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Thermal Ion-molecule Reactions in Oxygen-containing 
Molecules 
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Pilot Scale Research Station, Takasaki Radiation 
Chemistry Research Establishment, JAERI 

(Received January 27, 1981) 

The energetics of ions and the thermal ion-molecule 
reactions in oxygen-containing molecules have been studied 
with a modified time-of-flight mass spectrometer. 

It was found that the translational energy of ion can 
be easily obtained from analysis of the decay curve using 
the time-of-flight mass spectrometer. The condensation-
elimination reactions proceeded via cross- and homo-
elimination mechanism in which the nature of intermediate-
complex could be correlated with the nature of reactant ion. 
It was elucidated that behavior of poly-atomic oxygen-
containing ions on the condensation-elimination reactions 
is considerably influenced by their oxonium ion structures 
having functional groups. In addition, the rate constants 
of the condensation-elimination reactions have affected with 
the energy state of reactant ion and the dipole moment 
and/or the polarizability of neutral molecule. It was 
clarified that the rate constants of the ion-molecule 
clustering reactions in poly-atomic oxygen-containing 
molecules such as cyclic ether of six member rings are very 
large and the cluster ions are stable owing to the large 
number of vibrational degree of freedom in the cluster ions. 

Keywords; Translational Energy, Ionization Potential, Ion, 
Thermal Ion-melecule Reaction, Time-of-flight Mass 
Spectrometer, Oxygen-containing Molecules, 
Ion Structure, Intermediate-complex, Rate Constant, 
Cluster Ion 
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準熱平衡状態における含酸素化合物のイオン一分子反応に関する研究

日本原子力研究所高崎研究所開発試験場

熊倉 稔

( 1981年 1月27日受理〉

準熱平衡状態における含酸素化合物のイオンー分子反応およびイオンのエネルギー状態につい

て飛行時間型質量分析計を使用して研究を行った。

イオンの並進ヱネルギーは飛行時間型質量分析計を使用しイオンの減少曲線から測定できる

乙とが明らかになった。付加ー脱離反応は相互および単一脱離機構により進行し，またその反応

において生ずる反応中間体の構造と反応イオンの構造との聞に関係がある乙とを見出した付加一

脱離反応における多原子含酸素イオンの反応性は官能基をもっオキソニュウムイオン構造に著し

く影響しており，またその反応の速度定数は反応イオンのエネルギー状態および中性分子の分極

率と双極子能率の大きさに依存する乙とが明らかになった。多原子分子の合酸素環状エーテル化

合物でのクリスタリング反応(重合反応)の速度定数は大変大きく，またクラスターイオンは安

定でありそれはイオンの振動の自由度に関係していることが明らかになった。
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INTRODUCTION 

The fact that ion-molecule reactions can occur 
in gases has been known since early in this century. 
The first experimental work in this field was the 
observation of mass 3 on hydrogen using cathode-ray-
tube by Thomson in 1912. This result was explained 

2 in 1925, when Hogness and Lunn demonstrated that 
Hi is formed in the reaction Hp + B\,—T&t + H. 
A rate constant for this reaction was theoretically 
derived by Eyring et al. It was not until 20 
years later, however, that this particular rate 
constant was determined experimentally. The rapid 
growth of free radical kinetics starting in 1930 
stands in contrast to the slow development of ion-
molecule reaction kinetics, a difference which can 
only partly be explained by insufficient development 
of mass spectrometry in the first half of this century. 
Ion-molecule reactions were studied in several systems 
by various early workers. However, after about 
1930, much improved vacuum equipment became available 
and the interest of mass spectrometrists turned to 
more accurate and detailed investgations of the 
primary process occurring under electron impact. 
Nevertheless, some interest continued to be manifeasted 
in collision reactions. The first theoretical 
treatment of an ion-molecule reaction was given by 

- 1 -
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Eyring et al. in 1936 for the reaction of Hi with 
H 2. They assumed that a collision complex was 
formed between the ion and the neutral molecule and 
that an activation energy resulted from the difference 
in rotational and polarization energy. Using the 
absolute rate theory approach and these assumptions, 
the rate constant for the reaction of H~ with H 2 

was readily calculated and was later shown to be in 
excellent agreement with measured values. Prom 
the early 1930 until about 1952, studies of collision 
reactions were largely neglected. In the early 
1950, the ion CH* formed by the reaction of CHt with 
CH. was indenpendently discovered by Tal'roze and 
lyubimova and Stevenson and Schissler and Field 
et al. The fact that CHj could exist intrigued 
many chemists and is probably responsible for a 
revived interest in ion-molecule reactions. As 
a result, a number of investigations of ion-molecule 
reactions were undertaken. 

As soon as it was recognized that many ion-
molecule reactions proceeded without activation 
energy and with large reaction cross sections, it 
has become apparent that a deep understanding of 
such reactions is essential to better comprehension 
of radiation chemistry, atmospheric phenomena, flames, 
electrical discharges, and many other subjects of 

- 2 -
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fundamental importance. Studies by lampe showed 
quite conclusively the importance of ion-molecule 
reactions in the radiation-induced hydrogenation 

q of ethylene, and Putrell investigating the radiation 
chemistry of n-hexane, showed that the process was 
probably controlled by hydride ion transfer reactions. 
The origin of most ions in flames, especially 
hydrocarbon flames, seems to be a chemi-ionization 
reaction with a variety of ionic products formed 
from the original ionic species. Electrical 
discharges necessarily involve ions and a number of 
investigations of the ionic processes occurring in 
discharges have been made. Within the last decade, 
thus, there has been a great upsurge of interest in 
ion-molecule reactions. 

The mass spectrometer ion source serves as a 
reactor for the study of ion-molecule reactions since 
the mass spectrometer provides a means of quantitative 
determination of both reactant and product ions and 
since the measurement of appearance potentials 
provides in many instances a convenient and ready 
method of relating precursor and product. Since 
the field strength in the source is known, the 
retention time of the ions in the source is readily 
calculated. In spite of the fact that a number 
of investigations of ion-molecule reactions were 

- 3 -
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conducted using the available low-pressure sources, 
it has become apparent much better results could be 
obtained if equipment were designed for the study 
of ion-molecule reactions. The ordinary ion 
source operating with continuous ion production and 
withdrawal suffers from some serious disadvantages. 
Thus, the sources originally available were open 
ard the pressure that could be tolerated were relatively 
small, usually not exceeding a few microns. 
In addition, the continuous withdrawal of ions 
required that a small potential exist in the source 
in order that the ions could be extracted. Thus, 
the primary ions moved out of the source at a 
continuously increasing velocity with the result 
that any rate constant that was determined represented 
a value averaged over the relative velocity of ions 
and neutrals at the time of collision. Melton 
and Rudolph altered the ion source by narrowing 
slits and improving pumping so that reactions could 
be carried out higher pressures. The instrument 
designed by Field pioneered in this respect in 
that it was designed to operate satisfactorily at 
pressures up to 2 torr. Some workers subsequently 
employed ion sources capable of operating at high 

12 pressures, that of Kebarle being especially notable 
since it clearly is capable measuring equilibrium 

- 4 -
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constants and thermochemical parameters for many 
reactions. One of the objections to the use of 
a single ionization chamber for the study of ion-
molecule reactions is the fact that some reactions 
result in the formation of secondary ions having 
the same mass as ions in the primary mass spectrum. 
Obviously, some reactions occurred which could not 
be individually identified and which could not have 
been detected at moderate pressures. In order 
to avoid confusion as to the reactions occurring, 
as well as to permit improved rate measurements, 
much more elaborated approaches have been used. 
The flowing afterglow technique developed by 
Fehsenfeld et al. ^carries out reactions in a fast-
flowing gas stream and employs a quadrupole mass 
filter. ' This technique has some uniqueness 
in the control of reaction ions. One aspect of 
this uniqueness is the capability of measuring 
reactions of ions with unstable neutral molecules; 
for example, rate constants for reactions of ions 
with the following neutral molecules have been 
measued: 0, N, H, OH, and 0,. The study of ion-
molecule reactions is often highly simplified if 
only one reactant ion is present in the ionization 
chamber. The fine energy resolution usually used 
in photoionization makes it possible to prepare 

- 5 -



JAERI-M9336 

certain ions with high purity. The first study 
of ion-molecule reaction employing photoionization 
has been made by the laboratory of Tanaka. ' ' 
Koyano et al. have chosen two compounds, propylene 
and 1,3-butadiene, for each of which the energy of 
the Lyman a line lies above the ionization potential 
but below the threshold for any dissociative ionization 
process. Thus, only molecular ions were produced, 
and their reactions with the corresponding neutral 
molecule were studied. While, the ion cyclotoron 
resonance mass spectrometer involves a completely 
different principle for the detection of ions and 
has the great advantage of being able to follow 
reactant and product ions even when more than one 
product ion arise irom certain reactant ion. 
Recently, the studies using this mast spectrometer 
have grown rapidly. ~ Even more elaborate 
was the use of tandem mass spectrometers with the 
reaction chamber in between. Two types of 
instrumenta have been employed, one in which the reactor 
at right angles to the direction of the secondany 
ions are withdrawn in the same detection as the 
primaries. The former has been used primarily for 
investigation of charge transfer mass spectrometry 
and has made important contributions to an understanding 

?6 op of the nature of ion decomposition reactions. 
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The later has been used almost entirely for study 
of ion-molecule reactions and has permitted detailed 
investigationa of a number of such reaction. ' 
Both suffer from the slight disadvantages that it is 
difficult to reduce the primary ion energy below a 
few tenths eV. In order to establish the maximum 
control of reaction conditions and to obtain the 
maximum of detail concerning the kinematics of reaction,. 
some v/orkers have developed beam apparatus. 

31 Henglein et al. have constructed a single-beam 
device which permits velocity analysis of the secondary 
ions in the direction of the primary ion beam. 
Champion et al. constructed a single-beam apparatus 
which permits measurement of the angular distribution 
of product ions of various masses and energies. 
Herman et al. have constructed a crossed-beam apparatus 
which permits determination of the mass, energy, and 
angular distribution of product ions. These 
instruments have proved useful in unraveling the 
mechanisms of certain reactions, but it is difficult 
to study thermal ion-molecue reactions. In 
time-of-flight mass spectrometer, an electron gun 
is switched on for a few hundred nanoseconds by 
application of a voltage pulse to a controle slit, 
and the electron beam passes through an ionization 
chamber is field-free so that ion-molecule reactions • 
occurring during delay time do so under purely 

- 7 -
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thermal conditions. Moreover, the time-of-flight 
mass spectrometer has the great advantage of being 
able to follow reactants and products in rapid 
reactions. The open structure of the ion source, 
which makes it possible to assemble complex hardware 
adjacent to and even within the source itself, was 
the deciding factor in the selection of that machine. 
Hitherto, the studies utilizing such a characteristic 
have been made by various workers. ̂  However, 
the studies of ion-molecule reaction^ have been made 
by a few workers. ' 

The studies of ion-molecule reactions have 
grown very rapidly. In 1956, Field and Franklin*-5 

have been included in their brief volume about seven 
pages which encompassed practically all of the 
information then available on ion-molecule reactions. 
Since about I960, some books reviewing the field 
have been published. Thus, the modern 
developments in studies of ion-molecule reactions 
have increased both in number and in variety of 
approach. Among them, but the approach to mechanism 
clarification in ion-molecule reactions from the 
aspect of ion structure has been hardly made. 
In kinetic studies of free-radical reactions, which 
are largely based on information obtained from 
end-product analysis, the structures of the free 

- 8 -
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radicals formed in a given system generally well 
established, and the rate constants measured for 
elenentary reactions can be unambiguously ascribed 
to a well-characterized reactant radical. In. 
constrast, kinetic studies of such as hydrocarbon 
ions have generally been carried out in the mass 
spectrometer, in which the structure of a reactant 
ion can not be determined directly. Although 
numerous attempts have been made to derive information 
about ionic structure by correlating mass spectrometric 
information such as appearance potentials ' or 
measured rate constants with the properties of ions 
of known structure, ' there are few cases in which 
the structure of re.actant hydrocarbon ions have been 
unambiguously established in the mass spectrometer. 
In general, hydrocarbon ions having more than two 
carbon atoms can, and do, exist in two or more 
isomeric forms, the relative importances of which 
depend on many factors ( i.e., the structure of the 
precursor molecule, the energy with which the ion 
is formed, etc.). The problem is complicated by 
the well known tendency of ions to isomerize. 
Thus, for example, the propyl ions generated in the 
fragmentation of n-butane molecular ions can not 
be assumed to have the n-propyl structure, but may 
have several structures. On the other hand, the 

- 9 -
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presence of a functional group containing nonbonding 
electrons which are easily donated can provide a 
siie for favored initial electron loss to produce 
the molecular ion. As would be predicted from 
their comparative strengths as Lewis bases, oxygen, 
nitrogen, sulfur, and to a lesser extent the halogens, 
show a strong tendency for such ionization by loss 
of a nonbonding electron. This causes the initial 
positive charge to be localized on .the hetero atom, 
and the further specific transfer of the positive 
site to the rest of the molecule has proved useful 
in interpreting major cleavage found with such 

52 5 3 
functional groups. Cummings and Bleakney-^ 
originally proposed such a charge localization as 
the first step in the mechanism for the formation 
of the abundant CH ?OH + in the spectrum of ethyl 
alcohol. Thus, major fragment ions from molecules 
having hetero atoms such as oxygen-containing molecule 
are a stable oxonium ion type of which their structures 
are characterized by the presence of various functional 
groups containing oxygen atom. The ion-molecule 
reactions in simple hydrocarbons have been extensively 
studied by various workers, among which studies 
for clarification of the relation between the ion 
structure and reactivity of ions are a few. 
At the present time, there are little information 

-10-
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available about the rate constants or the cross 
sections of the reactions of simple hydrocarbon ions 
with different molecules. Furthermore, 
though the study of ion-molecule reaction mechanism 
from the aspect of ion structure is important in 
gas phase ion chemistry, such a knowledge appears 

56 57 in only a few literatures. , J t 

This work is concerned with thermal ion-molecule 
reactions in oxygen-containing organic molecules 
using the time-of-flight mass spectrometer. 
The purpose of this work is to make clear the reaction 
mechanism of the thermal ion-molecule reactions 
involving major oxygen-containing ions from the 
aspect of ion structure. The formation of 
protonated molecular ions by proton and/or hydrogen 
atom transfer reactions in simple oxygen-containing 
molecules such as water are well known and also the 
clustering reactions have been studied frequently. 
The ion-molecule reactions involving the transfer 
of poly-atomic ions in oxygen-containing molecules 

59-61 have been observed by some workers.JV However, 
their reaction kinetics have not been studied in 
detail. Hitherto, the various ion-molecule 
reactions have been observed and those reactions 
could be classified in the following three groups; 

- 11 -
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Ion-molecule reactions 

- Charge transfer reactions (1) 

Condensation(Addition) reactions (2) 

*— Condensation-elimination reactions (3) 

The consecutive association reactions such as 
clustering reactions are involved in condensation 
(addition) ones. Condensation-elimination 
reactions are the transfer process of simple-atomic 
or poly-atomic ion which are followed vie the 
elimination of neutral products. Major ion-
molecule reactions observed in various systems are 
involved in the condensation-elimination reaction, 
in which energy release occurs by the elimination 
of neutral products. The mechanism of the 

(,7 6p 6̂5 elimination have been studied by a few workers. '' ̂ » u^ 
err /Tp 

That is, Beauchamp et al. ' have studied the 
ionic dehydration reactions in some alcohols. 
Henis et al. ° have clarified the mechanism of 
hydrogen elimination from Carbon-Silicon ion-molecule 
reaction intermediates. The reaction mechanism 
of poly-atomic ion transfer occurring in hydrocarbons 
is considerably complicated because of a ramdom 
atack o± reactant ion to neutral molecule and an 
isomerization in intermediate complex. 

12-
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Therefore, in order to clarify the reaction mechanism 
of poly-atomic ion transfer, it is favorable to 
choose oxygen-containing molecules having a hetero 
atom such as oxygen atom, It is expected that 
the behavior of poly-atomic oxygen-containing ions 
is characterized in the condensation-elimination 
reactions. Oxygen-containing molecules employed in 
this work are aldehydes, ethers, cyclic ethers, 
formate esters, acetate esters, ketones, and acide 
chlorides. Condensation-elimination and addition 
reactions in these molecules have been extensively 
studied in this work. The appearance potentials 
of fragment ions from these molecules have been 
determined from the analysis of the fine structure 
in the ionization efficiency curves. Furthermore, 
the translational energies of major oxygen-containing 
fragment ions from oxygen-containing molecules 
have been measured. The measurement of such 
physical values of the ions allows a detailed 
elucidation for the behavior of ions on gase phase 
ion chemistry. 

In CHAPTER I, the ionization efficiency curves 
of fragment ions from l,3,5-trioxane(trioxane) have 
been measured by retarding potential differential 
method, from which the ionization and appearance 
potentials have been determined. The fragmentation 

-13-
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process of trioxane by electron impact have been 
elucidated. Hew measurement method of the 
translational energy of ion has been studied using 
the time-of-flight mass spectrometer and the 
translational energies of CH*, CHO+, CH 2OH +, and 
CH^CO ions from oxygen-containing molecules have 
been determined. 

In CHAPTER II, proton and hydride ion transfer 
reactions in acetaldehyde and ethylene oxide have 
been studied to clarify the formation mechanism of 
(M + 1 ) + and (M - 1 ) + ions. Charge transfer 
reactions in ethylene oxide - simple hydrocarbon 
mixtures have been studied. 

In CHAPTER III, ion-molecule clustering reactions 
have been studied in trioxane which is a typical 
monomer leading to polymer by radiation-induced 
cationic-polymerization. The reaction orders 
of each reaction step in the clustering reactions 
initiated by various oxygen-containing ions have 
been clarified and their rate constants obtained. 

In CHAPTER IV, the condensation-elimination 
reactions involving CHt and CpH.O+ in structural 
isomers such as acetaldehyde and ethylene oxide 
have been studied and reactant ion on the reactions 
have been clarified. In addition, it is shown 
that some product ions of lower mass number than 
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the molecular ion are formed by the reactions of 
CHt ions with acetaldehyde and ethylene oxide, and 
it is proven that time-of-flight mass spectrometer 
is useful for the study of such reactions. 

In CHAPTER V, cross proton and hydrogen atom 
transfer reactions have teen studied in ethylene 
oxide - and acetaldehyde - trioxane mixtures. 
Ethylene oxide, acetaldehyde, and trioxane generate 
the same structure fragment ion, CHO+, by electron 
impact. The reactivity of these ions is revealed 
on the cross proton transfer reactions. 
Condensation-elimination reactions in ethylene 
oxide -, acetaldehyde -, and dimethyl ether - trioxane 
mixtures have been studied to clarify the reaction 
mechanism of isomeric ions(C?ELO+) and structural 
similar ions(CpRVO+ and CpHgO ) with cyclic molecule. 

In CHAPTER VI, condensation-elimination reactions 
in acetate and formate esters having propyl group 
have been studied using partly deuterated molecules 
in order to clarify the behavior of CH^COOH*, 
CH,C0+, and CHpOH+ ions. The inverse isotope 
effect for the ion-molecule dimerization reactions 
has been observed in n- and iso-propyl acetate. 

In CHAPTER VII, condensation-elimination and 
addition reactions in simple aliphatic ketones have 
been studied and the formation mechanism of acylated 
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molecular ions have been clarified. The 
relationship between the rate constants of acetylation 
reactions and the carbon number of the alkyl group 
in the molecules have been studied. 

CHAPTER VIII is concerned with the formation 
of long-lived intermediate ions in the ion-molecule 
reactions of acetyl chloride. In n-propyl 
acetate - acetyl chloride miztux'es, the ion-molecule 
reactions involving CH-CO and CH^COOHt have been 
studied to clarify the effect of reactant ions on 
the formation of the intermediate ions. 
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CHAPTER I 
Measurement of Ionization, Appearance Potentials, 

and Translational Energies of Ions by 
Time-of-Flight Mass Spectrometer 

1.1 Introduction 

Measurement of ionization and appearance potentials 
of ions is important to clarify an electron impact 
phenomena and the mechanism of ion-molecule 
reactions. One of the more important aspects of 
electron impact work is the measurement of the 
energies for ionization and/or dissociation. 
In actuality, ionization and appearance potentials 
measured in electron impact do not necessarily 
correspond to theoretical values because of the 
possibility that the ions of the ionization process 
may be in excited states. Also, in the •' 
ionization efficiency curve of ion, the determination 
of the actual value of the threshold voltage is 
somewhat of a problem, since the ionising electrons 
receive energy from sources other than the potentials 
applied to the electron accelerating electrodes. 
Thare are the influences of the thermal energy of 
the electrons, contact and surface potentials of 
the electrodes, potential gradients within the 
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ionization chamber resulting from the presence of 
the ion drawout electrode and potential penetrations 
through the slits of the ionization chamber. 
Therefore, measurement of ionization and appearance 
potential by electron impact is inferior as compared 
to that by spectroscopic method. However, direct 
detection of the ion is most advantegeous in electron 
impact method. Furthermore, in electron impact, 
measurement of appearance potential in high energy 
range can be possible. A number of studies on 
the shape of the ionization efficiency curve near 
threshold have been made. Theoretical investigations 
of the threshold law of ionization efficiency curve 
were made by, Wigner., Wanmier, Geltmam, and Morrison. 
In order to determination of ionization and appearance 
potentials from expelimentally measured ionization 
efficiency curves in electron impact, various methods 
are presented, among which retarding potential 
difference(RPD) method by Fox et al. has a 
superiority over others in reduction of the electron 
energy spread of the electron beam. By using RPD 
method though a monoenergetic electron beam is not 
produced actually, substatially the same effect is 
obtained in ionization as.by a monoenergetic electron 
beam. The use of time-of-flight mass spectrometer 
could render a many for this method as compared with 
other sector type mass spectrometer. 
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The ionization chamber in time-of-flight mass 
spectrometer is field free, so that the influence 
of space charge is relatively small. 
Thus, it is expected that time-of-flight mass 
spectrometer is suitable for measurement of the 
fine structure of ionization efficiency curves. 

In gas phase ion-molecule reactions, it is 
predicted that the reactivity of ion is correlated 
with internal and/or translational energy. 
Effect of such energy on ion-molecule reactions 

7-10 has been studied using various techniques. 
In the studies of the ion-molecule reactions of 
oxygen-containing molecules it is important to know 
the translational energy of the fragment ions. 
Several measurement methods for the translational 
energy of fragment ions are known; i.e., a 
retarding potential, deflection, ' •* satellite 
peak, peak shape,15 and angular measurement method. 

15 Franklin et al. J measured translational energy from 
the peak shape of ion using a time-of-flight mass 

17 spectrometer. Platzner et al., estimated excess 
kinetic energy of ions using a pulsed ion source. 

In CHAPTER I , characteristics of the RPD ion 
source, which is applied to measure the ionization 
and appearance potentials, have been studied with 
time-of-flight mass spectrometer. Using such 
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the ion source, the ionization and appearance 
potentials of the ions generated from trioxane by 
electron impact have been also measured and the 
fragmentation process of trioxane have been studied. 
Furthermore, in this CHAPTER' 1, it reports that 
translational energy could be obtained from the 
analysis of the decay curve of ion which is migrated 
due to the excess energy of ion during delay time 
using time-of-flight mass spectrometer. 
The translational energies of CHi CHO +, CH 20H +, 
and CH,,CO+ ions from oxygen-containing molecules 
were determined systematically. 

1.2 Experimental 

1.2.1 Mass Spectrometer 
The apparatus used was a Bendix Model 12-101 

time-of-flight mass spectrometer. A part of the 
electronic circuits of this apparatus was modified 
to apply the RPD method. Ion current at the anode 
of the resistance strip magnetic electron multipliter 
is multiplied by analog output system, and was 
measured by cathode ray tube and a Rikadenki R-34 
three-pen recorder. The measurement of metastable 
ions was made with a Hitach Model RMU-6 single 
focusing mass spectrometer. 
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1.2.2 RPD ion Source , 
There is an electrode in the path of electron 

beam. By supplying a retarding potential to this electrode, 
a part of electrons which has smaller kinetic energy 
than this potential is prevented from passing through 
the electrode. Ionization is made by the other 
part of electrons which has passed through the 
electrode, being accelerated by the potential between 
this electrode and the ionization chamber. 

A schematic diagram of the RPD ion source and the 
control circuit is shown in Eig.l. There are 
four electrodes between filament(E) and the ionization 
chamber (Ch), in which C, Sh, and R, aire electron 
control, shielding,and retarding electlode. 
The slits in electlodes C, Sh,R, and Ch are 0.4mm 
wide and 5mm long, and spacings between adjacent 
electrodes are 1mm. Electron control electrode 
was biased in Vc(0"-6V) against the potential on the 
filament, in which electron withdrawal pulse(10 Kc) 
with pulse width of 0.20 us and pulse hight of 5.0 V was 
supplied. The height of electron withdrawal pulse 
was variable from zero to 40V. The potential on 
shielding and retarding electrode was also variable 
from -3V to 3V and from OV to -3V, respectively. 
Retarding potential (aVr) supplied to retarding 
electrode, namely, energy width of ionizing electron, 
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Pig.l Schematic diagram of the RPD ion source. 

F : Filament, C : Electron control electrode, 
Sh : Shielding electrode, R : Retarding electrode, 
Ch : Ionization chamber, B : Backing plate, 
Te : Electron trap, Ti : Ion trapping electrode, 
Pi : Ion focus electrode, Ac : Ion accelerating 
electrode 
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can he selected as any value, and is usually decided 
as O.lOeV. In this work, the potential on electron 
trapping electlode was the same as that on ionization 
chamber. 

Ti is ion trapping electlode, to which pulse 
(lOKc, l.Ous in width and -260V in height ) was 
supplied. Fi and Ace are ion focussing and ion 
accelerating electrode. The slits in these 
electrodes are 10mm in diameter and covered with 
gold nets.. Spacihgs between adjacent electrodes 
are 6mm. The ionizing voltage and the voltage 
supplied to the RPD electrodes were corrected by a 
DC Voltage Standard Type GOS-11 of Yokokawa Electric 
Work Ltd. 

1.2.3 Electron Energy width 
The effect of the supplied potential for the 

RPD electrodes on electron energy width was examined 
using He gas. The variation of ion current of 
He + with retarding potential at various bias 
potentials( Vc)on electron control electrode is shown 
in Pig.2. The differential curve of retarding 
potential Curve (Pig.2) could be corresponded to 
electron energy width. Pig.2 shows that electron 
energy width narrows with deepening the bias 
potential on electron control electrode. 
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Fig.2 Variation of He + ion current with retarding 
potential at various bias potentials on electron 
electrode. Vsh=0V , Electron energy =70V , 
Filament current = 3.5A , Electron withdrawal 
pulse = 5.0V. 

A: -1.0V , A: -3.0V , o: -5.0V , «: -6.0V 
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V/hile, substantial ion. current of He + with deepening 
such bias potential becomes low. Accordingly, 
reasonable bias potential on electron control 
electrode was determined to be -5.0V. 

The retarding potential curves of He + at various 
shielding electrone potentials (Vsh) are shown in 
Fig.3. At positive potentials on shielding 
electrode, the ion current of He + is high and the 
electron energy width uroadened. While, negative 
shielding electrode potential and the reterding 
potential curve were separated to two steps because 
a part of electron beam is retarded at more front 
of retarding electrode. In Pig.3, retarding 
potentia? curve at Vsh=0V is reasonable. 

The retarding potential curves of He + at 
various filamant currents are shown in Fig.4. 
As can be seen in Fig.4, electron energy width 
is considerably affected with filament current. 
Considering the stability of electron beam, the 
filament current of 2.1k is suitable to permit 
adequate ion current. 

The stability of trapped electron current at 
AVr=0.10eV is shown in Fig.5 as a function of electron 
energy. Trapped electron current kept the 
stability of below 6$ at low electron energy range. 
This stability is important in measurement of 
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RETARDING POTENTIAL ( V ) 

Pig.3 Variation of He + ion current with retarding 
potential at various shielding electrode potentials. 
Vc=-5.0V. Other conditions are the same as Pig.2. 

•: 1.0V , A: 2.0V , o: 0V , o: -1.0Y , A: -2.0V 
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Fig.4 Variation of He + ion current with retarding 
potential at various filament currents. Vsh=0V. 
Other conditions are the same as Fig.3. 
A : 2.55A , a: 2.70A , o: 3.00A , •: 3.50A 
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Pig.5 Stability of trapped electron current at AVr=0.10eV. 
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ionization efficiency curves. Difference 
ion current at Vc=-5.0V, Vsh=OV, and filament 
current=2.7A was 23$ of total ion current when AVr 
was restricted in 0.10V. This efficiency was 
higher than 15$ by Kaneko and 5$ by Fox et al. 1^ 

The voltage distribution in the RPD ion source 
under these best conditions is shown in Pig.6. 
The voltage of electron control electrode is 
slightly more negative than that of filament, but 
electron beam from filament is withdrawn by electron 
withdrawal pulse on electron control electrode. 
Then, the electron beam is retarded at retarding 
electrode at which the electrons having lower energies 
are cut. 

1.2.4 Contamination Effect of Electrode Surfaces 
Contamination effect of electrode surfaces by 

ionization and appearance potential measurements of 
organic molecules was examined using rare gas(He) 
and trioxane. After flowing trioxane into the 
ion source for certain times, the variation of the 
retarding potential curve of He* with flowing time 
of He gas was followed and is shown in Pig.7. 
The shift of the retarding potential curve occurred 
due to the contamination of electrode surfaces. 
But, this shift was removed by He gas flowing for 
4 hours as can be seen in Pig.7. 
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Pig.6 Voltage Distribution in the Ion Source. 
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Pig.7 Cleaning effect by He gas flowing after 
measurement of trioxane. The conditions of the 
retarding potential curves of He + are the same 
as in Pig.5. 
• : 0 hr , o: 1.0 hr , o: 2.0 hr , A: 4.0 hr 
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It is found that rare gas flowing is available for 
cleaning of the electrode surfaces contaminated by 
organic compounds such as trioxane. Thus, it was 
found that the measurement of ionization efficiency 
curves for ions fron polar molecules such as 
oxygen-containing molecules, should be made in the 
mixture system of sample and rame gas. 

1.2.5 Decay of I on in the Ionization Chamber 
In the ionization chamber of time-of-flight 

mass spectrometer, fragment ions are generated by pulse 
electron beam and then a part of these ions are 
subsequently drifted toward the collector. 
The trapping efficiency of ion depends on the 
potential and geometry of the ionization chamber. 
The ion removes according to thermal motion during 
the time between ionizing and ion withdrawal pulse. 
The decay curve of the intensity of ion which is 
decayed by thermal motion can be obtained with a 
Maxwell Boltzman verocity distribution. If the 
ion has translational energy, it is removed much 
faster from the effective region to the wall of the 
ionization chamber. Accordingly, the observed 
deviation of the ion intensity during a certain 
delay time can be interpreted as translational energy. 

In general, the number N of ions surviving in 
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the effect ive volume a f te r delay time T i s given as 
follows; 

B f ¥ a V c <!) 

where N„ is the number of ions at T=0; I is the 
fraction of surviving ions the volume with a velocity 
compornent in the direction of the exit slit or the 
repeller plate; P-. is the fraction of those moving in 
the electron "beam direction; and P relates to the 

' c 
surviving fraction of ions with a velocity component 
perpendicular to both former directions. Ions 
could be escaped from the effective volume not only 
because of their thermal kinetic energy, but also 
as a result of the influence of fields arising from 
surface potentials, space charges, and field 
penetrations. The dimensions of the box representing 
the volume of initial ion formation the author can take to 
be the dimensions of the electron beam slit plus the 
length of the ionizing region, i.e., x,y, and z. 
For the box representing the volume sampled by the 
analysing system the author have taken the dimension along 
the axis of ion withdrawal, a, the distance from 
repeller to exist slit, the dimension, Y, along the 
long axis of the exit slit, the length of the exit 
slit, and the dimension, (3, along the short axis of 
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the exit slit to be twice the slit width. N is 
T 

obta ined u s ing t h e fo l lowing equa t ions f o r ]?_, F-., 

and F c ; 2 0 

F a = l / 2 + 1 / 2 [ e r f ( ^ Um) + e r f <Jz U j + ( a / x ) [ e r f (J2 U n ) 

" e r f ( i * 2 D m )J - ( 2 R T / 7 I M ) l / 2 T / x [ e x p ( - U 2 ) - e x p ( - U 2 ) j ] 

(2) 

P b = e r f ( j 2 Vm) + e r f ( j 2 V n ) + ( y / p ) [ e r f ( j 2 V n ) - erf(,/2" 7 m ) ] 

- (2RT/7 iM) 1 / 2 (T /p ) [exp( -v2) - e x p ( - V 2 ) ] (3) 

P c = e r f ( / 2 Wn) + e r f ( / 2 Wffi) + ( z / Y ) [ e r f ( j 2 W )̂ - e r f ( j 2 W f f l)] 

- (2RT/7 tM) 1 / 2 (T /Y)[exp( - W2) - exp ( - W 2 ) ] (4) 

where 

U m = ( M / 2 R T ) 1 / 2 ( a - X ) / 2 T 

U n = ( M / 2 R T ) 1 / 2 ( a + X ) / 2 T 

V m =(M/2RT) 1 / 2 (p - X ) / 2 T 

V n = ( M / 2 R t ) 1 / 2 ( y + P ) / 2 T 

W m =(M/2RT) 1 / 2 (z - T ) / 2 T 

W r ,=(M/2RT) 1 / 2 (y + Y)/2x 

e r f ( t ) = l / 2 T t 1 / 2 ( e x p ( - x 2 / 2 ) d x 
' 0 
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Theoretical decay curves for ions having 
translational energy (E) were obtained using 
equation (l) in which E was taken as kt. 
Theoretical decay curves for ion aite obtained at 
various energies and then the calibration curve 
was obtained from the slopes of their curves. 

On the measurment of translational energy, 
a low pulse potential was supplied to the ion 
withdrawal(exit) slit. A samle pressure in the 
ionization chamber, was kept in low (below 1x10 
torr) at which ion-molecule reactions do not occur. 
The translational energies of ions were measured at 
an electron energy of 70aV. 

1.2.6 Materials 
He and Kr gases of the standard cylindrical 

samples of Takachiho Chemical Industry were used 
without further purification. Trioxane obtained 
from Celanese Chemical Industry and aldehyoas, 
ketones, alcohols., and cyclic ethers obtained 
from Tokyo Kasei Co., ltd were used after vacuum 
distillation several times. 
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1.3 Results and Discussion 

1.3.1 Ionization EfficiencyCurve of Kr + 

The ionization efficiency curve of Kr + was 
measured by the RPD method at its most better 
condition and is shown in Fig.8. The onset of 
ionization efficiency curve was calibrated usin̂ -
ionization potential(13.966 eV) obtained by 

21 spectroscopic methoud. The fine structure of 
the curve in Fig.S is in good agreement with those 

22 2^ 
obtained by Fox et al., Frcst et al., J 

T O 

and Kaneko. The ground state of rare gas 
doublets of which in krypton the lower, component 
is the ^3/2 "term. The ionization efficiency 
curve of Kr clearly shows the existence of two 
ionization processes which are separated by 0.70± 
0.05eV. The initial linear portion is due to 
the formation of Kr + in the P3/2 state, and the 

2 upper part to the formation of both the P3/2 a n ^ 2 the -̂ 1/2 si-a-'fces of the ion. This energy 
difference agreed well with that obtained by 

21 spectroscopic method (0.666eV). In Fig.8, 
the transition from the initial linear portion to 
the second one was not sharp. The gradual 
trasition from one to the other was attributed to 
the occurrence of auto-ionization as reported by 

23 other workers. J The gradual transition from the 
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initial linear portion xo the second one attributing to the 
occurrence of autc-ionization was observed at about 
0.32 eV above the initial onset. 

1.3.2 Ionization Efficiancy Curves of Fragment 
Ions from Trioxane 

Relative intensitv of major fragment ions 
generated from trioxane by electron impact 
fragmentation at 100 eV using time-of-flight and 
single focusing mass spectrometer is given in Table 
1 together with other literature values. *'-' 
Relative intensities obtained in this work were 
reasonable in comparison with the literature values. 
It is noted that the molecular ion from trioxane is 
less abundant and ion intensity is comparable with 
the intensity of the 1 5 C isotope of CH20CH„0CH0+. 
Metastable peak(m*=88.01) corresponding to 
m/e 9Q-?m/e 89 was observed by the single focusing 
mass spectrometer. At low electron energies below 
12 eV, intensities of both the molecular ion and 
CH„0CH20CH0+ become comparable at which the 
contribution of the isotope of CH„0DH20CH0+ could 
be negligible. As other metastable ions, 
intensive peaks at m/e 41.81, 15.75, and 27.13 were 
observed and correspond to the following 
dissociations; m/e 89->m/e 61, m/e 61 —» m/e 31, 
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Table 1 Relative intensity of major fragment 
ions from trioxane 

m/e Ion This work Ref.25 Ref.24 
T.O.F. 
(70eV) 

Conv. 
(lOOeV) 

29 CH0 + 39.5 23.6 33.4 32.1 
30 CH 20 + 8.89 7.07 9.58 9.1 
31 CH 20H + 100 100 100 100 
44 CHgOCHj 1.24 0.96 1.29 — 
61 CH 20CH 20H + 28.4 29.8 24.2 28.8 
89 CH 20CH 20CH0 + 17.6 22.4 17.0 21.3 
90 CH 20CH 20CH 20 + 0.92 0.93 0.62 trace 
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and m/e 31-*m/e 29, respectively. 
The ionization efficiency curves of 

C0 20CH 20CH 20 +, CH 20CH 20CH0 +, CH 2OCH 2OH + , and 
CHpOH+ measured "by the RPD method are shown in 
Pigs. 9-12. The some break points were clearly 
observed in these ionization efficiency curves. 
In the ionization efficiency curves of 
CH 2OCH 2OCH 20 + and CH 2OCH 2OH +, the gradual transition 
parts corresponding to auto-ionization or ion-pair 
production were also observed near, their onsets. 
The ionization and appearance potentials of 
CH 20CH 20CH 20 +, CH 20CH 20CH0 +, CH 20CH 20H +, CH 2OH +, 
and CHO+, which were obtained from their ionization 

?6 efficiency curves, are tabulated in Table 2. 
24-Takakrra et al., obtained only the first appearance 

potentials of CH 20CH 20H +, CH2OH+,and CH0 +, using 
conventional ion source. In Table 2, the 
ionization potential of trioxane agreed with the 
first appearance potential of CHpOCH„OCHO+. 
The second appearance potential of CHpOCH„OCHO+ was 
close to that of CHpOCH„OH+. The third appearance 
potential of CHpOCHpOH+ agreed with the first 
appearance potential of CH 2OH +. 

1.3.3 Fragmentation Erooess of Trioxane- by 
Electron Impact 

In the ionization efficiency curves of the 
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Table 2. Appearance potentials of major fragment 
ions from trioxane 

Ion Appearance potential (e?) 
This work Ref. 24 

CH 2 0CH 2 0CH 2 0 1 0 . 5 9 t 0 . 0 5 

1 0 . 8 9 + 0 . 0 5 

1 1 . 1 4 ± 0 . 0 5 

CH20CH20CH0 1 0 . 5 9 ± 0 . 0 5 

1 0 . 9 1 ± 0 . 0 5 

1 1 . 3 2 + 0 . 0 5 

CH 2 0CH 2 0H n 1 0 . 7 9 ± 0 . 0 5 

1 1 . 0 0 + 0 . 0 5 

1 1 . 4 4 + 0 . 0 5 

1 0 . 3 4 

CH 20H n 1 1 . 4 9 ± 0 . 0 5 

1 1 . 8 9 ± 0 . 0 5 

1 2 . 2 3 ± 0 . 0 5 

1 1 . 6 0 

CHO^ 1 3 . 5 9 ± 0 . 0 5 14.60 

- 5 0 -



JAERI-M9336 

molecular ion and CH2OCHpOCHO+, the onsets of both 
curves agreed with each other. In addition, 
the intensity of the metastable peak( m =88.01) was 
comparable with that of the molecular ion. 
This means that the life-time of metastable excited 
molecular ion corresponding to its first ionization 
potential is relatively long. Prom the 
observation of the step function corresponding to 
the auto-ionization process in the ionization 
efficiency curve of the molecular ion, the molecular 
ion is formed by the following process; 

0 0 
1 I 
CH„ C. 

H, 
^ n / " ' 2 

0 x 0 
1 I 
0H o CH, 

0 0 
! 2 ^ 

/ \ 

ô o* 
I I 
CH 2 CH 2 

(2) 

Also, CH„0CH„0CH0 results from the dissociation of 
i. c 

the excited molecular ion as follows; 
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0 ^ 0 
I I 
CH., OH. 

" 0 X 

0 0 
- I I 

0H o CH, 
N 0 / 

+* 
2e 

:H^ 
/ 

CH. 
CH20CH20CH0+ + H (3) 

The step function near the onset of the ionization 
efficiency curve of CH„0CH20H+ suggests the occurrence 
of auto-ionization and/or ion-pair production. 
In the experiments for the formation of negative 
ions using a single focussing mass spectrometer, 
the agreement in the appearance potentials between 
CH0 + and CHpOCH2dH+ was observed. Accordingly, 
CH ?0CH 20H + is formed by process (4) and/or process (5). 

/ C ^ 2 
0 0 
1 I 
CH„ CH„ 

N V 2 

0 0 
I 

1* 

I 
CH. *v CH, 

f 
CH„ CH, 

CH 5 0CH 9 0H + + CHO + e ( 4 ) 

( 5 ) 

pCH 2 0CH 2 

"-C^OC^C-H"*" + CHO 
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Furthermore, the second appearance potential of 
CH 20CH 2OH + agreed with that of CH2OCH2OCHO+ in 
Figs.10 and 11. The metastable peak (m =41.81) 
observed could correspond to the delayed 
dissociation of CH„0CH„0CH0+ at its second appearance 
potential at which CH 20CH 20H + is formed as follows; 

CH 20CH 20CH0 + • > GH 2OCH 2OH + + GO (6) 

The agreement between the appearance potential of 
CH 20H + and the third appearance potential of CH20CH"20H? 
and the observation of the metastable peak 
(m =15.75), confirmed that CH 20H + is formed at the 
third appearance potential of CH 20CH 20H + as follows; 

CH 20CH 20H + > 0H20H' + CH,.0 (7) 

The appearance potential of CH0 + is higher than the 
third appearance potential of the molecular ion, 
CH 20CH 20CH0 +, CH 20CH 20H +, and CH"20H+ in Table 2. 
This suggests that the dissociation of these ions 
leading to the formation of CH0 + occurs at their 
higher appearance potentials. 

1.3.4 Theoretical Decay Curve and Translational 
Energies of CHt Ions from Hydrocarbons 
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Typical theoretical decay curves for ion ( mass 
number 15) with E=0.05 , 0.10 , 0.5C , 1.0 , 2.C , 
and 3.0 eV are shown in Pig.13. These curves 
were obtained using equation (1) in which E was 
taken as kt. In Pig.13, the decay curve of CHt 
from propane is close to the theoretical decay curve 
with E=2.0 eV, indicating that CHt from propane 
has the translational energy of about 2eV. The 
relation plot between E and the slope of the theoretical 
decay curves at 0.5us in Pig.13 is shown in Pig.14. 
The energy - slope (Al/AT) relation plot in Pig.14 
is used as energy calibration curve for translational 
energy of ions (m/e 15 : CHj) from various molecules. 
That is, the translational energy of CHt from 
propane can be determined using the slope of the 
decay curve for CH* in Pig. 13 and the calibration 
curve in Pig.14. In order to determine the 
translational energy of various ions, it is necessary 
to provide the calibration curves of those ions, 
because discrimination effect depends on mass 
number of ion. 

The typical decay curves of CHt ions from 
methane, propane, and n-nonane are shown in Fig. 15. 
The translational energies of these ions were 
measured to examine a performane of this method. 
The slope of the curve of OR"! from methane 
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,2 0.4 0.6 0.8 
DELAY TIME (fis) 

1.0 

Fig.13 Theoretical decay curves for ions of mass number 15 
and experimental decay curve for CHJ from propane. 

A : E=0.05eV B : E=0,10eV C : E=0.50eV 
D : E=1.0eV E : E=2.0eV F : E=3.0eV 

• : CHt from p r o p a n e 
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0.2 0.4 0.6 0.8 
DELAY TIME (|is) 

1.0 

Pig.15 Experimental decay curves for CH* ions from 
hydrocarbons. 

A : methane 
O : n-nonane 
• : propane 
Q : n-butane 
A : theoretical decay curve for i'on 
of mass number 15 with E=0.030eV 
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corresponding to translational energy was smaller 
than those from propane and n-nonane. The 
average translational energy of CHt from methane 

12 was determined to be 0.032 eV by Berry. 
The slope of the dacay curve of from methane is 
close to that of the theoretical decay curve 
for m/e 15 at 350°K corresponding to the energy of 
0.030 eV(.Fig.!5). The translational energies 
of CH± ions from propane and n-nonane have been 

14-reported to be 2.2 and 1.4 eV, respectively. 
The CHt from propane is well known' as a fragment 
ion having a high translational energy and it has 
been studied by various workers. ' 
The translational energies of CHt ions from propane 
and n-nonane determined in this work are given in 
Table 3 together with those reported by other workers. 
In general, dissociation of the molecular ions forms 
groups of fragment ions carrying well defined thermal 
and excess kinetic energies. It is expected 
that the slope of decay curve obtained in the present 
method will consist of two components. That is, 
An initial slope at short delay corresponds to ion 
with excess kinetic energy and a later slope at 
long lelay times to that with thermal energy. 
However, it is complicated to analyse the shape of 
decay curve at longer delay times. 
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Table 3. Translational energies of CH-, ions from propane 
and n-nonsne. 

Molecule 

Propane 

Ion 

CH, 

n-Nonane CHt 

Translateonal energy (eV) 

This work Others Reference 

2.25 - 0.05 2.2 14 
•2.21 15 
2.4 ± 0.1 27 
2.50 - 0.02 28 
1.99 29 
2.3 30 
2.20 - 0.04 16 

1.30 - 0.05 1.4 14 

1 
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The .separation of excess translational and thermal 
12 14- 27 energy ion has beer, tried by some workers. » T» 

Mohler et al.- measured the excess energies and 
intensities of the satellite peaks which accompany 
CHt ions from hydrocs.rbons. Berry, in a study 
of discrimination effect, has measured the velocity 
distribution of CHt from n-butane, and of various 
other ions, by deflecting the ion beam pallalel to 
the magnetic field by an electric field. The 
translational energy of CHt frome n-butane has been 

27 studied by several workers and given to be 2.3, 
2.36 5 1, 2.4S 2 8 , and 2.2 1 4 eV, respectively* 
These values are the same order as that of CHt 
froii propane. Indeed, in Pig. 15, the decay 
curve of CHt from n-butane is close to that from 3 
propane. 

1.3.5 Translational Energies of CH*, CHO+, 
CH„OH+, and CH,CO+ Ions from Oxygen-Containing 
Molecules 

The translational energies of CHt ions from 
acetaldehyde, propyonaldehyde, butlaldehyde, acetone, 
butanone , and 3-pentanone were determined and are 
given in Table 4. The energy of CHt from 
acetaldehyde was lowest among these aldehydes. 
The relative order in the translational energies 
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Table 4 Translational energies. 

Molecule 
Translat: 

I o n This work 
ional energy 
Others Reft 

(eV) 
srence 

Aldehyde 
Formaldehyde CHO + 0.16 
Acetaldehyde CHt 3. CHO + 

0.14 
0.18 

0.13 
0.15*) 

32 
32 

Propyonaldehyde CH+-
CH-j 3 

0.27 
Butylaldehyde 

CH+-
CH-j 3 0.36 

Ketone 
Acetone CH* 

CH,CO + 

0.39 
0.22 

0.17* } 

0.11*> 
0.047*) 

32 
32 
33 

Butanone CH* 3 + CH^CO 
CH* 

0.54 
0.13 *) 

0.041 ' 33 
3-Pentanone 

CH* 3 + CH^CO 
CH* 0.71 
CH 3C0 + 0.34 

Alcohol 
Methanol 
Ethanol 

CH 2OH + 

CH 20H + 

0.08 
0.21 

0.04*} 

0.042*^ 
32 
33 

Propanol CH 20H + 0.26 
Cyclic ether 
Ethylene oxide CH0 + 0.28 
Oxetane CHO + 0.51 
Tetrahydrofuran CHO + 0.93 
Dioxolane CHO + 2.00 
Trioxane CHO + 

CH 2OH + 

4.50 
0.85 

Tetraoxane CHO + 

CH 2OH + 

4.10 
0.73 

*) Average translational energy at threshold. 
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was acetaldehyde ( p'oopyonaldehyde ̂ butylaldehyde. 
T2ie translational energies of CHj ions from the 
ketones were higher than those from the aldehydes, 
and the relative order in their energies was 
acetone ̂  butanone / 3-pentanone. 

CHO+is generated from formaldehyde and 
acetaldehyde by electron impact as a predominant 
fragment ion. Decay curves of CHO+ ions from 
some cyclic ethers and the calibration curve for 
mass number 29 are shown in Pigs.16 and 17» 
The translational energies obtained of CHO+ ions 
from aldehydes and cyclic ethers are given in Table 4. 

32 Haney and Prankline obtained the translational 
energy of 0.15eV for CK^ from acetaldehyde at 
threshold. It is probable that this value is 
lower than that obtained at 70eV by present method. 
The CHO+ ions from cyclic ethers had relatively 
high translational energy as can be seen in Table 4. 
The energy of CHO+ from ethylene oxide, which is 
structural isomer with acetaldehyde, v/as higher 
slightly than that from acetaldeh,yde. CEO+ from 
acetaldehyde is formed via simple rapture by electron 
impact, and while one from ethylene oxide should be 
done via a rearrangement process. CHO+ from 
ethylene oxide was the lowest translational energy 
among cyclic ethers(Table 4)« The high translational 
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1.0 
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DEMY 
1.0 

TIME ( |is ) 
2.0 

Pig.16 Experimental decay curves for CH0 + ions 
from some cyclic ethers. 

O : ethylene oxide 
A : oxetane 
• : dioxolane 
D : trioxane 
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energies of CHC+ ions from trioxane and tetraoxane 
was the striking feature in this work. The 
evidence for a high energy of CHO+ from trioxane 
was confirmed on peak broadening phenornana in the 
time-of-flight mass spectrometer too. For ions 
with high translational energies, a considerable 
peak.broadening was clearly observed without 
modifing the scanning device of the instrument. 
The translational energies of CHO+ ions from cyclic 
ethers increased with increasing ring member of the 
molecule. As described above, it was proposed 
that CHO + in trioxane is formed through the higher 
appearance potential states of CH20H+,CH?OCH„0H+, 
CH?OCHpOCHO+,and the excited molecular ion. 
The appearance potential of this CHO + is relatively 
high and was determined to be 13.59± 0.05eV. 
From these results, it is thought that CHO+ from 
trioxane has a considerable translational energy 
at threshold even. It is to be noted that when 
electronically excited CH„0H ion is dissociated the 
energy is liberated chiefly as translational energy 
of CHO+ and that there are the dissociation process 
leading to CHO+ from excited molecular ion. 

The translational energies of CH ?OH + ions from 
methanol, ethanol, and propanol are given in Table 4 
ir_ which the energy of CH„OH+ from methanol is lower 
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than those from ethanol and propanol. On the 
dissociation of excited methanol molecular ion, 
CH 20H + and H receive the energy of 0.08eV. On 
passing from methanol to ethanol and propanol the 
energy,occurring tnrough rupture of a C-C bond, 
increasing to values of 0.21 and 0.26 eV, respectively. 
Potapov and Sorokin^ obtained 0.042 eV as the energy 
of CHO from ethanol at near threshold. 

The translational energies of CH ?0H + ions from 
trioxane and tetraoxane were higher than those from 
ethanol and propanol. Although, CHpOH+ in trioxane 
is formed chiefly by process (7) eliminating a 
formaldehyde , this ion is also formed probably 
via direct dissociation process from electronically 
excited molecular ion as presented by Xanger. 
The molecular ion formed by electron impact in 
trioxane was less abundant and its ion intensity 
was comparable with the ion intensity of the 
^C isotope of Ĉ H,-0*(m/e 89). This means that 

the excited molecular ion is unstable and dissociated 
spontaneously to fragment ions such as CH 20H + having 
internal and translational energy. 

The translational energies determined of CH,C0+ 

ions from acetone, butanone, and 3-pentanone are 
given in Table 4. The energy of CH0 + from 
butanone was lower than that from acetone. This 
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is in agreement with the results at threshold by 
Potapov and Sorokin. J The formation of CH^CO 
ions from acetone and butanone is observed at 
appearance potentials of 10.50 ±0.05 and 10.36 t0.05 
eV, respectively , and is connected with the 
dissociation of vibrationally excited molecular ions 
formed by removal of electrons from the n-orbitals 
of the unshared electron pair of the oxygen. 
Potapov and Sorokin J have presented that, at photon 
energy of 11.7 eV which are higher than the second 
ionization potential of acetone, a considerable 
increase of the yield of CH^CO is observedi owing 
to dissociation of electronically excited molecular 
ion. Thus, the dissociation via excitation 
process in acetone leads to the formation of CH-,00 
with excess translational energy. 

1.4 Summary 

Characteristics of the RPD ion source, which 
is used to measure the ionization and appearance 
potential of ion, have been clarified with the 
time-of-flight mass spectrometer. By selecting 
appropriate potentials of the electrodes, monochromatic 
electron beam having 0.10 eV energy width, has been 
obtained with a high efficiency of 23$ of total 
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electron current. It has been confirmed that 
the ion source is useful to measure the appearance 
potential by measuring the ionization efficiency 
curve of Krt 

The ionization potential of the molecular ion 
from trioxane which is less abundant agreed with 
the first appearance potential of CH20CH20CH0t 
In the ionization efficiency curve of the molecular 
ion, a step function part attributing to the occurr nee 
of auto-ionization process was observed at 0.3 eV 
above the threshold. The ionization efficiency 
curve of CH20CH20CH0 had two break points and that 
of CH„0CH,0H+ had a step function part corresponding 
to auto-ionization and/or ion-pair production process 
near the threshold. Prom the detection of 
the metastable peaks, it was confirmed that the 
life-time of metastable excited molecular ion 
near the threshold is relatively long and the 
fragmentation process in trioxane by electron impact 
occurs successively via the dissociation of the 
molecular ion. 

New measurement method of the translational 
energy of ion has been studied with the time-of-flight 
mass spectrometer. The translational energy of 
CH* from propane has been determined to be 2.25±0.05eV 
and was in good agreement with those reported by 
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other methods. Translational energies of CHt, 
CHO+, CH 2OH +, and CH 3CO + ions from oxygen-containing 
molecules have "been determined systematically. 
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CHAPTER II 
Proton and Hydride Ion Transfer Reactions 
in Acetaldehyde and Ethylene Oxide 

2.1 Introduc ti on 

In general., oxygen-containing organic molecules 
have large proton affinities as compared with 
hiydrocarbons. It is, therefore, known that major 
product ions formed in the ion-molecule reactions 
of oxygen-containing organic molecules are protonated 
molecular ones. The ion-molecule reactions of 
oxygen-containing molecules have been studied by 
a pressure increased method at constant repeller • 
field, ion cyclotoron resonance techniques, 
and ion trapping techniques at longer reaction times. 
However, the reaction mechanism of proton and hydride 
ion transfer reactions has not been studied in detail. 

CHAPTER II is concerned with proton and hydride 
ion transfer reactions in acetaldehyde and ethylene 
oxide. Acetaldehyde and ethylene oxide are a 
simple structure molecule among aldehyde and cyclic 
ether molecules. Acetaldehyde, which has different 
groups in its molecule,'is very suitable for study 
of group effect on the proton and hydride ion transfer 
reactions. This work was carried out to elucidate 
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the formation reactions of C oH c0 + and C„H,0+ ions, 
d D d. 5 

and to determine from which positions proton and/or 
hydrogen atom and hydride ion transfer occur in 
thermal ion-molecule reactions of acetaldehyde and 
ethylene oxide. 

2.2 Experimental 

2.2.1 Ion Source 
A Bendix Model 12-101 time-of-flight mass 

spectrometer, which has been modified by construction 
of a closed ion source and improvment of the rise 
times of the ionizing and ion withdrawal pulse. 
The ion source was constructed so as to permit 
operation under elevated pressures and at long delay 
times. Schematic diagram of the ion source 
constructed is shown in Pig.l. The ionization 
chamber consists of a 50 mm square and 20 mm 
thickness stainless steel block, and this block has 
been pierced with three cylindrical holes. The 
main hole is 30 mm in aiameter and used as an ionization 
region. The second hole made at a right angle 
with the main hole is 4 mm in diameter and used as 
the electron path, and the other is 3 mm diameter 
hole used as a sample inlet(G). A rear open 
side of the main hole has been closed up gas-tightly 
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Fig.l Schematic diagram of the ion source. 

A: Ion accelerating electrode 
B: Backing plate 
C: Ion focus electrode 
D: Ionization chamber block 
I: Ion trapping electrode 
H: Ion source holder 
G: Gas inlet hole 
P: Filament 
E: RPD electron gun system 
T: electron target electrode 
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by a square plate of 5 mm thickness with a e,old wire 
gasket. A backing plate (B) is a disk of 24 mm 
diameter and 2 mm thickness and was connected gas-
tightly on this square plate insulated electrically. 
The backing plate has been used at the same potential 
as the ionization chamber of the earth potential 
in this work. The ionization chamber was supported 
by the square plate to the ion source holder (H). 
A front open side of the main hole has been closed 
gas-tightly and insulated with a teflon gasket by 
a plate of 50 mm square and 1 mm thickness which is 
used as the ion trapping electrode (I) having an 
ion exit orifice of 1 mm diameter at the centeirof 
this plate. Both open sides of the electron path 
hole were also closed up tightly by an RPD electrode 
having the electron entrance slit of 0.5 x 3 mm, 
and the electron target electrode was insulated 
electrically with a teflon gasket to the ionization 
chamber. An RPD electron tun system (E) was used 
for the measurement of ionization efficiency curves 
of the fragment and product ions, which is necessary 
for the determination of the precursor in ion-molecule 
reactions. The electrodes (C) an^ (A) are the 
ion focus and ion accelerating ^ride, respectively. 

2.2.2 Delay Time Method 
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The pulse electronic circuits of the time-of-
flight mass spectrometer modified and the variable 
delay time circuit permitted a variation of the 
time between the end of the ionizing pulse and the 
onset of the ion withdrawal pulse. A Hewlett 
Packard 214A pulse generator and pulse generator 
(Sanwa Denshi Production Co., ltd.) were used for 
suppling the ionizing and ion withdrawal pulse. 
During the delay time the entire ionization chamber 
is field-free, so that ion-molecule reactions 
occurring in the time interval do so under essentially 
thermal conditions. Prom the variation of the 
relevant ion currents with delay time the thermal 
ion-molecule reaction rate constants can be obtained. 

2.2.3 Gas-Sample Inlet-System 
Two kinds of gas sample could be introduced 

separately, at a given pressure, to the ionization 
chamber through two separate leaks from two separate 
reservoirs. The sample pressure in the ionization 
chamber was measured with an MKS Baratron 90-X RP-2 
capacitance manometer, and the pressure was calibrated 
using the known rate constant(1.17£ 0.07 x 1C 
cm molecule" s~ ) for the formation reaction of 
GEt in methane. ^ Measurement of the ionization 
efficiency curves of the two ions was simultaneously 
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performed by the two-channel ion detection technique. 

2.2.4 Materials 
Acetaldehyde and acetaldehyde-2,2,2-d-, obtained 

from Merck Sir rp and Dohme of Canada, and ethylene 
oxide from Nisso Yuka Co., Ltd. These samples 
were used after repeated vacuum distillations. 

2.3 Results and Discussion 

2.3.1 Formation Mechanism of CH,CHOH+ and CH^CO+ 

3 3 
in Acetaldehyde 

Delay time dependence plots of fragment and 
product ions from acetaldehyde at a number density, 
of 3.31 x 10 "molecules cm are shown in Pig.2. 
The m/e 44(CH5CH0+), 43(CH 3CO +), 29(CHO+), and 
15(CH^) are major fragment ions from acetaldehyde, 
and the ion intensities of CH~CH0H+ and CH,C0+ 

increase steadily with increasing delay time. 
The ion-molecule reactions in acetaldehyde-2,2,2-d,, 
(CD^CHO ) were studied to clarify the reaction 
mechanism of proton and/or hydrogen atom and hydride 
ion transfer. The delay time dependence plots 
of the fragment and product ions are shown in Pig.3 
in which the plots were obtained at the same 
experimental conditions as for the undeuterated system. 
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0 0.2 0.4 0.6 0.8 1.0 
DELAY TIME (|is) 

Fig.2 Delay time dependence of fragment and product ions in acetaldehyde. 
• : m/e 15(CH+), A : m/e 29(CH0+)xl/2, 
D: m/e 43(CH 5C0 +), #>: m/e 44(CH3CHO+), 
O: m/e 45(CH,CH0H+) 
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DEMY TIME (us) 

Fig.3 Delay time dependence of fragment and product 
ions in acetaldehyde-2 ,2,2-d.,. 

A : m/e 29(CH0+)xl/2, n: m/e 46(CD 3CO +), 
•: m/e 47(CD3CH0+), o: m/e 48(CI>3CH0H+) , 
• : m/e 49(CD3CH0D+), A,: m/e 45(CD2CHO+), 
• : m/e 18(CD,) 
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As product ions, m/e 46(CD 3CO +), 4S(CD3CH0H+), and 
49(CD^CHOD+) were observed. The ion intensity 
of ri/e 45(CDoCH0 ) remained constant with increasing 
delay time in Pig.3. 

The appearance potentials and the ionization 
efficiency curves of the fragment and product ions 
were measured to determine the prectirsors of the 
product ions. Prom the ionization efficiency 
curves of CH 3CHC +, CH 3CO +, CHO+, and CHI", their 
appearance potentials were obtained and are tabulated 
in Table 1. The appearance potentials of all 
fragment ions from acetaldehyde have not been 
reported thus far. The ionization efficiency 
curve of CELCHOH is shown in Fig,4 in \:h.-.ch the • 
curves of CH^CHOH+ and CH-,CHO+ are normalized at 3 3 
10.5 eV. The onsets of both ionization efficiency 
curves of CH3CH0H+ and CH,CH0+ agree with each other. 
However, the ionization efficiency curve of CH3CH0H+ 

deviates from that of CH.,CH0+ near the onset of CHot 
indicating that CH0 + participates in the formation 
of CH3CH0H+ as precursor. Thus, CH.,CH0H+ in 
acetaldehyde is formed as follows; 

CH 3CH0 + + CH3CH0 » CH3CHOH+ + CIUCO (1) 

CH0 + + CH_,CH0 ?. CH,CH0H+ + CO (2) 3 W" W '' ^V 
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Tattle 1 Appearance 
from acetaldehyde. 

Ion 

CH,CHO+ 

CH,C0+ 

CHO+ 

CH+ 

potentials of fragment ions 

Appearance potential (eV) 

10.32 - 0.05 
11.2 - 0.1 
12.2 - 0.1 

11.42 i 0.05 
12.2 - 0.1 
12.8 - 0.1 
14.0 - 0.1 

12.12 - 0.05 
12.9 - 0.1 
14.3 - 0.1 

14.32 - 0.05 
15.0 - 0.1 
15.9 - 0.1 
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Fig.4 Ionization efficiency curves of fragment and product 
ions in acetaldehyde. 

• : CH-CHO*, a : CH0 +, O : CH3CH0H+ 
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The ionization efficiency curves of CD.,CHOH+ 

and CD,CHOD+ formed in acetaldehyde-2,2,2-d, are 
shown in Pig.5 in which the curves of both CD.,CHOH+ 

and CD 7CHO + are normalized at 10.5 eV. The 
ionization efficiency curve of CD-,CH0H+ deviated 
from that of CI>3CH0+ at the onset (12.12£0.05 eV) 
of the curve of CHOt The onsets of both 
ionization efficiency curves of CD,CH0H+ and CD-,CH0+ 

3 3 
agree each obher, implying that proton and/or hydrogen 
atom of the formyl group is transferred. The 
ionization efficiency curve of CD̂ CHOD"1" is shown 
in Pig.5 in which the curve is similarly normalized 
to that of CD-CHOt The shape of the ionization 
efficiency curve of CD̂ CHOr'*' agrees with that of • 
CD,CH0t Accordingly it is found that CD̂ CHOD"4" 
is formed by deuteron and/or deuterium atom transfer 
from the methyl group. The onset of the ionization 
efficiency curve of CD.,C0+ is 11.42 ±0.05 eV, and 
the onset and shape of the ionization efficiency 
curve of CD2CH0D+ does not agree with that of CD,C0t 3 o 5 
Therefore, reaction (3) does not occur in 
acetaldehyde-2,2,2-d,. 

CD 3 C 0 + + CD3CH0 > CD3CH0D+ + CDgCO (3) 

Blair and Harrison have reported that the .ion 
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ions in acetaldehyde-2,2,2-d,. 
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intensity of CE,CO does not change with increased 
trapping t:'me and thus This ion is essentially 
unreactive with acetaldehyde. From the results 
of the ionization efficiency curve measurement, 
it was found that the CIUCHOH+ and CD,CHOD+ ions 
arc formed by the following reactions; 

CD 3CHO + + CD^CHO > CD3CHOH+ + CDJZO (4) 

CHO+ +• CD,CHO * CD̂ CHOH"1" + CO (5) 

CD,CHO+ + CX>3CH0 > CD3CHOD+ + CDgCHO (6) 

In acetaldehyde, a further reaction of CH-,CHOH+ 

with acetaldehyde was not observed in this work. 
14 Bowers and Kemper have reported that the dissociation 

of CH3CHOH occurs in the reaction of HJ with 
acetaldehyde. In thermal ion-molecule reactions 
on this work, the following dissociation which they 
reported would be minor. 

CH3CHOH+ > Dissociation products (7) 

In addition, consecutive association reaction of 
protonated molecular ion with the neutral molecule 
did not occur in acetaldehyde. 
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Since CH,CHOrI+ is formed in acetaldehyde by 
two concurrent reactions, the rate constants are 

15 obtained by a ratio plot technique. 

ICH,CHOH + f I C H O + , 
2 _ = ; k i + k 2 V[CH 3CHO]t + C (8) 

ICH,CKO + I 1CH-,CRO+' 

where k-, and k„ are the rate constants of reactions 

(1) and (2). W c H O H * ' ICH,CHO+' a n d ^ H O * a r e 

the ion intensities of CH^CHOH*, CH,CHO +, and CHOt 
[CH~,CHO] is the concentration of acetaldehyde in the 
ionization chamber, t the delay time, and C a constant 
reflecting GH-»CHOH+ which is formed by ion-molecule 
reactions during the ionizing and withdrawal periods. 
Typical I Q H C H 0 H + / I C H C H 0

+ against delay time plots 
3 3 are shown in Pig.6. The slopes of these straight 

lines are shown in Fig.7 as a function of L n n + / l A U nu^+« 
The resultant rate constants are tabulated in Table 2, 
together with the results obtainecq in a pressure 

2 10 
increased and Ion trapping method by other workers. 

In acetaldehyde-2,2,2-d_, CD 3CH0H + and CD_CH0D + 

are formed by reactions: (4) - (6), so their rate 
constants are obtained by the followi-ig equations; 
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(|is) 

Pig.6 I CH 3CH0H + / ICH 3CH0 + a e a i n s t d e l a y t i m e -

D : I C H O
+/ ICH,CHO + = ° - 9 8 0 

uCHO' .+/Ir .+ = 0.664 LCH,CH0" 
° : ICH0 +/ ICH^CH0 + = 0.041 

5 
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I CH,CHO + 

0 

Fig.7 Analysis of delay time dependence, 
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latile 2 Ion-molecule reaction rate constants in 
acetaldehyde. 

I 
S 
l 

Reaction 

(1) 
(2) 
(4) 
(5) 
(6) 
(13) 
(14) 
(20) 

Q 7 - 1 - 1 
kxlO cnrmolecule s 

This work Ref. 2 Ref. 10 

2.53 - 0.1 
2.58 - 0.1 
1.56 i 0.1 
2.44 i 0.1 
0.77 i 0.04 
1.86 - 0.1 
1.92 - 0.1 
2.8 - 0.3 

1.91 - 0.2 2.49 ± 0.1 
2.45 - 0.2 2.53 - 0.1 S 

I 
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[CD,CHOH+ I CHO + 1 

^D^CHC* 

• = / k^ + k 5 ,[CD 3CHOjt + C ( 9 ) 
ICD,CH0" t7 

ICD,CHOD + 

t> 

I CD,CHO + 

= k6[CD3CKO]t + C (10) 

where k,, k c, and k.- are the rate constants of 4 5 o 
reactions (4) - (6). To obtain these rate 
constants, equations (9) and (10) are treated in the 
same way as equation (8). The rate constants 
obtained are tabulated in Table 2. From those 
rate constants, 

•= 2.0 (11) 

k 4 + \ 

«s» (12) 

From equation (12), the isotope effect in reaction 
(1), (2), and (4)-(6) is small. Thus it is found 
that proton and/or hydrogen atom transfer from the 
formyl group is larger than that from the methyl 
group by a factor of two. It is presumed that 
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rate constants are affected by the dissociation 
energy of C-H bond. The bond dissociation 

1 ft energies of the C-H bonds are, D(CH5C0-H)=88 and 
D(H-CH2CHO)AJD(H-CH2OH)=961'7kcal molT1 A correlation 
of rate constants with bond dissociation energies 
is seen to be feasible if it is hydrogen atom 
transfer exclusively. 

The ionization efficiency curves of the CH,CO+ 

ions were measured to clarify the formation mechanism 
of CH^CO and are shown in Fig.8. The ionization 
efficiency curve obtained at 1.0 |-is delay time 
deviates from the onset (14.3210.05 eV) of the 
curve of CH,, indicating that a small amount of 
CH^C0+ is formed by the reaction of OHI with 3 3 
acetaldehyde. 

CH* + CH^CHO *CH 5C0 + + CH, (13) 

As can be seen in Pig.3, the ion intensity of CD-CO"1" 
increased with increasing delay time, but that of 
CD„CH0 remained constant. Therefore, CDJ 
abstructs only the formyl hydrogen in hydride ion 
transfer reaction as follows; 

CD* + CD3CH0 >CD 3C0 + + CDjH (14) 

-92-



EH 
M 
CD 
pq 

EH 

« 
o 

o 

H 

11.0 12.0 13.0 14.0 15.0 
ELECTRON ENERGY 

16.0 17-0 
( eV ) 

Fig.8 Ionization efficiency curves of CH,C0 and CH* 
D: CHJ at t=0 |is, • CH,C0+at t=0 us, 

> m 
2 
•T 

O: CH3C0+at t=1.0 |is 



JAERI-M9336 

This observation of predominant transfer of the 
formyl hydrogen supports a conclusion above obtained 
in the proton and/or hydrogen atom transfer. 

2.3.2 Formation Mechanism of CpH 50 + and C2H.,0+ 

in Ethylene Oxide 
Typical results of the delay time dependence 

of the fragment and product ions formed in ethylene 
13 -3 

oxide at 3.54 x 10 molecules cm are shown in 
Fig.9. As seen in Fig.9, the ion intensities 
of CH0 + and CHt decrease rapidly with increasing 
delay time, and the ion intensities of C ?H,0 + 

(molecular ion), CpH^O+, CO+or CpHt, and CHp are 
almost independent to variation of delay time. 
The delay time dependence plots show that CpH,-0+ 

and CpH.,0 are major product ions in the ion-molecule 
reactions of ethylene oxide. The ion intensity 
of GpH.O+ decreases slowly with increasing delay 
time. Blair and Harrison have observed the 
formation of C,Hr-0+ and Cy)H„0+. These ions were 5 p 4 i 
not observed in the experimental condition of this 
work. 

The measurements of the ionization-efficiency 
curves for the major fragment and protonated molecular 
ion (Cp^O"1") have been carried out to determine 
the precursors using an RPD method. Typical 
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150 1 1~~ 1 1 1 r 

_j J I ! 1_ 
0.2 0.4 0.6 0.8 1.0 

DELAY TIME (fis) 

Pig.9 Delay time dependence of fragment and 
product ions in ethylene oxide. 
O: CH0+(x2/3), •: C 2H 40 +, A: C 2H 50 +, »: C 2H 30 +, 
• : C 2H 20 +, A: C0+(or C 2Hj), •: CH+, 

C : .CH+ 
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results are shown in Fig.10 in which some breaks 
in the ionization efficiency curves have been observed, 
The ionization and appearance potentials obtained 
from the ionization efficiency curves are summarized 
in Table J>. Only the ionization potentia] 
ethylene oxide have been reported by Gallegos and 

T O 
Kiser (electron impact method) and by lowrfy and 

19/ Watanabe -^(photoionization method). The ionization 
potential of ethylene oxide obtained in this work 
is in agreement with the value(10.65 ±0.1 eV) 

18 reported by Gallegos and Kiser. As can be 
seen in Pig.10, the onset of the ionization-efficiency 
curve of C2H[-0+ agrees with that of C„H\ot 
m + . Therefore, it-has been concluded that C?H.O is 
one of the precursors of CpHVOt On the other 
band, when the curve A and D in Pig.10 are normalized 
at 11.8 eV, the curve D deviates upwardly from the 
curve A above 12.14 eV. This deviation of 
ionization efficiency curves means that CH0 + is the 
precursor of CpH^O too. Pig.11 shows the delay 
time dependence of CHO at various concentrations 
of ethylene oxide in the ionization chamber. 
The slopes of the curves in Pig.11 increase with 
increasing pressure, meaning that CH0 + is consumed 
by the reactions. Accordingly, C9H,-0+ is formed 
by the following reactions; 
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Pig.10 Ionization efficiency curves of fragment and product 
ions in ethylene oxide. 
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Table 3 Appearance potentials of fragment ions 
from ethylene oxide. 

Fragment ion Appearance potential (eV) 

C oH.0 + 10.64 - 0.1 > 
^ jg 

11.09 - 0.1 T 
+ s 

11.78 - 0.1 S 
C 2 H 3 0 + 12.06 ± 0.1 

12.51 i 0.1 

CH0 + • 12.14 - 0.1 
12.64. - 0.1 
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Fig.11 Delay time dependence of CH0 + at various 
ethylene oxide concentration. 

A : 5.9X1011, B : 3.5xl013, C : ?.08xl013 
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C 2H 40 + + C 2H 40 + • C 2H 50 + + C 2H 30 (15) 

CHO+ + C 2H 40 > C 2H 50 + + CO (16) 

In these concurrent reactions, the ion intensity 
of CpEUO at delay time t can be expressed by the 
following equation; 

I C 2 H 5 0 + = k 1 5 t C C ? H 4 ° ] l C 2 H 4 0 + + kl6 tC C2 H4 0 ] lCH0 + + C 

(17) 

where k-,,- and k-,g are the rate constants of reactions 
(15) and (16). •'•n H 0 + a n d '1"CH0+ a r e * h e i o n 

intensities of C 2R\0 + and CHO+. [C2H.O] is the 
concentration of ethylene oxide. C is a constant 
reflecting G^E^O which is formed by ion-molecule 
reactions during the ionizing and withdrawal periods. 
Rearrangement of equation (17) yields equation (18). 

IC„H,-0 + ( ^HO1" 
^ 5 _ J v j. v 1 Fn w nl+ . n (18) 

-0 + ( ^HO1" N 
L_ = k 1 5 + k l 6 i[C2H40]t + 
,0 + ^ IC oH,0 +' IC 2H 40- , 2. 4, 

Prom equation (18),the rate constants of reactions 
(15) and (16) have been obtained to be 1.45 x 10 

_Q 3 -1 -1 
and 2.05 x 10 ^cnrmolecule s , respectively. 
The rate constant of reaction (16) is larger than 
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that of reaction (15), suggesting that the proton 
i+ -• donor activity of CHO is greater than that of 

C 2H 40t 
In the ion-molecule reactions of acetaldehyde, 

it has been observed that a part of CH^CO+ is 
formed by the hydride ion transfer reaction involving 
CHj. In ethylene oxide, also, C„H~0+ is formed 
by the following hidride ion transfer reaction, 

CH* + C 2H 40 ¥ C 2H 30 + + CH 4 (19) 

The rate constant of reaction (19) has been obtained 
as 2.10 x 10~10cm5molecule"1s~'!' The hydride 
ion transfer reactions leading to the formation of 
C Ht -, ions have been studied in the ion-molecule 

20 reactions of alkanes. However, the hydride 
ion transfer reactions leading to the formation oi 
(M-l) + in oxygen-containing molecules have not been 
almost studied so far. 

The rate constant ratio k2/k-, in acetaldehyde 
is 1.10 from Table 2 and the value corresponding 
to this in ethylene oxide was k-, g/k, ,-=14.2. 
The rate constant of reaction (1) in acetaldehyde 
is larger than that of reaction (15) in ethylene 
oxide by a factor of about ten. In addition, 
the rate constant of reaction (2) is somewhat larger 
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than that in ethylene oxide(2.05 x 10~"cnrmolecule s ) 
For this difference in the rate constants between 
both systems, some causes are presumed, that is; 
proton affinity and dipole moment of the neutral 
molecule and the kinetic energy of CHOt The 
proton affinities of ethylene oxide and acetaldehyde 
are 183 and 182 kcal mol", respectively. Thus, 
the proton affinity of acetaldehyde is nearly equal 
to that of ethylene oxide. The dipole moments 
of ethylene oxide and acetaldehyde are 1.90 and 

10 22 
2.72D, respectively. Tiernan and Putrell 

23 + 
et al. J have reported that CHO from acetaldehyde 
is particularly useful as a protonating agent. 
Also, it was observed that the translational energy 
of CH0 + produced from acetaldehyde is lower than 
that from ethylene oxide(CHAPTER I). Accordingly, 
in comparison with ethylene oxide, a large rate 
constant of reaction (2) in acetaldehyde would be 
due to a large dipole moment of the neutral molecule 
and a low translational energy of CHOt This 
could be explained by the ADO theory. * 
2.3.3 Reactivity of CHt Ions from Acetaldehyde 
and Methane 

The hydride ion transfer reactions involving 
CHt from methane were studied in acetaldehyde - methane 
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mixtures. Delay time dependence plots of CH\,CO+ 

and CH* in a 1:1 mixture of acetaldehyde and methane 
12 — ̂  

at a number density of 3.35 x 10 molecules cm J 

are shown in Fig.12 in which the CH,C0+ ions are 
normalized at zero us delay time. A further 
increase of the ion intensity of CH^C0+ was observed. 
The pressure dependence of CH~C0+ was examined in 
methane ( or rare gas, Ne ) - acetaldehyde mixtures 
and is shown in Fig.13. CH,C0 was clearly first 
order with respect to methane pressure and its ion 
intensity did not change with increasing Ne pressure, 
indicating that a sensitization by added gas does 
not occur. From these observations, the hydride 
ion transfer reaction by CH,, (from methane ) occurs 
in the mixture system as follows, 

CHJ( from CH, ) + CH^CHO ^CH^CO* + CH. (20) 

The rate constant of reaction (20) is obtained to 
be 2.8+0.3 x 10~9cm5molecule~ s~ and it is larger 
than that of reaction (13). This difference in 
reactivity of the CHi ions would be related to 

27 energy states of those ions. Field and Lampe 
have studied the hydride ion transfer reactions in 
ethane ( or propane ) - methane mixtures, and the 
rate constants which they obtained were 3.8 x 10 
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DELAY TIME (JIB) 

Fig.12 Delay time dependence of CH,CO and 
+ * 

CH, in acetaldehyde - methane mixtures. 
O : CH„CO+( acetaldehyde - methane mixtures) 
• : CH_CO+( acetaldehyde ) 
D : CH, ( methane ) 
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(ethane - methane mixtures) and 2.4 x 10 
3 -1 —1 cm molecule s (propane - methane mixtures). 

The values of these rate constants bear reasonable 
comparison with that of the rate constant of reaction(20) 

2.3.4 Formation of C 2Hv0 + in Ethylene Oxide -
Simple Hydrocarbon Mixtures 

In order to examine the ionic reactivity of 
saturated and unsaturated hydrocarbons to ethylene 
oxide, the ion-molecule reactions in the binary 
mixture of ethylene oxide and simple hydrocarbons 
( CH,, CpHg, C 2H 2, and C2ffi,) have been studied. 
Fig. 14 shows the delay time dependence plots of 
the ion intensity of CpHj-0 in the equivalent binary 
mixtures of ethylene oxide and hydrocarbons at 

13 -3 
3.54 x 10 •'molecules cm , together with the curve 

13 -3 
in pure ethylene oxide at 1.77 x 10 ^molecules cm' 
for comparison. As seen in Fig.14, the ion 
intesities of C2H1-0+ ions have been enhanced by 
addition of the hydrocabons. The order of 
the reactivity of hydrocarbons to form C2H,-0 ioms 
appeared to be C^H^C^H, >CH- >C2H,,. To clarify 
the role of the hydrocarbons for the formation of 
C2H[-0+ ions, the formation of C 2H 4DO + in ethylene 
oxide - ethylene-d. mixtures has been studied. 
Fig.15 shows the delay time dependence plots of 
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Pig. 14 Delay time dependence of C2H,-0+ in ethylene 
oxide - simple hydrocarbon mixtures (1:1 ). 
A : ethylene oxide, B : ethylene oxide - acetylene, 
C : ethylene oxide - methane, 
D : ethylene oxide - ethylene, 
E : ethylene oxide - ethane 
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Pig.15 Delay time dependence of fragment and product 
ions in ethylene oxide - ethylene-d. mixtures(l:l). 

B : m/e29(xl/2), C : m/e32, 
E : m/e45, P : m/e43, 
H : m/e42, I : m/e33, 
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m/e44, m/e30, m/e46, 
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fragment and product ions in ethylene oxide -
ethylene-d. mixtures at 3.54 x 10 molecules cm"; 
C„H,D0 was markedly formed with increasing delay 
time. While, C2D.H+(m/e 33) and C2l£(m/e 34) 
showed relatively slow increase with increasing 
delay time. C ?D,H + and C„H-DO+ are formed by 
the following reactions; 

C 2Dj + C 2H 40 >C 2D 4H + + C2H,0 (21) 

CH0 + + C 2D 4 — ^ C2I14H+ + CO (22) 

C 2H 40 + + C 2D 4 > C 2H 4D0 + + C 2D 3 (23) 

C2 D4 + C2 H4° >C 2H 4D0 + + C ^ O (24) 

C2 D3 + °2H4° *C 2H 4D0 + + C 2D 2 (25) 

The sums of the rate constants of the formation 
reactions for C2H/,D0+ and CpD.H+ have been obtained 
to be 1.56 x 10" 9 and 5.20 x 10~10cm3molecule~1s~:}' 
Thus, the following rate constant ratios have been 
obtained; 

(k 2 3 + k 2 4 + k 2 5)/(k 2 1 - k 2 2) = 3.00 

(k 2 3 + k 2 4 + k 2 5)/(k 1 5 + k 1 6) = 0.71 
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2.3.5 Charge Transfer Reactions in Ethylene 
Oxide - Simple Hydrocarbon Mixtures 

Charge transfer reactions in ethylene oxide -
simple hydrocarbon mixtures have been studied using 
CH., C 2H ?, C 2H 4, and CgHg. Fig.16 shows delay 
time dependence plots of C„H-0+ in the mixtures. 
T>-e ion intensity of C^H.O in the mixtures increased 
with increasing delay time, meaning that charge 
transfer reactions by fragment ions from hydrocabons 
occur. The ionization potentials of CH., C?HL, 
C 2H , and C 2H 6 are 13.00 , 11.40 , 10.50 , and 

0 0 

11.66 e? , respectively. The ionization 
potential of ethylene oxide was 10.64 "t 0.1 eV as 
described above, the charge transfer from the 
molecular ions of the hydrocarbons to ethylene oxide 
is energetically possible. As can be seen in 
Pig. 16, in the case of ethylene oxide - acetylene 
mixtures, the formation of CH,0 + by the charge 
transfer reactions is remarkable. The molecular 
ion of acetylene is regarded as the predominant 
precursor in the charge transfer reactions as follows; 

C 2H 2 + C 2H 40 =>C 2H 40 + + C 2H 2 (26) 

The rate constant of reaction (26) has been obtained 
to be 5.20 x 10" cm molecule" s~. The rate 
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comstamt of the charge transfer reaction from acetylene 
molecular ion(CpH*) to ethylene has been reported 
by Field v as 4..1 x 10 cm^molecule x s . Thus, 
the charge transfer reaction, rate constants in 
both systems of ethylene oxide - acetylene and 
ethylene - acetylene mixtures had similar values 
each other. This similarity suggests that both 
ethylene oxide and ethylene have a structural 

30 resemblance. Walsh have reported that ethylene 
oxide molecule has a double bond character like 
ethylene molecule. The major determing factor 
of the charge transfer reactions does not clear 
so far, but from Pig. 16, it is found that the 
reactivity of unsaturated hydrocarbons in the charge 
transfer reactions is larger than that of saturated 
ones. Accordingly, this reactivity would be 
attributed to the extent of electronic overlap of 
an ion and a neutral molecule. 

2.4 Summary 

The fine structure in the ionization efficiency 
curves of fragment ions from acetaldehyde and ethylene 
oxide was measured in detail and their appearance 
potentials were determined. CoHc-0+ and 0 oH-0 + 

ions formed in acetaldehyde and ethylene oxide 
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result from proton and hydride ion transfer reactions. 
The rate constant of the pro/ton transfer reaction • 
involving CH0 + in acetaldehyde is larger than that 
in ethylene oxide. This is due to the large 
dipole moment of acetaldehyde and the low translational 
energy of CHO+ from acetaldehyde. In acetaldehyde, 
the positions from which proton and/or hydrogen 
atom transfer occur were clarified using 
acetaldehyde-2,2,2-d,. The rate constant of 
proton and/or hydrogen atom transfer from the formyl 
group is larger than that from the methyl group by 
a factor of two. It was also confirmed that 
CHt abstructs only the hydrogen of the formyl group 
in the hydride ion transfer reaction. The hydride 
ion transfer involving CH* from methane was studied 
in acetaldehyde - methane mixtures and its rate 
constant was larger than that in pure acetaldehyde. 
The formation of C2H,-0+ and C 2H«0 + ions in ethylene 
oxide - simple hydrocarbon mixtures have been 
studied and the order of the reactivities to form 
CpHj-0 appeared to be ethane> ethylene^ methane> 
acetylene. The formation of CLH.O4" in the mixtures 
results from the charge transfer reactions, among 
which the charge transfer from the molecular ion 
of acetylene to ethylene oxide is the most predominant 
reaction. 
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CHAPTER III 
Ion-Molecule Clustering Reactions in Trioxane 

3.1 Introduction 

Mass spect'rometric study at higher pressures has 
proved the existence of cluster ions in gases 
containing polar molecules. Thus the proton 
hydrates H+(HpO) were observed in the mass 
spectrometric detection of ions in flames, 

2 gas discharges, and the radiation irradiation of 
moist air. An interesting application of cluster 

4 ion concept was made by Lind, who pioneered the 
study of chemical changes induced by ionizing 
radiation. In spite of the relatively recent 
start of mass spectrometric clustering reaction 
studies, considerable information has been 
accumulated which promises to be of importance in a 
number of fields stich as radiation chemistry of 
gases, ionic processes in the troposhere and 
inosphere, and gas discharges. Hitherto, 
ion-molecule clusteriiig reactions in simple molecules 
have studied by many workers, but those in 
poly-atomic molecules have not been made. 

This CHAPTER III is concerned with ion-molecule 
clustering reactions in poly-atomic oxygen-containing 
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molecule such as trioxane. In the course of 
studies of the radiation-induced polymerization, 
it has been suggested from the results of kinetical 
experiments that the polynarization of trioxane 
proceeds by a cationic mechanism. '' However 
the sorts of these cationic species have not been 
found. Since the ions produced in the system 
of. radiation chemistry have nearly thermal energy, 
the suggestive information about the behavior of 
ions in these systems could be obtained from the 
study on the ion-molecule reactions involving 
nearly thermal energy ions using the time-of-flight 
mass spectrometer. 

3.2 Experimental 

A Bendix Model 12-101 'time-of-flight mass 
spectrometer, wiiich has been modified to ion-molecule 
reactions as described elsewhere(CHAPTERS I and II). 

Trioxane was obtained from Celanease Chemical 
Co., ltd. and used after vacuum distillation several 
times. 
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3.3 Results 

3.3.1 Formation of Cluster Ions 
Ma^or fragment ions from trioxane are 

in/e 29 (CHO+), 31(CH 20H +), 61(CH 2OCH 2OH +), and 
89(CH20CK20CH0+). The molecular ion from 
trioxane was less abundant, and its ion intensity 

13 was comparable to the ion intensity of the C 
isotope of CH20CH20CH0l" Fig.l shows the 
• variation of the intensities of the fragment ions • 
with delay time in short delay time range at 

1*5 -•? 

1.98 x 10 molecules cm . The intensities of 
these ions decreased markedly with increasing delay 
time. The variation of the intensities of 
product ions formed at short delay time is shown 
in Pig.2. As product ions, m/e 91((CH 20) 5H +), 
119((CH20)3CHO+), 121((CH 20) 4H +), 151((CH 20) 5H +), 
179((CH20)5CH0+), and 181((CH20)6H+) were observed. 
The behavior of the intensities of the product ions 
at longer delay times is shown in Eigs. 3-5. 
The ion intensities of (CH20).,H+, (CH20).H+, and 
(CHpO),-H+show a moderate increase or levelling off 
with delay time, and ions at m/e 21l((CH 20) 7H +), 
241((CH"20)8H+), and 271( (CH 2o)^ +) are formed with 
increasing delay time. 
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0 0.2 0.4 0.6 0.8* 1.0 
DELAY TIME (|is) 

Pig.l Delay time dependence of fragment ions. 

A : CH0 + •: CH20H+(xl/2) o: (CH 20) 2H + 

* : (CH 20) 2CH0 + 
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0.2 0.4 0.6 0.8 
DELAY TIME ((as) , 

Fig.2 Delay time dependence of product ions. 
•: (CH20)3H+(xl/lOO) o: (CH20)5CHO+(xl/lO) 
A : (CH 20) 4H + A : (CH 20) 5H + n: (CH 20) 5CH0 + 

©: (CH20)gH+ 

1.0 
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5.0 
(lis) 

Fig.3 Delay time dependence of fragment and product ions. 
•: CH2OH+(xl/l25) O: (CH20)4H+(xl/25) 
A : (CH 20) 7H + 
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1.0 2.0 
DELAY 

3.0 4.0 
TIME (|is) 

5.0 

Pig.4 Delay time dependence of fragment and 
product ions. 

•: (CH20)2H+(xl/500) O: (CH20)5H+(xl/50) 
*: (CH 20) 8H + 
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3.3.2 Determination of Reaction Order 
The variation of the intensities of the product 

ions with pressure was examined to clarify the 
reaction order of their formation reaction. 
The reaction order of an ion is given directly by 
the slope of plot of the logarithm of its ion 
intensity as function of the logarithm of the 
pressure in the ionization chamben. Such pressure 
dependence plots for. major pEoduct ions at various 
delay time are shown in Pigs.6-9. The ion 
intensity of (CH„0),H+ shows the second order 
dependence on trioxane pressure at various delay 
times. The ion intensities of (CELO)^"1" and 
(CH 20) gH + formed by the reactions of (CHgOUH* with 
trioxane show the fourth and fifth order dependence 
in Pig.9. The variation of ion intensity ratios, 
I(CH 20) 6H + / I(CH 20) 3IL + a n d I(CE 20) gH + / l(CH 20) 6H + 

with pressure is shown in Fig.10. Both ion 
intensity ratios show the fiitst and second order 
dependence,respectively. While, the ion intensity 
of (CH?0),H+ shows the second order dependence at 
short delay times of below 0.2 us and it shows 
third order dependence at long delay times of above 
1.0 [is. The results of pressure dependence 
measurement of the product cluster ions at various 
delay, times are given in Table 1. 
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(xl0"pT0RR) 

Pig.6 Pressure dependence of (CH?0),H+(«) and 
(CH20)4H+(o) at 0.2 |is. 
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Pig.7 Pressure dependence .of (CH20),H+(») and 
(CH20).H+(O) at 1.0 |is. 
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.10 Pressure dependence of I ( C H 2 O ) 6 H + / I ( C H 2 0 ) H +<°> 
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Iable 1 Order of the product ions against pressure. 

Order a g a i n s t p r e s s u r e 
Product ion 0.2|as l.Oias 3.0|is 5-0|is 

(CH 2 0) 3 H + 2 . 1 1.9 2 . 0 1 .9 

(CH 2 0) 4 H + 2 .2 2 .8 2 . 6 2 . 9 

(CH 2 0) 5 H + 3 . 0 2 . 8 

(CH 2 0) g H + 4 . 3 4 . 1 

(CH 2 0) 7 H + 4 . 1 

(CH 2 0) 8 H + 4 . 3 

(CH 2 0) g H + 5 . 0 
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3.3.3 Reaction Mechanism 
(CH„0)_H+ is predominantly formed in trioxane 

and onset (10.59- 0.05 eV) of its ionization 
efficiency curve agrees with that of (CH20)2CH0 
(Fig.11). This indicates that (CH 20) 3H + is formed 
by the following proton transfer reaction; 

0 0 
(CH 20) 2CH0 + + | | *(CH 20) 3H + + C ^ ^ (1) 

Clip CH 2 

Erom measurement of pressure dependence for the 
product ions, it v/as confirmed that the product 
•ions in trioxane are formed by the following 
ion-molecule clustering reactions; 

0 0 * ° p 
CH 20H + + 2 | J »(CH 20) 4H + + | | (2a) 

CH 2 CH 2 •' CH 2 CH 2 
X 0 X X 0 ' 

0 N 0 
CH„0H+ + | > (CH„0),H+ (2a) 

V 2 

( C H 2 ° M + + 1H 2 J H 2 - ^ < C H 2 ° ) 7 H + W 
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( C H 2 0 ) 2 H + + 

( C H 2 0 ) 5 H + + 

( C H 2 0 ) 3 H + + 

( C H 2 0 ) 6 H + + 

Reactions 2a, 3a, and 4a are a third order reaction 
mechanism and reactions 2a, 2fc, 3b, and 4b a second 
one. In the third order reactions, the plots 
of the ion intensity ratio against the square of 
trioxane concentration are shown in Pig.12 in which 
the slopes of the straight lines give the rate 
constants. In addition, the rate constants of 
the third and second order reactions caa be also 
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obtained from the delay time dependence plots of 
the product and reactant ions. The raxe 
constants of reactions (1) - (4) are summarized 
in Table 2. 

3.4 Discussion 

3.4.1 Third Order Clustering Reactions 
Oxygen-containing ions of CHpOIl"1", CH 2OCH ?OH + 

(or (CH 20) ( iH +), and CH2OOH2OCH2OH+(or (CH 20) 5H +) 
led preferentially to the formation of the cluster 
.ions as compared with those of CHO+ and CH 20CH ?0CH0 + 

( or (CH 20) 2CH0 +). The reactivity of these 
ions is seemed to be correlated with their ion 
structures. It is reasonable that these ions 
have the following ion structures; 

CH 20H + >CH2=0H+ (5) 

CH 20CH 20H + > CH2=0-CH2-OH+ (6) 

OH 2OCH 2OCH 2OH + * CH2=0-CH2-0-CH2-OH+ (7) 

CHO+ >CHS0 + (8) ' 
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Table 2 Ion-molecule reaction rate constants. 

Second order reaction Third order reaction 

Reaction 

(2a') 

(2b) 

(3b) 

(4b) 

(1) 

10 kxlO 
3 -1 -1 cm molecule s 

1.7 

0.18 

0.20 

0.27 

11.5 

Reaction kxlO24 

cm molecule- s" 

(2a) 6.28 
(3a) 0.99 
(4a) 11.7 

1 
T 
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CH 2 0CH 2 0CH0 + — > C H 2 - 0 - G H 2 - 0 - C H = 0 + 

o r C H 2 = 0 - C H 2 - 0 - C H = 0 + ( 9 ) 

The protonated type ions having hydroxyl group would 
be stable and reactive as compared with those having 
formyl group. 

As can be seen in Table 2, the rate constants 
of the third order clustering reactions observed 
in trioxane are considerably larger than those 
obtained in simple molecules by other workers. 
An empirical theory of third order clustering 
reaction was proposed by Bohme,^' who considered 
many available data found in the literature on third 
order clustering reaction and concluded that the rate 
constant for clustering was related to the number 
of atcms in the product cluster ion, 5, by the 
expression, 

k = 1 0 " 5 2 - 5 ± 1 JJ6'24 (10) 
The rate constants of the third order clustering 
reactions in trioxane were in good agreement with 
those obtained using eqat;i on(10), as pointed also 
out by Good. The ion-molecule clustering 
reaction is a process very similar to the combination 
of two atoms or two free radicals. One would 
expect an initial combination step, with no activation 
energy, broxaght about by ion-permanent dipole or 
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ion-induced dipole attraction between the reactants. 
The energy liberated in the complex could then be 
collision with a third body. Thus the clustering 
reaction is '•expressed as follows; 

.* _ k * Combination 
R" : + N < f" > RN + (11) 
'..• ., Jc. Decomposition 

#
 1 Stabilization 

RN + + I" 4 - --» RN + + M (12) 
3c„ Activation 
a 

k containes no activation energy term and it is 
independent of temperature. Stabilization depends 
on the identity of M ; k 0 may have some slight 

s 
temerature dependence, if the excess energy to be 
lost is distributed according to Maxwell-Boltzmann 
statics. Applying simple RRK theory to the 
decomposition step, k, will depend upon the 
dissociation energy of the complex, D(R-N +), and 
the internal energy, nRT. It has been shown that 
if D»nRT. 

k, oC (nRT/D) s _ 1 (13) 

where s is related to the number of vibrational 
degree of freedom in the cluster ion. 

- 1 3 9 -



JAERI- M9336 

It is proposed that k, ir.. the clustering reactions 
of poly-atomic molecules such as trioxane is very 
small. Thus, a large third order rate constant 
in trioxane is rationalized by considering a less 
decomposition of excited complex, i.e.,RN+ in 
reaction(ll). In the ion-molecule clustering 
reactions observed ir tricxane, it is interestiong 
that the first steps (reactions 2a, 3a, and 4a)are 
third order reaction mechanism and secord steps 
(2b, 3b, and 4b) the second order one. This 
may be related to the et.ergy state o." precursor 
(initiator). 

The results in the ion-molecule clustering 
reactions of trioxane could be compared with those 
in its radiation-induced polymerization. It was 
clarified in this work that the protonated ions are 
the most reactive precursors. Therefore, it Is 
predicted that active species in the radiation-
induced polymerization of trioxane proceeding by a 
cationic mechanism are protonated type ions, and 
especially the protonated molecuiar ion is the most 
reactive or.e. 
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3.5 Summary 

The ion-molecule clustering reactions in 
trioxane have been studied. As the cluster ions, 
(CEUO) H (n=3-9) were formed at long delay times. 
The first steps of the clustering reactions 
i.-iiti.-ted by CH„OH+ and (CHpO)„H+ were a third order 
reaction mechanism and the second steps were a second 
order reaction one. While, the first step of 
the clustering reaction initiated by protonated 
molecular ion, (CH20),H+, was a third order reaction 
mechanism and the second step was a second order " 
zceacticn one. The reaction order of the first 
step of the reaction by CĤ OH"1" changed with 
increasing delay time. The rate constants of the 
third'order clustering reactions observed in trioxane 
were very larger than those reported in other simple 
molecules, and agreed with the values caluculated 
theoretically using an empirical rate constant 
equation. It was found that the cluster ions 
formed in the clustering reactions of poly-atomic 
oxygen-cor.taining molecule such as trioxane have 
a long life-time and are relatively stable owing 
to the large number of degrees of freedom of these 
ions. In addition, it way clarified that the 
stability and reactivity of the cluster ion are 
correlated with the structure of the initiator 
and/or cluster ion. 
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CHAPTER IV 
Condensation-Elimination Reactions Involving 

Cxit and CpH-O"1" in Acetaldehyde and 
Ethylene Oxide 

4.1 Introduction 

Since the proton.and hydride ion transfer 
reactions in ethylene oxide and acetaldehyde have 
already been investigated (CHAPTER II ), the present 
work is concerned with the condensation-elimination 
reactions involving CHj and C 2H,0 + in acetaldehyde 
and ethylene oxide. In acetaldehyde, it was 
shown that the rate constant for proton or hydrogen 
atom transfer from the formyl group is larger than 
that from the methyl group. In addition, it was 
confirmed that CHt abstracts only the hydrogen of 
the formyl group in the hydride ion transfer reaction 
of acetaldehyde. The highly strained three member 
ring molecule of ethylene oxide can rearrange under 
appropriate conditions to more stable acyclic isomer 
such as acetaldehyde. Further it is known that 
the spectrum of ethylene oxide resembles so closely 
the spectrum of acetaldehyde that the two compounds 
at first glance are hardly distinguishable from each 
other. This shows that similar fragment ions are 
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generated from both acetaldehyde and ethylene o^ide 
by electron impact. It is of interset to study 
the ion-molecule reactions involving such fragment 
ions in acetaldehyde and ethylene oxide. 
The ion-molecule reactions in acetaldehyde and 
ethylene oxide have been extensively studied by 

2-7 several workers. ' However, the ionic reaction 
of CHt and. CpH.O+ in these systems has not been 
investigated in detail. In the present work, 
it is shown that some product ions of lower mass 
numbers than the molecular ion are formed by the 
reactions of the CHt ions with acetaldehyde and 
ethylene oxide, and it is proven that a time-of-
flight mass spectrometer is useful for studing of 
such reactions.. In addition, it is demonstrated 
in the present work that the behavior of the 
isomeric ions,CpH«0+, from acetaldehyde and ethylene 
oxide is characterized in the ion-molecule reactions. 

4.2 Experimental 

The instrument used was a Bendix Model 12-101 
time-of-flight mass spectrometer, which has been 
modified by construction of a closed ion source 
and improvement of the rise times of the ionizing 
and ion withdrawal pulses as described elswhere 
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(CHAPTERS I and II). 
Acetaldehyde, acetaldehyde-2,2,2-d,, and 

ethylene oxide (Merck Sharp and Dohme of Canada) 
were uswd after vacuum distillation several times. 

4.3 Results and Discussion 

4.3.I Acetaldehyde 
The abundant fragment ions observed in the 

spectrum of acetaldehyde at 70 eV are m/e 15(CHt), 
29 (CH0 +), 43(CH 3CO +), and 44 (CH^CHO"1"). The 
variation in the ion intensities of the fragment 
and product ions with delay time is shown in Pig. 
1. In the ion-molecule reactions of acetaldehyde 
under-low pressures and at short delay times, 
protonated acetaldehyde was a prominent product 
ion as described elsewhere (CHAPTER II). 
New product ions, m/e 28 (C 2H*), 29 (C^t), 

31 (CH 30 +), 57 (C 3H 50 +), 58 (C 3H g0 +), 59 (C^O" 1"), 
and 71 (C.H?0+) appear with increasing delay time 
under pressures ( 6.93 x 10 molecules cm"^), as 
shown in Figures 1 and 2, in which protonated 
acetaldehyde is not plotted. The ions at m/e 
29 consist of CH0+and CgHt, of which CH0 + participated 
in the proton transfer reaction. Therefore, 
the decrease of the ion intensity of CHO+ with delay 
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0.8 

Fig.l Delay time dependence of fragment and 
product ions in acetaldehyde at 6.93x10 
molecules cmT-5 

CH; O: CH0 + and C,H+(xl/2) % '2"5 o: CH,C0+ 

CH,CH0n 

5 
C2H£(xl0) A : CH30+(x20) 
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Pig.2 Delay time dependence of product ions 
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time is apparently observed, though CpHt is formed 
by an ion-molecule reaction as described in a later 
section. 

The experiments using acetaldehyde-2,2,2-d_ 
were made in this work in order to determine the 
possible structures of the product ions and to 
evaluate the nature of the processes by which the 
product ions are formed. The variation of the 
ion intensities with delay time for major fragment 
and product ions is shown in Pigs. 3 and 4. 
Though the ions at m/e 31 ( C ^ H * ) , 32 (C 2D+), 
33 (CD2HO+ and C 2D 4H +), and 34 (CDjO* and CgD*) 
are generated from acetaldehyde-2,2,2-d^ by electron 
impact, their ion intensities increase with increasing 
delay time. These ions correspond to the product 
ions (CpHt, C2Hc, and CH^O+) formed in unlabeled 
acetaldehyde. The product ions, m/e 61 (CUD.HO ), 
63 (C 3D 5HO +), 64 (C.,D60+), and 65 (C3I>6HO+) are 
formed in acetaldehyde-2,2,2-d-, as shown in Pig. 

+ + + 
4, and correspond to C-Hc-O , C,HgO , and C,H70 in 
unlabeled acetaldehyde. As can be seen in 
Pigs. 1 and 3, product ions of lower, mass numbers 
than the molecular ion can be confirmed with 
increasing delay time using a time-of-flight mass 
spectrometer. 

To determine the reaction order for the formation. 
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Fig.3 Delay time dependence of major fragment 
and product ions in acetaldehyde-2,2,2-d, at 
7.00xl01:5molecules cmT5 

CD,, o: CD 3CH0 + 

: CD 2H0 + and^C2D4H+(xl0) A : C2D|(xl0) 
>: C2D3H+(xl00) 

: CD̂ O"1" and C^D^xlO) 
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Fig.4 Delay time dependence of product ions 
13 -^ 

in acetaldehyde-2,2,2-d., at 7.00x10 molecules cm. 
: C,D,.H0+ 

5 4 * : C 3D 6HO + 

D: C,D,-H0+ A : C,DgO+ 
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of the product ions, the variation of their ion 
intensities with pressure was examined. Such 
pressure dependence plots for the ions formed in 
acetaldehyde at delay time of 1.0 us are shown in 
Fig.5. The ion intensities of the product ions 
show the second order dependence on acetaldehyde 
pressure, indicating that these ions are formed by 
second order reactions. 

The appearance potentials and ionization 
efficiency curves of the fragment and product ions 
were measured to identify the ionic precursors to 
each of the product ions. The ionization efficiency 
curves of major fragment and product ions are shown 
in Figs. 6 and 7. The ionization potential of 
acetaldehyde was 10.32 ±0.05 eV and the appearance 
potentials of CH^CO*, CH0 +, and CHt were obtained 
to be 11.42+0.05 , 12.12+0.05 , and 14.32+0.05 eV, 
respectively(CHAPTER II). The onsets and break 
points in the ionization efficiency curves of both 
CH^0+ and CHt agreed with each other. The break 
points corresponding to the second and third 
appearance potentials in the ionization efficiency 
curve of CH* were found to be 15.02 + 0.1 and 
15.92£0.1 eV. The appearance potentials of 
CH 3CH0 + , CH 3C0 + , and CH0 + are lower than that of 
CH^ot The onsets of the ionization efficiency 
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PRESSURE (xlO"4TORR) 

Pig.5 Pressure dependence of product ions in 
acetaldehyde. 

•: CH 30 + O: C,H 50 + a: C 3H 60 + 

A : C 3H 70 + 
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curves of C.,H50+, C~HgO+, and C,H ?0 + agree with 
one another and they agree also with the onset of 
the curve of CH,CH0+(Pig.7)• Some break points 

p 

in the ionization efficiency curves of Ĉ Hc-0 , 
C,HgO+, and C,H 70 + are observed and they are in 
good agreement with that of CELCHO"1*, while, the 
third break point in the ionization efficiency curve 
of C,H 70 + agrees with the onset of the curve of CHJ. 

Prom the results of the ionization efficiency 
curve measurements for the product ions, it is 
concluded that CHt reacts with acetaldehyde to form 
the following product ions; 

CH* + CH^CHO 

!-?> C 2Hj + CH^O 
m/e 28 

-* C 2H^ + CH20 
m/e 29 

<-*• CH 30 + + C 2H 4 

m/e 31 

(1) 

(2) 

(3) 

In acetaldehyde-2,2,2-d,, the condensation-elimination 
reactirn of CD~ with acetaldehyde-2,2,2-d-, occurs; 
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CD % + CD,CHO — 3 3 

-C3) 2=CDH +or CD 3 -CH + + CD 3 0 ( 4 ) 

m/e 31 

• CD2=CI> 

m/e 32 

•CD 2 =OH 

m/e 33 

>CD5-CD 

m/e 33 

•CD2=0I> 

m/e 34 

-»-CD2=CI>2 o r CD 3 -CD + + CDgHO ( 5 ) 

CD 2=OH + o r C D 2 H - 0 + + C ^ ( 6 ) 

->CD3-CDH + CD 2 0 

^ C D j - C D g + CDHO 

m/e 34 

(7) 

CD 2=0I> + o r C D 3 - 0 + + C 2 D 3 H ( 8 ) 

(9) 

The product ions formed in reactions (4), (5), (7)» 
and (9) are of the carbonium ion type having a 
C-C or C=C bond, and the ions formed in reactions 
(6) and (8) are oxonium ion ones having C-0 or C=0 
bonds. Prom the possible structures of the product 
ions the formation mechanism of the ions is proposed. 
The dissociation channels in intermediate-complex 
leading to the formation of the ions (CD?=CDH+ or 
CD 3-CH +, CD3-CDH+, and CD 2=OD + or CD 3-0 +) are ; 

+* 
(A) *\ 

CD, /- -*^*0 i 
•-''-"? ' ' ' ; 

•CD2 / 
(UK--*' • 

* • * • N f 
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The ions (CD2=CDH+or CI>3-CH+ and CD3-CDH+) are formed 
"by dissociation channel (A), and CD 2=OD + or CD 3-0 + 

by dissociation channel(B). From the possible 
dissociation channels in the complex it is thought 
that CD2=CDH+ or CD 3~CH + will be formed after 
positive charge transfer from CI>t to neutral acetaldehyde 
molecule site in the complex. This suggests that 
a delocalization of positive charge occurs partly 
in the complex. The dissociation channels in 
the complex corresponding to reactions (5), (6), 
and (9) are shown as follows; 

H * +* 

The ions resulting from dissociation channel (C) are 
CI>2=CD2 or CD 3-CD + and CD^CD* of which the carbon 
atoms of the ions are abstracted from the methyl 
groups. Dissociation channel (D) leading to the 
formation of CDp=OH+ or ClUH-0+ involves the 
elimination of an ethylene molecule. 

To confirm the formation of C 0H? in the reaction 
of CHI with acetaldehyde, the ionic reactions involving 
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CHJ in acetaldehyde-d, - methane. mixtures(l:l) were 
examined. As cross-reaction product ions, m/e 
31(CH2=OH+ and CDg-CH*), 32(CI>3-CH2 and CD^CD*), 
and 33(CD.,-CDH+) are formed. The ion intensity-
ratio of CH 2=0H + to CD3-CDH+ was ca. 5. The 
condensation-elimination reactions initiated by 
CHt (from methane) in acetaldehyde-d. - methane 
mixtures are analogous to those initiated "by CDt 
in acetaldehyde-2,2,2-d3; 

'CD2=CI>2 or CÎ -CD"1" + CR^O 
CHI + CD^CDO-

r*CH2=0H+ or CH 3-0 + + 0,^^ 

m/e 31 
CD 2=CDJ 
m/e 32 
>CIU-CH; 
m/e 32 
'CIU-CDI 
m/e 33 

h»CD5-CH2 + CDHO 

+ CH 20 

(10) 

(11) 

(12) 

(15) 

It is evident that Cfi"2=0H+ and CD,-CDH+ result from 
the following dissociation channels(E and P) in the 
intermediate-complex; 

+* 
( E ) . - -

$ 
1 

% 
*CHp •, 

"to 
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The reaction mechanism of CHj(from methane) with 
acetaldehyde-d. to form the product ions is consistent 
with that in acetaldehyde or acetaldehyde-2,2,2-d^. 
Of course, in acetaldehyde-d. - methane mixtures, 
reactions (14)-(16) proceed as follows; 

CD, 

r»CD2=CD2 or CD^-CD+ + 
m/e 30 

+ CD3CD0- > CD^-CD* 
m/e 32 

CD 20 

hGDn=OD+ or CD^-0 + 

i- 0 
m/e 34 

CD 30 

C 2D 4 

(14) 

(15) 

(16) 

Prom the experiments in acetaldehyde-d. - methane 
mixtures, it is shown that CH.,-CH2 is in considerable 
quantities formed in acetaldehyde. 

In acetaldehyde, the results in the ionization 
efficiency curve measurement confirmed that CH,CH0+ 

reacts with acetaldehyde to form the ions, C^H,-0+, 
C 5H 60 +, and C 3E,0 +; 

CH,CH0 3 + CH,CH0-
3 

KJHjCHO-CHg 

iKIH^CEO-CH 

m/e 57 
»CH,CH0-

m/e 58 

CH^CHO-3 
m/e 59 

»CH,CH0-CHl 3 3 

CtUO 

CH 2 0 

CHO 

( 1 7 ) 

( 1 8 ) 

( 1 9 ) 
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Prom the disti'bution of the isotopic product ions 
formed in the condensation-elimination reaction 
involving CD CH0 + of acetaldehyde-2,2,2-d.,, the 
structures of the product ions have been postulated. 
The reaction of CD,CHO+ with acetaldehyde-2,2,2-d., 
leading to the product ions is shown as follows; 

CD-CHO 

|-*CD3CHO-CD1 

CD^CHO. 2 

CD,CHO-CDJ 

m/e 61 
•CD^CHO 
m/e 63 
>CD3CO-
m/e 64 
•CD,CHO 
m/e 65 

+ CD2HO 

CDHO 

-»CD,CO-CD* + CH o0 

«->CD,CHO-CD; + CHO 

(20) 

(21) 

(22) 

(23) 

The skeletal structures of the. product ions 
(reactions 20 - 22) consist of CD (n=l -• 3) fragments 
and the CD^CHO molecule mainly. The structures of 
these ions indicate that the condensation-elimination 
reaction proceeds via the following intermediate-
complex; 

CD; 
-i+* 

I 
H 0 

I 
t I 

. D—CD r 

'CH 
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Here the dissociation channels .in the complex involve 
C-C bond cleavage in acetaldehyde-2,2,2-d,. The 
formation of CD^CHO-CD^ is a simple process, 
abstracting CD- in the complex without rearrangement. 
As can be seen in Fig.7, an agreement of the onset 
of the ionization efficiency curve of CHt with the 
break point in the curve of C,H 70 + was observed, 
indicating that CHi participates in the formation 
of CH,CH0-CH~. The excited intermediate-complex 
(CH,CHOCHt*) is .formed by the reaction of CEt with 
acetaldehyde, a small amount of which would be 
stabilized as follows; 

CH+ + CH^CHO-* [CH5CHOCH5]+*^>-CH3OHOCH* (24) 

+ ? 
The CH, from acetaldehyde has translational energy, 
so that the complex would be unstable energetically. 
Thus, the complex is dissociated to the ions(C?Ht, 
C2H^, and CH.,0+) as described above. 

The formation of the ion at m/e 71(C,H7Q+) was 
observed (Fig.2) and the onset of the ionization 
efficiency curve of this ion agrees with that of 
the.curve of CH,CH0+(Fig.7). It is suggested 
that C.E„0 is formed by the following reaction; 

CH-,CHO+ + CH-.CHO -> CH,CHOH+ + CH,CO 
J 5 J o 

CH 3CHOH + + C H 3 C H O ~ * C 4 H 7 0 + + H 2 0 ( 2 5 ) 
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4.3.? Ethylene Oxide 
The abundant fragment ions from ethylene oxide 

are CH*, CHO+, C 2H 30 +, and CgH^ot The variation 
of the ion intensities with delay time for the 
fragment and product ions is shown in Fig.8. 
The intensities of the ions at m/e 27(C?Ht), 
28(C2Hj), 29(C2H+), 31(CH 30 +), 57(C 3H 50 +), and 58 
(C,HgO ) increase with increasing delay time. 
The pressure depemdemce of these ions show the 
second order on ethylene oxide pressure(Pig.9). 
The onsets of the ionization efficiency curves of 

iC^H(-0+ and C,HgO+ agree with the ionization'potential 
(10.64±0.1 eV) of ethylene oxide(Pig.lO). 

The product ions, m/e 27 - 31, result from -
the f ondensation-elimination reaction of CHt with 
ethylene oxide; 

CH* + 
5 

CH 0 CH 0 • 

•CH 2 =CH n 

m/e 27 

+ CH30H 

•CH2=CH2 + CH 30 
m/e 28 
«-CH3-CH2 + CH 20 

(26) 

(27) 

(28) 
m/e 29 

^CH^OH"1" or CH 3-0 + + C ^ (29) 
m/e 31 
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Fig.8 Delay time dependence of major fragment 
and product ions in ethylene oxide at 6.95x10 

_3 
molecules cm. 

A : CH+ • : CH0 + and C0EUX1/5) 

w: C2H^(x5) v : OJHJCXS) 
• : C 3 P I 5 0 + ( x 2 0 0 ) - - " T T ~ + C 3 HgO' , ' (x200) 

A : C 2 H . 0 + ( x l / 2 ) 
O : CLU0*(x20) 
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From the possible structures of these ions the 
dissociation channels(A and B) in intermediate-
complex are suggested; 

- - . ~l+* 
'CH. 2-< -

0' 

(A)' 

--CH^ 

(B) 

The electronic charge donsity on the oxygen atom 
in ethylene oxide is high, so that the attack of 
CH,' to the oxygen atom would be reasonable. The 
CH2=CH and CH2=CH„~ result from the dissociation 
channel (A) in-the complex involving the elimination 
of a formaldehyde molecule. The CH2=0H or 
CH,-0 result from the dissociation channel (B) 
involving the elimination of an ethylene molecule. 
The remaining product ion of interest is CH,-CH2, 
which is formed by a process involving the 
rearrangement of hydrogen atom. 

In order to clarify the formation mechanism 
of CH,-CH2 resulting from the reaction of CHt 
with ethylene oxide, the ionic reactions involving CH 
CH,.in ethylene-d, oxide - methane mixtures were 
studied. As cross-reaction product ions, 
m/e 31(CP2=0H+), 32(CD3-CD+), and CD^-CH^) , and 
33(CD,-CDH+) are observed(Eig.ll). Prom the 
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Pig.11 Delay time dependence of major fragment 
and product ions in ethylene-d.oxide - methane 
mixtures. 

•: CD* O: CH+ •: CH30+(xlO) 
A : C 2D 3H+ and OgD^xlO) •: C 2D 4H +(xlO) 

- 167-



JAERI-M9336 

possible structures of these ions, their formation 
mecT -tnism can be suggested. The structure of 
the intermediate-complex formed in ethylene oxide 
is similar to that in acetaldehyde. 

CH* + CD*—CD 9 V 
r*CH2=OH+ or CH 3-0 + + C^^ (30) 

•CD,, CD *\ 
• *KE V 

0H 2-' 

+* 
-*CD2=CD2" or GI>3-CD+ + CH-jO (31) 
m/e 31 
>C2)2=CD; 

m/e 32 
•CD 3 -CH; 

m/e 32 
•CD,-CDI 3 
m/e 33 

+CD 5-CH 2 + CDHO (32) 

'»CD5-CDH+ or CD 2-CD 2H + + CHgO (33) 

The formation mechanisms of CH„=0H or CH.,-0 and 
d 3 

CD 0=CD 0 or CD T-CD are consistent with those of d d 5> 

CH 2=OH + or CH.,-0"1" and CH 2=CH 2 or CH 3-CH + in ethylene 
oxide. The prominent product ion (CD-,-CBH+ 

or CD 2-CD 2H +) corresponds to CI^-CH* formed in 
ethylene oxide, which results from the dissociation 
channel (C) involving the elimination of a 
formaldehyde molecule(reaction 33). The formation 
mechanism of CD 3-CDH + or CD 2-CD 2H + in ethylene-d. 
oxide - methane mixtures is consistent with that 
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of CD,-CDH in acetaldehyde-d. - methane mixtures. 
From the ionization efficiency curve measurement 

of C,H[-0+ and C^HgO+ formed in ethylene oxide, the 
precursor of these ions is ethylene oxide molecular 
ion; 

|»CH2CH2-0=CH"' 
CH„ CHI 

0 
° ^ 2 ~ > C H 2 i m/e 57 

0 »GH 2CH 20=CH2 + 
m/e 58 

+ CH 30 (34) 

CH 20 (35) 

The' ring strain energy of ethylene oxide is large 
/ -1\ 9 
(13 kcal mol ). Therefore, it is presumed 
that the ring of ethylene oxide molecule opens in 
the condensation-elimination reaction of ethylene 
oxide molecular ion with ethylene oxide. The 
intermediate-complex T.vhich is similar to that in 
acetaldehyde would be formed "by the ring open of 
ethylene oxide; 

(•D) 

.'CH0 CH0""-

v> NA 
C H g ^ CH 2 

The skeletal structures of the product ions 
(CH 2CH 20=CH + and 0 ^ 0 ^ 0 = 0 ^ ) consist of CH n(n=l and 2) 
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fragments and an opend ethylene" oxide molecule, 
indicating that these ions result from the dissociation 
channel (D) involving the elimination of a formaldehyde 

5 molecule. Corderman et al. have suggested that, 
upon collision, the ethylene oxide ring opens by 
C-C bond cleavage producing the acyclic ion(CH?OCHt ). 
Also, they have suggested that CH„OCHp contain 
considerable internal excitation which is relaxed 
in collision with ethylene oxide, and the relaxed 
ring-opened CHpOCHp reacts with ethylene oxide to 
form C,H,-0. In this work, it was shown that 
CUBVO is a second-order product ion resulting from 
thermal ion-molecule reaction. In the time-of-
flight mass spectrometer, the entire ionization • 
chamber is field-free during delay time, so that 
the reactions occurring during the time interval 
do so under purely thermal condition. In ethylene 
oxide, it is known that the the dissociation energy 
of the C-0 bond is lower than that of the C-0 bond. 1 0 

Furthermore, a highest opening probability in the 
C-0 bond of ethylene oxide under electron impact 
has been obtained by a LCBO-MO theory caluculations. 
Accordingly, it is reasonable that C,Hc-0+ is formed 
by the reaction of CH„CH ?0 +, owing to the C-0 bond 
cleavage with ethylene oxide as described above. 
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4.3.3 Acetaldehyde-d, - Ethylene Oxide Mixtures 
The thermal ion-molecule reactions involving 

The isomeric ions(CD 3CD0 + and CHgCHgO"1") in 
acetaldehyde-d. - ethylene oxide mixtures were 
further studied to obtain information on the ion 
chemistry of the isomeric ions. The variation 
of the ion intensities with delay time for major 
fragment and product ions is shown in Pig.12. 
The cross-reaction product ions, m/e 60(C^H.D ?0 +), 
6 1 ( C X D 3 0 + ) , 62(C 3H 2D 40 + and C^DjO"1")-, and 63 
(C5H.,D40+) are only plotted in Pig. 12. These 
product ions result from the condensation-elimination 
reactions (36) - (41). 

CH,, CH+ 
\ / + CIUCDO 
0 ° 

CH„ > C H o — ' 
3 V 

'CHgCHgO-CD^ + CD 20 (36) 
m/e 60 
• CHg'CHO-CDt + CDHO (37) 
m/e 61 
•CD^CO-CH* + CDHO (38) 
m'e 61 

-»CD3CDO-CH2 + CH 20 (39) 
m/e 62 

-*CH 2CH 20-CD 3 + CEO (40) 
m/e 62 

^CD 3CD0-CH+ + CHO (41) 

m/e 63 
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DELAY- TIME (|J.s) 

Pig.12 Delay time dependence of major fragment 
and product ions in acetaldehyde-d.- ethylene oxide 
mixtures (1:1) at 6.55x10 ''molecule's cmT'' 

• :' CD 5CD0 + o: C 2H 40 + a: C 3H 4D 20 +(x200) 
A : C 3 H 3 D 3 0 + ( X 2 0 0 ) •: C^^O+and C 5H 4D 50 +(x200) 
A : C 3H 3D 40 +(x200) 
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The structures of the ions formed in reactions(36)-
(41) are similar to those formed in acetaaldehyde 
or ethylene oxide, and their skeletal structures 
consist of CH„ or CH,, fragment and acetaldehyde or 
ethylene oxide. The condensation-elimination 
reactions(36) -(41) involve the elimination of a 
formaldehyde molecule or GHO fragment. Erom the 
possible structures of the product ions, the following 
dissociation channels(A and B) in intermediate-
complex are proposed; 

The dissociation channel (A) leads to the formation 
of CH2CH20-CD2 , CH2CHO-CD^ , and CHgCHgO-CDt, while 
the dissociation channel (B) leads to the formation 
of CD^CD-CH* , CD,CDO-CH^ , and d^CDO-CH*. 

4.3;4. Rate Constants 
Since the product ions in the condensation-

elimination reactions are formed by a complex 
reaction mechanism, their rate constants could be 
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obtained by steady state treatment. The product 
ions are formed via certain dissociation channels 
of the intermediate-complex as in the following; 

+ "̂ li +* Pt + M -, ±±+ VLm+ 

P M + * — £ ± 4 s + + N , . 
10 ID 

where M , P +, S +, and P.M+ demote the concentrati 
of neutral molecule and reactant, secondary product 
ion, and intermediate-complex, respectrively. 
(P.M+ ) and (Pt) are expressed by 

k1±(Pj;)(M) 
(P ±M +*) = (42) 

(P+) = (Pt) c exp[ - k 1 ±(M)t] (43) 

where t is delay time and (Pt) 0 is the concentration 
of (Pt) at t=0. (sT-j) i s determined by the 
equation 

d(S+ ) 13' «+* = k 2 ± ( P i M
+ w ) (44) 

dt 
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Integrating (44) and applying t.he condition (S. -)=0 
•J- J 

at t=0, 

(St.) = 1 - exp[ - k 1 ±(M)t]^ (45) 

Assuming that the collection efficiencies are the 
same for both reactant and product ions, and expanding 
the exponential term, 

Z(S+ ) k 2 i. k l i(M)t 

J(Ppo f ^ 
(46) 

I/p+\ can be written as 

h*!)'1^) + j\s+

±.) + I ( p M + * ) (47) 

Since I/p M+*^«?0, equation (46) is simplified to 

z<*y k l i k 2 (M)t 
(48) 

[(Pp ? J(S+.) S k 2ij 

Thus k l ik 2 i./£ k 2 i. is readily obtained by using 
J equation (48). 
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The rate constants and possible structures for 
the product ions resulting from the condensation-
elimination reactions in acetaldehyde, ethylene 
oxide, and acetaldehyde - ethylene oxide mixtures 
are summarized in Table 1 - 3 . In acetaldehyde 
and ethylene oxide, the rate constants for CR\,0+ 

ions are comparable, suggesting that these ions 
are formed via a similar dissociation process in 
the complexs. As can be seen in Table 1, CH^O+ 

formed in acetaldehyde is distributed to the product 
ions at m/e 33 and 34 in acetaldehyde-2,2,2-d,. 
This indicates that the rearrangement of a hydrogen 
atom takes place in the complex. The rate constant 
for CH,CHO-CH* formed by CH,CEO+ precursor in 
acetaldehyde was larger than those for CH,CHO-CH+ 

and CtLCHO-CH^. This would be due to a simple 
cleavage process of the C-0 bond without rearrangement 
as described above. It is noted that CHpCI^O-CHt 
corresponding to CH^CHO-CH, in acetaldehyde is not 
formed in the condensation-elimination reactions 
involving the cyclic molecular ion (CpH,0+) of 
ethylene oxide. In acetaldehyde-d. - ethylene 
oxide mixtures, the dissociations of the complex 
involve a little rearrangement since it necessitates 
the formation of a C-0 bond and cleavage of a C-0 
bond if the structure of the complex is correct. 
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Table 1. Rate constants and possible structures for the product ions 
in acetaldehyde and acetaldehyde-2 ,2 ,2-d-,. 

m/e 

Acetaldehyde 
Product ion 
Structure 

~ k x l 0 1 1 _ 1 , 
cm molecule" s~ 

Acetaldehyde-2,2,2-d_ 
Product ion k x i 0 -

m/e Structure cm molecule" s 

28 CH2=CH2 or CH 3-CH + 

29 CI^-CH* 

31 CH 2=OH + or CH 3-0 + 

57 

58 

59 

CH3CHO-CH+ 

CH„CHO-CH 3 2 
CH-CHO-CH* 3 3 

17.6 

53.7 

1.40 

1.68 

4.75 

31 CD2=CDH or CD 3-CHn 

32 CD^CD* or CD̂ -CD"1" 

CD,-CDH 
1 CD 2=0H + n-r nn_H-n+ ' 

CD^-CD* CD3-CDj , 
1 CD o=0D + or CD,-0 > 

61 CD3CH0-CD 

63 CD3CH0-CD2 

65 CD3CH0-CD3 

3.60 

19.8 

93.4 

29.7 

0.58 

0.62 

4.55 



Table 2. Rate constants and possible structures for 
the product ions in ethylene oxide. 

Product ion kxlO 
m/e Structure cnrmolecule s 

27 
28 
29 
31 
57 
58 

CH 2=CH + 30.5 
CH2=CH2 19.5 

0 d 

CH 2=OH + or CH,-0+ 54.7 
GH 2CH 20-CH + 2.96 
CH2CH O-CH* • 0.76 



Table 3. Rate constants and possible structures for the 
product ions in acetaldehyde-d. - ethylene oxide mixtures. 

Product ion kxlO 
3 -1 -1 m/e Structure cm molecule s 

60 CH2CH20-CD2 1.64 

r eH„GH0-CD^ \ 
61 \ J \ 2 '59 

I CD5C0-GH^ J 

/ CD,GU0-CHj 
62 \ . t 6.44 

( CH 2CH 20-CD 5 

63 CIUCD0-CH+ 4.05 
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The CD^CDO-CH* formed in acetaldehyde-d. - ethylene 
oxide mixtures corresponds to the CH.,CHO-CH, farmed 
in acetaldehyde, and the formation of CD^CDO-CHt 
involves the rearrangement of a hydrogen atom. 
The rate constant for CD-,CDO-CHt is smaller than 

5 3 
that for CH-CHO-CH*. The formation pathways 
of both CELCHO-CD* and CD^CO-CHt involve cross-£ 3 3 3 
elimination of a formaldehyde (CDHO), thus, the 
sum of the rate constants for CD,CDO-CH* and CHoCHo0-CDt 
are considerably larger than those for CELCHO-CDj 
and CD,CO-CH*. Each rate constant for CD.,CDO-CH* t > o 3 2 
and CHpCHpO-CDi could not be obtained; however, it 
is suggested that the rate constant for CD^CDO-CHt 
is larger than that for CD-.CDO-CHi involving a 
rearrangement. In addition, in acetaldehyde-2,2,2-d_, 
the rate constants for the formation of C1>.,CHC—CDp 
involving rearrangement was smaller than that for 
CI>,CHO-CD+. 
3 3 

In acetaldehyde-d. - ethylene oxide mixtures, 
only a little rearrangement in the intermediate -
complex occurred and extensive si rambling did not 
take place. The dissociation energy of the 
C-C bond in acetaldehyde molecule is larger than 
that of ethylene oxide (D(CH3-CHO)=71.5 , 

D(CH2-CH20)=53 kcal m o l - 1 ) 1 2 ' 1 3 The dissociation, 
in the complex involving C-C bond cleavage of the 
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ethylene oxide molecule was preferential as compared 
with that of aeetaldehyde in aceta3dehyde-d. - ethylene 
oxide mixtures. 

4.4• Summary 

From the measurement of the ionization efficiency 
curves it was confirmed that CHt from acetaldehyde 
reacts with acetaldehyde to form C2^l» C2^'5> a n (^ 
CE.,0 and one from ethylene oxide with ethylene 
oxide to form C2H*, C2H*, C2H*, and CH 30 + by 
condensation-elimination reactions. From the 
possible structures of the product ions in acetaldehyde, 
it was proposed that these ions are formed through 
four dissociation channels in the intermediate-
complex. In the reactions of CH, with ethylene 
oxide, it was reasonable to consider that CHt attacks 
to the oxygen atom in which the electron charge 
density is high and then forms the intermediate-
complex. In both systems, the predominant 
product ions are formed by the dissociation of the 
complexs, are CH-,0+ and their rate constants were 
comparable. This suggested that CH,0 ions are 
formed via a similar dissociation mechanism in 
both complexs. In the condensation-elimination 
reactions involving CpH.O in acetaldehyde and 
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ethylene oxide, it was found that CR\,CHO+ reacts 
with acet&ldehyde to form C 3H 50 +, C 3HgO +, and C^H^O*, 

hut CpH-0 v/ith ethylene oxide to form only C,Hj-0+ 

and CUHgOt The rate constant for Ĉ Ĥ C*" in 
acetaldehyde was the largest value among these 
product ions, and indicated that this ion resi-.lts 
from a simple cleavage process in the complex 
without rearrangement. In acetaldehyde-d. -
ethylene oxide mixtures, it was found that a little 
rearrangement occurred in the complex(CE,CHOCH2CHpO+ ) 
and extensive scrambling did not take place. 
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CHAPTER V 
Cross Hydrogen Atom, Cross Proton Transfer, 

and Condensation-Elimination Reactions 
in Ethylene Oxide-, Acetaldehyde-, 

and Dimethyl Ether - Trioxane 
Mixtures 

5.1 Introduction 

The ion-molecule reactions in trioxane 
acetaldehyde, and ethylene oxide have been studied 
in CAPTERS III and IV. In trioxane, the clustering 
reactions of protonated ions v,ith trioxane were 
observed, but the reactions were not carried out. 
in ethylene oxide. The results of the ion-
molecule reactions could be correlated with the 
behavior of observed rELdietion-induced polymerization 

1 2 in which trioxane was easily polymerized, ' 
appreciable polymerization taking place less easily 
in ethylene oxide. On the other hand, protonated 
ethylene oxide was mainly formed by the proton 
transfer reaction from CHO+ in ethylene oxide, 
CHO'+ from trioxane not playing an important role 
for the formation reaction of protonated trioxane. 
It seems that the reactivity of CHO+ in proton 
transfer reaction is attributed to the molecular 
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source producing 'CHO+. ' The"proton transfer 
reaction due to CHO + would he affected by the 
property of neutral molecule. Eutrell et al. 
studied the effect of the kinetic energy of CHO + 

in proton transfer reactions with a tandem mass 
spectrometer, and stated that the reactivity of 
CHO + is affected by its energy state. Various 
oxygenated.fragment ions produced by electron 
impact from compounds containg oxygen. Since 
oxygenated ions giving the same structure are 
produced from various cyclic ether, it is of 
interest to examine the reactivity of these-ions. 
The formation reaction of protonated molecular ions 
has been studied for alcohols, ' ketones, 
aldehydes, and dimethyl ether, ' but not 
cyclic compounds containg oxygen. Hydrogen atom 
and proton transfer reactions in pure system of 
acetaldehyde and ethylene oxide have been studied 
CHAPTER II. This CHAPTER deals with the 
formation mechanism of the protonated molecular 
ions by cross-reactions ( reactions between ions 
of one molecule and the molecules of the other ) 
in ethylene oxide-, acetaldehyde-trioxane mixtures. 
The reactivity of the CHO + ions from ethylene oxide, 
acetaldehyde, and trioxane was examined by means 
of proton transfer reactions. 
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The ion-molecule reaction in oxygen-containing 
organic compounds are sensitive to the nature of 
the functional groups and the molecular structure 
of the ionic and neutral reactions. ' The 
reaction pathway of oxgenated ions with cyclic 
oxygen-containing molecules seems to he of interest. 
So far the ion-molecule reaction in the mixture 
system of cyclic oxgen-containing molecules 
involving large member rings has not been studied, 
although a number of studies in the pure system 

4-8 of cyclic hydrocarbons have been made. 
In CHAPTER 17, the condensation-elimination-
reactions in ethylene oxide and acetaldehyde have 
been studied in order to obtain information 
concerning the behavior of isomeric fragment ions; 
it was found that the reactions are considerably 
related to the structure and properties of the 
neutral molecules. It was felt that a study of 
the ion-molecule reactions in ethylene oxide-, 
acetaldehyde-, dimethyl ether - trioxane mixtures 
is important to obtain information to elucidate 
any structure effect of the reactant ion in the 
reactions involving oxygen-containing cyclic 
molecule such as trioxane. Thus, this CHAPTER 
is also concerned with exploring the structural 
conseqences of the condensation-elimination reactions 
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of oxygen-containing isomeric and structural 
similar ions with trioxane on the gas phase ion 
chemistry of oxygen-containing molecules. 

5.2 Experimental 

A Bendix Model 12-101 time-of-flight mass 
spectrometer was used. The ion source of the 
spectrometer was modified in order to permit 
operation under elevated pressures. Some pulse 
electronic circuits of the apparatus were also 
modified ( CHAPTERS I and II ). The following 
reagents were used: trioxane ( Celanese Chemical ), 
ethylene oxide ( Nisso Yuka Industly Co. ltd.), 
acetaldehyde, acetaldehyde-d., dimethyl ether, 
dimethyl-dg ether and ethylene-d, oxide ( Merck 
Sharp and Dohome of Canada, deuterium atom purity, 
least 98$ ). The samples were used after being 
subjected to vacuum distillation several times. 

5.3. Results 

5.3.1. Cross Hydrogen Atom and Proton Tramisfer 
Reactions in Ethylene Oxide - Trioxane Mixtures 

The delay time dependence plots of fragment 
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ions in a 1:1 mixture of ethylene oxide and trioxane 
are shown in Pig. 1. The plots were obtained as 
a function of delay time at ionization chamber 
pressure of 1.70 x 10 J molecules cm . The 
m/e 44 ( 0 2 H 4 0 + ) , 43 ( C 2 H 3 0 + ) , and 29 (CH0 +) are 
major fragment ions from ethylene oxide, while m/e 
89 (C^HcOj), 61 ( C ^ O * ) , and a part of m/e 29 are 
those from.trioxane. The delay time dependence 
plots of product ions are shown in Fig. 2. 
The formation of protonated ethylene oxide (m/e 45, 
C?H,-0+) is remarkable as compared with protonated 
trioxane ( m/e 91, C,H^ot), the ion intensity ratio 
of CpH 50 + to C,H,,ot being ca. 5.5 at delay time of 
1.0 \Xa. 

The ion-molecule reactions in ethylene-d. 
oxide - trioxane mixtures were studied in order to 
clarify th; formation mechanism of product ions 
under the same conditions as for ethylene oxide -
trioxane mixtures. The plots of delay time 
dependence for fragment and isotopic product ions 
are shown in Pigs. 3 and 4, respectively. The 

CH0+.ions from both molecules are separated into 
CH0 + and CD0 +. The ions markedly decreased 
with increasing delay time as compared with other 
fragment ions of high mass number ( Pig. 3 ). 
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Fig.l Delay time dependence of fragment ions in 
ethylene oxide - trioxane mixtures. 
• : C 2H 50g A: C 2H 40 + O: CH0+(xl/2) • 
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0.4 
DELAY 

1.2 

Fig.2 Delay time dependence of protonated molecular 
ions in ethylene oxide - trioxane mixtures. 

>: C 2H 50 + o: C^H^ot 
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150-

100-

1.2 

Pig.3 Delay time dependence of fragment ions 
in ethylene-d. oxide - trioxane mixtures. 

A: CD0+(xl/2) O : C
2

H 5 ° 2 A : C 2 D 4 0 + 

a: C 3H 50j •: CH0+(xl/2) •: Q^O* 
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Fig.4 Delay time dependence of protonated and 
deuteronated molecular ions in ethylene-d,oxide -
trioxane mixtures. 4 

•: C 2D 4H0 +(x2) 
.A: C 3 H 6 D O + ( X 5 ) 

A : C 2D 50 +(x2) O: C 3H ?Oj 
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The pressure dependence plots of protonated 
molecular icns to trioxane at fixed pressure 
(8.5 x 10 molecules cm •>) of ethylene oxide are 
shown in Fig.6. Protonated trioxane shows the. 
dependence of second order on trioxane pressure 
and protonated ethylene oxide that of the first 
order on trioxane one. These results suggest 
that protonated ethylene oxide and trioxane are 
formed by means of proton or hydrogen atom transfer 
reactions. 

The ionization efficiency curves v/ere measured 
at delay time cf 1.0 |is. The ionization efficiency 
curves of CpD.HO*, CpD.O"*", and C,H,-0i are shown in 
Pig.7, and those of CUHgDOt, Q^^Q*, and CD0 + in 
Fig.8^ The precursors of the product ions can 
be identified by comparison of the onset and fine 
structures of the curves of these product ions with 
those of fragment ions. 

The ionization potential of ethylene oxide and the 
appearance potential of C,Hj-0t from trioxane were 
10.64±0.1 and 10.59±0.05 eV(CHAPTERS I and II). 
The onset and break points in the ionization efficiency 
curves of both CpD.HO"1" and CpD 40 + agree. The 
onset of C 2D.H0 + approached that of C,H[-0t; however, 
the fine structures of both curves differ from each 
other. The appearance potential of other fragment 
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Pig.5 ' Pressure dependence of protonated molecular 
ions to ethylene oxide at 1.0 us. 
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Fig.6 Pressure dependence of protonated molecular 
ions to trioxane at 1.0 (j.s. 

5: C 2H 50 O: C3H,,0j 
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The cause of decrease is mainly due to a mass 
dis ;riinination effect though there is a contribution 
of these ions to ion-molecule reactions. The 
isotopic distribution of product ions is given in 
Pig.4. The m/e 49 (C 2D 4HO +) and 50 (C2X>50+) 
are protonated deuteronated trioxane, respectively. 
The C 2D.H0 + and C,H,-D0* ions are formed by cross-
reactions and the CLDj-O"1" ar'& Ĉ H-rOi ions by homo-
reactions. The ion intensity ratios of C ?D.HO + 

to C 2D 50 +, and C^HgDOt to CJi^ot are ca. 5 and 0.2 
at delay time of 1.0 us, suggesting that a drastic 
reaction occurs in the mixture system. 

The pressure dependence of the product ions 
on each molecule was examined in order to clarify 
the contribution of molecules of ethylene oxide 
and trioxane. The pressure dependence plots of 
the protonated molecular ions on the pressure of 
ethylene oxide, shown in Fig.5, were obtained by 
the pressure variation of ethylene oxide at fixed 
pressure(8.5 x 10 molecules cm"^) of trioxane and 
delay time of 1.0 p.s. Protonated ethylene oxide 
shows a dependenece of ca. second order on the pressure 
of ethylene oxide, while protonated trioxane shows 
one of ca. first order. This suggests that the 
formation of protonated trioxane is correlated with 
ethylene oxide. 
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ions from trioxane is higher than that of C 2D.H0 +. 
The break points of the curve of C ?D-HO + does not 
agree with the appearance potentials of these fragment 
ions. It is concluded that the precursor of 
CpI>/,HO+ is CpD.O+ and fragment ions from trioxane 
does not correlate as a precursor. 

The onset of CJi/Dot agrees with that of CDO + 

and is higher than the ionization potential of 
C 2D/0 + by ca. 1.5 e¥. The fine structures of 
the ionization efficiency curves of C,HgDOt and 
C 2D,0 + differ from each other. The appearance 
potentials of other fragment ions from ethylene 
oxide deviate from that of C,H/-DOt, and thus these 
ions do not contribute to the formation of CUHgDOt. 
From the results, it is found that the precursor 
of CgHgD0t is CDO + from ethylene-d. oxide. 

It is found that a part of C?Ht-0+ and C?D,-0+ 

is formed by the following reaction in ethylene 
oxide (or ethylene-d. oxide ) - trioxane mixtures, 
as observed in the ion-molecule reactions in pure 
ethylene oxide. 

Q ^ — C H j + CH2--CH 2 _ ^ C ^ 2 — ^ H 2 + C H , 0 (1) 
cr o OH 

, CH^ ,CH0 CH 0 CHQ 
CHO+ ...+ . + X / 2 > \ / + CO ( 2 ) 

or OH 
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CD^ CD* CD„ CIU CD„ CD + 

V ~2 * V 2-^ V 2 + w ( 3 ) 

CD^ CD0 CD„ CD + 

CDO+ + v2-^ v £ • ° ° • u ) 

The ion intensity of C„D.HO+ increases with 
increasing delay time(Fig.4)» and the appearance 
potential rjf this ion agrees with the ionization 
potential of ethylene-d, oxide(Pig.7)• Thus, 
it is suggested that CpD̂ IIO"1* is formed ty hydrogen 
atom transfer reaction as follows; 

CD„ CD + 0 ^0 CD 9 CD* V * JH2 !nr V 2 ' C3" 5o, (5) 
cr 

This shows thax predominant formation of C2H[-0+ in 
ethylene oxide - trioxane mixtures is due to 
reaction (6) rather than reactions(l) and (2;. 

/<2 
0H o CH + 0 X) C&5 CH* 
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CzH7ot was formed by reaction (7) in ion-molecule 
reactions of trioxane. 

It was observed that the ion intensity of CJEL-DOt 
increases slightly with increasing delay time in 
ethylene-d, oxide - trioxane mixtures(Fig.4). 
From the ionization efficiency curves(Figs. 7 and 8), 
it is ccncluded that C-EL-DoJ in ethylene-d. oxide -
trioxane mixtures is formed by deuteron transfer 
from CD0 + to trioxane molecule. 

o o cr ^ O D + 

CD0 + + J J *• I [ + CO (S) 
CH^ CH 2 CH^ 0H 2 

% 0 0 

In the ion-molecule reactions of ethylene oxide, 
CHO+ was an important reactant ion in the formation 
reaction of protonated ethylene oxide(CHAPTER II). 
It follows that reaction (8) predominates in the 
formation of C,HgDO*. Similarly, reaction (9) 
would participate in the formation of C,H.yCv in 
ethylene oxide - trioxane mixtures. 
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0 / ° \ yh 0H + 

CHO+ + | | > | [ + CO ( 9 ) 
CHp CH 2 CHp ftH2 

(r o x 

In the calculation of the rate constant for 
CpHt-0+ formed in the mixture system, the ion 
intensities of C 2H.0 + and CpH,-0+ are corrected. 
The equation of rate constant (kg) for reaction (6) 
can be expressed as follows; 

[C„H R0 +(M) " IC„H,-0+(E) 
5 5 k 6[C 3H 60 3Jt + C (10) 

IC 2H 40 +(M) 

where'IQ „ Q+(W\ a n <^ *C H 0+(M) a r e ^ n e * o n i^e^i'ties 
of C2H[-0 and C-H.0 in ethylene oxide - trioxane 

mixtures; I„ „ n+(E) i s t h e i o n i n " t e n s i ' f c y o f C2H[-0+ 

formed in the ion-molecule reactions of pure ethylene 
oxide; [C-FL-O,] is the concentration of trioxane 
in the ionization chamber, and t is delay time. 
The rate constants obtained are given in Table 1. 
The rate constants of the formation reactions of 
protonated and deuteronated molecular ions in 
ethylene oxide (or ethylene-d. oxide) - trioxane 
mixtures are summarized in Table 1. 
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Table 1 Ion-molecule reaction rate constant.s. 

Ethylene oxide - trioxane Ethylene-d. oxide - trioxane 
Reaction 

S 

(6) 

(9) 

kxlO^ 
cm molecule" s~ 

Reaction 

4.00 

0.121 

(3) 
(4) 
(5) 
(7) 
(8) 

kxlO^ ' 
•5 _i _i cm molecule s 

0.130 
1.81 
4.18 
1.10 
0.101 

> 
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5.3.2 Cross Hydrogen Atom and Proton Transfer 
Reactions in Acetaldehyde - Trioxane Mixtures 

The delay time dependence of major fragment 
ions in a 1:1 mixture of acetaldehyde and trioxahe 

l^ -^ 
at pressure of 1.67 x 10 ^molecules cm J and 
electron energy of 70 eV is shown in Fig.9- The 
m/e 44(CH 3CH0 +), 43(CH 3C0 +), 29(CHO+) are fragment 
ions from acetaldehyde, while m/e 89(C,H,-0t), 61 
^ C2 H5°2^' 51(CH 30 +), and 29(CHO+) are those from 
trioxane. The delay time dependence of product 
ions is shown in Fig.10. The formation of 
protonated acetaldehyde(CH3CH0H+) is remarkable as 
compared with that of protonated trioxane(C,HgO.,H+). 
The ion intensity ratio of protonated acetaldehyde 
to protonated trioxane is ca. 7 at delay time of 
1.0 [.is. Protonated molecular ions are formed 
in acetaldehyde as well as in.trioxane, hut further 
formation oi these ions was observed in the mixtures. 
This suggests that the protonated molecular ions 
are formed by cross-reactions. The delay time 
dependence of major fragment and product ions in 
acetaldehyde-d, - trioxane mixtures is shown in 
Figs. 11 and 12. The CH0 + ions from both molecules 
were separated into CH0 + and CD0 +. The isotopic 
distribution of product ions is given in Fig.12. 
The CD_CD0H+ and C,HgOD+ are. cross-reaction product' 
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0.2 0.4 0.6 0.8 
DEMY TIME (|is) 

1.0 

Fig.10 Delay time dependence of protonated 
molecular ions in acetaldehyde - trioxane 
mixtures. 

CH 3CH0 + O: C 3H 60 3H +(x2) 
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150 

CO 
EH 
M 

a 100 

pq 

>H 
EH 
H 
co 

EH 
125 
H 

a 
O 
H 

0 . 2 0 . 4 0 . 6 0 . 8 

HELAY TIME ( | i s ) 

1 .0 

Pig.11 Delay time dependence of fragment ions 
in acetaldehyde-d. - trioxane mixtures. 

O: CD^CDO* B : CI>3C0+ A: CD0 + 

D: C 3H 50+ A: CH50+(xl/5) •: CH0+(xl/2) 
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CO EH H 

0 0.2 0.4 0.6 0.8 1.0 
DELAY TIME (us) 

Fig.12 Delay time dependence of pr&tonated 
and deuteronated molecular ions in acetaldehyde-d 
- trioxane mixtures. 

• : CD-CD0H+ A : CD^CDOD"1" O : C ^ H . 0 , H + 

3 3 3 6 3 
A : C 3 H 6 0 3 D + ( X 5 ) 
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ions in acetaldehyde-d. - trioxane mixtures. 
The ion intensity ratio of CIuCDOH+ to CD-.CDOD+ 

3 t> and C,HVO,D+ to C,HcO,H+ were ca. 2 and 0.1 at 3 6 3 3 6 3 
1.0 us. 

The pressure dependence of the protonated 
molecular ions on acetaldehyde(Fig.l3) was obtained 
by pressure variation of acetaldehyde using the 

12 dual leak at a fixed pressure(8.2 x 10 
molecules cm" ) of trioxane and delay time of 1.0 (is. 
Protonated acetaldehyde shows a dependence of second 
order on the pressure of acetaldehyde, protonated 
trioxane showing one of first order. This suggests 
that the formation of protonated trioxane is 
correlated with acetaldehyde. The pressure 
dependence of protonated molecular ions on trioxane 

"l O — "X 

at a fixed pressure(8.2 x 10 molecules cm~-̂ ) of 
acetaldehyde is shown in Pig.14. Protonated 
trioxane and acetaldehyde show a dependence of 
second and first order, respectively, on trioxane 
pressure. 

The ionization efficiency curves of CD,CD0H+, 
CD^GD0+, and C,H[-0t are shown in Pig. 15 and those 
of C 5H 60 5D +, CD 3C0 +, CDG'1", aid CD* in Pig. 16. 
The onset and fine structures of the ionization 
efficiency curves of both CB,CD0H+ and CD„CD0+ 

3 ;> 
agree. The onset of the ionization efficiency 
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1 10 
PRESSURE 0E ACETAEDEHYDE (xlO"5TORR) 

Pig.13 Pressure dependence of protonated 
molecular ions to acetaldehyde at 1.0(is. 

•: CH3CH0H+ o: 0 ^ 0 ^ 
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1 10 
PRESSURE OP TRIOXANE (xl0"5T0RR) 

Fig.14 Pressure dependence of protonated 
molecular ions to trioxane at 1.0 us. 

•: CH3CH0H+ O: C 3H 60 5H + 
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curve of CD^CDOK+ approaches that of C,Hj-0!t, no 
agreement being observed in the fine structures of 
the curves of both ions. In fact, the second 
appearance potentials of CD,CD0H+ and C~H,-Ot did 
not agree, the second and third appearance potential 
of CD,CDOH+ showing a good agreement with those 
of CD_CD0+ in Fig. 15. The appearance potentials H*~ 
of other fragment ions (m/e 61, 31 > and 29) from 
trioxane were higher than that of CD^CDOH+, the 
break points of the ionization efficiency curve of ' 
CD,CDOH+ and these fragment ions not agreeing. 
Thus, it was concluded that CD,C3)0+ is the sole 
precursor of CD^CDOHt The onset of the ionization 
efficiency curve of C^HgO,D+ agreed with that of 
CDO+.. The appearance potentials of CD,CO+ and 
CDj which are abundant fragment ions from 
acetaldehyde-d. are 11.42 ±0.05 and 14.321:0.05 eV, 
respectively, deviating considerably from the onset 
of the ionization efficiency curve of C^HgO^Dt 
The onset of the ionization efficiency curves of 
both C,H60~D+ and CD,CD0D+ did not agree either. 
It was thus fotind that the precursor of C,HgO.,D+ 

is CD0 + from acetaldehyde-d.. 
The product ions resulting from the reactions 

in pure acetaldehyde were observed also in acetaldehyde 
(or acetaldehyde-d-) - trioxane mixtures. 
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CH 5CHO + + CH^CHO—?• CH 3CHOH + + CH3CO (11) 

CHO + + CH^CHO—• CH 3CHOH + + CO (12) 

CD̂ CDO"1" + ' CD 5CDO-»CD 5CDOD + + CD^CO (13) 

CDO + + CDjCDO—»-CD5CDOD+ + CO (14) 

It is evident from the ionization efficiency curve 
measurements that CD.,CDOH+ in acetaldehyde-d. -
trioxane mixtures is formed by hydrogen atom 
transfer reaction as follows; 

Off 

CB,CDO+ + | I — * CD,CDOH+ + CJH-O,. (15) 
5 C^p CH 2

 5 5 5 5 

Similarly, CH^CHOH+ in acetaldehyde - trioxane 
mixtures is mainly formed by the following reaction. 

S% 
+ I I —*CH,CHOH + + C^HcO, (16) 

AT, AIT 3 5 5 5 
CH 3CHO + 

% / C H 2 0 X 

On the other hand, protonated trioxane shows a 
dependence of the second order on the pressure of 
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trioxane. Thus the formation of protonated 
trioxane occurs in the mixture as follows. 

C,H,-0+ + I I > | | + C»H,0, (17) 3 5 3 ™ ; CH 2 cHp ™ 3 4 3 
l0^ ^0" 

A slight increase in the ion intensity of C,HgO,D+ 

with delay time was observed(Fig,12). The results 
in the ionization efficiency curve measurements 
confirm the view that C,H^0~D+ in acetaldehyde-d. -
trioxane mixtures is formed by deuteron transfer 
from CD0 + to trioxane. 

0 ^ / C H ^ 
0 0 0 0D + 

CD0 + + | | > | | + CO (18) 
C ^ CH 2 C ^ CH 2 

0 0 

The contribution of other fragment ions from 
acetaldehyde for the formation of C,HgO,B+ is 
negligible since the onset and the fine structures 
of the ionization efficiency curves of these ions 
and C,Hg0.zD+ did not agree with each other. 
Since the ion intensity of trioxane molecular ion 
is very low, this ion could not be considered as 
the main precursor. Protonated trioxane in 
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aeetaldehyde - trioxane mixtures results mainly from 
the follov/ing reaction. 

0 0 0 0H + 

CHO + + I I >| I + CO (19) 
CB„ CH„ CH„ .CH, "V 2 "V *2 

Protonated acetaldehyde in acetaldehyde -
trioxane mixtures was formed by reactions (11) and 
(12), and (16). Thus the rate constant of 
reaction (16) is obtained by subtracting the 
contribution of reactions (11) and (12). The 
rate constant of reaction (19) is obtained in the 
same way as for kg. The rate constants of 
reactions (13) and (14) which are concurrent are 
obtained with a ratio plot technique(CHAPTER II). 
The rate constants obtained are summarized in Table 2. 

5.3.3. Condensation-Elimination Reactions in Ethylene 
Oxide - Trioxane Mixtures 

She delay time dependence of product ions in 
a 1:1 mixture of ethylene oxide and trioxane at 
2.61 x 10 -̂ molecules cm~5 is shown in Fig.17. 
The m/e 73, 74, and 75 were observed as new product 
ions in the mixture system as shown in Fig.17. 
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Table 2 Ion-molecule reaction rate constants'. 

CO 

Acetaldehyde - trioxane Acetaldehyde--llL - trioxane 
Reaction kxlO9 Reaction kxlO9 

% -1 -1 cm molecule s 3 -1 -1 cnrmolecule s 

(13) 
(14) 

1.16 
2.45 

(16) 3.47 (15) 3.35 
(19) 0.137 (18) 0.120 

I 
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T 1 r 

DELAY TIME (us) 

Fig.17 Delay time dependence of product ions in 
ethylene oxide - trioxane mixtures. 

o: m/e 73 o: m/e 74 •: m/e 75 

15 

w 
EH M 
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In order to elucidate the formation mechanism of 
the product ions in the mixture system, the reactions 
in ethylene-d. oxide - trioxane mixtures were 
studied under the same conditions as for ethylene 
oxide - trioxane mixtures. The delay time 
dependence of product ions is shown in Fig.18. 
The isotopic product ions(m/e 73 - 79) correspond 
to the product ions(m/e 73 - 75) formed in ethylene 
oxide - trioxane mixtures. 

The pressure dependence of the product ions 
on each molecule was examined in order to determine 
the contribution of ethylene oxide and trioxane at 
1.0 \is. The pressure dependence of the product 
ions in ethylene oxide - trioxane mixtures is shown 
in Pigs. 19 and 20. The product ions show a 
dependence of the first order on the pressure of 
ethylene oxide and trioxane. The results 
indicate that the product ions are formed fcy cross-
reactions. 

The ionization efficiency curves of major 
fragment and product ions in ethylene oxide -
trioxane mixtures are shown in Pig.21. All the 
ionization efficiency curves of the product ions 
concide in onset as well as shape. This suggests 
that the product ions are formed through a common 
precursor. The onset of the ionization efficiency 
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Pig.18 Delay time dependence of product ions in 
ethylene-d^ oxide - trioxane mixtures. 

a: m/e 73 *: m/e 74 A:'m/e 75 •: m/e 76 
•: m/e 77 O: m/e 78 •: m/e 79 
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Fig.19 Pressure dependence of product ions to 
ethylene oxide at 1.0 us. 
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Pig.20 Pressure dependence of product ions to trioxane 
at 1.0 us. 
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curves of the product ions with the ionization 
potential of ethylene oxide. The onset and 
fine structures in the ionization efficiency curves 
of the product ions do not agree v/ith those of • 
m/e 89(trioxane) . Furthermore, the appearance 
potentials of other fragment ions(m/e 61, 31, amd 
43) from both trioxane and ethylene oxide are higher than 
those of the product ions. An agreement of the 
break points in the ionization efficiency curves 
between the product and.the fragment ions was not 
observed. Prom the results of the ionization 
efficiency curve measurements of the fragment 
and the product ions, it is concluded that ethylene 
oxide molecular ion is the precursor of the product 
ions. Thus, it is suggested that the product 
ions result from the dissociation of unstable 
intermediate-complex. 

Cf 0 
+ I I *• Intermediate-complex 

qjg C H 2 

cr 

Product ions + Neutral fragments (20) 

The intermediate-complex resulting from the reaction-
of ethylene oxide molecular ion with trioxane is 

CH^—CH| 
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unstable. The ring opening of ethylene oxide 
and trioxane molecule would occur after the 
association of ethylene oxide molecular ion with 
trioxane. The ring strain energy of ethylene 

—1 12 oxide is large(13 kcal mol~ ). Furthermore, 
it is known that the bond dissociation energy of the 
C-0 bond is lower than that of the C-C bond in ethylene 

13 oxide. The rate constants for the product 
ions in ethylene oxide -, ethylene-d. oxide -
trioxane mixtures are obtained by steady state 
treatment(CHAPTER IV) and summarized in Table 3. 

5.3.4- Condensation-Elimination Reactions in 
Acetaldehyde - Trioxane Mixtures 

The delay time dependence of product ions 
resulting from condensation-elimination reactions 
in a 1:1 mixture of acetaldehyde and trioxane at 
2.65 x 10 ^molecules cm • is shown in Fig.22. 
C3H50j(m/e 73), C^O+Cm/e 74), and C^oJCm/e 75) 
were observed as new product ions at elevated 
pressures and long delay times. In order to 
clarify the formation mechanism and the structures 
of the product ions, the ion-molecule reactions in 
acetaldehyde-d. - trioxane mixtures were studied 
under the same conditions as for acetaldehyde -
trioxane mixtures. The delay time dependence 
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Table 3 Ion-molecule reaction rate constants. 

Ethylene oxide - trioxane Ethylene-d. oxide - trioxane 

Product ion kxlO 10 
/ 3 -1 -1 

m/e cm molecule s 

73 

74 

75 

2.20 

0.261 

1.74 

Product ion kxlO 1 0 

m/e 3 -1 -1 cm molecule s 

f 73 0.052 

74 0.195 

{ 75 0.260 

76 1.13 

I 77 0.364 

78 0.294 

79 1.43 

?0 
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2.0 

Fig..22 Delay time dependence of product ions in 
acetaldehyde - trioxane mixtures. 

•: C5H?0|(x2/3), D: CjHgOj, 
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of the product ions is shown in Fig.23, and the 
isotopic product ions (C^HpD^Optm/e 76), C-HD.Op 
(m/e 77), C^H^O+Cm/e 78), and CjH^O+Cm/e 79)) 
correspond to the ions (Ĉ Hj-Oo, C^HgOp, and CUĤ 'oi) 
formed in acetaldehyde - trioxane mixtures. 

The pressure dependence of the product ions 
in acetaldehyde shown in Fig.24 was obtained by 
pressure variation of acetaldehyde using the dual 
leak at constant trioxane pressure and at 2.0 uS. 
Similarly, the pressure dependence of the product 
ions in trioxane at constant acetaldehyde pressure 
is shown in Fig.25. In Figs. 24 and 25, the 
product ions are the first order in acetaldehyde 
and trioxane, indicating that these ions result from 
a cross-reaction( reaction between ions of one 
compound and the molecule of the other) in acetaldehyde 
trioxane mixtures. 

The ionization efficiency curves of major 
fragment and product ions are shown in Fig. 26. 
All the ionization efficiency curves of the product 
ions concide in onsetc is well as shape. The 
onsets of the ionization efficiency curves of the 
product ions agree with the ionization potential 
(10.32+: 0.05 eV) of acetaldehyde. The break 
points in the ionization efficiency curves of the 
product ions agree with those of acetaldehyde 
molecular ion. The onsets and break points 
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( U S ) 

Pig.23 Delay time dependence of product ions in 
acetaldehyde-d. - t r ioxane mixtures . 

J 3H 3D 40l(x2/3) 
A: C^HgD^Og, 

O: C 3H 2D 402, 
•: C 3HD 402 
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Pig.25 Pressure dependence of product ions to trioxane at 2.0 us. 
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Pig.26 Ionization efficiency curves of major fragment 
and product ions in acetaldehyde - trioxane mixtures. 

A 

a 
CH,CH0 , 
C 3 H 6 ° 2 ' O : 

CTJHCJO, , 

C 3 H 5 ° 2 

C 3 H 7 0 j , 

- 2 3 3 -



JAERI-M9336 

in the ionization efficiency curves of the product 
ions did not agree with that of the fragment ions 
from trioxane. The appearance potentials of 
the fragment ions, CH,CO+, CHO +, C ^ O * , CH 30 +, ' 
and CHJ, were considerably higher than that of the 
product ions, and the break points in the ionization 
efficiency curves of the product ions did not 
agree with those in the curves of these fragment 
ones. CH0 + and CH_0 + did not participate in 
the formation of the product ions in acetaldehyde -
trioxane mixtures. The CH0 + was produced from 
acetaldehyde as intensive fragment ion, however 
CUHcOp was not formed in the ionic reactions in 
acetaldehyde. From the results of the ionization 
efficiency curve measurement it is concluded that 
acetaldehyde molecular ion is the precursor of the 
product ions. The product ions result from 
the condensation-elimination reaction of CH^CHO+ 

with trioxane as follows; 

CH-CHO"* 
0 0 

'» I - -*• In te rmedia te -complex 

• C 3 H 5 ° 2 

•CjHgOj 

^ C 3 H 7 0 j 

°2H5°2 

C 2 H 4 0 2 

C 2 H 3 ° 2 

(21) 

(22) 

(23) 
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The rate constants for the product ions in acetaldehyde 
( or acetaldehyde-d,) - trioxane mixtures are given 
in Table 4. 

5.3-5. Condensation-Elimination Reactions in 
Dimethyl Ether -Trioxane Mixtures 

The variation of ion intensities of fragment 
and product ions with delay time in a 1:1 mixture 

11 of dimethyl ether and trioxane at 5.45 x 10 
_ • * molecules cm J and at 70 eV is shown in Figs. 27 - 29. 

The major fragment ions from dimethyl ether are 
m/e 46(CH30CH+), 45(0^00^), 29(CH0+), and 15(CH+), 
while those from trioxane are m/e 89(C,H,-0t), 61 
(Cg^Og), 31(CH 50 +), and 29(CH0+). In the mixtures, 
the product ions(ra/e 47, 61, 75, 76, 77, 91, 105, 
107, 135, 136, and 137) resulting from cross-
reactions were observed.' In order to clarify 
the structure and the formation mechanism of the 
product ions, the ion-molecule reactions in dimethyl-d,-
ether - trioxane mixtures were studied under the 
same conditions as for dimethyl ether - trioxane 
ones. The delay time dependence of fragment 
and product ions is shown in Pigs. 30 - 32. The 
product ions formed in dimethyl-dg ether - trioxane 
mixtures are given in Table 5. together with those 
in dimethyl ether - trioxane ones. CD,0CD,D+, 
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Table 4. Ion-molecule reaction rate constants. 

Acetaldehyde - trioxane 
kxlO 1 0 

Product ion c j n W e c u l e ' V 1 

m/ e, • 
I 
CO 
CO 
I 73 

Acetaldehyde-d. - trioxane 
10 

Product ion 
m/e 

kxlO 
•A _i _i cnrmolecule s 

0.51 
76 

77 

0.37 

0.10 

> 
50 

74 

75 

0.75 

4.30 

78 

79 

0.71 

4.10 
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0 0.5 1.0 1.5 2.0 
DEMY TIME (|is) 

Fig.27 Delay time dependence of fragment and 
product ions in dimethyl ether - trioxane mixtures. 

©: m/e 15 B: m/e 29 
O: m/e 45 •: m/e 46 
•: m/e 61 D: m/e 89 
A: m/e 137(x2000) 

A : m/e 31(xl/2) 
A: m/e 47(xl0) 
0: m/e 91(x40) 
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Pig.28 Delay time dependence of product ions 
in dimethyl ether - trioxane mixtures. 

A: m/e 75 •: m/e 105(xl0) o: m/e 135(x50) 
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Fig.29 Delay time dependence of product ions 
in dimethyl ether - trioxane mixtures. 

A: m/e 76 o: m/e 77 a: m/e 106(xl0) 
*: m/e 107(xl0) •: m/e 1J6(X200) 
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DELAY TIME (|j.s) 

Fig.30 Delay time dependence of fragment and 
product ions in dimethyl-dz-ether - trioxane 
mixtures. 

©: m/e 18 A: m/e 31(xl/4) O: m/e 50(xl/2) 
•: m/e 52 a: m/e 53 . A : m/e 54 
•: m/e 61 +: m/e 92(xl00) 0: m/e 143(xlOOO) 
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DELAY - TIME (ps) 

Pig.31 Delay time dependence of product ions 
in dimethyl-dgether - trioxane mixtures. 

a: m/e 70 *: m/e 80(xl/2) A: m/e 81(xl0) 
•: m/e 110 o: m/e 140(xlO) •: m/e 102(xl0) 
$: m/e 108 
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m 
B-i 
M 

DELAY TIME ( u s ) 

Pig.32 Delay time dependence of product ions 
in dimethyl-dg ether - trioxane mixtures. 

A: m/e 82 O: m/e 83(xl/2) D: m/e lll(xlO) 
•: m/e 112(xl0) A: m/e 113(xl0) 
•: m/e 142(xlO) 
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Table 5. Product ions in the ion-molecule reactions 
of dimethyl ether (or dimethyl-d^ether) - trioxane 
mixtures. 

Dimethyl ether - trioxane Dimethyl-dfi ether - t'rioxane 
m/e Ion m/e Ion 

47 CH5OCH3IT 

61 CH50CH3CH^ 
75 CHjOCHgOCHj 
76 CH^OCH-OCH* 3 ^ 5 

CH^OCH^OCHJ 
77 CH,0CH,0CH* 3 3 5 
91 (CH 3OCH 3) 2H + 

CH2OCH,CH,OCHl 3 3 5 ^ 
93 (CH 30CH 3) 2H + 

105 (CH 20) 3CH 3 

CH30CH20CH20CH2 
106 CH3OCH3OCH2OCH2 

107 CH 3OCH 3OCH 2OCH 3 

135 CH 3OCH 2OCH 2OCHJ 
136 C H 3 0 C H 3 0 C H 2 0 C H 2 

137 CH 30CH 3(CH 20) 3H + 

53 CIUOCD-H 
54 CD 3OCD 3D + 

70 CD 30CD 3CD 3 

80 CD 30CD 20CH 2 

81 CD 30CD 20CH 3 

82 CD 30CD 30CH 2 

83 CD,0CD,0CH+ 
3 3 5 

92 (CH 20) 3D + 

102 CD 30CD 3CD 30CD 2 

105 (CD 30CD 3) 2H + 

108 (CH 20) 3CD 3 

110 CD 30CD 20CH 20CH 2 

111 CD 30CD 20CH 20CH 3 

112 CD30CD^0CH20CH2 

113 CD 30CD 30CH 20CH 3 

140 CD30CD20CH20CH90CH2 

142 CD30CD30CH20CH20CH2 

143 CD 30CD 3(CH 20) 3H + 
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CD.,OCD,CDj, CD,0CD*, and C D ^ O C D ^ C D ^ O C D J w e r e t h e 3 3 3 3 2 ' 3 3 3 2 

ions formed in the ion-molecule reactions of 
dimethyl-d. ether. 

The ionization efficiency curves of the 
product ions in dimethyl-dg ether - trioxane mixtures 
are shown in Pigs. 33 and 34. The onsets of the • 
ionization efficiency curves of CD^OCDj and CD^OCDt 
from dimethyl-d,- ether were obtained to be 10.06x0.05 
and 11.18 ±0.05 eV, respectively. All the 
ionization efficiency curves of CD^OCD^OCHp, 
CTUOCDJOCDJ, CDjOCDjOC^OCH^, CD^OCDjOC^OCHt, and 
CD,0CD,(CH20)J concide in onset as well as shape. 
The onsets of the ionization efficiency curves of 
these product ions agreed with the ionization 
potential of dimethyl-dg ether, indicating that 
CD^OCDJ is the precursor of the product ions. 
In the ionization efficiency curves of CD,0CD,,0CHt 
and CD^OCD^OCHpOCHt, the break points corresponding 
to the second appearance potentials were observed 
and agreed with the onsets of the curves of CH~0 + 

and COHC-OQ" Hence, it is found that CH,0 + and 
C2 H5°2 a r e a l s o "kke precursors of CD^OCD^OCHt 
and CD,0CD,0CHo0CHt. 3 3 ^ 3 

The onsets of the ionization efficiency curves 
of CD50CD20CH2, d^OCDgOCH*, CDjOCDgOCHgOCHg", 
CD50CD20CH20CH^, CTUOCDgCCHgO)Z, and (CHgOUCDt 
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10.0 11.0 12.0 
ELECTRON 

13.0 16.0 17.0 14.0 15.0 
ENERGY (eV) 

Fig.34 Ionization efficiency curves of major fragment and product ions 
dimethyl-dg ether - trioxane mixtures. 

A 
E 

CD^OCD* 3 2 
CD_0CDo0CHo0CH-

B : CD,0CD20CH2 C : CD-OCDgOCH^OCH^ D : dUOd^OCH* 
F : CD30CD20CH20CH2CCH2 G : ( C H

2
0)3 0 : D3 
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agreed with each other, and they agreed with the 
appearance potential of CD^OCDJ(Fig.34). 

The measurement of the ionization efficiency 
curves of the fragment and product ions confirmed 
that CH^OCHt and'CH-OCHJ are dominant reactant ions 3 5 3 2 
in dimethyl ether - trioxane mixtures. From 
the distribution of isotopic product ions in 
dimethyl-dg ether - trioxane mixtures and the 
correspondence of the product ions in both mixtures 
(dimethyl ether(or dimethyl-dg ether) - trioxane), 
the structures of the ions could be proposed. 
The general formulas of major product ions are 
described to be CR"3OCH3(CH20) + , CH3OCH"3(CH20)nH+, 
CH3OCH2(CH20)J, and CR"30CH2(CH20)nH+(n=l-3). 

GH 3OCH 3H +, GH 3OCH 2, C^OCH^H*, and CH^OCEUCHjOCHg 
result from the following reactions. 

CH,0CHJ + CH,OCEL > CH,OCH,H+ + 
5 3 3 3 3 5 

CH 3OCH 2 (24) 

CHO+ + CH 3OCH 3 * CH 3OCH 3H + + CO (25) 

CH+ + CH 3OCH 3 > CH 3OCH 2 + CH 4 . (26) 

CH3OCHj + CH 3OCH 3—9- CH 3OCH 3CH 3OCH 2 (27) 

f CH 3OCH 3CH 3 + CH 20 (28) 
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Protonated molecular ions, CH.,OCH5H+, (CH 20) 3H +, 
and CH^0CH:,(CH20):,H+, are formed cross-reactions 
as follows.. 

C 3 H 5 O;- ! 

V+ CH-jOCH,. >CH^OCH,H 
CH,0 + > '3W"3 ^—3—3' 

CHCT 

CH,OCH^ 0 
I 
CH 0 CH V 3 ^ CH 2 

f C3 H4°3 
+ i 

I CH o0 

, CH,0CHo 

CO 

(29) 

(30) 

y c ^ 
CH,0CH,H+ 

5 5 
0 I I -

C^2 / C H 2 
or 

CH 30CH 5(CH 20) 3H + (31) 

In dimethyl-d,- ether - trioxane mixtures, 
CD-OCDJOCHJ, C D 3 O C D 3 O C H 3 , C D 3 O C D 3 O C H 2 O C H 2 , 
CD 3OCD 3OCH 2OCH 3, and CD3OCD3(CH20)i" result from 
the following condensation-elimination reactions, 

0 P 
CD,0CD+ + 1 —i 

3 3 % > 2 

or 

_ * 

+ / 0 H r \ 
CD-,0CD5--0V ^CH„ 

3 3 \ / 2 

CD3OCD3OCH2OCH2OCH2 (32) 

CD3OCD3OCH2OCHj + CH 20 (33) 
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•̂  CD3OCD3OCH2OCH* + CHO (34) 

->• CD3OCD3OCH2 + 2CH20 (35) 

-?• CXUOd^OCH* + CH 20 + CHO (36) 

Prom the ionization efficiency curves it results 
that CD,OCD,OCHLOCfl\t and CD^OCJXOCH* are also formed 3 3 2 3 3 3 3 
by addition(condensation) reactions of CH-,OCHpO+ 

and CH,0+ with CD.OCD-: 3 t> t> 

CH 3OCH 20 + + CD 3OCD 3 > CDJOCDJOC^OCH* (37) 

CH 30 + + CD 3OCD 3—> CD 3OCD 3OCH 3 (38) 

CD-»OCllJ reacts with trioxane to form intermediate-3 3 
complex and a part of the complex is stabilized. 
The other part dissociates to product ions 
(reactions 33 - 36) in which one or more molecule 
of formaldehyde or CHO are eliminated. 

CD3OCD2OCH2OCH2OCH2, CI^OCDgOCHgOCH*, CTUOCBgOCHt, 
CD 30CD 20CH 2, CD 3OCD 2OCH 3, and (CHgO^CD* are formed 
by the following condensation-elimination reactions; 
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CD5OCI>2 
0 0 

+ I. I. 
C^2 / C " 2 

0 H F 0 
CDjOCDg— o' ^CH 2 

CD,OCD2OCH2 OCH2 OCH+ (39) 

CD70CD20CH20CH2 + CH 20 (40) 

CD3OCD2OCH2OCH^ + CHO (41) 

CD 3OCD 2OCH 2 + 2CH20 (42) 

CD 3OCD2OCH^ + CH 20 + CHO (43) 

(CH 20) 3CD 3 + CD 20 (44) 

The rate constants of the condensation-elimination 
reactions in dimethyl ether(or dimethyl-dg ether) -
trioxane mixtures are obtained and summarized in 
Table 6. 

5.4. Discussion 

5.4.1. Reactivity of CHO+ 

The molecular ion from trioxane is unstable. 
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Table 6. Ion-molecule reaction rate constants. 

n ,. xlO cur molecule" s~ 
Reaction v v 

*X=H KX=3 CX,OCXt + TOX—CX^0CX_0CH o0CH o0CHJ 0.0121 ' 0.0120 3 3 t> t> d d. d. 
-•CX^OCX-OCHgOCHg + CH 20 0.0168 0.0164 
-*CX,0CX,,0CHo0CH+ + CHO 1.21 1.16 
-*CX,0CX,0CHo + 2CH o0 1.88 1.83 3 3 I d 
-KIX,0CX„0CH* + CHo0 + CHO 3.23 3.12 

CH,0+ + CX,OCX,.-»-CX,OCX,OCH:t 1.75 1.60 
3 3 3 3 3 3 

CH 3OCH 20 + + CX 3OCX 3 —CX 30CX 30CH 20CH* 1.93 1.89 

CX^CX* + T0X-«-CX30CX20CH20CH20CH2 0.0163 0.0150 
-»-CX30CX20CH20CH2 + CH 20 0.190 0.186 
—CX 30CX 20CH 20CH 3 + CHO 0.0170 0.0159 
-*CX30CX20CH2 + 2CH20 1.24 1.12 
-*CX,0CXo0CHt + CHo0 + CHO 0.046 0.041 3 2 3 . £ 
-*(CH20)3CX3 + CX20 0.0116 0.0108 

CX^OCX* + CX.,OCX,-*CX,OCX,X+ + CX_0CX9 1 5 . 3 1 5 . 0 
3 3 3 3 3 3 3 < i 

cxo + + cx 3ocx 3 —* cx 3ocx 3x + + co 17.1 16.7 

CXl" + CX 3 0CX 3 - > CX3OCX2 + CX^ 1 9 . 8 1 7 . 6 

CX3OCX2 + CX3OCX3—»-CX3OCX3CX3OCX2 0 . 0 3 6 4 0 . 0 3 5 2 

- * C X 3 0 C X 3 C X 3 + CX 20 2 . 1 5 2 . 1 0 

X denotes H or D atom. 
TOX denotes Trioxane. 
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Its ion intensity is relatively low, while those 
from ethylene oxide and acetaldehyde are high 
(Pigs. 1 and 9). Thus, the the reactivity of 
the molecular ion from trioxane can not he discussed 
in comparison with those from ethylene oxide and 
acetaldehyde. On the other hand, it is of 
interest to examine the reactivity of CHO+ ions 
from ethylene oxide, acetaldehyde, and trioxane. 
CHO+ ions from ethylene oxide and acetaldehyde 
participate preferentially for proton transfer 
reaction as compared with that from trioxane in the 
mixture systems. No contribution of CHO+ for 
protonated trioxane has been observed in the ion-
molecule reactions of trioxane. A proton transfer 
reaction involving CHO seems to be affected by 
its translational and/or internal energy. It 
was found that the translational energy of CHO + from 
trioxane is considerably higher than those from 
ethylene oxide and acetaldehyde in the measurement 
of the translational energies of the CHO + ions from 
oxygen-containing molecules(CHAPTER I). Therefore 
it is suggested that CHO+ ions from ethylene oxide 
and acetaldehyde are a thermal reactive ion as 
compared with that from trioxane. 

5.4.2. Proton Affinity 
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The proton affinity of ethylene oxide has 
been reported to be 183 kcai mol"^ 1 4-» 1 5 The 
proton affinity of trioxane is not known but the 
basicities for trioxane and ethylene oxide which 
correlate with their proton affinities hav been 

16 found to be 10 and 7.3 » respectively. In 
ethylene oxide -, acetaldehyde - trioxane mixtures, 
the reactant ions in reactions (2), (9), (12), and t J 

(19) are CH0 + ions from ethylene oxide and 
acetaldehyde, the rate constant ratios (k^/kg and 
k-jp/k-jq) being 17.3 and 22.2. This indicates 
that the protom affinities of ethylene oxide and 
acetaldehyde are larger than that of trioxane. 
The proton affinity of a molecule is defined as the 
enthalpy change for proton transfer reactions. 
A number of determinations of absolute proton 
affinity have been undertaken by the appearance 
potential method and an empirical correlation 

15 of excess energies in ion-molecule reactions. 
The relative proton affinity was also studied from 

17 -19 observation of ion-molecule 'reactions. ^ 
It is found that the order of relative proton affinity 
can be astimated using- rate constant in proton 
transfer reaction involving CHOt The general 
scheme is as follows. 
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MH + + m±—* M-^4" + M (39) 

MH + + M 2 — 9 - M 2H + + M (40) 

where the order of proton affinity(PA) for neutral 
molecule(M1, M 2) is PA( M 1)>PA( M 2 ) , when the rate 
constant in both reactions is k-,n>k,A. A 

39' 40 
proton donor ion such as CHO which is a thermal 
energy ion is desirable for reactant ion(MH+). 

The rate constant of reaction (16) is smaller 
than that in ethylene oxide - trioxane mixtures 
by a factor of 1.2 , suggesting that ability of 
hydrogen atom abstraction of acetaldehyde is lower 
than one of ethylene oxide. The rate constant 
of hydrogen atom transfer depends on the proton 
affinity and/or the hydrogen affinity of neutral 
molecule. Here, the proton affinity of 
acetaldehyde is 183 - 2 1 4 and 182 2 0 kcal mol"} and 
that of ethylene oxide 183 1 4' 1 5 kcal molT1 the 
proton affinity of both molecules thus being almost 
equal. It is suggested that the hydrogen affinity 
of acetaldehyde is smaller than that of ethylene 
oxide. 

5.4.3. Isotope Effect 
The difference of the xabe constant in the 
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proton and deuteron transfer reactions was observed 
(Table 1). The ratios k-,/k„ , k2/k. , and kg/kg 
were 1.12 , 1:15 , and 1.20. The values of k,-
and k/- were almost equal. The rate constant 
ratio k-, ,/k-,,, is 1.68 which is nearly equal to 
that of k-jp/^n* T n e r a " t i o s ^ n ^ i ^ » kl2/'lc14' 
and k-.q/k-ia a r e 1 # 2 ^ » 1 > 2 4 > a n d l'!4 /respectively. 
Thus appreciable isotope effect was observed. 

21 Gupta et al. studied the isotope effects in the 
ion-molecule reactions of water and methane. 
They reported that the ratio of the rate constant 
for proton (from 0H +) and deuteron transfer (from 
0D +) is 2.10 , and the ratio of the rate constant 
for the formation of CHj and GJ)t 1.49. Chong 

22 and Franklin observed that the rate constants for 
the transfer of an H or a D atom are the same, but 
the rate constant of the transfer of D + is only 
ca. 0.62 times as great as that for an H + in ion-
molecule reactions of methane - methane-d. mixtures. 

4 
The isotope effect observed in this work is smaller 
than theirs. 

5.4.4. Condensation-Elimination Reaction Mechanism 
and the Structure of Intermediate-Complex 

In ethylene oxide - trioxane mixtures(Table 3), 
the sum of the rate constants for the product ions 
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(m/e 73 - 77) in ethylene-d.oxide - trioxane mixtures 
is nearly equal to that of the product ion(m/e 73) 
in ethylene oxide - trioxane mixtures. Similarly, 
the rate constants for m/e 78 and 79 in ethylene-d. 
oxide - trioxane mixtures are respectively comparable 
with those for m/e 74 and 75 in ethylene oxide -
trioxane mixtures. The structures of the product 
ions proposed from the stoichiometric consideration 
for the product ions in both mixture systems are 
shown in Table 7- The skeletal structures of 
the product ions(m/e 74 - 79) consist of fragment 
molecules from ethylene oxide and trioxane, while 
the product ion at m/e 73 consists of fragment' 
molecules derived only from trioxane. This 
indicates that positive charge is delocalized in 
the intermediate-complex having cyclic structure 
as shown inEig.35. From the structures of the 
product ions(Table 7), it is presumed that extensive 
scrambling in the complex does not occur. 

While, in acetaldehyde - trioxane mixtures, 
the sum of the rate constants for CD^CO-CH?0+ and 
CD,CDO-CHO formed in acetaldehyde-d. - trioxane 
mixtures is nearly equal to that for CH-,CHO-CHO+ 

formed in acetaldehyde - trioxane ones. In 
addition, the rate constants for CD,CDO-CH?0+ and 
CD-CDO-CHpOH in acetaldehyde-d. - trioxane mixtures 
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Table 7. Possible structures of product ions, 

Product ion ' 
Structure 

Product ion ' 

m/e m/e 

73 CH2-0-CH2-0-CH+ -i 

74 CX-O-CHg-O-CH* 

75 CX2-0-CH2-0-CH+ > 73 

76 CX-CX2-0-CH2-0+ j 

77 CX2-CX2-0-CH-0+ ) 

78 CX 2-CX 2-0-CH 2-0 + 74 
79 CX2-CX2-0-CH2-OH+ 75 

a) Ethylene-d.oxide - trioxane mixtures. 
b) Ethylene oxide - trioxane mixtures. 
X denotes H or D atom. 
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Pig.35 Possible structure of intermediate-complex. 
X denotes H or D atom. 
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are comparable with those for CH,CH0-CH20+ and 
CH-,CHO-CH?OH+ in acetaldehyde - trioxane mixtures. 
From the distribution of the isotopic product ions 
in both systems, the empirical formula for the 
product ions shown in Table 8 are reasonable. 
The origins of the product ions are acetaldehyde 
molecule(reactant ion) and fragment from trioxane. 
This suggests that the formation of the product 
ions involves abstraction reaction by CH-.CHO+ in 
the complex. Prom the formula of the product 
ions, it is probable that the complex resulting from the 
reaction of CH,CH0+ with trioxane is a linear 
structure as shown in Pig.36. As can be seen 
in Pig.23. the ion intensity of CD,CD0-CH20H+ 

increased with increasing delay time and its rate 
constant was the largest among the product ions. 
The formation reaction of CD^CDO-CHpOH'1' involves the 
rearrangement of a hydrogen atom in the complex. 
The rate constant for CD,CDO-CHO+ resulting from 
CHO transfer in the- complex is relatively small. 
Prom the empirical formula of the product ions 
it is presumed that extensive scrambling does not 
occur in the complex. It is well known that 
ring-opening of trioxane occurs by means of positive-

2 species and radiation. it is presumed that 
the ring of trioxane molecule is subsequently opened 
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Table 8. Possible structures of product ions. 

Product ion ' Structure Product ion ' 
m/e m/e 

76 CX,C0-CEL0 + > 
T" ""2" 8 

77 CX3CXO-CHO+ 
73 

78 CX 3CX0-CH 2O + 74 

79 CX 3CXO-CH 2OH + 75 
a) Acetaldehyde-d.- trioxane mixtures. 
b) Acetaldehyde - trioxane mixtures. 
X denotes H or D atom. 



CD,CDO+-- - -CH 0— 0 -f- CH n 0 — CH n— 0 
l 
to 

> 
?0 

B 

Pig.36 Possible structure of intermediate-complex. 
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after the reaction of acetaldehyde molecular ion 
with trioxane. The constituent atoms of the 
prouuct ions consist of only A-site in the complex 
( Fig.36 ) and the ion having the atomes of B-site 
is not observed. This indicates that positive 
charge is mainly localized on the site of acetaldehyde 
molecule in "-he complex. The complex would be 
dissociated to the product ions due to the cleavage 
of the C-0 bond in the trioxane molecule site, in 
which the neutral products involving formaldehyde 
molecule are eliminated. If the complex has 
cyclic structure, some product ions containing 
fragments from both origins ( acetaldehyde and 
trioxane) would be formed as observed in the 
condensation-elimination reaction in ethylene 
oxide - trioxane mixtures. While, it would be 
impossible that formaldehyde molecule is abstracted 
from trioxane by a strippin.r mechanism. The 
structure of the complex elucidated in acetaldehyde -
trioxane mixtures is different from that in ethylene 
oxide - trioxane ones. Thus, it is found that 
the nature of the condensation-elimination reaction 
involving cyclic ether relates to the structure of 
reactant ion. 

In dimethyl ether - trioxane mixtures, 
CD_OCD3OCH2OCH£, CD-OCDjOCHgOCH^, CDJOCD^CHJ, and 
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CD^OCIUOCHi formed in reactions (32) - (36) must 
1> 5 5 

be ions of a linear structure type. So it is 
proposed that the following complex (I) has a 
linear structure: 

CD5-0-CD^--0-CH2f0-CH270-CH2 

(A) (B) 

(I) 

+* 

The formation of CD^OCD^OCH* and CD^OCD^OCE* result 
from the cleavage of the C-0 bond( (A)-position) 
in the complex(I), and that of CD^OCD^OCHpOCH* and 
CruOCXuOCHgOCH* from that of the C-0 bond( (B)-
position). The dissociation channels leading 
to the formation of CD,0CD,0CHo0CE^ and CD,0CD-,0CHJ 
involve a rearrangement of the hydrogen atom. 
The condensation-elimination reactions of CD^OCDJ 

3 2 
with trioxane. CD-,0CD2 attacks to the oxygen 
atom of trioxane molecule and subsequently trioxane 
molecule ring would open. Thus reactions (39) -
(43) occur via the dissociation of a linear 
intermediate-conplex(ll). 

_, +* 
CD3-0-CD2---0-CH2fO-CH2 0-CK> 

(C). (1>) 

(II) 
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The formation of CD,0CDo0CH* and CD,OCD„OCHt result 
3 2 I t> <L $ 

from the cleavage of the C-0 bond( (C)-position) 
in the complex(Il), and that of CD^OC^OCHpOCH^ 
and CD,0CB,-,0CEO0CH£ from that of the C-0 bend 
( (D)-position). Reactions (40) - (44) again 
involve the eliminatioji of formaldehyde or CHO. 

It is of interest to discuss a relationship 
between the rate constant for the formation of the 
product ion and the structure of the reactant ion. 
In the reactions of both CH^OCHt and CH_,0CHo with 
trioxane, similar product ions were formed, but 
the rate constants ditfered, The rate constants 
for the formation of CH^OCHgOCHgOCHgOCHg and 
CELOCEpOCELOCHp were larger than those for 
CH30CH30CH20CH20CH2 and CEUOCH^OCE^OCH*. While, 
the rate constants for the formation of CH^OCHpOCHpOCHt 
and CH,0CHo0CH* were smaller those for CH,0CH-,0CHo0CHi 5 <L 5 5 5 d 5 

and CHJOCH^OCHI". CHjOCHgOCHgOCHgOCHg and 
CH^OCHpOCHpOCHp are poly-ether ions having a linear 
structure and result from simple addition and 
condensation-elimination reaction of CH^OCHo with 
trioxane. In the complexes (I) and (II) formed 
the reactions of CH-,0CHt and CH,0CE* with trioxane, 

0 0 5 d. 
extensive scrambling does not take place. The 
rate constants for the formation of CD,0CDp0CH20CH2 

and CD-OCI^OCH^ are larger than those for CI>3OCD2OCH2OCHt 
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and CD^OCDpOCHt, indicating that the dissociation 
channels of the complex involve minor rearrangement. 
The rate constant for the formation of CD^OCDpOCHp 
is larger than that for CD^OCI^OCHgOCH^. This 
suggests that the cleavage of the C-0 bond( (ex
position) in the complex(ll) occurs preferentially 
as compared with that of the C-0 t>ond( (D)-position) . 
Similarly,.the rate constant .Cor the formation of 
CD^OCD^OCE* is larger than that for CIUOCD^OCHgOCH*. 

The formation reaction of the product ion 
involving the cleavage of the C-0 bond in the 
reactant ion site of the complex was minor, that is, 
only (GILO).,CD J was observed. This suggests that 
the dissociation energy of the C-0 bond in CD^OCJDJ 
is higher than that in trioxane molecule. The 
product ions observed in the mixtures contain 
almost the molecular structure of the reactant ion, 
indicating that the preferential process is 
homo(self)-elimination of a neutral product(formaldehyde) 
from the trioxane molecule site in the complex. 
CH^OCH* and CH^OCHg (from dimethyl ether) and 
CH^OCHpO (from trioxane) are reactive ions. 
It is known that -CHp-O-CHJ is a propagating ±OE 
in the polymerization of trioxane. 

The rate constants of the reactions of CH,OCHt, 
CH.,0CHo, CH*, and CHO+ with dimethyl ether are also 
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given in Table 6. The rate constants for the 
formation of CH,OCH2H+, CH,OCH,CH*, and CH^OCHo 

t> t> 3 3 3 3 2 . 
were in good agreement with the results reported 
by Blair and Harrison. The rate constants 
for CE_OCE,CE,OCE* resulting from the addition 3 3 3 2 
reaction of CĤ OCEp" with dimethyl ether is larger 
than that for CE,0CE,.0CHo0CB„0CH+ or CH~0CEo0CEo0CEo0CE.t 3 3 2 £ ^ 5 2 2 2 2 
from the reaction of GE,OCHt or CH,OCHt with trioxane. 

3 3 3 £. 
Also the rate constant for .̂he formation of CH,.OCE,CEt 

3 3 3 
is larger than that for (CE20),CHt, suggesting that 
methylation reaction by CĤ OCEl" involving elimination 
of formaldehyde depends on the property of neutral 
molecule. . The proton affinity of dimethyl ether 
has been reported tc be 205 i 3 kcal mol~ , which 
would 'be larger than that of trioxane. In fact, 
it is known that, the basicity of ether is larger 25 than that of trioxane. Thus it is presumed 
that the methylation reaction by CĤ OCfii" is affected 
to the proton affinity of neutral molecule. 

-266-



JAERI-M9336 

5.5 Summary 

In ethylene oxide -, acetaldehyde - trioxane mixtures, 
protonated ethylene oxide and acetaldehyde are formed by the 
hydrogen atom transfer reactions of ethylene oxide and 
acetaldehyde molecular ion with trioxane, and protonated 
trioxane by the proton transfer reactions of CHO+.ions 
(ethylene oxide and acetaldehyde) with trioxane. In the 
proton transfer reactions in the deuterated molecules -
trioxane mixtures, appreciable isotope effect was observed. 
CHO + ions from ethylene oxide and acetaldehyde are an 
important reactant ion as compared with that from trioxane 
in the proton transfer reactions, and CHO+ ions from ethylene 
oxide and acetaldehyde were concluded as a thermal reactive 
ion. The order of proton affinity could be estimated 
from the.proton transfer reactions involving CHot It was 
found that the proton affinity of trioxane is smaller than 
that of ethylene oxide and acetaldehyde. From the rate 
constants of the hydrogen atom transfer reactions in both 
mixture systems, it was suggested that ability of hydrogen 
atom abstraction of acetaldehyde is lower than one of ethylene 
oxide. 

In ethylene oxide -, acetaldehyde - trioxane mixtures, 
C^H^02, C,HgCL , and CUEUOt were observed as condensation-
elimination reaction product ions. In ethylene oxide -
trioxane mixtures, it was found that these ions are formed 
by the dissociation of unstable intermediate-complex 
resulting from the reaction of ethylene oxide molecular ion 
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with trioxane. It was proposed that the complex is of cyclic 
structure in which positive charge is delocalized. While 
in acetaldehyde - trioxane mixtures, the dissociation of the 
complex, CH-CHO(CHpO)^ , leads to the lormation of these 
product ions. The structure of the complex is linear 
with localized positive charge. Rearrangement of hydrogen 
atoms occurs in the complex but not extensive scramoling. 
Prom the distribution of the isotopic product ions in 
acetaldehyde-d. -•trioxane mixtures it was proposed that the 
origins of the product ions are the acetaldehyde molecule 
(reactant ion) and fragments from trioxane. 

In dimethyl ether - trioxane mixtures, the product ions, 
having a linear structure such as CH^OCH^CHpO)"!" , 
CH 3OCH 3(CH 20) nH + , CH 5OCH 2(CH 20)^ , and CH 5OCH 2(CH 20) nH + 

(n=l-3)» are formed by condensation-elimination reactions 
of CIUCCH* and CH 3OCH 2 with trioxane. The formation 
of the product ions involves the dissociation of unstable 
intermediate-complex, which has a linear structure. 
It was found that homo(self)-elimination of neutral products 
occurs preferentially from the trioxane molecule site in 
the complex. Extensive scrambling does not take place. 
Such a condensation-elimination reaction mechanism in 
dimethyl ether - trioxane mixtures was in agreement with 
that in acetaldehyde - trioxane mixtures in which the 
reactant ion has a linear structure. 
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CHAPTER. VI 
Condensation-Eliminations in Propyl Acetate 

and Propyl Formate 

6.1 Introduction 

CH,CO+ ions are generated from various 
oxygen-containing molecules, and it is known that 
those from ethylene oxide and acetaldehyde are of 
low reactivity.1 CH_CO+ and CH^COOHp, which are 
oxonium fragment ions having acetyl group, are 
abundant ions in n-propyl acetate a.rA the molecular 
ion is less abundant. Thus, n-propyl acetate 
is suitable for the mechanistic study of the 
condensation-elimination i-t̂ ctions involving these 
ions. It is expected that their behavior in the ' 
gas phase is revealed in the ionic reactions 
involving these ions. While CH-OH* is a prominent 
fragment ion from formate esters. n-Propyl 
formate was chosen as a typical formate ester cf 
which CH_OH+ and CHoCHCHt are prominent ions. 
CH20H is a significant oxygenated ion from oxygen-
containing molecules. In trioxane, ion-molecule 
clustering reactions involving CH-OH have been 

observed as described above ( CHAPTER III ). 
The typical dissociation and rearrangment processes 

-271 



JAERI-M9336 

occurring in some formate esters have been 
investigated by several workers. Quayle 
studied the formation of the protonated molecular 
ions in fatty acid methyl esters. 

The present work is concerned with thermal 
ion-molecule reactions in n-pitopyl acetate and 
n-propyl formate, and condensation-elimination 
reaction involving CIUCOOH*, CH,CO+, CH 2OH +, and 
CH?CHCHj have been investigated. Also, the 
condensation-elimination reaction mechanism of 
CH-.COOHp with acetaldehyde was also studied with 
labeled acetaldehyde. It is one of glowing 
interest in gas phase ion chemistry to clarify how 
a neutral is eliminated in intermediate-complex 

q resulting from condensation-elimination reactions. 
Hitherto ion molecule reactions in esters have not 
been studied, although studies of chemical ionization 
in some esters have been made. ' Furtheromore 
the present work reports on a observation of which 
the isotope effect in the ion-molecule dimerzations 
of protonated propyl acetate molecular ions unity, 
i.e., the inverse isotope effect. Sieck et al. 
have studied the ion-molscule reactions involving 
protonated and deuterated molecular ions in partially 
labelled methanol (CD^OH) and ethanol ( CgDcOH ). 
They found that for the ion-molecule dimerization . 
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reactions in C^OH that I ^ ^ O H ^ H ^ C ^ O H j =0-71 

a n d I(C oD t-0H) oD + / lC o]) c0HD + = 0* 1 9' indicating that the 2 3 2 2 o 
isotope effect in the dimerization reaction is ' greater 
than unity(KTT/K^J.74). This is the normal 
isotope effect. Recently, Razem et al. have 
found „ne inverse isotope effect for electron 
tranfer reactions in liquid ethanol. Studies of 
the inverse isotope effect in gas phase ion-molecule 
reactions give detailed information on reaction 
mechanism and the problem of energy transfer in the 
reaction system. 

6.? Experiment al 

A Bendix Model 12-101 time-of- flight mass 
spectromter was used, which has modified by the 
construction of a closed ionization chamber as 
described in CHAPTER II. 

n-Propyl acetate and n-propyl formate were 
obtained from Tokyo Ka.se i Co.,Ltd. Acetaldehyde-d . 
was obtained from Merck Scharp and Dohme of Canada. 
n-Propyl formate-d, n- and iso-propyl acetate-d^ 

were synthesized in this laboratory and purified 
by the distillation and gas chromatographic 
separation method. Their isotopic purities were 
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checked by gas chromatography and mass spectrometry 
and were "better than 99.9$. 

6.3 Results and Discussion 

6.3.1 n-Propyl Acetate 
The variation of the intensities of fragment 

and product ions with delay time at 70 eV and 
12 -3 

3.50 x 10 molecules cm J is shown in Fig.l. 
The major fragment ions from n-propyl acetate were 
m/e 43 (CH 3C0 +), 61 (CH^COOHp, and 73 (CHjCOOCH*). 
The molecular ion (CH^COOC^Hi) from n-propyl acetate 
was less abundant (0.03$). As product ions, m/e 
103 (CEUC00C3H7H+), 145 (CELC00C3H7CH,C0+), and 
205 ( '(CH5C00C,H7)2H+) were observed. The ion 
intensity of CH,C00C,H7H+ increased markedly with 
increasing delay time till about 0.5 us and after 
that it showed a. moderate increase. This shows 
th-.t a further reaction of CH3C00C,H7H+ with 
n-propyl acetate proceeds. The ion-molecule 
reactions in n-proryl acetate-d„(CD^C00C^H7) were 
studied in order to examine the formation mechanism 
of the product ions. The product ions n-propyl 
acetate-d., were m/e 106 (CD^OOC-HyD"1"), 
150 (CD3C0HCD2C00C3H7), 151 (CD3COOC3H7CI>3CO+) , 
211((CD3C0003-H7)2H+), and 212 ((CDjCOOC^)^ 4") and 

-274 -



JAERI-M9336 

150 

Fig.l Delay time dependence of fragment and 
product ions in n-propyl acetate. 

CH3C0+(xl/2) D: CH,COOHJ CHjCOOCHj 
O: CH3COOC3H7H+(x20) •: CH3C00C3H7CH3C0+(x200) 
•:(CH3COOC3H7)2H+(x2000) 
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their delay time dependences are shown in Fig.°. 
The variation of the ion intensity with pressure v/as 

examined to determine the reaction order of the product ions. 
The reaction order of ion is given directly by the 
slope of a plot of the logarithm of its ion intensity 
as a function of the logarithm of the pressure in 
the ionization chamber. The pressure dependence 
of the product ions in n-propyl acetate-d^ at delay 
time 1.0|J.s is shown in Fig.3. CD3C00C,,H7H+, 
CD3COOC^H7D+, CD2C0HCD2C00C3H'^, and CIUCOOC.jHr̂ CD.jCO"'" 
were the second order on the pressure, and 
(CD 3C000 3H 7) 2H + and (CB.-.COOC3H7)2D+ were the third 
order. The ion intensity ratios 
I(CD 3COOC 5H 7) 2H + /' ICD 3COOC 3H 7H + a n d 

I ( C D J O O C , H 7 ) , D + / I C D , C O O C . H 7 D + w e r e t l l e f l r s t o r d e r 

3 3 7 ^ 3 3 7 en n-propyl acetate-d, pressure as shown in Fig.4. 
The ionization efficiency curves of fragment and 
product ions are shown in Figs. 5-8. The fine 
structure of the ionization efficiency curves of 
fragment ions from n-propyl acetate has not been 
reported, although the first appearance potentials 
of m/e 43, 61, and 73 were measured by Brion and 
Dunning. The ionization efficiency curves of 
CH 3C0 +, ell-Coolie, CH 3COOC ?H 7H + , (CH 3COOC 3H 7) 2H +, 
and CH3C00C,H7CH,C0+ are shown in Figs.5 and 6. 
The second and third appearance potentials of 
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150 

.0.2 0".4 
DELAY 

0.6 
TIME 

1.0 0.8 
((is) 

Fig.2 Delay time dependence of fragment and 
product ions in n-propyl acetate-d. 
a: CD 3C0 CD^COOH" : CD 3COOC 3H 7H +(x25) 
A : O D J C O O C 3 H 7 D + ( X 2 5 ) ©: CD3COHCD2COOC3H7"(x250) 
9: Cr 3COOC 5H 7CD 3CO +(x250) •: (CD 3COOC 3H 7) 2H +(x250Q) 
O: (CD 5C00C 5H 7) 2D +(x2500) 
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CH.,CO and CH^COOHp were measured. The appearance 
potentials obtained are summarized in Table 1. 
The first appearance potentials of CH^CO+, CH^COOH*, 
and CH-.C00CHp in this work agreed with those of 

13 Brion and Dunning. The first appearance 
potentials of CH-COOC'-^H* and CH^COOH* agreed and 
the second appearance potential of GH^C00C^H7H+ 

was also in agreement with the first appearance 
potential of CH-.CO. The appearance potentials 
and the fine structure in the ionization efficiency 
curves of "both (CH7C00C-tH,7)oH+ and CH,C00C^Hr7H+ 

agreed. In Pigs. 7 and 8, the appearance potential 
of CD3COOC.,H7H+ agreed with that of CI^COOH*, and 
the appearance potential of CD,COOC,Hr7D+ with that 
of CD̂ 'CO.. The first appearance potential of 
C?UCOOC,E7CH,CO+ was in good agreement with that of 
CPUCOOHt ; also the second appearance potential of 
CH,COOC,E,CH.,CO+ agreed with the first appearance 
potential of CH^CO+. The appearance potential 
of CD^COHODpCOOC^Hi agreed with that of CD,COOHp, 
and the appearance potential of CD^COOC,5H7CI>,CO+ 

with that of CD3CO+(Figs. 7 and 8). 
From a correspondence of break points in the 

ionization efficiency curves of CH,CO+, CH^COOHp, 
and CH 5COOC 5H 7H +, it is concluded that CH,COOC3H7H+ 

results from the following reactions, 
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1 0 . 0 1 1 . 0 1 2 . 0 1 3 . 0 

ELECTRON ENERGY (eV) 

14.0 

Pig.5 Ionization efficiency curves of 
CH 5CO +(o), CHjCOOR+im), and CH 3C00C 5H 7H +(O), 
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1 0 . 0 1 1 . 0 1 2 . 0 

ELECTRON ENERGY 

13.0 
(e?) 

14.0 

Eig.6 Ionization efficiency curves of 
CH 3C00C 3H 7CH 3C0 +(O) and (CH^COOC^H^H^*) . 
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1 0 . 0 1 1 . 0 1 2 . 0 • 1 3 . 0 1 4 . 0 

EIECTRON ENERGY (eV) 

1 5 . 0 

P i g . 7 I o n i z a t i o n e f f i c i e n c y c u r v e s of 
CD^OOHgCo), C D 3 C O O C 3 H 7 H + ( A ) , C D J C O H C D ^ O O C . J H ^ A ) , 
and ( C D 3 C 0 0 C 3 H 7 ) 2 H + ( » ) . 
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1 1 . 0 1 2 . 0 1 3 . 0 1 4 . 0 1 5 . 0 

ELECTRON ENERGY (eV) 

16.0 

Fig.8 Ionization efficiency curves of 
CD 3C0 +(»), CD 5COOC 5H 7D +(*), CD^COOC^CD^O'*'^) 
and (CD5C00C3H7)2D*(O). 
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Table 1 Appearance potentials of fragment and product ions. 

Ion 

CHjCOOCH* 
CH^COOH^ ? i. 

CH 3CO + 

CH,COOC,H7H+ 

CH 3COOC 3H 7CH 3CO + 

(CH 3COOC 3H 7) 2H + 

App Thj .s work 
11.23 ±. 0.05 
10.44 + 0.05 
10.89 + 0.05 
11.40 + 0.05 
11.58 + 0.05 
12.18 + 0.1 
13.70 + 0.1 
10.5 + 0.1 
•10.9 + 0.1 
11.6 + 0.1 
10.5 + 0.1 
11.5 + 0.1 
10.5 + 0.1 

e p o t e n t i a l (eV) 
Ref .13 

11.29 - 0 .04 

10.48 i 0 .07 

11 .41 i 0 .04 
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C^COOHg + CH 3C00C 3H 7^*CH 3C0OC 3H 7H + + CH^COOH (1) 

CH 3CO + + CH 3COOC 3H 7—>CH 3COOC 3H 7E + + CHgCO . (2) 

The contribution of n-propyl acetate molecular ion 
for the formation of CH^COOC^H"1" would be negligible 
because the molecular ion is less abundant as 
described above. (CH3C0GC3R"7)2E+ is formed by . 
the reaction of CH 3COOC 3H 7H + with neutral molecule. 

C00C 3H ?H + + CH 3CO0C 3H 7 —>(CH 3COOC 3H 7) 2H + (3) CH 

Prom the ionization efficiency curves in Figs. 7 and 8, 
The precursors of CD 3COOC 3H 7H + and CD 3COOC 3H 7D + were 
detarmined. Fig. 4 shows that (CD3C00C3H,7)2&+ 

and (CD^C00C3H7)2D4 are formed by bimolecular 
consecutive condensation reactions as follows, 

CD COOH£ + CD 3COOC 3H 7—>CD 3COOC 3H 7H + + CD^OOH.. (4) 

CD„.COOC3H7H+ + CD 3COOC 3H 7—»(CD 3COOC 3H 7) 2H + (5) 

OD,CO+ + CD 3COOC 3H 7—»CI> 3COOC 3H 7D + + CDgCO (6) 

CD 3COOC 3H 7D + + CD 3COOC 3H 7—>(CD 3COOC 5H 7) 2D + (7) 
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The onset of the ionization efficiency curve of 
CB 3C00C 3H 7D + did not agree with that of CT^COOH^, 
so that the following reaction (deuteron transfer 
from the acetyl group) did not occur. 

CD COCH* + CD 3COOC 3H 7—^CD 3COOC 3H 7r) + + CD2COOH2 (8) 

Thus, in the proton transfer reaction by CH^COOHi, 
it is found that the transfer of the carboxyl group 
proton predominates as compared with that of the 
acetyl group proton. 

The analysis of the ionization efficiency curves 
of CH,COOC,H„CK„CO+, CH^COOH*, and CH,CO+ confirmed 3 3 / 3 3 ^ 2 ' 3 
that CH 3COOC 3H 7CH 3CO + is formed by two precursors, 
CPUCOOH+ and CH 7CO +, 3 ^ 3 

CH^COOH* + CH 3OOOC 3H 7-^CH 3COOC 3H 7CH 3CO + + HgO (9) 

CH 3CO + + CH 3COOC 3H 7—%OH 3COOC 3H 7CH 3CO + (10) 

These acetylation. reactions were further examined in 
n-propyl acetate-d, system. It is evident from 
the ionization efficiency curve measurements of 
CD3C0HCD2C00C3H7, CD 3COOC 3H 7CD 3CO +, dUCOOH*, 
and CD 3C0 + that CD3C0HCD2C00C.,H7 and CD3C00C3H7CD,C0+ ' 

are formed by the folloowing reactions. 
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CD^OOH* + CD5COOC3H7-*CD3COHCD2COOC5H| + HDO (11) 

CIUC0+ + CD,COOC,Hr,-»'CD,COOCxH7CD,CO+ (12) 
3 3 5/ 5 3 / 3 . • ' 

CD^COOC-jH^CD^CO results from the condensation 3 5 / 3 
reaction of CD 3C0 + with CD^OOCUE,, 
and CD-,COHCDr)COOC-,Hi results from the condensation-
elimination reaction followed by elimination of 
water. It is shown that CD-,COHCD„COOC,Et results 

5 2- 5 / 
from a cross-elimination mechanism ( water is 
eliminated from both the reactant ion and the neutral 
molecule ) as follows, 

H +* 
D O D 

D — C — C—'OH D-r- C-—COOC,H„ i I j j 5 7 
D D 

* CD3COHCD2COOC3H| + HDO (13) 

Since the appearance potential of CD^COOEt does not 
agiee with that of CD^C00C,H7CD^C0+, it is presumed 
that the formation of CD,zC00C,,H,7CD.zC0+ by a 
homo(self)-elimination mechanism ( water is eliminated 
from only the reactant ion or the neutral molecule) 
does not occur. 
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L.H. ! +* 
D . 0 T ' D 
i ii : ; i D C — c—*0H1 D C — COOC^E-, | *—> | 3 7 
D D 

-» CD 3COCG 3H 7CD 5CO + + H 20 (14) 

The (QH~C00C :,HY) 2H + was formed by the condensation 
reaction, but (CH_C00C,H7),H+ was net observed under 
experimental conditions employed. Then the rate 
constant of the consecutive condensation reaction 
obtained by a non-steady state method. The 
behavior of ion in the ionization chamber is treated 
as a function of delay time. The reaction observed 
in this system is written as follows; 

Ai + M — • sh + Nid ( i 5 ) 

kiDl + 
sh + M " T idi + N i j i ( 1 6 ) 

where At , st. , and it.-, are primary, secondary, 
and tertiary ion, respectively. The k. . and k, .-, 
are rate constants for the formation of secondary 
and tertiary ions, and M is a neutral molecule, 
st. is given by equation (17), 
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= k . . [ A + ] [ M ] - ^ [ S + J M (17) 
d t 

where t i s de lay t i m e . The pr imary ions A. a r e 

expressed as f o l l o w s ; 

. [A*] = [A+] 0 exp( - k ' i ; ] [M] t ) (18) 

where [At] and [Atj0 are the ion intensities of the 
ion A. at delay times t and zero, k. . and [M] are 
the sum of the rate constants for formation of all 
secondary ions and the concentration oi neutral 
molecule. Substituting equation (18) into 
equation (17), 

= ki.[A+][M]exp( - k' [Mjt) - k i ; j l[st ][M] (19) 
dt 

Integrating equation (19), and applying the boundary 
condition [st.]=0 at t=0, 

V A I ] r i 
[S^]= exp(- k^[M]t) - exp(- k^ 1[M]t) • (20) 

^idi kid 

where kl.-, is the sum of the rate consatnt for the 
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formation of all tertiary ions. Substituting 
equation (18) into equation (20), and expanding the 
exponential terms, 

[St.] 

U+] 
= k [M]t (21) 

Hence k.. can be obtained from the slope of a plot 
of the ratio [st.]/[At] against t. 

For k. --, it is assumed that the tertiary ion 
of reaction (16) does not react further. Thus, 
from the conservation of mass on the overall reaction, 

U*L- [Ap + *ij 
k. . 

13 

IB*} 
k' 

k. 
[ T i ^ 

ijl 
(22) 

Rearrangement equation (22), and substituting 
equation (18) into equation (22), 

[Ti,11] kij kijl 

[S+.J k^.k' 

UJ] [Aj] Ki 
[S* ]e*p<- k' [M]t) [S+,] k. 

(23) 

Substituting equation (21) into equation (23), and 
expanding, 
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t ^ ^AM* 
[st.] 131 1 - k' [M]t 

(24) 

Since k< .[M]t^ 1, 

^W Kn 
(25) 

Thus the rate constant of a tertiary ion is obtained 
from the slope of a plot of the ratio [it., ]/[st.] 
against t. 

Since CH,COOC,H„H is formed by concurrent 
reaction, equation (21) is expressed as follows; 

ICH 3COOC 3H 7H + = VCH^COOH+M* + k 2 I C H 3 C 0 + [ M ] t ( 2 6 ) 

Rearranging, 

ICH 3COOC 3E 7H + 

"'"CHCOOH* 
3 ^ 

k-jM] 
I C H , C O + 

J 

•'•GHjCOOHg 

k 0 [M] (27 ) 

CH^COOC,H^lf / lCH,COOH+ a g a i n s t t i s shown 
5 5 1 •> £ 

A plot of I 
in Pig.S, and a plot of equation (27) in Pig.10. 
From these plots, the rate constants (k l fk 2) are 
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0.07 

0.05 
+ C\J w o o o 
O 

+ 
£0.03 
o o o o 

to w o 

0 .01 

ICH^C0 + 

2_ 
ICH,COOH;!' 

1 .0 

0 .71 

0.44. 

0.37 

.0.35 

0 . 1 5 

F i g . 9 

J_ X 

0 . 2 0 . 4 

DELAY 

_L J_ ± 
0 . 6 0 . 8 1 .0 

TIME (LIS) 

1.2 

I C H , C 0 0 C , H 7 H + / I C H , C 0 0 H + V S * d e l a y t i m e ' 
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0.4 

DELAY 

P i g . 1 1 
t i m e . 

I (CH 3 C00C 3 H 7 ) 2 H + / I CH 3 C00C 3 H 7 H + v s * d e l a v 

f 
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obtained and listed in Tabxe 2. The rate 
constants of reactions (9,10; are obtained by a 
similar way and the rate constant of reaction (3) 
is obtained from Fig. 11 using equation (25). 
Similarly the rate constants for the product ions 
in n-propyl acetate-d, are obtained and are tabulated 
in Table 2. 

A large rate constant of reaction (1) is noted 
and would relate to the properties of the reactant 
ion (protonated acetic acide) of typical proton donor 
and the neutral molecule of large proton affinity. 

The protcn affinity of n-propyl acetate was 
found to be 207± 3 keal/mol by long and Munson. 
This value is comparable to that of ammonia and 
would'be the most largest among oxygen-containing 
molecules. 

Further reaction of the protonated dimer ion 
with a neutral molecule did not take place in this 

« 
system, which is different from the consecutive 
association reaction behavior observed in trioxane. 
It is known that n-propyl acetate does not polymerize 
by radiation or chemical catalyst. This is 
compatible with the results obtained in the 
ion-molecule reactions. The dimerization 
reaction of CH,C00C,H7H+ with n-propyl acetate 
occurs as follows; 
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Table 2. Ion-molecule rate constants. 

10 3 Reac t ion kxlO •cm molecule -v1 

CH-COOH* + CH 3COOC 3H 7 CH 3 C00C 3 H 7 H + + CHjGOOH 46.2 

CH 3CO + + CH,C00G,H„ »• CH_G00C,H^H + + CH oC0 
3 3 1 3 3 ( £ 

17 .3 

C H ' 3 C O O C 3 H 7 H + + CH-COOC-H,, - — * ( C H 3 C O O C 3 H 7 ) 2 H + 0.667 

C D J C O O H * + CD 3COOC 3H 7 *- CD 5 C00C 3 H 7 H + + CD3C00H 43 .3 

CD 5COOC 5H 7H + + CD 3 COOC 3 H 7 —*(CD 3 COOC 3 H 7 ) 2 H + 0.175 

CD 5 C0 + + CD 3 C00C' 3 H 7 • CD 3 COOC 3 H 7 D + + CD 2C0 16.0 

CD,COOC,H„D+ 

5 3 f + CD 3COOC 3H 7 «- ( C D 3 C O O C 3 H 7 ) 2 D + 0.570 

CH^OOHj + CH 3COOC 3H 7 — * CH 3COOC 3H 7CH 3CO + + HgO 0.235 

CD 3CO + + CH 3COOC 3H 7 — - CH 3COOC 3H 7CH 3CO + 1.70 

CD3COOH* + CD 3COOC 3H 7 — * C1> 3C0HCD 2C00C 3H 7 + HDO 0.221 

CD C 0 + + CD 3COOC 3H 7 > CD 3COOC 3H 7CD 3CO + 1.64 
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HO = C 0 = C HO—C — 0 = = C 

A N + 0 X — • 0 X 0 N (28) 

> H 2 > H 2 / C H 2 ' / C H 2 
H 2 < H 2 C \ H 2 < H 2 C \ 

^ C H 3 • . ^ C H 3
 X C H 3 ^CH 3 

The carboxyl group site in n-propyl acetate molecule 
plays an important role in the condensation reaction. 
The steric hindrance effect of the propyl group for 
the reaction of protonated dimer ion with neutral 
molecule can not be negligible. It is known that 
the molecular ions of ester molecules adopt a 
bent structure or cyclic structure with increasing 
length of their alkyl chains. 
The acetylated ion (CH3.C00C3H7CH3C0+) results from 
the reaction of CE,CO+ and CK^COOH* with n-propyl 
acetate. The CH,CO+ ions are generated from 
oxygen-containing molecules such as ethylene oxide 
and acetaldehyde by electron impact fragmentation. 
But in ethylene oxide and acetaldehyde, acetylated 
ion was not observed. The condensation and proton 
transfer reaction by CH,CO+ in acetone has been studied 

16 by Sieck and Ausloos. The proton affinity of 
acetone is relatively large(202jr2 kcal mol" ). 4 

Thus, the proton affinities 
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of both n-propyl acetate and acetone are larger 
17 than those of ethylene oxide and acetaldehyde. 

Therefore, it is presumed that the reaction of 
CH,CO+ with neutral molecule depends on the magnitude 
of the proton affinity of the neutral molecule. 

6.3.2 n-Propyl Formate 
The fragment ions from n-propyl formate are 

CH 30 +, C3Hg , 02H^ , CHO+ , G^ , and CjH* among 
which CH,0 + and C,Hg are prominent ions. The 
variation in the ion intensities of the fragment 
and product ions with delay time at a number density 

12 -^ 
of 7.46 x 10 molecules cm •* and at 70 eV is shown 
in Figs. 12 and 13. The decrease of the ion 
intensities of both GH,0+ and C-RV with increasing 
delay time is remarkable when compared with those 
of other fragment ions. The decrease was mainly 
due to a mass discrimination effect though part of 
the ions was lost by ion-molecule reactions. 
As the delay time is increased, the ion intensities 
of m/e r9(HCOOC 5H 7H +), 101(HOOOC5H7CH+), 117 
(HC00C_H7CH0+), 129(HC00C5H7CH2CHCH2), and 177 
((HC00C,H7)2H+) increase(Fig.l3). Among these 
product ions, the protonated molecular ion(HCC0C_H7H+) 
was the most intense ion. Confirmation of the 
formation mechanism and the possible structures of 
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150 

Fig.12 Delay time dependence of fragment ions 
in n-propyl formate. 

A: 
CH 30 + 

CpH-
A: C^Hg o: C ^ and CH0 + 

a: C^H* 
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DELAY TIME (|is) 
Fig.13 Delay time dependence of product ions 
in n-propyl formate. 

•: HCOOC5H7H+(xl/lO) A : HCOOC3H7CH+(xlO) 
D: H C O O C 3 H 7 C H O + ( X 5 0 ) O : ( H C 0 0 C 3 H 7 ) 2 H + ( X 2 0 ) 
A: HCOOC3H7CH2CHCH+ 
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the product ions was made from the study using 
n-propyl formate-d. The variation in the ion 
intensities of the fragment and product ions in 
n-propyl formate-d is shown in Sigs. 14 - 16 in 
which the distribution of isotopic product ions is 
observed. Pigs. 14 -16 were obtained under the 
same conditions as for unlabeled n-propyl formate. 
The variation of the ion intensities of (HC00C^H7)?H+, 
(BC00C 3H 7) 2H +, and (DCOOCUH^D"1" with the sample 
pressure show third order dependence , and other 
product ions show second order dependence. 

CHpOH+( or GH^O +), one of the intense fragment 
ions from n-prpyl formate, reacts with the neutral 
molecule to form HCOOC^H"1", HCOOC^CH"*", and 
HCOOCUH7CHO+; 

CH 20H + + HCOOC 3H 7 HCOOC 3H 7GH 2OH 
m/e 119 

+* 

HCOOC 3H 7H + + 
m/e 89 

3 7 
m/e 101 

»-?• HCOOC3H7CHOH 

m/e 117 

CH 20 (29) 

H 2 0 (30) 

H ? (31) 

In regard to these reactions by CH„0H+, the 
distribution of isotopic product ions in n-prpyl 
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Pig.14 Delay time dependence of fragment and 
product ions in n-propyl formate-d. 
• : CH2D(y 
O: C2 H5 

C3 H6 A: °2H5 D: C3 H5 
DCOOC3H7H+(x50) 0: DCOOC5H7D+(x5a) 
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0.5 
DELAY 

1.0 1.5 
TIME (us) 

2.0 

Fig.15 Delay time dependence of product ions in 
n-propyl formate-d. 

•: DC00C 3H 7CH + o: DCOOC5H7CDO+(x5) 
A: DCOOC5H7CHDO+(x5) 
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Fig.16 Delay time dependence of product ions 
in n-propyl formate-d. 

•: (DCOOC3H7)2H+(xlO) o: (DCOOC5H7)2D+(xlO) 
A: HCOOC3H7CH2CHCH2(x2) * : DCOOC^CHgCHCHg^) 
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formate-d suggests that the following condensation-
elimination reactions occur; 

+* 

CH 2=0-D + + DCOOC 3H 7' 
0CH o0D II 2 

D-C-OCH2CH2CH5 

m/e 121 

0H T 

-D-C-OCH2CH2CH3 + CHDO 
m/e 90 

0D + 

H 
D-C-OCH2CH2CH5 + CH 20 
m/e 91 

0CH+ 

N 
-> D-C-OCH2CH2CH3 + HDO 

m/e 102 

0CD0+ 

•» D-C-OCH2CH2CH3 + H 2 

m/e 119 

0CHD0T 

•D-C-OCH2CH2CH3 + H 

(32) 

(33) 

(34) 

(35) 

(36) 
m/e 120 

It is known that CH 20H + from n-propyl formate is 
7 

produced via a rearrangement process; 

H-CfO-CH 2icH 2-CH 3—* CH 20H + + CO + C9H^ (37) e; '2"5 
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The main driving force for this rearrangement seems 
to be the stability of the hydroxy oxonium ion and 
the CO produced. Shakey et al. showed that 
the rearrangement ion CH,0 , presumably having in 
the mass spectra of methyl, ethyl, and n-prpyl 
formate. Thus the oxonium ion structure of 
CH2=0-D+ for CH 2DO + from n-propyl formate-d is 
reasonable. The ion at m/e 31 from n-propyl 
formate-d was less abundant, i.e., the ion intensity 

ratio I m / e 3 1 ( C H 2 O H + a n d / o r CKDO+)/m/e 32(CH 2OD +f ? 0 , 1* 
In n-propyl formate-d, the formation of DCOOC,H7D+ 

predominantes as compared with that of DCOOCUH^D*, 
as can be seen in Fig.14. The rate constant 
for DCOOC^H7H+ formation is larger than that for 
DC00CUH7D+, as shown in Table 3. Other ions 
such as C,Hg are thought to be the precursors 
leading to the formation of DC00C,H7H+. However 
the contribution of those ions was less than that 
of CH„OD+ as described later. therefore the 
difference in the rate constants between both 
reactions (32) and (33) will give me information 
of interest for the proton and deuteron transfer 
reactions by CHpOD. The bond dissociation 
energies of D(H-0HOD+) and D(CH20-D+) are; 
D(H-CH0D+)*toD(H-CH20H)=9618 and D(CH20-D+)«D(CH30-H) 
=88 -̂ kcal mol . Thus the bond dissociation 
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Table 3. Ion-molecule reaction rate constants in n-propyl formate and n-propyl 
formate-d. 

Reaction . kxlO cnrmolecule" s~ 

CH 20H + + HCOOC3H7 * HCOOC^H 4 + CHgO 158 . 
• HCOOC 5H 7CH + + H 20 1.25 
•> HCOOC3H7CHO+ + H 2 0.146 

CHgCHCHl" + HCOOG-H^ • H C O O C ^ H * + C ^ 3 1 . 0 

- HCOOC^CHgCHCH* + ,. H 0 . 6 5 

HC00C 3 H 7 H + + H000C 3 H 7 ( H C 0 0 C 3 H 7 ) 2 H + 8 . 6 0 g 

CH 2 0D + + DCOOC3H7 *• DC00C 3 H 7 H + + CHDO 8 3 . 2 
P- DC00C 3 H 7 D + + CH„0 6 5 . 0 

+ CHDO 
+ CH 2 0 

+ EDO 
+ H 2 

" DC00C 3 H 7 CH + + HDO 1 . 1 3 
— f DCOOC3H7CDO+ + H 2 0 . 1 2 1 

> DCOOC3H7CDHO+ + H 0 . 0 5 2 

CHgCHCHt + DCOOC3H7 —*- DCOOC 3H 7H + + C ^ 2 8 . 4 
HCOOC-E^CHgCHCHl" + D 0 . 3 3 

J^HryCHgCHCHo DCOOC,H„CH0CHCH!; + H 0.31 

DC00C 3H 7H + + DCOOC3H7 • (DC00C 3H 7) 2H + 6.67 

DG00C 3H 7D + + DC00Q3H7 »> ( D C O O C ^ ) ^ 2.02 
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energy of D(H-CHOD+) is greater than tnat of 
D(CH ?0-D +). The difference in the rate constants 
between both reactions (32) and (33) could not be 
explained by bond dissociation energy differences. 
Accordingly the existence of some ion having 
CHD=0-H+ structure is thought possible. 

The condensation-elimination reactions (35) 
and (36) involve the elimination of a hydrogen 
molecule in the intermediate-complex, DCOOCUH-CHpOD? 
for which the rate constants are smaller than that 
for reaction (34) allowed by the elimination of a water 
molecule(Table 3). Though the variation of the 
ion intensity of the Complex with delay time is 
not shown in Figs. 12 -16, the slight increase of 
the ion intensity at m/e 121 with increasing delay 
time was observed, and its pressure dependence was 
second order. The complex formation reaction, 
in which CHpOD attaches to the carbonyl oxygen 
atom, is favored. After formation of the complex, 
retention of internal excitation in the complex 
leads to further dissociation, forming the product 
ions. The elimination of the neutral molecule 
(formaldehyde, water, and hydrogen) in the complex 
would take place at the carbonyl oxygen atom site 
to which CH 2OD + attaches. This elimination is 
a homo-elimination mechanism. The product ions 

- 3 0 9 -



JAERI-M9336 

resulting from the condensation-elimination reactions 
by CH„0D+ have an oxonium ion structure. Prom 
the structures of the product ions it is proposed 
that the positive charge in the complex is localized 
at the oxygen atom site and that extensive scrambling 
does not take place. This behavior of the complex 
formed in the reaction of CH 2OH + with n-propyl 
formate resembles that formed in acetaldehyde -
trioxane mixtures. But it is different from the 
charge-delocalized complex formed in ethylene oxide -
trioxane mixtures. The rate constant of the 
proton transfer reaction of CHpOH+ in n-propyl formate 
is considerably smaller than that of CH^COOHp, in 
n-propyl acetate. The proton affinities of 
n-propyl formate and n-propyl acetate are 198±3 
and 20713 kcal mol" , respectively. Thus both 
values ar.e seen to be comparable to each other. 
Therefore the difference in the rate constants 
between both systems would be attributable to the 
proton donor activity of the reactant ions. 

The carbonium ion, CHpCHCHJ (or C,Hg), reacts 
with the neutral molecule to form HC00C,H7H+ and 
HC00C3H7CH2CHCH"2 as follows; 

CHgCHCH* + HCOOCJEJ 5. HCOOC^CHgCHCH** 
m/e 130 
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-»-HCOOC3H7H+ + C 3H 5 

m/e 89 
L*HCOOC3H7CH2CHCH2" + 

m/e 129 
H 

(38) -»-HCOOC3H7H+ + C 3H 5 

m/e 89 
L*HCOOC3H7CH2CHCH2" + 

m/e 129 
H (39) 

The product ions in n-propyl formate-d corresponding 
to HC00C,iI7H+ and HC00C^H7CH„CHCH^ are DCOOC,H7H+, 'Tl W"r 
HC00C3H7CH2CHCH3, and DCOOC^CB^CHCHg • 
ions result from the following condensation-
elimination reactions; 

'3"T 
These 

CH2=CH-CH3 + DC00C3H7—*DC00C^H7 CH 2CH 
m/e 131 

0H + 

II r->. D-C-OCH 2CH 2CH 3 

m/e 90 
+ CzHr-

3 P 

0CH oCHCH^ 
II 2 2 

h TT n new PTT fir + D + D 
m/e 129 

•• 
0CHoCHCH* II 2 2 

L-*- D-C-0CH oCH oCH, 2 2 5 + H 

T + * 

(40) 

(41) 

(42) 
m/e 130 

The intermediate-complex, DC00C5H7CH2CHCH**, is 
formed in low abundance, though the ion intensity 
at m/e 131 is not shown in Pigs. 12 - 16. 
The pressure dependence of DC00C,H7CH2CHCH2 was of 
order about 2.3 > suggesting that part of this ion 
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results from a third order reaction. The rate 
constant of the proton transfer reaction of CH2CHCH-, 
is smaller than that of CHpOH+ as seen in Table 3. 
So it is aparent that the proton donor activity of 
an oxonium ion such as CH?OH is greater than that 
of a carbomium ion such as CH^CHCHt. 

A further reaction of HCOOC^H"1" with the 
neutral molecule was observed. The pressure 
dependence of the (HCOOC,E7)2H+ formed was third 
order, indicating that this ion results from the 
following dimerization reaction without a third 
body collision; 

HCOOC 3H 7H + + HCOOC3H7 »(HCOOC 3H 7) 2H + 

m/e 177 
(43) 

Similarly in n-propyl formate-d, (DC00C 3H 7) 2H + and 
(DCOOC 5H 7) 2D + are formed as follows; 

DCOOC 3H 7H + + DCOOC3H7 >(DCOOC 3H 7) 2H + 

m/e 179 

DCOOC 3H 7D + + DCOOC3H7 > (DCOOC 3 H 7 ) 2 D + 

m/e 180 

(44) 

(45) 

The rate constants of these dimerization reactions, 
which are obtained by a similar way with those in 
n-propyl acetate, are given in Table 3. The 
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rate constant of reaction (44) is somewhat larger 
than that of reaction (45) for which the usual 
isotope effect can be seen. The consecutive 
reaction of (HC00C,H7)2H+ with the neutral molecule 
was not observed. This observation in n-propyl 
formate is similar to that in n-propyl acetate; 
in addition, the rate constant of the dimerization 
reaction (43) is comparable with the values obtained 
in n-propyl acetate. 

6.3-3 n-Propyl Acetate - Acetaldehyde Mixtures 
The variation of the intensities of the fragment 

and product ions with delay time in a 1:1 mixture 
of n-propyl acetate and acetaldehyde is shown in 
Pig.17. The ion intensities of CEUCOOC^H*, 
CH,CH0H+, CH3CHOCH5CO+, and CHJCOOCJH-CHJCO"1" increased 
with increasing delay time. The variation of 
the intensities of the major fragment and product 
ions with delay time in n-propyl acetate -
acetaldehyde-d, mixtures is shown in Pig.18. 
As new product ions, CH,C00C3H7D+, CD̂ CDOH"1", 
CD 3CD0CH 3C0 +, and CD3COCH3COH+ were formed. These 
ions were first order on the pressure of n-propyl 
acetate and acetaldehyde-d., indicating that these 
ions result from a cross-reaction in the mixtures. 

The ionization efficiency curves of major 
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150 

giooh-

H 50 

Fig.17 Delay time dependence of major fragment 
and product ions in n-propyl acetate - acetaldehyde 
mixtures. 

n: CH3C00H£(xl/3) •: CE3C0+(xl/9) Q: CH3CH0+(xl/2) 
•: CH 3COOC 3H 7E + o: CH3CHOCH3CO+(xlO) 
A : CH3CH0H A : CH 3 COOC 3 E,CH 3 CO + (xlO) 
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150 • 1 1 1 1 r 

0 0.2 0 .4 0 .6 0 .8 1.0 1.2 

DELAY TIME (|is) 

Pig.18 Delay time dependence of major fragment and 
product ions in n-propyl acetate - acetaldehyde-d. 
mixtures. * 
+: CH3C00Hj(xl/3) D: CH3C0+(xl/9) •: CD,C0+ 

A : CD3CD0+(xl/2) $: CHjCOOC^D+CxlO) 
•: CD5CDOCH3CO+(xlO) »: CH 5COOC 3H 7H + 

O: CD3CD0D+
 B : CD3CD0H+ A : CH3COOC3H7CH3CO+(xlO) 

v: CD,C0CH,,C0H+(xl00) 
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fragment and product ions in n-propyl acetate -
acetaldehyde-d. mixtures at 1.0 ILIS are shown in 
Figs. 19 and 20. The onsets of the ionization 
efficiency curves of CD:,CD0H+ and CD,CD0H+ agreed 
with that of CH.-.C00H*. In addition the break 
points in the ionization efficiency curves of 
CD,CD0H+ and CD,CD0CH.,C0+ agreed with the onset of 
the ionization efficiency curve of CEUCO"1". The 
onsets of the ionization efficiency curves of 
CELCOOH* and CD3C0CH3C0H+ agreed with each other. 
The onset of the ionization efficiency curve of 
CH-COOC-ELD'*" agrees not only with that of CIUCDO* 
hut the break point in the ionization efficiency 
curve of CH^COOC^H^D agreed also with the onsets 
of the ionization efficiecy curves of CD.,C0+ and 
CD0+(Pig.20). The onset and break point in the 
ionization efficiency curve of CD.,CD0CH,C0+ agreed 
with that of the curve of CD^CDOt 

Prom the results of the ionization efficiency 
curve measurements it is found that CH^COOHp 
undergos the condensation-elimination reactions 
(46) - (48) forming CD3CD0H+, CD3CDOCH3CO+, and 
CD,C0CH,C0H+. 

0 5 
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10.0 11.0 
ELECTRON 

12.0 13.0 
ENERGY 

14.0 15.0 
(eV) 

16.0 

19 Ionization efficiency curves of major fragment 
product ions in n-propyl acetate - acetaldehyde mixtures 
A: CH^COOHo B: CH^CO 3 2 3 
D: CD,CD0CH,C0+ 

3 3 
CD,CD0lf 

E: dUCOCH-.COH' 3 3 



oo 
I 

10.0 11.0 
ELECTRON 

12.0 13.0 
ENERGY 

14.0 
(eV) 

16.0 

Fig.20 Ionization efficiency curves of major fragment ' -
and product ions in n-propyl acetate - acetaldehyde-d. mixtures. 

> m 
S 
7 
S 

CDjCDO B ci^co"1 CDO"1 D CH^COOC^H^D 
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OH OH-
CH 3C=OH + + CD^CDO > CH,C=OH— CD~CDO+ 

5 5 2 
D 

r* CD=C=OH+ 

D 
1 

+ CH^COOH (46) 

t fn—p—n n rt + H 2 0 (47) 3 i + H 2 0 (47) 
CH, 

0 3 

Lj. CD^C-C=OH 3 i + HDO (48) 
CH, 

.•/-" 

From the possible structures of the product ions 
resulting from reactions (46) - (48), which involve 
the elimination of a acetic acid or water, following 
intermediate-complex structure (I) is proposed, 

: D rOH; 
CD5-C—0—-C —O-f-H 3 i 

L 
CH, 

(I) 

In the complex structure (I), the dissociation 
channels (A) and (B) lead to the formation of 
CD,CDOCH,CO+ and CD,COCH,COH+, in which H o0 and HDO 
respectively, are eliminated. The formation of 
CD,CDOCH_CO+ corresponds to homo-elimination 3 o 
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mechanism ( a water molecule is eliminated from the 
reactant ion only ) and that of CD-5COCH,COH+ to a 
cross-elimination mechanism ( a water molecule is 
eliminated from both reactant ion and neutral 
molecule ). As given in Table 4> the rate constant 
for CD,CD0CH,C0+ was considerably larger than that 
for CD.,COCH,COH+, indicating that in the dissociation 
channel (A) H ?0 molecule can be eliminated easily, 

CH^CO+ from n-propyl acetate reacts with 
acetaldehyde-d. to form CD^CDOH+ and CD^CDOCH,CO+ 

4 t> 5 5 

N+* 

as f o l l o w s ; 

CH,CO+ + CD~CD0 * 
3 3 

CDJCDOCEJC 

s nr\ pnnrr^" i CH2CO 1 3 CH2CO 

- ^ PT( PTincw p n + 

' ? \j}J.z\jU\J\jlX'y\>\J 

(49) 

(50) 

The rate constants of the proton and acetyl ion 
transfer reactions by CH,C00Hp and CH_C0+ from 
n-propyl acetate are summarized in Table 4. 
As shown in Eig.18, the ion intensity of 
CH,C00C,H7CH.,C0+ increases with increasing' delay 
time. This ion results from the 
condensation-elimination reactions(9) and (10) involving 
CH-COOH* and CH-CC* in n-propyl acetate itself. 
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Table 4. Ion-molecule reac t ion r a t e constants in n-propyl - acetaldehyde 
(or acetaldehyde-d.) mixtures . 

Reaction kxlO 1 0 cnrmolecule s 
CHjCOOH* + CH3CHO — • CH3CHOH+ + CH ,C00H 3 24.3 

• CH3CHOCH3CO+ + H 2 0 8.42 
CH C0 + + CH,CHO »• CH,CHOH+ + CH 

3 3 
2co 7.14 

CH,CH0+ 

3 + CH 3COOC 3H 7 >• CH 3C00C 3H 7H + + CH3CO 11.8 
CH 3C0 + + CH 3COOC 3H 7 —*• CH 3COOC 3H 7H + + CH2CO 2.53 
CHO+ + CH 3COOC 3H 7 — * CH 3COOC 3H 7H + + CO 15.0 
CHgCOOHj + CT^CDO * CD3CDOH+ + CH 3 COOH 21.2 

*• CD 3CDOCH 3CO + + H 20 7.80 
• CD3COCH3COH+ + EDO 0.19 

CE,CO+ 

3 + CD3CDO •CDjCDOH* + 
* CD,CDOCH,CO+ 

3 3 

CD 2 CO 6.75 
0.11 

CD_CDO+ + CH 3COOC 3H 7 • CH 3COOC 3H 7D + + CD3CO 11.6 
CD 3CO + + CH3C OOC 3H ? *• CH3C 00C 3 H 7 D + + CD2CO 2.32' 
CDO+ + CH 3C00C 3H 7 — » CH 3C00C 3H 7D + + CO 14.2 

> 
a 
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As can be seen in Fig.17, the formation of 
CH_CHOCH,CO+ predominated as compared with that of 
CH^COOC^HrjCEUCOt In fact, the rate constants 
for the formation of CH3CHOCH3CO+ was larger than 
for CH COOC 3H 7CH 5CO + by a factor of about four. 
On the other hand, CEUC00CUH7H+ in n-propyl aceta'te 
was formed by reactions (1) and (2). 
In n-propyl acetate - acetaldehyde mixtures, 
protonated acetaldehyde ( cross-reaction product 
ion ) is formed by reactions (51) and (52), and 
their rate constants were smaller than the rate 
constants of reactions (1) and (2). 

CH,C00H2 + CH 3CHO^»CH 3CHOH + + CH^COOH (51) 

CH 3CO + + CH-CHO—>CH5CHOH+ + CH2CO (52) 

The ionization efficiency curve measurements 
of CH 3COOC 3H 7D +, CD 3CDO +, and CDO + confirmed that 
CH3C00C,H7D+ is formed by the following reactions; 

CD 3CD0 + + CH 3COOC 3H 7—»CH 3COOC 3H 7D + + CIUCO (53) 

CD 3CO + + CH 3COOC 3H 7—»-CH 3COOC 3H 7D + + CDgCO (54) 

CDO+ + CH 3COOC 3H 7—^.CH 3COOC 3H 7D + + CO (55) 
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Analogously, in n-propyl acetate - acetaldehyde 
mixtures, reactions (56) and (57) occur; 

CH 3CH0 + + CH 3C00C 5H 7 ̂ CH 3COOC 3H 7H + + CR^CO (56) 

CH 3CO + + CH COOC 3H 7 —*CH 3COOC 3H 7H + + CHgCO (s7) 

CHO+ +• CH 3COOC 3H 7 —»CH 3COOC 3H 7H + + GO (53) 

The rate constants of reactions (56) and (57) are 
smaller than those of reactions (l) and (2) (Table 4). 
Though it is shown that CHO+ from acetaldehyde is 
the lowest internal energy ion among CHO+ ions from 
various oxygen-containing molecules and is a proton 
doner 'agent, the rate constant of reaction (58) 
was smaller than that of reaction (1). This 
suggests that the proton donor activity of CH^GOOHp 
is greater than that of CHOt The rate constant 
of reaction (2) is larger than that of reaction (57) 
Thus CH,CO+ from n-propyl acetate appeared to be a 
highly reactive ion in comparison with that from 
acetaldehyde. The low reactivity of CH,CO+frora 
acetaldehyde observed in this work is consistent 
with the results reported by Blair and Harrison. 
Acetyl ion transfer reaction of CH.,CHO+ or CH,CO+ 

from acetaldehyde with n-propyl acetate was not 
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observed in n-propyl acetate - acetaldehyde mixtures. 
The proton affinity of n-propyl acetate is larger 
than that of e.cetaldehyde; PACCIUCOOCUH,,) = 207±3 
and PA(CH-CHO) = 1S5±2 kcal mol" 1. 1 4 

Furthermore, it is presumed that the polarizability 
of n-propyl acetate is larger than that of 
acetaldehyde. Accordingly, the non-occurrance 
of the acetyl ion transfer reaction by CH,CHO+ and 
CH_CO+ from acetaldehyde in the mixture can be 
correlated strongly with their low reactivities 
as acetylating agent. 

6.3.4. Inverse Isotope Effect in the Ion-Molecule 
Dimerization Reactions of Protonated Propyl Acetate 
Ions 

The variation of the ion intansities of major 
fragment and product ions with delay time in 
iso-propyl acetate-d, at a number density of 
2.55 x 1 0 1 5 molecules cm"5 ( 7.55 x lO-4.torr) is 
shown in Fig.21. The major product ions were 
CD 3COOC 3H 7H +, CD5COOC,H7D+, (CD 3COOC 3H 7) 2H +, 
and (CD 3C00C 3H 7) 2D +. The ionization efficiency 
curves of the fragment and product ions were measured 
to determine the precursors of the product ions. 
The ionization efficiency curves of the fragment 
and product ions are shown in Figs. 22 and 23. 
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150 , , f 

BELAY TIME (fxs) 

P i g . 2 1 D e l a y t i m e d e p e n d e n c e of m a j o r 
f r a g m e n t and p r o d u c t i o n s i n i s o - p r o p y l 
a c e t a t e - d , . 

• : CD 5COOH^(x2) A : CD 5 C0 + • : CD 3 COOC 3 H 7 H + (x20) 
O : CD 3 COOC 3 H 7 D + (x20) • : ( C D 3 C 0 0 C 5 H 7 ) 2 D + ( x 2 0 0 0 ) 
A : ( C D 3 C 0 0 C 3 H 7 ) 2 H + ( x 2 0 0 0 ) 
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1 0 . 0 1 1 . 0 1 2 . 0 1 3 . 0 1 4 . 0 

EUECTRON ENERGY (eV) 

15.0 

Pig.22 Ionization efficiency curves of 
CD^COOH*^) and CD.,C0+(o) in iso-propyl acetate-d,. 
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The appearance potentials of CD^COOHt and CD,CO+were 
found to be 10.6liC.15 and 11.2410.05 eV, respectively. 
The onsets of the ionization efficiency curves of 
CD,C00C3H7H+ and (CD5C00C,H7)2H+ agreed with that 
of CD,C00Hj, and also those of CD̂ COOC-sĤ D"1" and 
(CD 3C00C 3H 7) 2D + v/ith that of CD̂ CO"1". 

The variation of the ion intensities of the 
product' ions with the sample pressure is shown in 
Pig.24. The ion intensities of CD3C00C.,K7H+ 

and CD^COOCJ37D+ were second order with respect to 
the pressure, and those of (CD-COOC^H,,) H + and 
(CD,,C00C,H7)2D+ third order. The ion intensity 

ratios (I C D cOOC 3H 7H +/ I(CD 3COOC 5H 7) 2H + 

a n d ICD 3COOC 3H 7D + / l(CD 3COOC 3H 7) 2D +) a r e f i r s t o r d e r 

with respect to the pressure, indicating that the 
dimerization reactions proceed via a bimolecular 
reaction mechanism without a third body collision. 
Prom these results, it was confirmed that the product 
ions are formed by the following reactions; 

CD3C00H2 + iso-CD3COOC3H7 —»»CD3COOC3H7H+ + CD COOH(59) 

CD 3C0 + + iso-CD 3COOC 3H 7—*CD 3COOC 3H 7D + + CD2C0 (60) 

CD 3COOC 3H 7H + + i3o-CD 3C00C 3H 7—>(CD 3COOC 3H 7) 2H + • ( 6 1) 
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Fig.24 Pressure dependence of product ions 
in iso-propyl acetate-d_. 

D: CD_C00C,H„H", : (OD3COOC3H7)2H+ 

'3—3-7 _ „ . _ 
O: CD^COOCjHyD* •: (CD3C00C3H7)2D+ 
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CD3COOC,H7B+ + iso-CD3COOC3H7—>-(CD COOC 3H 7) 2D + (62) 

In Pig. 21, the ion intensity ratios, 
ICD 3C 00C 3H 7r + / / lCD 3G 00C 3 H ? H + 

a n d I(CD 3COOC 3H 7) 2D + / l(CD 3COOC 3H 7) 2H + ' a t 1 , 0 u s 

were 1.25 and 2.30 , respectively. Similarly, 
these ion intensity ratios in n-propyl acetate-d., 
were 1.28 and 5.78, respectively. The rate 
constants of reactions (59) - (62) were obtained 
by the same way as in n-propyl acetate, i.e., 
k 5 g=41.1, k 6 Q=14.6, k61=0.l60, 
and kg2=0.533 x 10" cnr molecule" s~ . Here, 
the rate constant ratios for the dimerization 
reactions in n- and iso-propyl acetate-d_ are : 

3 

—4i= —2-= 0.307 (63) 
k45 kD 

k61 k H = 0.333 (64) 
k62 k D 

Thus, the inverse isotope effect in the dimerization. 
reactions of both systems were observed, that is, 
the values of k H/k D were smaller than unity. 

In n- and iso-propyl acetate-d.,, the effects 
of delay time, added inert gas, and ion accelerating 
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potential on the ion intensity ratios are shown- in 
Pigs. 25-27. The ion intensity ratios in both 
systems did not vary with increasing delay time. 
Moreover, since the ion intensity ratio of 
CD_COOC 3H 7H + to CD 3COOC 3H 7D + do not vary with 
increasing delay time, a reaction such as a 

?1 symmetric protor. transfer does not occur. 
As can be seen in Pig.26, the addition of inert gas 
did not effect the ^ _ itensity ratios of the 
product ions and so the differences observed for 
the labelled analogues cannot be interpreted in 
terms of intrinsic lifetime of the intermediate 

21 complex. The magnitude of the isotope effect 
in the dimerizf.tion reactions of n-propyl acetate-d, 
is slightly smaller than that of iso-propyl 

In both systems, trimor ions were 
not observed under the experimental conditions 
studied. For the dimerization reactions in both 
systems, the following the intermediate complexes 
are proposed; 

acetate-d.,. 

OH 
CD,-C-0-R 3 | 0 
CD 3-C-0-R 

+* OD I CD 3-C-0-R 
0 

CD x-C-0-R 

+* 
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DELAY TIME (us) 
Pig.25 Effect of delay time on the ion intensity 
ratios of product ions in n- and iso-pr,opyl acetate-d_. 
n-propyl acetate-d„ 

• : ICD 3COOC 3H TD +/ ICD 3COOC 3H 7H + 

° : I(CD 5CO0C 3H 7) 2D +/ I(CD 3COOC 3H 7) 2H + 

iso-propyl acetate-d., 
* : ICD 3COOC 3H 7]) + /' ICD 3COOC 3H 7H + 

A : I(CD 3C00C 3H 7) 2D +/ T(CD 3C00C 3H 7) 2H + 
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=2.50x10 molecules cm -- 5 
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where R is -CH 2CH ?CH 3 or -CH 2(0H_) 2. The 
stability of these complexes is depended on the 
sturucture of the propyl group( R ) and their 
electronic energy states. These complexes formed 
in both systems are readily provided to the stable 
dimer ions without dissociation, but it is presumed 
that the steric hindrance effect of the propyl group 
for the ion-molecule trimerization reactions cannot 
be negligible. 

It is predicted that the inverse isotope effect 
in the dimerization reactions is correlated to the 
electronic energy state of the complexes of which 
the internal energy is pumped from the reactant 
ions. A fragment ion generated by simple bond 
cleavage process has substantially higher excess 
energies than ion by rearrangement process. 
CD^COOHt reading to the formation of protonated 
molecular ion is a rearrangement fragment ion from 
n-propyl acetate-d_ and its translational energy 
would be lower than the value(0.14 eV) of CD,C0t 
The CD,C0+ having high energies leads to the 
formation of excited CD,COOC,H„D+ , part of which 
would be dissociated to other products. However, 
most of CD,.C00C.,Hr7D+ reacts with the nutral molecule 3 3 I 
to from (CD_COOC5H7)2D+ through the complex (I). 
The excess internal energies of CD C00C,H7D+ would 
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become the driving force of tne dimerization 
. reaction. It is, therefore, thought that the 
dimerization reactions involving CD,C00CUH,7H+ and 
CD^C00C-,H7D in n- and iso-propyl acetate-d, are 
somewhat endothermic. With regard to this it 
is interesting to note here that the dimerizaticn 
reactions observed in both systems result in a 
bimolecular reaction mechanism. This was 
entirely different from the exothermic dimeriaation 
reaction observed in trioxane, which results in a 
high order reaction mechanism. The rate constants 
of the dimerization reactions in n- and iso-propyl 
acetate-d, are smaller than that cf the trimerization 
reaction in trioxane, and suggests that the 
ion-m61ecule consecutive reactions in both systems 
appear to be inactive energetically. Thus it is 
plausible to present that the inverse isotope in 
the dimerization reactions in n- and iso-propyl 
acetate-d, is due to the differences of the internal 
energies of their endothermic reaction processes. 
That is, it is noted that the rate constants of the 
dimerization reactions (45) ana (62) by energy-rich 
deuterated molecular ions become somewhat large as 
compared with those of the reactions (44) and (61) 
by energy-poor protonated molecular ions. 

In n- and iso-prcpyl acetate-d,,, no observation 
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of the trimer ions under the experimental conditions 
studied was in agreement with the behaviour observed 
in the case of ion-molecule reactions of n-propyl 
formate. However, the isotope effect in the 
dimerization reactions of. n-propyl formate-d was 
greater than unity, which is the normal isotope 
effect. The difference in the isotope effects 
between acetate and formate esters could be related 
to the reaction mechanism and/or the molecule 
structure. As described above, 
protonated and deuterated molecular ions observed 
in n-propyl formate-d resulted mainly from the 
proton and deuteron transfer reactions involving 
the same precursor(CH,-,DO+) , in contrast with the 
case of n- and iso-propyl acetate-d_. Accordingly, 
it is evident, that the dimerization reactions in 
n-propyl formate-d proceed through the complexes 
with the same energetical state, and so the normal 
isotope effect in their reactions is likely. 
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6.4 Summary 

The appearance potentials and ionization efficiency 
curves of the fragment ions from n-propyl acetate were 
measured and the fine structures in the curves v/ere clarified. 
In n- and iso-propyl acetate, the protonated molecular icns . 
resulted from the proton transfer reactions of CH^COOHp 
and CH^CC ions the molecules, and the protonated dimer 
ions from the ion-molecule dimerization reactions of the 
protonated molecular ions with the molecules without a 
third body collision. In the proton transfer reaction 
by CH^COOHg, the transfer of the carboxyl group proton 
predominates as compared with that of the acetyl group 
proton. The acetylated molecular ions were formed "by 
the condensation(addition) and condensation-elimination 
reactions, and the condensation-elimination reaction involving 
CH^CQOH? is via a cross-elimination mechanism which eliminates 
a water molecule. In n-propyl formate, CHpOH+and CHpCHCHt 
react with the molecule to form HCOOC^H"1", HCOOC,H7CH+, 
HCOOC3H7CHO+, and HCOOCJE^CHgCHCH*. These product ions 
are formed by the dissociation of the intermediate-complex 
in which extensive scrambling does not take place. The 
rate constant of the proton transfer reaction by CHpOH4" 
is larger than that by CHpCHCH*, and thus it was found that 
the proton donor activity of an oxonium ion such as CH2OH 
is greater than that of a carbonium ion such as CH2CHCHt. 
In n-propyl acetate - acetaldehyde mixtures, CH,CHOH+, 
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CH,COOC_H„H+. and CH,CHOCH,CO are formed as cross-reaction 3 3 7 3 3 
product ions. CH^COOH* and CHjCO"1" from n-propyl acetate 
undergo proton and acetyl ion transfer reactions in which 
CIUCOOH* leads to the formation of CH,CH0CH,,C0+ by 3 ^ J •> 

condensation-elimination. The rate constants for the 
formation of CH5CHOCH3CO+ by both CH^COOH* and CH 5CO + from • 
n-propyl acetate were larger than those for CH,C00C,H7CH,C0+ 

by a factor of four. CH„.CHO+ and CH,CO+ from acetaldehyde 
did not participate in the acetyl ion transfer reaction 
leading to the formation of CH,COOC,H^CH,CO+ owing to their 
low reactivities as acetylating agent. In the cross-
proton transfer reactions involving CHO + and CH^CGGHJ, it 
was elucidated that the proton donor activity of CH^COOHp 
is greater than that of CHOt 

In n- and iso-propyl acetate-d,, CD,C00C,H7H+ and 
CLwCOOCUHyD ions react with the molecules to form 
(CD 3COOC 3H 7) 2H + and (CI^COOCyi.^D"'' ions by the second order 
dimerization reactions in which inverse isotope effect was 
observed; kH/kD=0.307 in n-propyl acetate-d, and kH/kB=0.333 
in iso-propyl acetate-d,. It was proposed that this 
inverse isotope effect is due to the differences of the 
internal energies of the endothermic reaction processes. 
In n-. and iso-propyl acetate-d,, no observation of the trimer 
ions under the experimental conditions studied was in 
agreement with the behavior observed in the case of n-propyl 
formate-d. However, the isotope effect in the dimerization 
reactions of n-propyl formate-d was greater than unity, 
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which is the normal isotope effect. The defference 
in the isotope effect between acetate and formate eaters 
could be related to the reaction mechanism and/or the 
molecule structure. 
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CHAPTER VII 
Condensation-Elimination and Addition Reactions 

in Simple Aliphatic Ketones 

1.1 Introduction 

The ion-molecule reactions in acetone have been 
1-7 studied by several workers. Prom these studies 

the data on the mechanism and kinetics of several 
reactions were obtained. However other aliphatic 
ketones have not been studied in detail. In 
acetone, ' it is known that acetylated ions are 
formed by the reactions of CH^COCHJ and CH^CO* with 
the neutral molecule. In general oxygen-containing 
ions such as RCOR+, RCO+, and RCO+. are generated 
from simple aliphatic ketones(RCOR) by electron 
impact. Therefore it is expected that condensation-
elimination and addition(condensation) reactions 
of these ions with the ketones proceed. The 
CH,CO+ ions are generated from both ethylene oxide 
and acetaldehyde by electron impact as abundant 
fragment ion, but addition reactions by these i^ns 
in both systems were not observed. On the otner 
hand, in n-propyl acetate, the condensation-
elimination and addition reactions involving 
CH,COOH* and CH.,CO+ were observed to a significant 
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extent. As a part of a program concerned with 
the termal ion-molecule reactions in oxygen-containing 
molecules, the present work was made to clarify 
the mechanism and kinetics of the condensation-
elimination and addition reactions involving the 
molecular and acyl ions in simple aliphatic ketones. 
The relationship between the carbon number of the 
alkyl group in ketone molecules and the rate 
constants of acylation reactions was systematically 
studied. 

7.2 Experimental 

The instrument used was a Bendix Model 12-101 
time-of-flight mass spectrometer, which has been 
modified by construction of a closed ion source 
and improvement of the rise times of the ionizing 
and ion withdrawal pulses as described elsewhere 
( CHAPTER II ). The studies of the variation 
of ion intensities of fragment and product ions 
with delay time were carried out at a number density 

1^ -^ 
of 2.50 x 10 J molecules cm J and at an electron • 
energy of 70 eV. Acetone, butanone, 3-pentanone, 
and 2-pentanone used were obtained from Tokyo Kasei 
Co., Ltd. and used after vacuum distillation at 
various temperatures. 
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7-3 Results and Discussion 

7.3.1 Acetone 
The delay time dependence of fragment and 

product ions is shown in Fig.l. The ion 
intensities of fragment ions, CH^CCCH* , CH,C0+ , 
and CHt , decreased with increasing delay time. 
As manor product ions, CH-,COCH,H'f", CH„COCH,CH*, 

J 0 3 J J and CH.,COCH,CH,CO+ were observed. In order to 3 3 3 
determine the precursors of these product ions 
the appearance potentials and ionization efficiency 
curves of the fragment and product ions were 
measured and shown in Fig,2. The onsets of the 
ionization efficiency curves of CH^COCHt, CH,CO+, 
and CH* were obtained to be 9.71*0.0 5 , 10.50±0.05, 
and 14.28JT0.05 eV, respectively. The ionization 
potential of acetone obtained is in good agreement 
with the values reported by Watanabe (9.69-0.OleV), 
Hurzler et al.(9.65±0.1 and 9.75±0.03eV),9 and 
Potapov and Sorokin(9.71£0.01eV).10 The 
ionization potential obtained with photoionization 
will be the adiabatic ionization potential if the 
adiabatic lies in the Prank-Condon region. 
In general it will be a potential somewhere between 
the adiabatic and vertical potential. Thus the 
value obtained with electron impact in this work 
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Fig.l Delay time dependence of fragment and 
product ions in acetone. 

*: CH+(X1/10) o: CH 3C0 +(X1/10) 
•: CH3C0CH*(xl/2) •: CH 3COCH 3H + 

a: CH,COCH,CH^(xlOO) D: CH,C0CH,,CH.,C0 +(X100) 
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Pig. 2 Ionization efficiency curves of major fragment and product 
ions in acetattme. . 

n: CH* a: CH 3C0 + 
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agreed with the vertical ionization potential 
(9.75±0.03eV) reported by Hurzler et al. 
The appearance potential of CH-,CO+ was determined 
as 10.42t0.03eV by Potapov and Sorokin and agreed 
with that obtained in this work. In Jig.2 the 
onsets of the ionization efficiency curves of 
CH_COCHj and CH,COCH,CH-.CO+ agreed with that of 5 5 5 5 5 

CH^COCHj. • In addition the second appearance 
potentials of both CH3COCH"3H+ and CH 3COCH 3CH 3CO + 

agreed with the onset of the ionization efficiency 

•r* curve of CH^CO . Also an agreement of the onsets 
of the ionization efficiency curves of CH 3C0CH 3CH 3 

and CH^CO+ was observed. . Prom these results it 
is concluded that CH,,COCH,,H+, CH,COCH,CH*, and 

5 5 3 5 3 

CK_COGH,,CH,CO+ are formed by the following reactions, 
condensation-elimination and addition reactions, 

CH^COCH* + CH,COCH,--*CH,COCH,CH,COCH:t* 5 5 5 5 5 5 5 5 

-* CELCOd^IT + CH3COCH2 ( 1 ) 

* CH_COCH,CH,CO+ + CH, ( 2 ) 
5 5 5 3 

CH_CO+ + CH,COCH,^CH*COCH,CH,CO + * 3 5 3 3 5 3 

CH 3COCH 3H + + CH2CO ( 3 ) 
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Table 1 Ion-molecule reaction rate constants in 
simple aliphatic ketones. 

_ . 
R e a c t i o n This work Ref .2 

la CH^OCH* + CH3COCH3-*CH5COCH3H+ + CH3COCH"2 3.06^ 4 Q 

— CH.,C0CH.,CH,C0+ + CH_ 1 .93* 
3 3 5 3 

l b CH 3 C0 + + CH5COCH3—«-CH3C0CH3H+ + CH 2C0 2.13) 
-*CH 3 COCH 3 GH 3 + CO 0 . 5 6 f 4 . 3 0 
->CH,C0CH,CH,C0 + 

3 t> 0 

2 . 1 3 | 
0 . 5 6 > 4 . : 
1 . 2 6 ' 

2a CH 3C0C 2H^ + CH 3 C0C 2 H 5 —•C^COCg^H"' ' + C ^ O 5 . 5 6 
— • C H 3 C 0 C 2 H 5 C H 3 C 0 + + C 2 H 5 3-62 
—*-CH 3 C0C 2 H 5 C 2 H 5 C0 + + CH 3 0 . 0 7 

2b CH"3C0+ + CH3C0C2H5—•CHjCOOgHcH"'" + CHgCO 3 . 3 1 
—» CH 3C0C 2H" 5CH 3 + CO 0 . 0 8 
- * C H 3 C 0 C 2 H 5 C H 3 C 0 + 2 . 8 2 

3a C 2"H 5C0C 2H^ + C 2 H 5 C 0 C 2 H 5 

—* C 2 H 5 C 0 C 2 H 5 H + + C 2 H 5 C 0 C 2 H 4 5 . 3 1 
—• C 2 H 5 C0C 2 H 5 C 2 .H 5 C0* + C 2 H 5 2 . 4 3 

3b C 2 H 5 C 0 + + C 2 H 5 C 0 C 2 H ^ * C 2 H 5 C 0 C 2 H 5 H + + CpH^CO 2 . 5 6 
- » C 2 H 5 C O C 2 H 5 C 2 H 5 C O * 2 . 2 5 

4a CH,C0C,H;t + CH,C0C,H 7 

3 3 i 3 3 l . 
—- CH 3 COC 3 H 7 H + + CH 3 COC 3 H 6 6 . 2 8 
—* CH 3 C0C 3 H 7 CH 3 CO + + C 3 H 7 4 . 2 7 

4b CH„C0 + + CH~C0CJH,7--*CH.,C0C*H,7H+ + CH oC0 3 . 8 6 
3 3 3 / 3 3 r , . 2 

—•CH 3 C0C 3 H 7 CH 3 C0 + 3 . 2 4 

a ) A l l r a t e c o n s t a n t s i n u n i t s of 
10~ c n r m o l e c u l e s7 
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-* CHjCOCH^H* + 0 0 (4) 

-> CH,COCH3CH3C-0+ (5) 

The rate constants of reactions (l)-(5j were obtained 
by the ratio-plot technique and are summarized in 
Table 1. The total rate constants for the 
reactions of CH,C0CHt and CH,,C0+ with acetone agree 

p with those of MacNeil and Futrell. The relative 
rate constants of reactions (1) and (2) were 
k-, : k„ = 0.65 : 0.35. This value agreed with 
a ratio 0.67 : 0.33 and 0.78 : 0.22 which have 

p reported by MacNeil and Futrell and Blair and 
Harrison. The rate constant of acetylation 
reaction by CH^COCHt was larger than that by CH,C0+. 

7.3.2 Butanone 
The delay time dependence of major fragment 

and product ions is shown in Pig.3. As product 
ions, CH 3C0C 2H 5H +, CH^COCgB^CH*, CH 5C0C 2H 5CH 3C0 +, 
and CH,C0CoHcCoH[-C0+ were observed. The formation 
of CH,C0C?Ht-CH,,C0+ was remarkable as compared with 
that of CH.,C0C2H5C2H5C0+. The ionization 
efficiency curves of the fragment and product ions 
are shown in Fig.4. The onsets of the ionization 
efficiency curves of CB^CCC^ , CHjCO"1", and Ĉ Hjt 
were obtained to be 9.52±0.0* , 10.36±0.05 , and 
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150 

100 

EH 
M e 
pq 

>H 
EH 
l-H 
W 

O 
H 

Pig.3 Delay time dependence of fragment and 
product ions in butanone. 

CH3C0+(xl/10) A: C 2H 5C0 
•: CH3C0C2H^(xl/2) •: CH^COC^H"1" 
i: CH3COC2H5CH+(x200) A : C H 3 C O C 2 H 5 C H 3 C O + ( X 2 0 ) 
v: CH 5COC 2H 5C 2H 5CO +(x200) 
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Fig.4 Ionization efficiency curves of major fragment and 
product ions in butanone. 

°2 H ? CH^CO"1 
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12.45 £ 0.05 eV, respectively. The ionization 
potential of butanone obtained in this work is in 
good agreement with the vertical ionization 
potential(9.55i0.03eV) reported by Hurzeler et al. 
The onsets of the ionization efficiency curves of 
both C H 3 C 0 C 2 H 5 H + and CH-JDOC^dUCO" 1" agreed with 
that of C H , C O C ? H J , and also the break points in the 
ionization-efficiency curves of both product ions 
agreed with the onset of the curve of CH^COt 
The onsets of the ionization efficiecy curves of 
C H _ C O C 2 H 5 C 2 H 5 C O + and CH 3C0C 2H rCfl" 3 agreed with those 
of CH,C0C oHj andCH,Cot From these results of 
the ionization efficiency curve measurement, the 
following reactions are led, 

CH 3C0C 2H^ + C H 3 C O C 2 H 5 > CE^OC^CB^COCgH** 

-> CH 3COC 2H 5H + + C 4H ?0 (6) 

* CH 3COC 2H 5CH 3CO + + C 2H 5 (7) 

CH 3COC 2H 5C 2H 5CO + + CH 3 (8) 

CH 3C0 + + CH 3COC 2H 5 > CH 3COC 2H 5CH 3CO +* 

-»CH 3COC 2H 5H + + CH2C0 (9) 
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-» CEUCOCgHgCHl" + CO (10) 

-* CH,C0C„H,-CH~C0+ (11) 

The rate constants of these reactions are given 
in Table 1 and the rate constant of reaction (7) 
is larger considerably than that of reaction (8). 
The bond dissociation energy of D(C£UC0-C2H[-) is 
somewhat smaller than that of D(CH^-C0CpHt-), that 
is, D(CH3C0-C2H5)=72.2 and D(CE,-C0C2H5)=72.6 kcal mol" 1. 1 1 

In the condensation-elimination reaction, it is 
presumed that the rate constant is affected by the 
bond dissociation energy. The rate constant of 
reaction (7) was comparable with that of the 
addition reaction (11) of CH-.C0 with the neutral 
molecule. Since CpHj-CO from butanone was less 
abundant, the condensation-elimination and/or 
addition reaction was not observed. The methylation 
reaction (condensation-elimination reaction) by 
CH_C0+ in butanone results in an elimination 
of carbon monoxide from intermediate-complex 
(CH-,C0CoH,-CH.,C0+*) . The rate constant of 
methylation reaction (10) is smaller than that of 
analogous reaction (4) in acetone. The rate 
constant ratios (k3 + k 4)/k 5 and (k + k 1 0)/k i : L in 
acetone and butanone are 2.1 and 1.2. This 
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difference in both systems indicates that the 
dissociation of CH,C0CH3CH3C0+* leading to the 
formation of protonated and methylated ions in 
acetone predominates as compared with that of 
CH.,C0C2Ht-CH:.C0 in butanone. The excess energy 
of CH-.CO will play an important role in the dissociation 
of the complex. In fact it is known that the 
excess translational energy of CH,,CO+ from acetone 
is higher than that from butanone. ' 

7.3.3. 3-Pentanone 
The major product ions formed in 3-pentanone 

were C 2H 5C0C 2H 5H + and C 2H 5COC 2H 5C 2H 5CO + as can be 
seen in Fig.5- The ionization efficiency curves 
of the fragment and product ions are shown in Fig.6. 
The onsets of the ionization efficiency curves of 
C oH cC0C oHc and C oH cC0 + were obtained to be 9.60±0.05 
and 10.29±0.05 eV, respectively. The onsets 
of the ionization efficiency curves of these product 
ions agreed with that of CpH,-C0CpHj, and also the 
break points in the curves of the product ions agreed 
with the onset of the curve of C2H,-C0. The results 
in the ionization efficiency curve measurements 
confirm the view that CoH[-C0CoH[-H+ and CoHc-C0CoHt-CoHcC0+ 

2 0 2 p 2 p 2 3 2 5 
are formed by the following reactions, 
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150 

Fig.5 Delay time dependence of fragment and 
product ions in 3-pentanone. 

•: C2H+(xl/lO) 
•: C 2H 5C0G 2H* 

o: C2H5CO+(xl/10) 
A : C„H,-C0CoH[-H+ 

2 0 d. 0 
D: C 2 H 5 C 0 C 2 H 5 C 2 H 5 C 0 + ( X 2 0 ) 
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Pig.6 Ionization efficiency curves of major fragment and 
product ions in 3-pentanone. 
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C 2H 5COC 2H^ + C 2H 5COC 2H 5—frC^COC^CgE^COCgH** 

•* C 2H 5COC 2H 5H + + C 2H 5COC 2H 4 (12) 

C 2H 5COC 2H 5C 2H 5CO + + C 2H 5 (13) 

C 2H 5CO + + C 2H 5COC 2H 5—>C 2H 5COC 2H 5C 2H 5GO +* 

•> C 2H 5COC 2H 3H + + C 2H 4CO (14) 

* C 2H 5COC 2H 5C 2H 5CO + (15) 

The rate constant of condensation-elimination 
reaction (13) was comparable with that of addition 
reaction (15)(Table 1). The rate constant of the 
acylation reaction "by CgHc-COCLfiV in 3-pentanone is 
larger than that by CH^COCpH? in butanone. 

7.3.4. 2-Pentanone 
The delay time dependence of major fragment 

and product ions is shown in Fig.7. The major 
product ions were CH 3COC 3H 7H + and CH3C0C,H7CH,CO? 
and the ionization efficiency curves of these ions 
are shown in Fig.8. The onsets of the ionization 
efficiency curves of CH^CCKUHi" and CH C0 + were 

obtained to be 9.29±0.05 and 11.10±0.05 eV. 
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0.2 0.4 0.6 0.8 
DELAY TIME (|is) 

Fig.7 Delay time dependence of fragment and 
product ions in 2-pentanone. 
O: CH5C0+(xl/l0) CI^COCH^xl/lO) 

CH3C0C3H*(xl/2) a: CH 3COC 3H 7H + 

A: CH C0C3H7CH3C0+(x20) 

-359-



1 • i i i i i 

A. */ 

- / A : 
— 

i A 

/ 'AS 
9 A * r St* fSL**r^ 

5^o6o°°i/ i i - i i . 8 t0 9-0 10.0 11.0 
ELECTRON 

12.0 13.0 14.0 
ENERGY (eV) 

15.0 

Fig.8 Ionization efficiency curves of major fragment and 
product ions in 2-pentanone. 
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The onsets of the ionization efficiency curves of 
CH,COC,,Hr7H+ and CH^COC,Hr7CH,CO+ agreed with that 3 3 / 3 3 I 3 
of the curve of CH^COC^Hi, in addition, the break 
point in the curves of the product ions was in good 
agreement with the onset of the curve of CH^CO. 
Accordingly it was found that CH-COCzEyH and 
CH,,COC.,Hr7CH.-,CO+ result from the following reactions, 3 3 / 3 

CH_COCxH* + CH^COC^H,, > CH,COC,H r 7OH,COC,H+* 
3 3 7 3 3 / 3 3 7 3 3 7 

r+ CH 3COC 3H 7H + CH^COC^Hg ( 1 6 ) 

CHjCOC5H ?CH C 0 + + CjErj ( 1 7 ) 

CHiCO + + CH^CCC,!!,, 5- 'CH,C0C,H o 0H,C0 + * 
3 3 3 / 3 3 / 3 

--> CH 3COC 3H 7H + + CH2C0 (18) 

-» CH 3COC 3H 7CH C0 + (19) 

The rate constants of reactions (16) - (19) are 
summarized in Table 1. 

7.3-^. Relationship between the Rate Constants of 
Acetylation Reactions and the Carbon Number of the 
Alkyl Group 
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In simple aliphatic ketones, it is of interest 
to examine a relationship between the rate constants 
of acetylation reactions and the molecular structures 
of ketones. A relation plot between the rate 
constant and the carbon number of the alkyl group 
in ketones, CH^COR (R=CH3, C 2

H5' a n d C3E7^» i s 

shown in Fig.9. The rate constants of acetylation 
reactions (condensation-elimination reactions) by 
the molecular ions (CR,COR ) increase with increasing 
the carbon number of the alkyl group in ketones. 
The acetylation reactions by CH-,COR+ occur via 
the cleavage of the C-R bond in the intermediate-
complexs (CH3C0RCH,C0R+*). The dissociation 
energy of the C-C bonds (CH-.CO-R) does not change 
with increasing the carbon 'number of the alkyl 
group, that is, D(CH3C0-CH3)=72.6 , D(CH3C0-C2H5)=72.2, 
and D(CH3CO-C3H7)=72.5 kcal m o l - 1 . 1 1 While, 
the polarizability of ketones increases with 
increasing the carbon number of the alkyl group, 
that is, CH,COCH^=62^xlO~25, CH,C0CoH[-=82. 3xl0~ 2 5, 5 5 5 2 o ' 
and CH 3COC 3H 7=102.3xlO" 2 5cm 3. 1 3 Also, the 
ionization potential of ketones becomes low with 
increasing the carbon number of the alkyl group as 
described above. It is known that the proton 
affinity of a molecule depends on its ionization 
potential. Thus the' relationship between the 
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CARBON NUMBER OP ARKYI GROUP CH^CO-R 

Pig.9 Rate constant vs. carbon number of the 
alkyl group in CH-COR (R=CH,, ^2^5' and C , H 7 ) . 

• : CHUCOR* 
O : CIUC0 + 

+ 
+ 

CH.,C0R 
CH-COR 

CH-CORaH-CO"1 

CH_C0RCH,C0"' 9 3 
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proton affinity and the rate constant of the 
acetylation reaction is seemed to be plausible. 
But the acetylation reactions would be dominated 
by the polarizability of the neutral molecules 
rather than the proton affinity. Furthermore 
the rate constants of the acetylation reactions 
(addition reactions) by tiie CH-.CO ions increase 
with increasing the carbon number of the alkyl 
groups in the source molecules. The addition 
reactions of the CH^CO ions with ketones would 
depend greatly on the translational energy of the 
CĤ CO"*" ions and the polarizability of the neutral 
molecules. As can be seen in Fig.9, the rate 
constants of the acetylation reactions by the CH^CO+ 

ions are smaller than those by the CH^CO+ ions, 
and the differences in the rate constant between 
both reactions become large at the larger alkyl 
groups. The CH~CO+ ions play an important role 
in the formation of methylated ions as reactant ion. 
Methylated ions resulting from the condensation-
elimination reactions of the CH 7CO + ions with the 
molecules are due to the dissociation of the 
intermediate-complexs (CH,C0RCH,C0+ ) from which 
carbon monoxide molecule is eliminated. The 
rate constants of the methylation reactions by the 
CH,CO+ ions decreased with increasing" the carbon 
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number of the alkyl group, and the formation of 
methylated ion was negligible In the case oi 
2-pentanone. Thus, as the carbon number of the 
alkyl group is increased, the dissociation channels 
leading to the formation of protonated and methylated 
ions become minor. The translational energies 
oi the CH^CO ions from ketones (CH.,COR) become 
low with increasing the carbon number of the alkyl 
group. ' The dissociation of the complex 
would depend on the energy of CH^COt The 
correlation of the rate constants with the 
translational energies is feasible. 

7.4. Summary 

The appearance potentials and ionization 
efficiency curves of fragment and product ions 
were measured by the RED technique. Protonated, 
methylated, and acylated ions were formed by the 
reactions of the molecular and acyl ions with 
ketones. The rate constants of condensation-
elimination and addition reactions by the molecular 
and acetyl ions increased with increasing the carbon 
number of the alkyl group in ketones(CH~COR). 
The increase of this rate constant could be 
explained with the polarizability of the molecules. 
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Methylated ions(CH,CORCHt) resulting from the 
condensation-elimination reactions of the acetyl 
ions with ketones are due to the dissociation of 

+* 
the complexs (CH-CORCH^CO- ) from which carbon 
monoxide is eliminated. The rate constants 
of the methylation reactions by the acetyl ions 
deer-cased with increasing the carbon number of the 
alteyl -group, and the formation of methylated ion 
was nsglible in the case of 2-pentanone. 
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CHAPTER VIII 
Formation of Long-Lived Intermediate Ions in 

the Ion-Molecule Reactions of 
Acetyl Chloride 

8.1 Introduction 

In CHAPTERS (II) - (VII), the ion-molecule 
reactions involving oxygen-containing ions such as 
CHO +, CH,CO +, C 2H.0 +, CH^CH*, CH^COOH*, and 
(CHpO) H (n=l - 3) in oxygen-containing molecules 
have been studied. The prominent products 
resulting from the reactions with neutral molecules 
were protonated molecular ions. Ion-molecule 
clustering reactions involving protonated ions in 
trioxane appeared to be the characteristic: of cyclic 
ether molecules containing the formaldehyde group. 
With n-propyl acetate, protonated molecular ions 
were formed with large rate constants, but the 
further consecutive reaction of those ions with the 
neutral molecule were not observed. In general, 
protonated molecular ions are formed as prominent 
products of exothermic proton transfer reactions of 
oxygen-containing molecules due to stronger proton 
donor abilities of oxygen-containing reactant ions. 
The dissociation of protonated molecular ions occurs 
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in these reactions if energy transfered from the 
reactant ions to protonated molecular ions is 
sufficient. Bowers and Kemper studied the 
dissociation of excited protonated molecular ions 
as a function of H ? pressure in the reaction of H, 
with ethylene oxide and acetaldehyde. They 
proposed that the excited ions, having higher energies, 
will tend to dissociate to products before isomerization 
owing to their short lifetimes. The reaction 
mechanism via a long-lived collision complex in 
ion-molecule reactions of silane molecules has been 

2 •? 

studied. ' Recently, it has been the subject 
of increased interest to obtain detailed information 
for the dissociation process of intermediate-complexes 
formed in ion-molecule reactions. However, 
study concerning the evidence of the dissociation 
process of the complex seems to have not yet been 
reported. 

A major result of the introduction of beam 
techniques to the study of ion-molecule reactions 
has been the development of a distinction between 
direct mechanisms and those that involve persistent 4—8 intermediates. A persistent intermediate 
is understood to be a collision addict of the reactant 
ions which persists as a single molecular entity 
for at least a few periods of rotation, i.e., has 
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a lifetime of at least 10" s. On the other 
hand, some intermediate-complexes have lifetimes 
long enough (>10~ s) to permit direct detection 
by mass spectrometry. 'ihe prsent work i^ 
concerned with long-lived intermediate ions in the 
ion-molecule reactions of acetyl chloride. It 
is well known that acid chlorides such as acetyl 
chloride are very reactive to molecules containing 
hydroxy group or active hydrogen atoms. It is 
felt that the ion-molecule reactions of oxygen-
containing ions with acid chlorides provide 
information relevant to gas phase ion chemistry of 
chlorine-oxygen-containing ions. 

8.2 'Experimental 

The study involving the effect of variation 
in the delay time available to thermal ions was 
conducted in a Bendix Model 12-101 time-of-flight 
mass spectrometer ( CHAPTER II ). Metastable 

o 
ions were studied utilizing a 90 single-focusing 
Hitachi EMU-6D mass spectrometer. The basic 
design of 'the time-of-»flight mass spectrometer has 
been described previosly. Using the time-of-
flight mass spectrometer the translational energy 
of an ion was derived through the analysis of its 
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decay curve at lower sample pressures ( below 
1 x 10~ b torr ) at which ion-molecule reactions do 
not occur (CHAPTER I ).' Acetyl chloride and 

"opyl acetate were obtained from Tokyo Kasei Co., 
Ltd. and were purified vacuum distillation. 

8.3. Results and Discussion 

8.3.1 Formation Mechanism of Long-lived 
Intermediate Ions 

The variation of the ion intensities of major 
fragment and product ions with delay time in acetyl 
chloride is shown in Pig.l. CH C0 + and CH* were 
prominent fragment ions from acetyl chloride at 70 
eV, and the molecular ion was less abundant. 
The major product ion formed in acetyl chloride 
( CH,C0C1H+ ) as can be seen in Pig.l. The 
decrease of the ion intensity of CH_C0 with 

.5 
increasing delay time was not remarkable as compared 
with those of other fragment ions, indicating that 
part of CH^CO ions are formed by ion-molecule 
reactions. Furthermore, it is proposed that 
CH,C0+ reacts with acetyl chloride to form CH^COClHt 

To determine the precursor of CH^C0C1H+, the 
appearance potentials and ionization efficiency 
curves of CH,C0+ and CH,C0C1H+ were measured and the 
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150 

PI 100 ! 

Fig.l Delay time dependence of major fragment 
and product ions in acetyl chloride at 
1.12x10 molecules cm.^ 

D: CH3CO+(xl/6) 
A: CH*(xl/3) 

CH2CCf o : C0Cl i 

•: CH3C0ClH+(xl00) 
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curves of both ions are shown in Fig.2. The 
appearance potential of CH^CO+ was determined to 
be 11.16-0.05 eV. The appearance potential 
of CH_C0+ agreed with that of CH.,C0C1H+, meaning 
that CH_C0+ is the precursor of CH-COCIHT The 
rate constant for the formation of CH^COCIH resulting 
from the reaction of CH~CO with acetyl chloride 
was relatively small as given in Table 1. In 
acetyl chloride, other product ions resulting from 
condensation-elimination reaction involving CH-,C0+ 

were not observed, though the dipole moment Of 
G 

acetyl chloride is relatively large (2.71D)."' 
Thus, the ion chemistry of acetyl chloride proved 
to be of considerable interest, promoting the 
author to investigate ion-molecule reactions in the 
binary mixture of acetyl chloride and oxygen-containing 
molecules such as n-propyl acetate which generates 
stronger proton donor ions by electron impact. 
The results of the reactions in the mixtures will 
be described in later section. 

In order to examine the formation of metastable 
ion in acetyl chloride, the study of the ion-
molecule reactions using the single-focusing mass 
spectrometer was made by a pressure increase method. 
The metastable peak (m*= 23.41) corresponding to 
m/e 79 (CH-5C035C1H+) —9 m / e 43 (CH5CO+) was observed 
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Table 1 Ion-molecule reaction rate constaiits in acetyl chloride and 
n-propyl acetate - acetyl chloride mixtures. 

Reaction kxlO cnrmolecule" s~ 

(2) CĤ CO"1" + CH^COCl *• CK3C0C1H+ + CHgCO 0.12 
(from CH,C0C1) 

(6) CH 3C0 + + CH 5COOC 3H 7 > CH 3COOC 3H 7H + + CHgCO 12.1 
(from CH..C0C1) 

(7) * CH 3COOC 3H 7CH 3CO + 0.13 

(8) C0C1+ + CH 3C00C 3H 7 »• CHjCOOC.^Cl''" + CO 0.45 

(10) CH3C00Hj +. CKjCOCl > CH3C0C1H+ + CH3C00H 0.81 
(15) —*• GH3C0C1CH3C0+ + H 20 1.62 

(13) CH 3C0 + + CHjCOCl *CH 3C0C1H + + CHgCO 0.33 
(from CH 3COOC 3H 7) 
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as shown in Pig.3. In addition, the metastable 
peak (m = 22.83) of low ion intensity corresponding 
to m/e 81 (CH3C057ClH+)-?-m/e 43 (CH3CO+) was clearly 
observed(Fig.3). The ion intensity ratio of 
Im*= 22 83 t o 'Em*= 23 41 w a s a l D 0 U' t 3- This valus 
was in good agreement with the isotope ratio of 
3 7C1 atom (24.6$) to 3 5C1 atom (75.4$). The 
ion intensities of the peaks resulting from the 
metastable ions appeared to be second order with 
respect to the pressure. These facts indicate 
that long-lived intermediate ions (CH,C0C1H+ ) are 
dissociated via the following process; 

CHi,CO+ + CH^COCl—j 3 3 

«CH5C0C1H+* + CH2CO (1) 

•CH3C0C1H + CH2CO (2) 

CH 3C0C1H +*—> CH 3CO + + HC1 (3) 

The intermediate ions formed in acetyl chloride 
are detectable and, therefore, are chemical bonded 
or tight complexes as shown in Pig.4. Furthermore 
the intermediate ions have lifetimes long enough 
to permit the detection of the metastable ions 
by the mass spectrometer. It is known that the 
width of metastable peak can be correlated with the 
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Pig.3 Shape of metastable peaks (m*= 22.83 
and m = 23.41 ) in acetyl chloride. 

-377-



H 

00 
I 

H — 6—-C-"0 +—H I I 
H CI 3 T s 

e structure of long-lived intermediate i 



JAERI-M9336 

energy released during dissociation process. 
The shape of the metastatole peaks observed in 
acetyl chloride is roughly Gaussian distribution 
in Pig.3. Thus the energy released during the 
dissociation of the intermediate ions is relatively 
small. However the intermediate ions at least 
have somewhat excess internal energies which are 
responsible for the dissociation process. In 
the pressure increased method, as the pressure is 
increased the formation of CH^C0C1H+ becoms a 
significant channel. This pressure effect is to 
be attributed to collisional stabilization involving 
vibrational relaxation of the intermediate ions. 
In the initial stage (reaction (1)), the intermediate 
ion should contain a part of the excess energy of 
the reactant ion, and an appreciable fraction 
dissociates during the flight to the detector of the 
mass spectrometer. 

8.3.2 Formation of Long-Lived Intermediate Ions 
in n-Propyl Acetate - Acetyl Chloride Mixtures 

n-Propyl acetate generates CH,C0 as a prominent 
fragment ion by electron impact and it is similar 
to acetyl chloride. CH.,CO+ and CH^COOHp generated 
from n-propyl acetate toy electron impact fragmentation 
were stronger proton donor ions. The effect of 
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these ions on the formation of the long-lived 
intermediate ions was investigated here. The 
variation of the ion intensities of major fragment 
and product ions with delay time in n-propyl 
acetate - acetyl chloride mixtures (1:1) is shown 
in Pig.5. As the delay time increased, the ion 
intensities of CH3C0C1H+, CH3C0C1CH"3C0+, CI^COOC^H*, 
and CH-,C00C3H7C1 were increased. A slight 
increase of the metastable peaks as the pressure 
is increased was observed as shown in Pig.6. 
Pig.5 shows that the nature of the intermediate ions 
followed by the reactions involving CH-.COOHp and/or 
CHCO + from n-propyl acetate is different from that 3 
^oy CEUCO in the case of acetyl chloride alone. 
The ionization efficiency curves of the product 
ions (CH 3COOC 3H 7H +, CHjC001H+, and CH3C0C1CH3C0+) 
are shown in Pig.7. The onsets of the ionization 
efficiency curves of OE^OOOO3H7H+, CH3C0C1H+, and 
CH_C0C1CH,C0+ substantia]ly agreed with that 
(10.44 ±0.05 eV) of CR^COOH*. The break points 
in the ionization efficiency curves of CH,C00C,H7H+ 

and CH_C0C1H+ agreed with the onsets in those of 
CH3C0 ions from both acetyl chloride and n-propyl 
acetate. Prom the results in the ionization 
efficiency curve measurement, CH,C00C,H7H+ results 
from the proton transfer reactions as follows; 
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150 

100 -

Fig.5 Delay time dependence of major fragment 
and product ions in n-propyl acetate - acetyl 
chloride mixtures(l:l) at 2.20x10 molecules cm". 
a: d^COOH* o: CH3C0+(xl/5) v: C0C1+ 

•: CH3COOC5E7H+(x40) •: CH3C00C3H7CH3G0+(x200) 
A: CH 3COC1CH 5CO +(X2CO) 
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Ionization efficiency curves of CH3COOC3R"7H+(») ,CH3COClH+(o) , 
CH^COCICH-CO (*) in n-propyl acetate - acetyl chloride mixtures. 



JAERI-M9336 

T + ^>TT o r ^ n TT mr n ^ o n TT TT + CH^COOHo + CH,COOC~H~—»CH-C00C,,H,7H + CH^COOH ( 4 ) 3 2 3 3 / 3 3 / 3 

CH 3CO + + CH 3COOC 3H 7—*CH 3COOC 3H 7H + + CH2CO (5) 

^+ r,TT ™ ™ rr n , r n ^ o n TT TT + CH CO + CH 3COOC 3H 7—>CH 3COOC 3H 7H' P + CH2CO ( 6 ) 

( f rom CI-UC0C1) 

Using the rate constants of reactions (4) and (5) 
which were previously obtained(CHAPTER VI), the 
rate constant of reaction (6) was obtained from 
the delay time plots and are given in Table 1. 

CH-,CO+ and C0C1+ from acetyl chloride react 3 
with n-propyl acetate to form CH-C00C 3H 7CH 3C0 + and 
CH3C00C,H7C1+ by addition reaction (7) and 
condensation-elimination reaction (8) as follows; 

CH C0 + + CH 3COOC 3H 7—>>CH 3COOC 3H 7CH 3CO + (7) 
(from CH300C1) 
C0C1+ + CH 3COOC 3H 7-*.CH 3COOC 3H 7C1 + + CO (8) 

The formation of CH,,COOC.,H7CH,CO by condensation-
elimination and addition reactions involving 
CH^COOHt and CĤ CO"1" in n-propyl acetate was also 
observed in the mixtures. The rate constant of 
reaction (7) was considerably smaller as compared 

with the rate constant of the formation reaction 
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of GH 3COOC 3H 7CH 3CO + by CHjCO"*" in n-propyl acetate 
(Table 1). 

CH-COOH* and CH 3CO + from n-propyl acetate 
react with acetyl chloride to form CH,C0C1H+, CĤ CO"1", 
and CH3C0C1CH3C0+, in which CH"3CO+ is formed through 
the dissociation of the long-lived intermediate 
ions as follows; 

CH^COOH* + CH,C0C1 — 
*CH 3C0C1H +* + CHjCOOH ( 9 ) 

1»CH 3C0C1H + + CH3COOH ( 1 0 ) 

CH 3C0C1H +*—* CH 3 C0 + + HC1 ( 1 1 ) 

CH,C0 + + CH^COCl—• 
r»CH 3C001H +* + CH 2C0 ( 1 2 ) 

( f rom CH 5COOC 3H 7) 1»CH 3C0C1H + + CHgCO ( 1 3 ) 

CH 3C0C1H +*—• CH 3 CO + + HC1 ( 1 4 ) 

CH^COOHo + CH^COCl—•CH,COClCH,COOHo* 5 ^ y 5 5 2 

CI 0 
CH,-C=0-C-CH^ + H„0 ( 1 5 ) 
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The rate constants of these reactions are summarized 
in Table 1. Reaction (15) is a condensation-
elimination reaction via a homo(self)-elimination 
mechanism. The metastable peak corresponding 
to the dissociation of intermediate complex 
(CH-COClCHLCOOHg*) was not observed. This complex 
would be unstable and has short lifetime. 

Since- CH^CO ions are generated as prominent 
fragment ions in the mixtures, the rate constants 
for the formation of CH.,CO+ ions could not be 

3 
accuracely obtained in this work. It is, therefore, 
of interest to examine the relative rate constant 
ratio for the reactions leading to the formations 
of CH5C0C1H+* and CH^COCIH?" In acetyl chloride 
alone', the ion intensity ratio of CH.,C0C1H+ to the 
metastable peak (m = 23.41) was about 3 (Fig.6), 
indicating that the formation of the intermediate 
ions predominates as compared with that of CH^COClHt 
While in the mixtures, the increase of the ion 
intensity of CH CO with increasing the pressure of 
n-propyl acetate was less than that of CH^COClHt 
This suggests that CH 3CO + and CH^COOH^ from n-propyl 
acetate participate preferentially in the formation 
channels of CH,C0C1HT It is noted that CH,C0OH\!; 3 3 2 
is a stronger proton donor ion as compared with 
CH,COt In fact, the rate constant of reaction (10) 3 
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was larger than that of reaction (13) by a factor 
of about 2.5. The rate constant of reaction (13) 
is larger than that of reaction (2). Thus, the 
effect of the reactant ion on the formation of 
CH C0C1E was observed. It is proposed that 
CH,CO ions from both acetyl chloride and n-propyl 
acetate provide a different behavior in the formation 
of the intermediate ions. The nature of both 
CH~CO ions was studied from the aspect of their 
excess translational energies as described in the 
following section. 

8.3.3. Effect of Translational Energies of CH_CO+ 

Ions 
•The CH,CO+ ions from acetyl chloride and 

n-propyl acetate are generated by electron impact 
intially with some internal and translational energy, 
and subsequently relaxed by collision with the neutral 
molecules. It is, therefore, important to 
dtermine what CH„CO+ ions from both molecules have 
excess translational energies. The translational 
energies were determined with the time-of-flight 
mass spectrometer. The decay curve plots of 
CH_C0+ ions from n-proryl acetate and acetyl chloride 
are shown in Eig.8 from which the translational 
energies of both CH,CO+ ions were obtained to be 
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DELAY 

Fig.8 Decay curves of CH,CO+ ions from n-propyl 
acetate(») and acetyl chloride(O). 
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ECH^COOC^H = 0 ' 1 3 a n d ECH^C0C1 = 0- 4 7 e V ' respectively. 
3 3 I 3 

Thus there are differences in the translational 
energies between both CH,,CO+ ions. In 
comparison with CĤ CO"1" from n-propyl acetate, 
CH^CO+ having high translational energies from 
acetyl chloride leads markedly to the formation of 
the excited intermediate ions, owing to the transfer 
of the excess translational energy. Thus, it is 
noted that relative rate constant for each formation 
reaction channel of CH3C0C1H+* and CH,C0C1H+ is 

3 3 
sensitive to the translational energy of CH^CO . 
Accordingly, tJie results of the translational 
energy measurement could account for the difference 
of the rate constants in reactions (2) and (13). 

8.4 Summary 

The dissociation reaction of long-lived 
intermediate ions (CH,C0C1H+ ) leading to the 
formation of CH_CO+ was observed. The formation 3 
of CH,C0C1H+ was confirmed from the detection of 
the metastable peaks,and CH,C0C1H+ results from 
the reaction of CH,CO+ with acetyl chloride. 
CH^C0+ reacts with acetyl chloride to form 
CH^COCIH . In n-propyl acetate - acetyl chloride-
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mixtures, the ion-molecule reactions involving 
CH_C0+ and CH^COOHp have been inveastigated to 
clarify the effect of reactant ions on the formation 
of CH,C0C1H+ . The reaction channel of CH 2CO + 

from n-propyl acetate with acetyl chloride to form 
CH,C0C1H+ is more probable than that of CH 3CO + 

from acetyl chloride. CEUCO+ from acetyl 
chloride led preferentially to the formation of 
CH^COCIH in comparison with reactions of CBLCO 
from n-propyl acetate. The measurement of the 
translational energies of both CH_CO+ ions allows 
a clear elucidation of the detailed mechanism of 

+ * dissociation of CH-.C0C1H ions formed in the mixtures. 
In comparison with CH,CO+ from n-propyl acetate, 
CH_CO,+ having high iranslational energies from 
acetyl chloride leads markedly to the formation of 
the excited intermediate ions owing to the transfer 
of the excess translational energy. The relative 
rate constant for each formation reaction channel 
of CH,C0C1H+* and CH,C0C1H+ was sensitive to the 3 3 
translational energy of CH,CO+. 
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SUMMARY 

The thermal ion-molecule reactions in oxygen-
containing molecules have been studied with a 
modified time-of-flight mass spectrometer, and the 
following results have been obtained. 

In CHAPTER I, characteristics of the RPD ion 
source, which was used to measure ionization and 
appearance potentials of ions, have been clarified 
with the time-of-flight mass spectrometer. By 
selecting appropriate potentials of the electrodes, 
a monochromatic electron beam having 0.10 eV energy 
width, has been obtained with a high electron 
current efficiency of 23$. In the ionization 
efficiency curve of the molecular ion from trioxane, 
a step function part attributing to the occurrence 
of auto-ionization process was observed. It 
was found that the ionization efficiency curve of 
CHp0CH?0H+ from trioxane has a step function part 
corresponding to auto-ionization and/or ion-pair 
production process. Prom the detection of the 
metastable peaks, it was confirmed that lifetime 
of metastable excited trioxane molecular'ion 
near the ionization potential is relatively long 
and the fragmentation process in trioxane by electron 
impact occurs successively via the dissociation of 
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the molecular ion. 
By new measurement method of the translational 

energy of ion using the time-of-flight mass 
spectrometer, the energies of CH*, CHO+, CH„OH+, 
and CELCO ions from oxygen-containing molecules 
have been determined systematically. It was 
shown that the translational energies of the ions 
relate to their molecular structures in some series. 

In CHAPTER II, the proton and hydride ion 
transfer reactions in acetaldehyde and ethylene 
oxide have been studied. In acetaldehyde, it 
was found that the rate constant of proton and/or 
hydrogen atom transfer from the formyl group is 
larger than that from the methyl group by a factor 
of two. In addition, it was confirmed that CHt 
abstracts only the hydrogen of- the formyl group in 
the hydride ion transfer reaction. The group 
effect of these reactions on the rate constants 
could be explained by the difference of the 
dissociation energy of the C-H'bond. In the 
proton transfer reactions involving CHO+ ions of 
acetaldehyde and ethylene oxide, it was shown that 
the rate constant is affected with the dipole moment 
of neutral molecule and the translational energy 
of the reactant ion. 

• The formation mechanism of C oH.0 + and C oH c0 + 
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resulting from charge, proton, and/or hydrogen 
atom transfer reactions have been studied in 
ethylene oxide - simple hydrocarbon mixtures. 
The order of the reactivities to form CpH,-0+ 

appeared to be ethane>ethylene^methane>acetylene. 
The charge transfer reaction of acetylene molecular 
ion with ethylene oxide to form was important and 
its rate constant was comparable with that of the 
charge transfer reaction of acetylene molecular 
ion with ethylene. 

In CHAPTER III, the ion-molecule clustering 
reactions in trioxane have been studied. It was 
clarified that the first steps in the clustering 
reactions initiated by CH2OH+„ (CH 20) 2H +, and (CH 20) 3H + 

are a'third order reaction mechanism and the second 
steps are a second order reaction one. It was 
found that the rate constants of the third order 
clustering reactions observed in trioxane are very 
larger than those in the case of simple molecules 
reported by other workers. The clustering 
reaction rate constants obtained experimentally in 
trioxane agreed with the values obtained theoretically 
using the empirical rate constant equation. 
This has indicated that the cluster ions formed in 
the clustering reactions of poly-atomic oxygen-
containing molecule such as trioxane have a long 
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lifetime and are relatively stable owing to the-
large number of degrees of freedom of these ions. 
The cluster ions resulting from.the clustering 
reactions initiated by R-CHO + ions having formyl 
group were less abundant ones in comparison with 
those by R - C E 2 0 H + ions having hydroxyl group. 
This fact led to conclude for the author that the 
stability and reactivity of the cluster ions are 
apparently correlated with the structures of the 
initiator and/or the cluster ion. 

In CHAPTER IV, the condensation-elimination 
reactions involving CHj and C ? H , 0 + in structural 
isomers such as acetaldehyde and ethylene oxide 
have been studied. It was found that CHt ions 
from acetaldehyde and ethylene oxide react with 
the neutral molecules to form C„Ht, C ? H t , and 
CH.,0 ions etc. In acetaldehyde, it was proposed 
that the product ions are formed through some 
dissociation channels in the intermediate-complexes. 
In ethylene oxide, it was reasonable to consider 
that CHt attacks to the oxygen atom in which the 
electron charge density is high, and then the 
intermediate-complex which is a similar structure 
to that in acetaldehyde is formed. The predominant 
product ions in both molecules are C H , 0 + ions in 
which the rate constants for these ions are comparable, 
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suggesting that the ions are formed via similar 
dissociation process in the both complexes. 
Also, in the condensation-elimination reactions 
involving C„H.O ions from both molecules, similar 
product ions were formed. In acetaldehyde-d. -
ethylene oxide mixtures, it was proposed that only 
some rearrangements in the intermediate-complex 
occurred and extensive scrambling did not take 
place. 

In CHAPTER V, cross proton transfer reactions 
involving CHO+ ions in ethylene oxide (or 
acetaldehyde) - trioxane mixtures have been studied. 
It have been revealed that CHO ions from 
acetaldehyde and ethylene oxide are a. major precursor 
of pr©tonated molecular ions and CHO+ from trioxane 
does not play as precursor. Such a less reactivity 
of CHO+ from trioxane was due to the high translational 
energies of this ion. It was found that the 
order of relative proton affinity can be estimated 
from the measurement of the rate constants in the 
proton transfer reactions involving a simple 
oxygen-containing proton donor ion (thermal reactive 
ion) such as CHO. 

In the condensation-elimination reactions of 
cyclic molecular reactant ion (ethylene oxide 
molecular ion) with cyclic neutral molecule (trioxane), 
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it was proposed that the product ions are formed, by 
the dissociation of unstable intermediate-complex 
of cyclic structure in which positive charge is 
delocalized. While, in the condensation-elimination 
reactions of linear molecular reactant ions 
(CH 3CH0 +, CH^OCH*, and CH^OCH*) with the cyclic neutral 
molecule, it was proposed that the product ions are 
formed by the dissociation of unstable intermediate-
complex of linear strcture in which positive charge 
is localized. Prom the distribution of the 
isotopic product ions, it was proposed that 
rearrangement of hydrogen atoms occurs in the complexes 
but not exten-.ive scrambling. 

In CHAPTER VI, condensation-elimination • 
reactions in acetate and formate esters having 
propyl group have been studied to clarify the 
behavior of oxygen-containing ions such as CIUCOOHp, 
CH 3CO +, and CH o0Ht It was found that in n- and 
isc-propyl acetate, the protonated molecular ions 
result from the proton transfer reactions of CH^COOHp 
and CEUCO ions with the neutral molecules, and 
the protonated dimer ions result from the bimoleoular 
addition reactions of the protonated molecular ions 
with the neutral molecules. In addition, it 
was clarified that in the proton transfer reaction 
by CH_COOHp the transfer of the carboxyl group proton 
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predominates as compared with that of the acetyl 
group proton, and the condensation-elimination 
reaction by CJUCOOHp leading to the formation of 
the acetylated molecular ions proceeds via cross-
elimination mechanism in which a water molecule 
is eliminated. In n-propyl formate, CH ?OH + and 
CH„CHCH-j react with the neutral molecule to form 
the protonated molecular ions. Prom a comparison 
of the rate constants of the proton transfer reactions 
involving CiLOH"1" and CHpCHCHt, it was elucidated 
that the proton donor activity of an oxonium ion 
such as CK„OH is greater than that of a carbonium 
ion such as CHo0HCHt. Nature of the ion-molecule 
dimerization reactions initiated by protonated 
molecular ion in n-propyl formate was similar to 
those in n- and iso-propyl acetate. Inverse 
isotope effect for the dimerization reactions in 
n- and iso-propyl acetate was a new observation 
and has not been reported in other systems. 
This effect could be explained by the differences 
of the internal, energies of their endotheraic 
reaction processes. 

In CHAPTER VII, the condensation-elimination 
and addition reactions involving. RCO , R'C0+, and 
RCOR+ in simple aliphatic ketones (RCOR) were studied. The 
condensation-elimination reactions by RCOR+ leading 
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to the formation of acylated molecular ions 
predominate as compared with the addition 'reactions 
by RCO or RCO. In the methylated molecular 
ion formation by the condensation-elimination 
reactions involving CH-.CO ions in acetone and 
butanone, its rate constant in acetone was larger 
than that in butanone by a factor of ten. This 
difference in both systems has indicated that the 
dissociation of CH,COCH,CH,CO+* leading; to the 

3 3 3 ° 
formation of the protonated and methylated molecular 
ions in acetone occurs preferentially as compared 
with that of CH,C0CoHcCH^C0+'" in butanone. This 3 2 5 ; 
attributed to high translational energies of 
CH-.CO from acetone in comparison with that from 
butanone. In the relationship between the rate 
constants of the addition and condensation-elimination 
reactions by acetyl and molecular ions increase with 
increasing carbon number of the alkyl group in 
ketones. This can be explained by effect of the 
translational energy of the reactant ions and the 
polarizability of the neutral molecules. 

In CHAPTER VIII, it was found that protonated 
molecular ions which are prominently formed in the 
ion-molecule reactions of oxygen-containing molecules 
are a less abundant product in the case of acetyl 
chloride. Prom the detection of the metastable 
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peaks it was clarified that the protonated molecular 
ions formed in acetyl chloride are unstable and 
immediately are dissociated. Thus the protonated 
molecular ions in acetyl chloride have appeared 
to be a long-lived intermediate ion. The 
intermediate ions result from the reaction of CH,CO+ 

t> 

with the neutral molecule. The ion-molecule 
reactions involving CH^CO + and CH^COOH* in n-propyl 
acetate - acetyl chloride mixtures have been studied 
to clarify the effect of the reactant ions on the 
formation of the intermediate ions. It was 
found that the reaction channel of C H v C O + from 
n-propyl acetate with acetyl chloride to form the 
protonated molecular ions is more probable than 
that of CH^CO"1" from acetyl chloride, and CH,CO + 

from acetyl chloride leads preferentially to the 
formation of the intermediate ions in comparison 
with the reactions of CH~CO from n-propyl acetate. 
From the measurement of the translational energies 
of CH_CO + ions from, n-propyl acetate and acetyl 
chloride, it was concluded that CH-»CO+ having high 
translational energies from acetyl chloride leads 
markedly to the formation of the excited intermediate 
ions owing to the transfer of the excess translational 
energy. Hence it was noted that relative rate 
constant for each formation reaction channel of the 
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long-lived intermediate ions and the protonated 
molecular ions is sensitive to the translational 
energy of the reactant ion, 

Prom these results, it was found that a modified 
time-of-flight mass spectrometer allows the detailed 
studies of the energetics (translatior.al energy, 
ionization, and appearance potential) of ions in 
gas phase and the thermal ion-molecule reactions 
in oxygen-containing molecules. That is, it 
was found that the translational energy of ion . 
can be easily obtained from analysis of the decay 
curve using the time-of-flight mass spectrometer. 
The reaction mechanism of the thermal ion-molecule 
reactions in oxygen-containing molecules have been 
studied from the aspect of the structure of ion 
and molecule. The position from which proton 
and/or hydrogen atom transfer occur were clarfied 
with partly deuterated molecules. It was found 
that the rate constant of the reaction is affected 
by the dissociation energy of the bond. The 
condensation-elimination reactions proceeded via 
cross- and homo-elimination mechanism in which the 
nature of intermediate-complex could be correlated 
with the structure of reactant ion. It was 
elucidated that behavior of poly-atomic oxygen-
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containing ions on the condensation-elimination 
reactions are considerably influenced by their 
oxonium ion structures having functional groups. 
In addition, the rate constants of the condensation-
elimination reactions have affected with the energy 
state of reactant ion and the dipole moment and/or 
the polarizability of neutral molecule. It was 
clarified that the rate constants of the ion-
molecule clustering reactions in poly-atomic 
oxygen-containing molecules such as cyclic ether 
of six member rings are very large and the cluster 
ions are stable owing to the large number of 
vibrational degree of freedom in the cluster ions. 

Thus, various characteristic poly-atomic ion 
transfer reactions have been observed in the thermal 
ion-molecule reactions of oxygen-containing molecules. 
This can be attributed to the structure effect of 
the molecules containing hetero atom -such as oxygen 
atom. It is, therefore, predicted that a similar 
tendency would appear in the ion-molecule reactions 
of the molecules containing other hetero atoms. 
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