]. 

 

The mass spectrometry is based on the analysis of ionized molecules of a sample [8]. The 

ions can form in many different ways: 

M + e- → M+ ∙ + 2e-       removing an electron 

M + e- → M- ∙        adding an electron 

M + X + → (M + H) +    adding positively charged species (H +) 

M - X + → (M - H) -    removing positively charged species (H +) 

A mass spectrum shows the relative abundances of ions made in an ion source as a 

function of their mass to charge ratios [9].  

 There are two questions that are expected be answered by MS for every sample: what the 

sample contains? and how much? Sensitivity (limit of detection) and selectivity (absence of 

interference of other components) are two important words to describe the mass spectrometer 

methods [10]. 
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There are different ways to introduce sample to the ionization part, some of them are: 

direct infusion, gas chromatography, high performance liquid chromatography (HPLC) and 

capillary electrophoresis (CE). Depending on the type of the ion source, we used different type 

of sample introduction e.g. CE or HPLC are coupled by electrospray ionization (ESI) [11]. 

In ion-sources, samples are ionized. In this part the analytes of interest are converted into 

gas phase ions. Generally, this conversion occurs in two steps: first the sample is volatilized, 

second it is ionized [7]. There are two types of ionization, soft ionization e.g. Chemical 

Ionization (CI) and hard ionization e.g. Electron Ionization (EI). The ions are formed by CI have 

little excess of internal energy to induce fragmentation in the mass spectrum and molecular 

species can be recognized easily. Hard ionization gives us a spectrum contains lots of 

fragmentations according to the excess ionization energy transferred to the molecule in this 

method. ESI and matrix assisted laser desorption ionization (MALDI) are two examples of ion 

sources are used in soft ionization most frequently, for the analysis of non-volatile and thermally 

labile compounds [1, 7]. 

There are other types of ion sources: Atmospheric pressure chemical ionization (APCI), 

atmospheric pressure photoionization (APPI), direct analysis in real time (DART), Fast atom 

bombardment (FAB), etc. [7]. 

 

2. 2. Electrospray ionization (ESI) 

ESI is a soft ionization technique that produces ions in gas phase (none or minimal 

fragmentation) at atmospheric pressure [5]. Electrospray works in both positive or negative ion 

modes [12]. There was always a problem with measuring the proteins masses with high 

molecular weight till Fenn has changed the world of mass spectrometry by introducing ESI in 

1989. Before that time the analysis of the protein needs its digestion but ESI can analyze the 
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intact chemical species e.g. proteins [5]. In addition, ESI can analyze synthetic polymers, nucleic 

acids and molecules with both acidic and basic functional groups [5]. ESI-MS can also scale the 

analytes including polar organic [13], inorganic [14] and metal-organic complexes [15]. In ESI, 

the internal energy of the analyte is low, there is no considerate fragmentation upon ionization 

and very weak non-covalent interactions are conserved in the gas phase [5, 16].  

In ESI, the analyte solution undergoes three important processes to be transferred to the 

gas phase. 1. the charged droplets forming from the high-voltage capillary tip, 2. evaporation of 

solvent from the charged droplet that results the charged analyte, 3. forming gas-phase ion. The 

details of the processes are explained bellow.  

A dilute analyte solution under atmospheric pressure is injected to a high electric field by 

syringe pump through the needle or stainless steel capillary (0.2 mm outer diameter, 0.1 mm 

inner diameter) at constant low flow rate (typically 1-20 µL/min). This high voltage disperses 

the solution into the highly charged droplets (Fig. 2) [5]. Solvent evaporation by heating or dry 

gas (N2) causes the droplets become smaller [17]. Finally, the surface tension cannot tolerate the 

Coulomb repulsion (repulsion force between the same charges on the surface) and the 

parent droplet splits into smaller offspring droplets. This phenomenon is called Coulomb fission. 

The offspring droplets have almost 2% mass and 15% charge of their parent droplets [18]. The 

evaporation and Coulomb fission repeat to generate smaller and smaller offspring droplets in 

order to form the gas-phase charged analyte molecule [18, 19]. Some droplets pass through the 

sampling cone or the heated capillary (0.2 mm i.d, 60 mm in length, and heated to 100-300ºC). 

The droplets become desolvated and transformed through the capillary so this relatively low 

internal energy ions enter into the mass spectrometer [5]. Electrospray usually produces multiply 

charged ions so the spectra represent the different charge states of the same molecular species 
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[20, 21]. By increasing charge the mass to charge ratio (m/z) is decreased. That is why the 

identification of high mass species can be achieved by mass analyzer with limited (m/z) range 

[22]. ESI is mostly used in the case of polar compounds and trough adduct ion formations. 

Neutral ones can be converted to ionic form by protonation or cationization (positive ion mode) 

and deprotonation (negative ion mode) [17].  

   

 

Fig. 2. The schematic of ESI function [17]. 

 

 There are two basic mechanisms in ESI gas phase ion formation: the charged residue 

model (CRM) and the ion evaporation model (IEM) [23]. The former model (Dole, 1968) 

suggests that the electrospray droplets undergo evaporation and breakdown cycles. Multitude of 

much smaller daughter droplets formed from every initial droplet. Each final daughter droplet 

contains only one molecule of analyte. When the solvent molecules totally evaporate from such 

droplet the analyte molecule is left with the charges carried by droplet. The latter model (Iribarne 

and Thomson, 1976) suggests that droplets become smaller by evaporation until the field 

strength at their surface is high enough to remove the solvated ions. When the ion is expelled 
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energy is needed to escape from the surface of the droplet. The strong electric field at the surface 

of the droplet provides that required energy [24].   

Fig. 3 shows the general shape of ESI mass spectrum. The peaks represent the intact 

molecule spices with variable charging (in case of pure analyte solution). The highest peak with 

sign of (n+) and 100% relative abundance is called base peak [5].  

  

 

Fig. 3. A typical cartoon representing the nature of ESI-mass spectrum in positive ion mode [5]. 

 

Mass analyzers 

In mass analyzers the ions are analyzed and separated according to their m/z ratio by 

magnetic or electric fields [1]. There are different types of mass analyzers. Although we know 

there are some limitations for any type, choosing one of them depends on its application, 

performance desired and cost [21]. Some important factors in MS are: mass accuracy, mass 

range, linear dynamic range and resolution (m/∆m) where m is the mass of the peaks are 

resolved and ∆m is the mass difference between the two adjacent peaks. Some types of mass 

analyzers are listed below [21]: 



16 

 

Quadrupole (Q): is used as a mass filter for scanning procedure by changing DC (direct 

current) and RF (radio frequency) voltage, time of flight (TOF): measure the time is needed for 

moving accelerated ions from ion source to the detector through a field-free flight tube. The time 

is correlated to the ion masses, quadrupole ion traps (QIT): qualitative anlyzer in which the 

trapped ions can be activated and manipulated by RF voltage for mass scanning [25], fourier 

transform ion cyclotron resonance (FTICR): determine the ion masses by measuring the 

cyclotron frequency of circular moving ions. The frequency is dependent on ion masses, and 

magnetic sector: deflected ions to a circular movement be accelerated to a high velocity and be 

separated based on their m/z ratio by applied magnetic field in the magnetic sector. Quadrupole 

and TOF mass analyzers are coupled with ESI in our mass spectrometric experiments to perform 

tandem mass spectrometric investigations. So it is a right place to mention some details of their 

structures. 

 

2. 3. Quadrupole mass analyzer (Q) 

Every quadrupole are composed of four parallel metal rods (Fig. 4). RF voltage is applied 

between each opposing rod pair. The RF voltage is covered by a DC voltage [1]. By changing 

DC and RF potentials only one specific m/z at a time can pass the quadrupole and reach the 

detector. Others are neutralized by colliding with the roads [26-28]. Quadrupole can measure the 

m/z of the negative ions as well. Single ion monitoring (SIM) is an important analysis mode. 

This mode increases the sensitivity by decreasing the signals came from other chemical ions 

rather than from the compound of interest. In this method mass analyzer is set to monitor the 

intensity of specific single m/z value instead of the full mass spectrum.  
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Fig. 4. Diagram of a quadrupole mass analyzer [26]. 

 

2. 4. Time of flight mass analyzer (TOF) 

TOF analyzers accelerate the ions by applying voltage gradient and measure the time is 

needed for moving ions of different masses through a field-free flight tube. The flight time is 

proportional to the square root of the m/z ratio [29]. It is shown in Eq (4). The kinetic energy of 

an ion (E) leaving the ion source is: 

E =
mv2

2
= qU,  q = ze        (1) 

where m is mass of the ion, v is ion velocity, q is the charge, z is number of charges, e is charge 

of an electron and U is acceleration voltage. Eq (2) shows the relation between ion velocity, 

length of the flight path (L) and time of flight (t). 

v =
L

t
            (2) 

substation of Eq (1) into Eq (2), Eq (3) comes as: 

m =
2qUt2

L2             (3) 

by rearranging Eq (3) reach to the time of flight in Eq (4). 
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t = L√
m

2qU
           (4) 

TOF can reach resolution of 10,000 or higher [30]. This analyzer has linear and reflector 

modes, in linear mode high masses molecules are measured and in reflector mode all ions are 

reaccelerate to increase the resolution [31]. Ions reach to the analyzer have neither the same 

kinetic energies nor the same starting times. Reflectron lets ions with a higher initial kinetic 

energies penetrate deeper and spend more time there, therefore it takes longer time that ions with 

more kinetic energies reach the detector. With reflectron, the ions with the same m/z can reach 

the detector at the same time, regardless of their initial kinetic energies (Fig. 5). This mode 

increases the mass accuracy and resolution of TOF. Up to several hundred thousand mass of ions 

can be measured by TOF instrument [7]. 

 

 

 

 

 

 

 

Fig. 5. TOF mass analyzer [32]. 

 

Detectors 

Ions formed in ion source, passed and separated through mass analyzer should be 

electrically detected by an appropriate detector to identify the number of ions for each mass 

produced [6]. There are some properties for desirable detectors like high amplification, low 
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noise, low cost, fast time response, narrow responses distribution, high efficiency, long term 

stability, etc. [33].  

Microchannel plate (MCP) is the detector that is used in our ESI instrument. A MCP is 

an array of 104-107 tiny electron multipliers oriented parallel to each other (fig. 6), channel 

diameters are in the range 10-100 µm and have length to diameter ratios (α) between 40 and 100. 

Channel axes are biased at a small angle (~8°) to the MCP input surface. The channel matrix is 

made of a lead glass in order to optimize the secondary emission features of each channel and to 

reduce the semiconducting characteristic of channel walls. In this situation walls allow charge 

refill from an external voltage source. Thus each channel works as its own dynode resistor chain. 

Deposition of a metallic coating on the front and back surfaces of the MCP (input and output 

electrodes) provides the parallel electrical contact to each channel. The channel dimensions are 

typically 12 µm diameter channels with 15 µm center-to-center spacing [34]. Many authors have 

sufficiently covered the theory of channel multiplication [35-37].  

 

 

 

 

 

 

 

 

Fig. 6. Microchannel plate (MCP) detector [34]. 
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Tandem mass spectrometry (MS/MS) 

Very important information about the structures of the molecule can be obtained by 

tandem mass spectrometry [5]. The result of single MS spectrum may include lots of product 

ions that may not related to the compound of interest. With this abundance the prediction of the 

structural information of the compound would be difficult. It was necessary to find a way to 

select some ions are produced in the source in order to fragment them selectively and to analyze 

their fragments. Tandem mass spectrometry (MS/MS) techniques develop that way [38]. 

The simple definition of MS/MS is a two-step of MS. In the first stage, the ions with 

chosen m/z ratios are selected from the other product ions [39]. Then, these parent or precursor 

ions will be activated in order to increase the internal energy of those ions to be fragmented.  

 After chromatography separations, triple quadrupole mass spectrometer usually measure 

the amounts of some certain samples in the mixtures by tandem mass spectrometry. The first 

quadrupole (Q1) is a scanner and selects the ion to be fragmented, so only the mass of the 

desired precursor ion will be transmitted through this quadrupole. Second quadrupole (Q2) is a 

collision cell, the selected parent ions collide with argon, xenon or nitrogen and be fragmented 

into several product ions. In the third quadrupole (Q3) only a selected daughter ion formed by 

fragmentation of the parent ion will be transmitted to the detector [40]. 

There are four different scan modes in triple quadrupole MS/MS technique [39]. The first 

one is neutral-loss scan. In this scan mode the first stage of MS (MS-I) and the second stage 

(MS-II) are offset by desired neutral mass that is lost or gained during the reaction between two 

steps of MS, while both of MS stages are scanned. The (Q3) scans the mass range according to 

the offset to (Q1). Ions that have lost a fragment with the mass according to the offset will be 

passed to the detector [31]. The second one is precursor-ion scan. In this scan mode MS-I is 

scanned and set to pass all the ions that released from ion source but the MS-II is set on a 
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specific m/z. (Q3) is set to the specific mass of fragmented ion that can reach the detector (Fig. 

7). The third mode is the product ion scan in which a definite precursor ion is selected by MS-I 

while MS-II scans through a specific mass range [39]. The last quantitative MS/MS method is 

SRM (single reaction monitoring) and MRM (multiple reaction monitoring). If there is a single 

parent and product ion it will be a SRM experiment. MRM is a mode that is set typically for the 

measurement of e.g. complex biological samples. It has two forms, in the first form the single 

parent ion pass through the first MS stage and two or more known product ions are transferred 

through MS-II. The other form of MRM includes multiple parent ions [7].  

 

 

Fig. 7. Schematic illustration of a neutral loss scan (a) and a precursor ion scan (b) [31]. 

 

The quadrupole-time-of-flight (Qq-TOF) mass spectrometer is the same as a triple 

quadrupole but in the former the third quadrupole is replaced by a TOF analyzer. Qq-TOF is 

more sensitive compared with triple quadrupole because its duty cycle is lower [41]. Duty cycle 

is a fraction of time in which ions delivered from ion source to analyzer [42].  
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Ion activation methods 

The activation practically is not separated from dissociation. There are several ways for 

ion activation such as surface-induced dissociation (SID), electron capture dissociation (ECD) 

[7, 39], electron transfer dissociation (ETD) and infrared multiphoton dissociation (IRMPD) 

[43]. One of the commonly used activation method to activate the selected ions in tandem mass 

spectrometry is collision-activated dissociation (CAD) or collision-induced dissociation (CID) 

[39, 44]. 

Electron capture dissociation (ECD) is a method in which the thermal electrons react 

with molecules in a mass spectrometer. An analyte molecule captures a low energy electron and 

produces negative ions. This process happens under high pressure conditions. M- ∙ shows the 

odd-electron negative ion. ECD results are: 

Resonance electron capture:       AB + e- → AB-∙ 

Dissociative electron capture:       AB + e- → A∙ + B- 

Ion-pair formation that results from electron capture:  AB + e- → A- + B+ + e [45]. 

CID process takes place in two steps. The first one is the excitation of the precursor ions, 

the second part is a unimolecular dissociation of an excited ion and separation of the fragment 

(product) ions [46]. In this method the precursor ions collide with the neutral target gases like 

N2, Ar, Xe or He (collision gases). This collision causes the energy is gained by precursor ion 

and distributed between different vibrational degrees of freedom [5]. This extra energy causes 

the precursor ion to decompose into the product ions in CID unimolecular fragmentation 

process. These product ions will be analyzed by the second stage of MS/MS [7, 39]. One of the 

most important effective factors on characterizing the energetics of fragmentations in CID is 

survival yield curve (SY). SY is a plot of relative ion intensity ratios of the precursor ion to those 

https://en.wikipedia.org/wiki/Electron_transfer_dissociation
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of all product ions in which the precursor ion is a function of the collision energy (Eq. 5) [47-

49].  

SY =
Ip

Ip+∑ IF,i
           (5) 

where IP is the intensity of the precursor ion, and 𝜮IF,i is the sum of all fragment ion intensities. 

The rate constant of unimolecular reactions k(Eint) occurring in a mass spectrometer can 

be calculated by the original Rice-Ramsperger-Kassel (RRK) model (Eq. 6). 

k(Eint) = A(1 −
E0

Eint
)S−1         (6) 

where A is the pre-exponential factor, Eo is the critical energy for fragmentation, Eint is the 

internal energy of the ion and S is the total degrees of freedom (DOF). More sophisticated Rice-

Ramsperger-Kassel-Marcus (RRKM) formalism (Eq. 7) also gives the comparable results with 

those of the RRK when the DOF is reduced to about one-fifth in RRK formalism [50].  

k(Eint) =
σ

W (Eint−E0)

hρ(Eint)
         (7) 

where σ is the reaction path degeneracy, W≠ (Eint-Eo) is the sum of states of the transition state, h 

is the Planck’s constant and ρ(Eint) is the density of states of the reactant. 

  There are other different factors that affect the CID such as single or multiple collisions 

with a selected gas, the relative translational energy of the ion and the gas molecules, the nature 

of the selected gas, etc. Distribution of internal energy of activated ion is influenced by these 

factors [39, 44]. An inelastic collision between a high translational (kinetic) energy ion and 

neutral gas molecules causes a part of the translational energy is changed into Eint, leading to the 

decomposition. Center of mass collision energy (Ecom) is the maximum amount of the energy 

that can be converted into internal energy of the precursor ion in a single collision, practically in 

a totally inelastic collision (Eq. 8).  
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Ecom = (
mg

mp+mg
)Ekin          (8) 

where mg and mp are the mass of the collision gas and mass of the precursor ion, respectively 

and Ekin is the kinetic energy (in the lab frame) [46]. There is no internal energy transfer in 

totally elastic collision. The increase in the internal energy of the ion in the first collision 

(∆Eint,1) is related to Ecom as given by Eq (9). 

∆Eint,1 = ηEcom          (9) 

where 𝜂 is the collision inelasticity, i.e., the fraction of center-of-mass energy transferred to 

internal energy in a single collision. 𝜂 is usually changed between 0-1 and it is maximum when 

the collision is totally inelastic [51]. 

As seen in Eq (8), higher mass of precursor ions have lower internal energy for 

fragmentation during the collision procedure [46, 52]. The experiment can be performed at high 

or low collision energy in different mass analyzers like time of flight or tandem quadrupole, 

respectively [39]. The high-energy CID spectrum is more complicated than low-energy 

spectrum, but it contains more structural information as well.  

 

2. 5. Polyethers 

Simply, polyether is a kind of polymer consisting of ether bonds in the backbone (an 

oxygen atom connected to two alkyl or aryl groups): R–O–R' (Fig. 8). 

 

 

 

 

Fig. 8. Schematic of PEG polymerization. 
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Since our work was on polyethers such as Poly(ethylene glycol) (PEG) or poly(ethylene 

oxide) (PEO), poly(propylene glycol) (PPG) or poly(propylene oxide) PPO, 

poly(tetrahydrofuran) (PTHF) or poly(tetra-methylene oxides) (PTMO) or poly(tetramethylene 

glycols) (PTMG) and diethylentriamine (DETA) polyols (Scheme. 1), it is good place to 

mention some properties and applications of them. 

PEGs, PPGs and PTHFs are prepared by ring-opening polymerization (ROP) of ethylene 

oxide, propylene oxide and tetrahydrofuran, respectively. These polyethers can be solid or liquid 

depending on their molecular weight [53, 54]. 

Polyether glycols, also known as polyoxyalkylene glycols, include wide variety of 

polymeric materials with molecular weights ranging up to 100,000 molecular mass and above. 

These polyethers have different applications in different areas such as making plastic products, 

production of polyurethane, vehicles, solvents, chemical intermediates in the rubber, 

pharmaceutical products carrying out pegilation process, agricultural, textile, paper, petroleum 

and other industries. Some derivatives of these materials, by physical and chemical properties 

modification, also have a large variety of applications [55]. One of the most important roles of 

PEG, PPG, PTHF and their copolymers is their application in medicine [56-61].  

PEG can be utilized as thermal energy storage and this character makes it usable in 

industrial heat utilization, electronic device management and protection [62]. It is also used as 

lubricant fluid in compressors. Its high biocompatibility makes it a good choice to use in 

cosmetic and pharmaceutical products [63]. Addition of PEG and PVA (Poly Vinyl Acetate) to 

ethylcellulose pallet coating causes drug release within 8-12 h, irrespective of the compound of 

pallet core [64]. PEG-β-cyclodextrin is used for preparation of hydrogel because of the tunable 

properties and good biocompatibility. Hydrogel applied in drug delivery system, medical devices 

and tissue engineering [65]. PEG enhances the dehydrochlorination of PVC and it is 
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environmentally friendly because some waste plastic containing PVC can be dehyrochlorinated 

with high efficiency by PEG [66]. PEG-coated gold nanoparticles may have important clinical 

implications as they are widely used in biomedical applications [67]. This polymer can obstruct 

pulmonary dysfunction with the support of endothelial cells in injured lung tissue [68]. 

PPG is used in many formulations for polyurethane. Secondary hydroxyl group in PPG is 

less reactive than primary OH group in PEG. PPG with 1200 Da molecular weight is a 

biocompatible solvent with the high partition coefficient for butanol. This special character 

applies in fermentation experiments [69]. It is used in some organic synthesis for instance star-

shaped polymer prepared by coordination of 2,2'-bipyridyl-terminated poly (propylene glycol). It 

is soluble in water and some organic solvents [70]. Isolated bacteria can grow on PPG and PEG 

and on their dehydrogenases [71]. 

The five arm star diethylenetriamine (DETA) polyol is from the family of aliphatic 

amine PPG polyols. It is used for producing the rigid polyurethane foams for thermal insulation. 

Reaction of DETA, which has five initiation sites, with propylene oxide, forming presumably a 

five arm star structure [72].   

Some characteristics of PTHF are dynamic mechanical properties across a wide 

temperature range, exceptional low temperature behavior, excellent abrasion resistance and 

superior hydrolytic stability. These properties cause that PTHF is widely used by industry [73]. 

This polymer is utilized in many materials as the soft segments. Two examples are polyurethane 

and polyamide based thermoplastic elastomers [74]. Many bio-resistant and biocompatible 

thermoplastic polyurethane elastomers targeted at various biomedical applications contain 

PTHFs [75-78]. The application of PTHFs will increase in future [79].  
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Scheme. 1. The structure of PEG, PPG, PTHF, and DETA [72, 80]. 
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3. AIMS 

1. It was found that the dominant, and almost unique, process in the MS/MS of the 

doubly cationized polyethers (PEG, PPG, and PTHF) was the simple loss of a cation from the 

doubly charged precursor to yield the singly charged product ion.  

2. It was observed that the collision voltage necessary to obtain 50% fragmentation 

(CV50) determined for the doubly cationized polyethers increases linearly with the size or 

degrees of freedom (DOF) for each polyether studied. 

3. The slopes of the CV50 versus DOF curves were correlated with the relative gas-phase 

dissociation energies for binding of alkali ions to polyethers. The relative dissociation energies 

determined from the corresponding slopes were found to decrease in the order Na+> K+> Cs+ for 

each polyether studied, and an order PPG ≈ PEG> PTHF can be established for each alkali metal 

ion. 

4. A simple collision model for treating the multiple collisions taking place in quadrupole 

(Q) type mass spectrometers has been developed. This model is capable of calculating the 

internal energy increment, the transit time and the exit energy of the ions in Q-type mass 

spectrometers. The calculations showed that there were good agreements between the results 

obtained by our model and the SIMION simulation. Implementation of the collision model and 

RRKM or RRK algorithm into a spreadsheet software allowed a good fitting of the calculated 

data to the experimental survival yield (SY) versus collision energy curve. 

5. The collision model with the RRKM formalism was used to estimate the efficiencies 

of the kinetic to internal energy conversion for leucine enkephalin in quadrupole-time-of-flight 

and triple quadrupole instruments. It was found that reducing the total degree of freedom (DOF) 
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to about one fifth in RRK formalism, the RRK can give comparable results with those of the 

more complicated RRKM model.  

6. The critical energy (Eo) of lithiated polyethers including PEG, PPG and PTHF with 

degrees of freedom similar to that of leucine enkephalin was calculated by this collision model 

with the RRK formalism. Thus, the RRK model could predict the corresponding rate constant 

with a reasonable accuracy. 

7. The collision-induced dissociation of the protonated five-arm star propoxylated 

diethylenetriamine polyols was studied under electrospray conditions. It was shown that the 

cleavage of the C-N bonds in the initiator moiety results two product ion series. No backbone 

fragmentation of the polyether chains was observed.  

8. Binomial distribution was proposed for the description of arm-length distribution. The 

initiation and propagation process of the oligomers was explored. It was concluded: (1) the 

repeat units attach to the five arms with approximately the same probability, and (2) the reaction 

rate of the initiation is greater than that of the chain propagation. 

 9. It was found that there is a linear relationship between the collision energy necessary 

to obtain 50% fragmentation (CE50) and the number of propylene oxide repeat units. 
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4. MATERIALS AND METHODS 

4. 1. Chemical materials 

All chemicals for polyethers experiments were received from Aldrich (Steinheim, 

Germany). The polyethers were used in estimation of stabilities of cationized polyethers were: 

PEG with number-average molecular weights of 1000 and 1540 g/mol, PPG with number-

average molecular weights of 1000 and 2000 g/mol and PTHF with number-average molecular 

weights of 650 and 1400 g/mol. 

Leucine enkephalin and the polyethers: PTHF with a number-average molecular weight 

(Mn) of 650 g/mol, PEG with Mn of 400 g/mol and PPG with Mn of 600 g/mol were used for 

the experiment. 

The sample used in diethylenetriamine experiment was of industrial propoxylated 

diethylenetriamine (Petol PA 500-5D, Scheme 1) with an approximate number average 

molecular weight of 500 g/mol (Oltchim, Valcea, Romania).  

 

4. 2. Sample preparation  

Each polymer was dissolved in methanol at a concentration of 2 mM. To obtain the 

corresponding adducts of polyethers in ESI, a solution of NaCl or KCl or CsCl in methanol was 

added to the corresponding polyether solution to obtain 1mM concentration for the polymer and 

for the alkali metal salt. 

In the leucine enkephalin experiment, to obtain lithiated adducts of the polyethers in ESI, 

a solution of LiCl in methanol was added to the polyether solutions (in methanol) to obtain 1 

mM concentration of the polyethers and LiCl. Leucine enkephalin was introduced into the ESI-

source in a concentration of 2 ng/µL dissolved in acetonitrile/water-0.1% formic acid (1/1 V/V).  
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The DETA sample was dissolved in HPLC grade methanol (VWR International, Leuven, 

Belgium) at a concentration of 0.1 mg/mL. 

 

Electrospray Quadrupole Time-of-Flight MS and MS/MS (ESI-MS and ESI-Q-TOF) 

The MS and MS/MS measurements were performed with a MicroTOF-Q type Qq-TOF 

MS instrument equipped with an ESI source with positive ion mode from Bruker (Bruker 

Daltonics, Bremen, Germany). The sample solutions were introduced directly into the ESI 

source with a syringe pump (Cole-Parmer Ins. Co., Vernon Hills, IL, USA) at a flow rate of 3 

µL/min. The temperature of the drying gas (N2) was kept at 180oC. The needle voltage was 4 

kV. For MS/MS experiments nitrogen gas was used as the collision gas, and the collision 

voltages were varied in the range of 10-100 eV for the cationized polyethers experiments and 

10-54 eV (in the laboratory frame) for the DETA experiment. The pressure in the collision cell 

was determined to be 8×10-3 mbar. The precursor ions for MS/MS were selected with an 

isolation width of 2.5, 5 and 4 m/z units in different experiments. For MS3 experiments in-source 

collision-induced dissociation (ISCID) was applied, the ISCID energy was set to 100 eV. The 

MS/MS spectra were accumulated and recorded by a digitizer at a sampling rate of 2 GHz. The 

mass spectra were calibrated externally using the exact masses of clusters [(NaTFA)n+Na]+ 

generated from the electrosprayed solution of sodium trifluoroacetate (NaTFA). The mass 

spectra were evaluated with the Data Analysis 3.4 software from Bruker.  

 

Electrospray Triple Quadrupole MS/MS (ESI-TQ) 

Source conditions for the TQ measurements were similar to those of Q-TOF and the 

measurements were performed with a Finnigan TSQ Quantum triple quadrupole mass 

spectrometer from Thermo Finnigan (Thermo Finnigan, San Jose, California). For the MS/MS 
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experiments of leucine enkephalin argon collision gas at pressures of 0.5, 0.7 and 1 mTorr was 

used. The mass spectra were evaluated with the Xcalibur 2.07 software from Thermo Finnigan. 

 

Determination of the CV50 values 

The SY was explained before in Eq (5). It should be noted, however, that the cation 

signal in the case of sodiated and potassiated polyethers could not be observed due to the low 

mass of these cations (the lowest mass limit on our Q-TOF mass analyzer is m/z 50). Thus to 

obtain SY values for the cesiated polyethers similarly to those for sodiated and potassiated ones, 

the Cs+ signal was not included in calculating their SY values. The shape of the SY versus 

collision energy (eV) or collision voltage (V) curves is a sigmoid type and was described using a 

four-parameter sigmoid function according to Eq (10).  

SY =
a−b

1+ 𝑒(CV−c) d⁄ + b          (10) 

where a, b, c and d are constants and CV is the collision voltage, c is the collision voltage/energy 

necessary to obtain 50% fragmentation (CV50), and d refers to the width of the steepest part of 

the sigmoid curve. 

The CV50 values can be obtained by fitting the parameters of the four-parameter sigmoid 

function (Eq. 10) to the experimental data and the c parameter in Eq (10) refers to the CV50 

value. A home-made software utilizing the Gauss–Newton–Marquardt procedure was used for 

determining the parameters of Eq (10) [81]. It should be noted that the CV50 values can also be 

obtained by a linear interpolation between two points falling below and above SY = 0.5. Both 

methods gave practically the same results of CV50 values, the obtained CV50 values were within 

±1%. 
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5. RESULTS AND DISCUSSION 

5. 1. A simple method to estimate relative stabilities of polyethers cationized by alkali metal 

ions 

In the MALDI and ESI mass spectrometry of polar synthetic polymers containing ether 

or ester groups cationization by alkali metal ion is a good method for increasing cationization of 

these polyethers [82, 83]. Homopolymers such as PEG, PPG, and PTHF have the very similar 

structure and the wide commercial availability with varying size, these characters make these 

polymers ideal candidates for mass spectrometric investigations. Due to the practical utilities and 

theoretical interest the cationization properties of polyethers with alkali metal ions have been 

studied by numerous MALDI and ESI-MS studies [84-89]. Determination of the relative binding 

affinities of the alkali metal ions to polyethers was the most important subject of these studies. 

The relative ion abundances have been correlated to the respective relative affinities of cations to 

polyethers in most of these researches. 

There are two ways to have reliable data concerning the gas-phase relative binding 

energies of cations that can be compared to the theoretical values. First: the relative ion 

abundances should be corrected, second: solvent-free sample preparation with cationization 

agents of similar lattice energy should be applied, as recently reported for MALDI technique 

[87]. Producing gas-phase ions followed by collision-induced dissociation and monitoring the 

fraction of the undissociated precursor ion as a function of the collision energy is a direct way 

for the determination of the relative gas-phase binding energies of cations to polyethers. This 

technique is usually used in combination with guided ion beam mass spectrometry or threshold 

dissociation methods for the determination of the binding energies of cations to small linear and 

cyclic ethers [90-94].  
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In this chapter, the detailed systematic investigation of the dissociation of the doubly 

charged polyethers involving the simple loss of one cation as a function of the collision energy 

and chain length was reported. Then, we will show that the collision voltage/collision energy 

necessary to obtain a 50% (CV50) fragmentation varies linearly with the DOF, or degree of 

polymerization. Furthermore, the molecular mass for the doubly cationized polyethers PEG, 

PPG and PTHF and the slope values of the corresponding CV50 versus DOF are correlated with 

the relative dissociation energies. 

In order to study the gas-phase dissociation energies for binding of the alkali metal ions 

Na+, K+ and Cs+ to the polyethers PEG, PPG and PTHF doubly charged polyethers cationized 

with these metal ions were produced by electrospray and the resulting adduct ions were 

subjected to collision induced dissociation (CID) as a function of chain length and collision 

energy. 

All of the doubly charged polyethers cationized with Na+, K+ and Cs+ showed no 

backbone fragmentation and the dominant, and almost unique, process in the MS/MS of these 

doubly cationized polyethers was the simple loss of a cation from the doubly charged precursor 

to yield the singly charged product ion. The survival yields as defined above were recorded as a 

function of the collision energy and the degree of polymerization of polyethers. As an example, 

Fig. 9 shows the survival yield versus collision voltage for the doubly sodiated PEG ([PEG + 

2Na]2+) with polymerization degrees (n) of n = 23, 29 and 37. 

 As seen in Fig. 9 the survival yield curves have sigmoid shapes and can be well 

described by a four-parameter sigmoid model. In addition, it is also evident from Fig. 9 that the 

SY versus collision energy (voltage) curves shift to higher collision energies with the increasing 

size, i.e., with the degree of polymerization. To evaluate the shift of the SY with the size, the 

CV50 values, i.e., the collision voltage needed to obtain a 50% fragmentation, was considered. 
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Furthermore, instead of using the number of repeat units or the mass, the number of vibrational 

degrees of freedom was employed in comparison of the CV50 values obtained for the different 

polyethers. From a practical point of view the former two are of interest. However, it is actually 

the DOF, among which the internal energy gained through CID is distributed, that can more 

realistically represent the effect of size. This is especially important when one intends to 

compare the CID properties of polymers with varying mass and compositions of the repeat units. 

 

 

Fig. 9. SY versus collision voltage curves for the doubly sodiated PEG with degrees of 

polymerization n = 23, 29 and 37. The solid lines represent the fitted curves using the 

fourparameter sigmoid model. The parameters of these curves are a = 0.99, b = -0.032, c = 45.86 

and d = 2.27 for n = 23; a = 0.99, b = -0.056, c = 59.81 and d = 2.78 for n = 29; a = 0.99, b = -

0.032, c = 78.94 and d = 3.12 for n = 37. 

 

Fig. 10 reveals the variation of the CV50 values with the DOF for the doubly charged 

polyethers cationized by Na+, K+ and Cs+ ions. Our first observation is that, in the mass range 
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studied, the CV50 values vary linearly with the DOF for all polyethers. It is indicating that the 

energy needed for the fragmentation increases linearly with the size. 

 

 

Fig. 10. CV50 versus DOF plots for the doubly charged PEG (a), PPG (b) and PTHF (c) 

cationized with Na+, K+ and Cs+ ions. 

 

The slopes, intercepts and the coefficient of determination (R2) obtained for the doubly 

charged polyethers are summarized in Table 1. 

According to the data of Table 1, the slopes of the linear trend lines decrease in the order 

of Na+ > K+ > Cs+ for all polyethers. The data in Table 1 show very good linear correlation (R2 

>0.99 in all cases) and support also this conclusion. It is also seen from Table 1 that the slopes of 

the CV50 versus DOF for PEG and PPG are very similar in the case of each alkali metal ion, 

while for PTHF the slopes are considerably smaller than those for PEG and PPG. Surprisingly, 

all linear trend lines have considerable negative sign intercepts and the intercepts decrease in the 

order of Na+ > K+ > Cs+. 

 

 

 

 



37 

 

  
 

 Slope  Intercept  
Coeff. of 

det. 

   Polyether Cation   value error  value error  R2 

             PEG    Na+   0.227 +0.005   -9.693 +1.667  0.9994 

           
    K+   0.173 +0.003   -10.799 +1.200  0.9995 

           
    Cs+   0.146 +0.003   -12.730 +0.841  0.9997 

                        PPG    Na+   0.239 +0.005   -15.755 +1.441  0.9997 

           
    K+   0.191 +0.010   -20.562 +2.755  0.9985 

           
    Cs+   0.154 +0.007   -21.011 +2.119  0.9985 

                        PTHF    Na+   0.169 +0.005   -9.421 +1.791  0.9996 

           
    K+   0.120 +0.004   -10.607 +1.634  0.9993 

           
    Cs+   0.101 +0.004   -13.526 +1.387  0.9993 

            

Table 1. Parameters of the fitted linear trend lines determined from the CV50 versus DOF/z plots 

for the doubly charged polyethers. The error values indicated reveal the 95% confidence level. 

 

Estimation of the dissociation energies from the slopes of CV50 versus DOF curves 

According to the Fig. 10 and Table 1, the linear increase of CV50 with DOF, strongly 

suggests that the decreasing amount of internal energy with the increasing size (mass), i.e., 

decreasing center of mass energy, is closely compensated by the increased number of collisions 

due to the increasing collision cross-section. Indeed, ion mobility experiments on singly 

cationized PEG, PPG and PTHF by Bowers and coworkers have revealed that the cross-sections 

vary linearly with the degree of polymerization of these polymers [95]. All polyethers studied 

have practically the same collision cross-section when they are plotted as a function of the 

number of atoms, i.e., DOF, [95] and this was confirmed more recently by high-level ab initio 
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calculations. Furthermore, the dynamics of cation detachment must occur with a number of 

geometrical similarities and hence the pre-exponential factors (that is highly dependent on the 

structure of the transition state) must have similar values for all of these polyethers and for the 

various cations. Therefore, it is reasonable to assume that the bond dissociation energies, 

especially for the larger sized oligomers, remain constant. Thus the slope values may be directly 

related to the bond dissociation energies. In other words, the higher the slope is the higher the 

energy needed for fragmentation. This also implies that the bond dissociation energies increase 

with the increasing slope values.  

The gas-phase binding energies of the alkali metal ions to PEG for the singly charged 

sodiated, potassiated and cesiated PEG have been calculated for oligomers up to the number of 

repeat units n = 17 using quantum chemical methods [96]. According to these calculations the 

binding energy of the cation to PEG increases up to n = 10, then it levels off for each cation, 

indicating that this is the approximate limit of the oligomer size that can be influenced by the 

alkali cation. The binding energy versus degree of polymerization curves were found to be 

markedly parallel for the cations and the limiting binding energy of Na+, K+ and Cs+ ions to PEG 

chains have been calculated to be 4.77, 3.69 and 3.25 eV, respectively. Although there are no 

similar calculations available for the doubly charged PEG, especially for higher degree of 

polymerization, it is reasonable to assume that the limiting binding energies are very similar to 

those of the singly charged ones, though the limiting binding energy may be expected to occur at 

higher degrees of polymerization for the doubly charged polyethers. In our experiments we used 

larger-sized polyethers, i.e., PEG oligomers in the range of repeat units (n) 23–41, PPG with n = 

12–25 and PTHF with n = 14–24. The strict linearity of the CV50-DOF plots may also suggest 

that the limiting binding energies of alkali metal cations to polyethers have been reached in these 

ranges. Therefore, the limiting dissociation energies can then be correlated to the corresponding 
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slope values. Thus, the data in Table 1 also show that the dissociation energies decrease in the 

order of Na+ > K+ > Cs+ for each polyether and an order of PEG ≈ PPG > PTHF is obtained for 

each cation. 

The finding that the dissociation energies decrease with the increasing cation size is 

entirely consistent with those obtained by Armentrout and coworkers for dimethyl ether and 

dimethoxy ethane using guided ion beam mass spectrometry [90, 91] and with other works [87, 

88] as well as the results of a theoretical work from our group [96]. This order for polyether 

complexation with an alkali metal ion otherwise can be expected on the basis of a simple 

consideration by taking into account that due to the electrostatic interactions between the ligand 

and the metal ion, the larger the cation size is the longer the metal-ligand distance, i.e., the lower 

the bond dissociation energies. On the other hand, the corresponding slopes, hence the bond 

dissociation energies for PEG and PPG, appear to be quite similar; however, the slopes for 

PTHF are markedly lower. This finding can also be rationalized respecting the longer O–O 

distances in PTHF as compared to those in PEG and PPG. PEG and PPG contain C–C–O units 

and PTHF is composed of –C–C–C–C–O- moieties (see Scheme 1); therefore, within a certain 

metal–ligand distance more PEG and PPG units containing more oxygen atoms can be wrapped 

around a metal ion and/or to attain a given coordination number. Thus, oxygen atoms in PTHF 

must locate farther from the metal ion due to the increased space required by the longer PTHF 

units reducing the bond strength between the oxygen atoms and the metal ion as opposed to PEG 

and PPG. 
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5. 2. Estimation of activation energy from the survival yields: fragmentation study of 

leucine enkephalin and polyethers by tandem mass spectrometry 

SY curves play a significant role in characterizing the energetics of fragmentations in 

CID. In addition, the kinetic feature of the fragmentations can also be found. SY curve is mainly 

dependent on the time scale of the mass spectrometric experiments which depends on the 

instrument time-window [47-49]. Two combined factors determine the SY versus collision 

energy curve, the first one is the corresponding internal energy-dependent unimolecular 

dissociation rate constant and the second one is the time passed for fragmentation. In most of the 

quadrupole-type mass spectrometers such as quadrupole-time-of-flight or triple quadrupole 

instruments multiple collisions take place in collision cell, so the determination of both the 

kinetic energy conversion into internal energy and the time elapsed for fragmentation, are not 

straightforward.  

The reasons of these complications are: (1) several collisions of selected ions with the 

gas molecules that cause stepwise change in the kinetic and internal energy of the precursor ion. 

(2) As the ion slows down due to the subsequent collisions (kinetic energy loss), the average 

fragmentation time for an ion with a specific internal energy increases. (3) The collision 

inelasticity (𝜂), that is the efficiency of conversion of the center-of-mass energy into internal 

energy, is usually unknown and it is often taken to be 1. (4) Considerable scattering of the 

selected ion may occur in the collision cell. (5) The processes taking place in a mass 

spectrometer are stochastic in nature.  

Several models including hard-sphere and diffuse-scattering models have been applied 

based on Monte-Carlo simulations for describing the collisions and the energy transfer, as well 

as the estimation of the critical energy of fragmentation [97-100]. Masskinetics, a powerful 

computer program, has been also developed [101]. The collision inelasticity can be set in these 
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models, however, the selected value of 𝜂correlates with the critical energy to be determined 

(E0).    

To prevail these difficulties related to the multiple collisions and the estimation of E0 

from the SY curves, in this study we will apply two approaches. First we show a simple collision 

model including formulas for calculating the reaction time, gain of the internal energy and SY 

data as a function of collision cell length. Secondly, leucine enkephalin was used as a “calibrant” 

for checking the model validity and to estimate the collision inelasticity [50]. Since the mass 

spectral properties of the leucine enkephalin are well known, it is often used as a mass 

spectrometry standard [102]. In addition, assuming the collision inelasticity for compounds with 

similar degrees of freedom is similar to that for leucine enkephalin. This allows the estimation of 

the E0 value from the SY versus collision energy curves. 

We selected some polyethers, including PEG, PPG, and PTHF for our studies because of 

the similar structure in their homologous series. In addition, knowledge of their mass 

spectrometric behavior is important for the characterization of these polyethers. 

 

Basic relationships used for the derivation of the collision model for the multiple collisions 

Internal energy increases and kinetic energy decreases in a single collision. The center-

of-mass energy (Ecom) given by Eq (8) [101]. Denoting mg/(mg+mp) by β Eq (11) comes:  

Ecom = βEkin           (11) 

As it was shown by Eq (9), (∆Eint,1) is related to Ecom. In our model, a single value was 

used for the collision energy-transfer (𝜂), but an extension of the model using Armentrout’s 

energy-transfer distribution defined by Eq (21) in [103] was also made for comparison. Survival 

yield (SY) results of our estimation using a single 𝜂 value are in good agreement with those of 

the model extended with the 𝜂 distribution, which may support the validity of our model.  
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The kinetic energy loss of an ion with a mass of mp in a single collision can be given by 

Eq (12) [101]. 

 ∆Ekin = −Ecom
2mp[1−cos θ(1−η)]+ηmg

mp+mg
        (12) 

where is the scattering angle. 

Assuming random scattering angles, and averaging over all the possible scattering angles 

Eq (12) reduces to Eq (13) [101]. 

∆Ekin = −Ecom
2mp+ηmg

mp+mg
          (13) 

Denoting 
2mp+ηmg

mp+mg
 by  the kinetic energy loss of the precursor ion in a single collision 

can be given by Eq (14). 

∆Ekin = −γEcom          (14) 

 

Time elapsed between two subsequent collisions 

The mean free path () (i.e., the distance between two subsequent collisions) can be 

expressed as: 

λ =
kBTg

σPPg
           (15) 

where σP is the collision cross-section of the ion (assuming that its cross-section is much larger 

than that of the collision gas), kB is the Boltzmann constant, Pg and Tg is the pressure and the 

temperature of the collision gas, respectively. 

The average collision number (
_

Z ) of the precursor ions traveling through the collision 

cell of length L can be expressed by Eq (16): 

_

Z = L λ⁄            (16) 
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The velocity (v) for the precursor ion with mass, m and kinetic energy Ekin is: 

V = √
2Ekin

m
           (17) 

and the time elapsed between two subsequent collisions () is given by: 

τ = λ√
m

2Ekin
           (18) 

 

Internal energy increase and kinetic energy loss in multiple collisions 

In the quadrupole-type mass spectrometers several collisions may occur at the operating 

pressure of the collision cell, therefore, in each collision the kinetic energy decreases by a value 

of -𝛾Ecom. Thus, the kinetic energy after the first collision will be (by combining Eq (11) and Eq 

(14)): 

Ekin,1 = Ekin,0 − βγEkin,0 = Ekin,0(1 − βγ)       (19) 

where Ekin,o is the initial kinetic energy of the precursor ion. 

The kinetic energy of the precursor ion after the ith collision can then be expressed by Eq 

(20): 

Ekin,i = Ekin,0(1 − βγ)i         (20) 

By combining Equations (11), (9) and (20) the increase in the internal energies after the 

first and the ith collision is given by Eq (21) and Eq (22), respectively. 

∆Eint,1 = ηβEkin,0          (21) 

∆Eint,i = ηβEkin,0(1 − βγ)i−1        (22) 

Therefore, the total increase in internal energy (Eint,inc) of the precursor ion gained 

through collisions can be calculated as the sum of a geometric sequence that can be given by Eq 
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(23) (Providing that the kinetic energy of the ion remained after the last collision is higher than 

the thermal energy of the surrounding gas). 

Eint,inc = ∑ ∆Eint,i =
ηEkin,0

γ
[1 − (1 − βγ)z]z

i=1       (23) 

The internal energy of the precursor ion (Eint) is then expressed by Eq (24): 

Eint = Eint,0 +
ηEkin,0

γ
[1 − (1 − βγ)z]       (24) 

where Eint,o is the initial internal energy of the precursor ion. 

 

Estimation of the survival yield at the exit of the collision cell 

Due to the collisions the kinetic energy of the ion will decrease according to Eq (20), 

thus the velocity and the time (i) between the ith and i+1th can be expressed by Eq (25) and Eq 

(26), respectively. 

vi = √2Ekin,0(1−βγ)i

m
          (25) 

τi = λ√
m

2Ekin,0(1−βγ)i          (26) 

The total transit time is the sum of the time elapsed between the subsequent collisions, 

i.e., 

τ = ∑ τi = λz−1
i=0 √

m

2Ekin,0
(1 +

1

√1−βγ
+ ⋯ +

1

(√1−𝛽𝛾)
𝑍−1)     (27) 

where Z is the total number of collisions. Interestingly, the total transit time through the 

quadrupole can be calculated as the sum of a geometric sequence of Eq (27), i.e., 

τ = λ√
m

2Ekin,0
[

1−(1−βγ)−z 2⁄

1−(1−βγ)−1 2⁄ ]         (28) 
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The error of our estimation was evaluated by comparing our results to the simulations of 

Lock et al., which were based on the ion optics software SIMION [104].  

Our model was utilized for calculating the transit time and the exit energy of the ions 

with the same parameters as Lock et al. used for their simulations: 15.2 cm collision cell filled 

with 1 mTorr of argon, m/z = 609 with a collisional cross-section of 2.6×10-18 m2 and with an 

initial energy of 30 eV. A good agreement was found between the results obtained by our model 

and the SIMION simulation. The average transit time was 80 s by SIMION and 74 s 

calculated with Eq (28), the average exit energy of the ions was 5.5 eV by SIMION and 5.9 eV 

calculated with Eq (20) Lock et al. determined the variation in exit energy of the ions with the 

collision cell pressure. As Fig. 11 shows, our estimation (Eq. 20) is in good agreement with the 

results of the SIMION simulation. 
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Fig. 11. Variation in ion exit energy with the collision cell pressure determined with SIMION 

simulations by Lock et al. [104] (circles) and by our model (line). Calculation parameters: 15.2 

cm collision cell filled with argon, m/z = 609 with a collisional cross-section of 2.8×10-18 m2 and 

with an initial energy of 30 eV. 

 

To calculate the survival yield (SY) the internal energy-dependent rate constant k(Eint) 

and the time for fragmentation should be considered. In each collision the internal energy of the 

precursor ion will increase according to Eq (22). After the ith collision the precursor ion will 

have Eint,i internal energy corresponding to a rate constant k(Eint,i). Let the time for the 

fragmentation with a rate constant k(Eint,i) i (time elapsed between ith and i+1th collision) then 

the fraction of the undecomposed precursor ion (SYi) for this collision will be: 

SYi = exp[−k(Eint,i)τi]         (29) 
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The survival yield (SY(L)) at the exit of the collision cell, i.e., at length L is therefore the 

product of SYi that can be given by Eq (30). 

SY(L) = exp [− ∑ k(Eint,i)τi − k(Eint,Z)τr]Z−1
i=0       (30) 

where Z is the integer part of 
_

Z , i.e., the total number of collisions and r is the remaining time 

for the ion after the last collision (Z) to reach the exit of the collision cell (will be discussed 

below). 

The Eint,i and i can then be calculated by Eq (24) and Eq (26), respectively. After the last 

collision (Z) the ion will travel a distance of )ZZ(
_

  on the average to the exit of the collision 

cell and the time required for traveling through this distance comes as Eq (31). 

τr = (
_

Z − Z) λ vr⁄           (31) 

where vr is the velocity of the ion after the last collision.  

 

Testing the model using leucine enkephalin 

Using the collision model and RRKM algorithm to fit the experimental survival yield (SY) 

versus collision energy curve 

Using Eq (30), (24) and (26), the SY values can be calculated at the exit of the collision 

cell (at length L), which is finally observed in the MS experiment. The energy-dependent rate 

constant k(Eint) for leucine enkephalin was calculated using the RRKM approximation [105] 

(Eq. 7) for each collision.  

k(Eint)=
σW#(Eint−E0)

hρ(Eint)
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In the RRKM algorithm the suggested values of Eo, (1.05 eV), as well as the reactant and 

transition state frequencies for the protonated leucine enkephalin were used [102]. The initial 

internal energy of protonated leucine enkephalin was estimated with Eq (32) [106]. 

Eint,0 = c(v, T)skBT          (32) 

where s and T are the degrees of freedom and the temperature, respectively, kB is the 

Boltzmann’s constant and c(,T) is the fraction of the active oscillators which is 0.225 at the 

source temperature of our ESI experimental conditions. The fraction of the active oscillators was 

calculated based on the Eq (9) in [106], the state frequencies were obtained from [102]. 

The algorithms of the collision model and the RRKM model were implemented into the 

spreadsheet software. The only unknown parameter in the collision model is the collision 

inelasticity (𝜂) (i.e., the fraction of center-of-mass energy transferred to internal energy in a 

single collision). The SY values of leucine enkephalin calculated at the exit of the collision cell 

of the Q-TOF and TQ instruments were fitted to the experimental SY versus collision energy 

curve using the spreadsheet software by varying the value of 𝜂 until the best fit was obtained.  

The SY values as a function of the collision energy obtained by the Q-TOF and TQ 

instruments together with the fitted curve using the RRKM-approximation are plotted in Fig. 12. 

Fig. 12 shows a good agreement between the experimental and the fitted curves. In the 

case of the Q-TOF instrument 𝜂= 0.43 while in the TQ experiment higher values of 𝜂 were 

obtained, i.e., 0.53 (at 1 mTorr), 0.57 (at 0.7 mTorr) and 0.58 (at 0.5 mTorr). These higher 

values may be attributed to the fact that a more effective energy transfer takes place with Ar than 

with N2 molecules. (Note that N2 collision gas was applied in the Q-TOF and Ar in the TQ 

instrument). Furthermore, experiments were done with Ar collision gas on the Q-TOF 

instrument, and 𝜂 = 0.55 was obtained, which is in good agreement with the 𝜂 values of the TQ 
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instrument. On the other hand, the 𝜂values obtained at different Ar pressures in the collision cell 

show reasonably well agreement, supporting that the simplified collision model is capable of the 

description of multiple collisions and predicting the SY values as a function of the collision 

energy.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. The SY values for leucine enkephalin as a function of the collision energy measured by 

quadrupole-time-of-flight (Q-TOF) and triple quadrupole (TQ) instruments. Parameters for Q-

TOF: collision gas: N2, collision cell length: 0.08 m, collision cell pressure: 0.8 Pa. Parameters 

for TQ: collision gas: Ar, collision cell length: 0.25 m, collision cell pressure: 0.132 Pa (1 

mTorr), 0.092 Pa (0.7 mTorr) and 0.066 Pa (0.5 mTorr). The other parameters are the same for 

both instruments. The solid lines represent the calculated curves using the following parameters: 

Eint,o = 2 eV, Tcoll = 293 K, σ = 1.62×10-18 m2, Eo = 1.05 eV. The 𝜂 values providing the best fit 

for the Q-TOF, TQ at 1 mTorr, 0.7 mTorr and 0.5 mTorr were found to be 0.43, 0.53, 0.57 and 

0.58 respectively. 
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Our model was extended by taking into account the initial internal energy distribution, 

which was calculated based on Eq (15) in [106]. The SY values at the end of the collision cell 

were calculated at different initial internal energies corresponding to the width of the 

distribution, and weighted by the distribution function (see Fig. 13). The results of the original 

estimation are in good agreement with the results of the extended model. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. The SY values for leucine enkephalin as a function of the collision energy measured by 

the quadrupole-time-of-flight (Q-TOF) instrument. Parameters for Q-TOF: collision gas: N2, 

collision cell length: 0.08 m, collision cell pressure: 0.8 Pa. The solid line represents the 

calculated curve using the average initial internal energy of 2 eV, the dashed line is the curve 

using initial internal energy distribution. Calculation parameters: Tcoll = 293 K, = 1.62×10-18 

m2, Eo = 1.05 eV, 𝜂= 0.43. The RRKM model was used for the calculation of the rate constants. 

 

Using the collision model and RRK algorithm to fit the experimental survival yield (SY) 

versus collision energy curve 

The experimental SY curve for leucine enkephalin was also approximated by the RRK 

model (Eq. 6).  
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k(Eint) = A(1 −
E0

Eint
)𝑠𝑒𝑓𝑓  

where Seff is the number of effective oscillators. 

 In Fig. 14 the SY versus collision energy curve determined by the Q-TOF instrument 

together with the fitted curves calculated by RRKM and RRK model are shown for comparison.  

Fig. 14 indicates a good agreement between the experimental and the fitted curve using 

the RRK model. In this fitting Eo was set to 1.05 eV and 𝜂= 0.43 was used in the calculations, 

while A and Seff were varied until the best fit to the experimental SY values was obtained. The 

fit (Fig. 14 Gray line) is good and the rate constants calculated by the RRKM and RRK also 

agree well (Fig.14 inset). The value of Seff is also reasonable since in the RRK model the total 

number of oscillators (s = 228) is reduced to about one fifth. (The total number of oscillators, 

e.g. the total degrees of freedom (DOF) is defined as 3×N–6, where N is the number of the 

atoms in the precursor ion). The value of A of RRK (8×107) is considerably lower than that can 

be calculated from RRKM (6×1010).  

The reason for the large difference in the A values obtained by the two methods in spite 

of the fact that the k(Eint) values agree well, is that the RRK does not take into account the 

variation of Seff with the internal energy. Moreover, despite the simplicity and some drawbacks 

of the RRK model discussed above it may be still capable of estimation of the critical energies 

especially of compounds with similar degrees of freedom.  
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Fig. 14. The SY values for leucine enkephalin as a function of the collision energy measured by 

the quadrupole-time-of-flight (Q-TOF) instrument. Parameters for Q-TOF: collision gas: N2, 

collision cell length: 0.08 m, collision cell pressure: 0.8 Pa. The solid line represents the 

calculated curve using the RRKM model. The dashed line is the fitted curve using the RRK 

model, fitted parameters for RRK are A = 8×107 and Seff = 43. The other calculation parameters 

are the same as in Fig. 12 caption.  

 

Estimating the efficiency of the kinetic to internal energy conversion for leucine enkephalin 

in quadrupole-time-of-flight instrument 

Using Eq (30) the SY values can be calculated as a function of the distance from the 

entrance of the collision cell. The variations of the kinetic and internal energy, as well as the 

survival yield through the collision cell of our Q-TOF instrument for the leucine enkephalin 

calculated by the model and the RRKM algorithm are presented in Fig. 15. 

As it can be seen in Fig. 15. using the parameter 𝜂 = 0.43 the internal energy increases 

from the initial 2 eV (Eq. 32) up to 7.1 eV while the initial kinetic energy of 24 eV decreases to 

1.3 eV due to the subsequent collisions. In this example about 20 % of the Lab frame kinetic 
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energy is converted into internal energy of the precursor ion. Interestingly, Eq (23) also shows 

that in the case of 𝜂 = 1 and mp>> mg and at sufficiently large number of collisions maximum 

half of the initial kinetic energy can be converted into internal energy (in that case (1 - βγ) ≈ 0 

and γ ≈ 2). 

 

 

Fig. 15. Variations of the kinetic and internal energy, as well as the survival yield for the leucine 

enkephalin as a function of the distance from the entrance of the collision cell. L = 0.08 m 

corresponds to the exit of the collision cell. Parameters are: Ekin,o= 24 eV, Eint,o= 2 eV, pcoll = 0.8 

Pa, Tcoll = 293 K, cross section = 1.62×10-18 m2, 𝜂= 0.43, Eo = 1.05 eV. 

 

It is also evident from Fig. 15. that the dissociation of the precursor ion mainly take 

places in the second half of the collision cell, in good agreement with the results obtained using 

similar kinematics with Monte-Carlo simulations [97, 100].  
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Estimating the Eo values for the polyethers 

Our next aim was to estimate the critical energies of the polyethers such as (PEG), (PPG) 

and (PTHF). The calculation of k(Eint) by the RRKM model for polyethers should involve the 

reactant and transition state frequencies which are not known for this class of polymers. One 

possible way to overcome these issues for estimation of Eo is to apply RRK model. 

However, involving the size-effect, i.e., the DOF effect into the RRK model is not 

straightforward. Therefore, to avoid a DOF effect on the SY curves of these polyethers with 

similar degrees of freedom to that of leucine enkephalin were investigated as a function of 

collision energies. The SY curves as a function of collision energy for the lithiated polyethers 

and leucine enkephalin are plotted in Fig. 16. 

As seen in Fig. 16. the SY curves for each polyether shifted to higher collision energies, 

indicating that the lithiated polyethers with similar degrees of freedom to that of leucine 

enkephalin required higher collision energy for fragmentation. This also suggests that the critical 

energies for fragmentation of the lithiated polyethers are higher than that of leucine enkephalin. 

On the other hand, it is also seen in Fig. 16. that all polyethers require similar collision energy 

for fragmentation. This observation also implies that the critical energies for fragmentation of 

these polyethers are very similar.  

To estimate the Eo values of these polyethers the RRK model was applied. In these 

calculations the numbers of effective oscillators, as well as the energy transfer efficiency 𝜂 = 

0.43 were kept constant as obtained for leucine enkephalin. Although 𝜂 and Seff were taken 

arbitrarily to be the same for leucine enkephalin and polyethers with similar degrees of freedom, 

there are some indications and thorough theoretical investigations which may support the close 

validity of these approximations. For example, it has been demonstrated that the values c(𝜈,T) as 
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a function of the internal energy vary similarly for compounds of higher molecular weight [106]. 

While keeping 𝜂 and Seff values constant the values of A and Eo were varied to obtain the best fit 

to the experimental SY curves. The results of these calculations are summarized in Table 2. The 

fitted SY curves are shown by solid lines in Fig. 16. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. The SY versus collision energy curves for the PTHF6, PEG10 and PPG7 determined by 

Q-TOF. The SY versus collision energy for leucine enkephalin is also presented for comparison. 

The solid lines represent the fitted curves by the RRK model. The parameters used for the fitting 

are Eint,o = 2 eV, pcoll = 0.8 Pa, Tcoll = 293 K, = 1.5×10-18 m2 and 𝜂= 0.43. The estimated values 

of A and Eo for PTHF6, PEG10 and PPG7 are given in Table 2. Cross-sections () for the 

polyethers were determined from the work of Bowers et al. [107]. 

 

As it turns out from the data of Table 2, the Eo values for each polyethers are 

significantly higher than for leucine enkephalin it is in good agreement with the expectation 

based on the SY curves. It is also evident from Table 2, that the Eo values for polyethers are 
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close together, although PEG10 shows a little bit higher critical energy for fragmentation as 

compared to the other two polyethers.  

 

 Leu PTHF6 PEG10 PPG7 

DOF 228 240 216 216 

Seff 43 43 43 43 

A 8x107 2.5x108 5.5x108 3x108 

Eo (eV) 1.05 2.46 2.72 2.45 

 

Table 2. The DOF and Seff values used and the values of A and Eo estimated from the RRK 

fitting for the PTHF6, PEG10 and PPG7. For comparison, these values are also shown for 

leucine enkephalin. The numbers in the polyethers’s names stand for the number of repeat units. 

 

The estimated A values for the polyethers are somewhat higher than for leucine 

enkephalin. Moreover, the estimates of the A values within the group of the studied polyethers 

are also very similar - in good agreement with the expectation based on the structural similarities 

between these polyethers.  

The critical energy obtained for the lithiated PEG10 is very close to that obtained by 

high-level quantum chemical calculations for PEG6 (2.3 eV and 2.8 eV at the levels of theory 

B3LYP and M05-2X, respectively for the main fragmentation pathway) [108]. It should be 

noted, however, that according to the theoretical calculations performed on lithiated PEG with a 

number of repeat units n (from n = 2 up to n = 6) the critical energy for fragmentation showed a 

chain-length dependence with a decrease of barrier height from 2.7 eV (n = 2) to 2.3 eV (n = 6) 

at B3LYP and from 3.0 eV (n = 2) to 2.8 eV (n = 6) at M05-2X. 
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Although there are no calculations for PEG with higher polymerization degrees it seems 

likely that at around n = 6 the critical energy levels off, thus ca. 2.3 eV at B3LYP and 2.8 eV at 

M05-2X can also be expected for PEG10. Unfortunately, no such calculations are available for 

PTHF and PPG. Nevertheless, the relatively good agreement between the theoretical and the 

estimated values of Eo for PEG may validate the correctness of our approximations used for the 

estimation of the Eo values of polyethers. 

 

5. 3. Electrospray ionization tandem mass spectrometry of the star-shape propoxylated 

diethylenetriamine polyols 

A study about the arm length distribution of the four-arm star propoxylated 

ethylenediamine polyol determined by tandem mass spectrometry was reported by our research 

group [109]. The CID of the four-arm polyol-produced product ions are formed by the loss of 

the whole oligomeric arm and no backbone fragmentation was abserved. We were able to 

explore the initiation and chain length propagation properties of this polyol by MS/MS. It was 

expected that there is no backbone fragmentation in the case of propoxylated DETA polyols 

product ions also. However, there are considerable differences between the ethylenediamine and 

DETA-based polyols: (1) DETA contains two primary and one secondary amines (four arms 

linked to primary amines and one to the secondary amine), which may affect the initiation and 

chain length propagation, (2) more fragmentation pathway can be expected in the case of 

propoxylated DETA polyols because of its more complex structure. These differences defend 

our goal to explore the fragmentation mechanism of the five arm star propoxylated DETA polyol 

and determine the distribution of the propylene oxide units within the oligomer.  
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Fig. 17 shows the ESI-MS spectrum of an industrial propoxylated diethylenetriamine 

(Petol PA 500-5D) with an approximate number average molecular weight of 500 g/mol. Two 

series can be observed corresponding to the protonated and sodiated propoxylated DETA polyol. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. ESI MS spectrum of the propoxylated diethylenetriamine. The A and B series represent 

the protonated ([M+H]+) and sodiated ([M+Na]+) adduct ions, respectively. The numbers in the 

indexes refer to the number of propylene oxide units.  

 

As indicated in Fig. 17, oligomers with five to eleven repeating units appeared in the 

mass spectrum. The repeating units can be distributed within the oligomers in many different 

ways (e.g. with the notation of Scheme 1, in the case of 7 repeating units two examples are the 

following: a = 1, b = 2, c = 2, d = 1, e = 1 and a = 2, b = 2, c = 1, d = 1, e = 1).  

Tandem mass spectrometric experiments were performed in order to explore the 

structurally important product ions of the propoxylated DETA polyols and to gather information 

about the length of the “PPG arms”. The MS/MS spectra of the sodiated propoxylated DETA 

polyol did not inform us about the arm length distribution, because fragmentation of the 
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backbone was observed. But the polyether chains remained intact under the collision-induced 

dissociation of the protonated propoxylated DETA polyol, making possible the deduction of the 

chain-length distribution. As a representative example, Fig. 18a shows the product ion spectrum 

of the protonated propoxylated DETA polyol containing 10 repeating units.  

As seen in Fig. 18a, two product ion series are produced by C-N cleavage in the DETA 

moiety of the protonated polyol. Probably, immonium cations were formed. Scheme 2 shows the 

proposed mechanism for fragmentation of the protonated propoxylated DETA. The charge is 

located at the initiator moiety on one of the nitrogen atoms inducing the formation of two 

different product ion series as shown in Scheme 2. The series m/z 160, 218, 276, 334, 392, 450 

correspond to the product ions with two arms, and a + b equals 2, 3, 4, 5, 6, or 7, respectively 

(see Scheme 2a). The other series at m/z 261, 319, 377, 435, 493, 551 correspond to the product 

ions with three arms, and a + b + c equals 3, 4, 5, 6, 7 or 8 respectively (see Scheme 2b). No 

product ions were recorded with a + b less than 2 or more than 7, and a + b + c less than 3 or 

more than 8. It suggests, that the rate of the initiation is greater than that of the chain 

propagation. 

It is even more evident, that the propagation of the PPG arms starts after the first five 

propylene oxide units were attached to the five initiation sites, on the basis of the MS/MS 

spectrum of the protonated propoxylated DETA polyol containing five repeating units (shown in 

Fig. 19a). As seen in Fig. 19a, only two product ions were observed, which indicates, that all the 

five arms contain exactly one repeating unit (the product ion at m/z 160 has two arms with a = b 

= 1, and the ion at m/z 261 has three arms with a = b = c = 1).  
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Fig. 18. (a) ESI-MS/MS spectrum of protonated propoxylated diethylenetriamine with a number 

of propylene oxide units n = 10 recorded at a laboratory frame collision energy of 32 eV. (b) 

Pseudo ESI-MS3 spectrum of the three arm product ion with 5 repeating units (m/z 377) recorded 

at a laboratory frame collision energy of 17 eV. The precursor ion was generated by in-source 

collision-induced dissociation. 
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Scheme. 2. Proposed mechanism for fragmentation for the protonated propoxylated 

diethylenetriamine. 

 

Furthermore, MS3 experiments also confirm that the initiation is faster than the chain 

propagation. As Fig. 18b shows, no product ions were generated with a or b equals zero or a + b 

= 5 (see Scheme 1) in the consecutive fragmentation of the three arm product ion with 5 

repeating units (m/z 377). Moreover, if the three arm product ion with 3 repeating units (m/z 

261) was selected as the precursor ion in the MS3 experiment, only one product ion appeared in 

the MS3 spectrum at m/z 160 with a = b = 1 (shown in Fig. 19b). 
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Fig. 19. (a) ESI-MS/MS spectrum of protonated propoxylated diethylenetriamine with a number 

of propylene oxide units n = 5 recorded at a laboratory frame collision energy of 21 eV. (b) 

Pseudo ESI-MS3 spectrum of the three arm product ion with 3 repeating units (m/z 261) recorded 

at a laboratory frame collision energy of 8 eV. The precursor ion was generated by in-source 

collision-induced dissociation. 
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In further studies, the chain propagation mechanism of the polymerization reaction was 

investigated by comparing the experimentally determined chain-length distribution within the 

oligomer to the calculated one. MS/MS measurements can provide information about the arm-

length distribution, as it was shown for the four arm star propoxylated ethylenediamine polyols 

[109]. Although in the propoxylated DETA four arms are linked to primary amines and one to 

the secondary amine, we presumed that the repeating units are randomly distributed in the 

oligomer and attach to the initiation sites with the same probability. Considering the 

fragmentation path which results the product ions with two arms, we can arrange the repeating 

units on the two sides of the initiator (a, b, and c, d, e, Scheme 2a) according to a binomial 

distribution (Eq. 33). 

f(m = k + 2) = (
n − 5

k
) pk(1 − p)(n−5)−k = (

n − 5
k

) 0.4k0.6(n−5)−k   (33) 

where f(m) is the probability of finding m repeat units on the arms of one of the primary amine 

of the initiator (a + b = m), n is the total number of repeat units, p is the probability of attaching 

one repeat unit on the arms of a primary amine of the initiator. The theoretical distribution takes 

into consideration that only n - 5 units are distributed randomly once the first five propylene 

oxide units were attached to the five initiation sites. Assuming equal probabilities regarding the 

addition of a monomer unit to the five arms, it is reasonable to assume that p = 0.4. The 

distribution of the repeating units between the two sides of the initiator was estimated 

experimentally on the basis of the intensities of the product ion bearing two arms. Fig 20a and 

20b show the calculated Eq (33) and measured intensities of the product ions obtained for the 

oligomers with the number of propylene oxide units n = 7 and n = 10, respectively, which 

correspond to n - 5 = 2 and n - 5 = 5 units to be distributed, respectively. 
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As it turns out from Fig. 20b, there is a good agreement between the theory and 

experiment, and similar agreement were observed for the oligomers n = 9, 11 or 12. However, if 

there are only a few repeat units to be distributed among the arms, i.e. 1, 2 or 3 units 

corresponding n = 6, n = 7 or n = 8, respectively, notable discrepancies were recognized between 

the experimental and calculated repeat unit distribution, as seen in Fig. 20a for the oligomer n = 

7. These discrepancies may be explained by the differences of the fragmentation and/or chain 

length propagation properties in the case of a very small number of repeat units depending on 

whether the oligomer has a repeat unit attached to one of the primary or the secondary amine 

initiation site. 

The repeat unit distribution of the other product ion series, namely the fragments having 

three arms (Scheme 2b), was also compared to the theoretical distribution calculated by Eq (34). 

f(m = k + 3) = (
n − 5

k
) qk(1 − q)(n−5)−k = (

n − 5
k

) 0.6k0.4(n−5)−k    (34) 

where f(m) is the probability of finding m repeat units on the arms of one of the primary plus the 

secondary amine of the initiator (a + b + c = m), n is the total number of repeat units, q is the 

probability of attaching one repeat unit on the arms of one of the primary or the secondary amine 

of the initiator. 

Again, supposing that all the growing chain-ends react with the monomer with the same 

reaction rate, it is reasonable to assume that q = 0.6. Similarly to the previous case (two-arm 

product ion series) the product ion intensity distributions agree well with those calculated by Eq 

(34) for the oligomers n = 10 to n = 13. As a representative example, Fig. 20c shows the 

experimental and calculated repeat unit distribution for the oligomer n = 12. The small 

deviations between the theoretical and experimental values may be ascribed to a mass-

discrimination effect due to mass dependent ion-transmission and/or detection efficiencies. 
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Fig. 20. Measured and calculated ion abundances for two-arm product ions formed from the 

protonated propoxylated diethylenetriamine with number of propylene oxide units n = 7 (a) and 

n = 10 (b). The calculated data were obtained using Eq (33). The laboratory frame collision 

energies for n = 7 and n = 10 were 26 eV and 32 eV, respectively. (c) Measured and calculated 

ion abundances for three-arm product ions formed from the protonated propoxylated 

diethylenetriamine with number of propylene oxide units n = 12. The calculated data were 

obtained using Eq (34). The laboratory frame collision energy was 43 eV. 
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Another important point of this work is that a linear relationship was found between the 

collision energy necessary to obtain 50% fragmentation (CE50) and the number of propylene 

oxide repeat units as shown in Fig. 21.  

 

 

 

 

 

 

 

 

 

Fig. 21. Variation of the values of CE50 with the number of propylene oxide units. 

 

Similar linear relationship between the values of CE50 and the mass (or the number of 
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valuable since it makes possible the automatic gain of the collision energy to obtain structural 

information such as those presented in this work. 
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6. SUMMARY 

In the first study PEG, PPG and PTHF polyethers were doubly cationized by Na+, K+ and 

Cs+. Dissociation of these doubly charged polyethers into singly charged polyethers was studied 

by means of energy-dependent CID tandem mass spectrometry. Results have shown CV50 

determined for the doubly cationized polyethers of higher degree of polymerization varied 

linearly with the DOF values. The slopes of the CV50 versus DOF curves were correlated with 

the relative gas-phase dissociation energies for binding of alkali ions to the polyethers. The 

relative dissociation energies decrease in the order of Na+ > K+ > Cs+ for each polyether studied, 

and an order of PPG ≈ PEG > PTHF could be recognised for each alkali metal ion. 

A simple collision model for treating multiple collisions taking place in quadrupole-type 

mass spectrometers has been developed. It was shown that this model can describe the energetics 

of the fragmentations. The inelasticity ratio for the leucine enkephalin in quadrupole-time-of-

flight and quadrupole instruments was determined by applying of the collision model and 

RRKM algorithm. If the total degrees of freedom is reduced to about one fifth in RRK 

formalism, the RRK can give comparable results with those of the more complicated RRKM 

model. In addition, critical energy (E0) of lithiated polyethers including PEG, PPG and PTHF 

with degrees of freedom similar to that of leucine enkephalin can be estimated by this collision 

model with the RRK formalism. We used polyethers with similar DOF in order to eliminate the 

effect of DOF on the unimolecular reaction rate constant. Our model which used the RRK 

formalism, determined that the critical energies needed for fragmentation of studied polyethers 

were similar. The collision model with the RRK formalism provided critical energy for 

fragmentation for polyethers comparable to that calculated by high-level quantum chemical 

calculations reported in the literature.  
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The collision induced dissociation of the protonated five arm star propoxylated 

diethylenetriamine polyols was studied under electrospray conditions. The cleavage of the C-N 

bonds in the initiator moiety results two product ion series. Since no backbone fragmentation of 

the polyether chains was observed so the initiation and side-chain propagation process of the 

oligomers could be explored. Considering the chain-length distribution study, the basis of 

MS/MS spectra has shown it is probable that the rate of the initiation is larger than that of the 

chain propagation. The propylene oxide repeat units attach to the five arms with approximately 

the same probability. It should be added that the chain length propagation and/or fragmentation 

properties can be different in the case of a very small number of repeat units depending on the 

repeat unit attachment location (one of the primary or the secondary amine initiation site). We 

also found out that the collision energy necessary to obtain 50% fragmentation (CE50) was 

linearly dependent on the molecular weight of the polyols. 
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