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Foreword

The Journal of Physical and Chemical Reference Data is published jointly by the
American Institute of Physics and the American Chemical Society for the National
Bureau of Standards. Its objective is to provide critically evaluated physical and
chemical property data, fully documented as to the original sources and the criteria
used for evaluation. One of the principal sources of material for the journal is the
National Standard Reference Data System (NSRDS), a program coordinated by
NBS for the purpose of promoting the compilation and critical evaluation of property
data.

The regular issues of the Journal of Physical and Chemical Reference Data are
published quarterly and contain compilations and critical data reviews of moderate
length. Longer monographs, volumes of collected tables, and other material unsuited
to a periodical format are published separately as Supplements to the Journal. This
monograph, “Energetics of Gaseous Ions,” by H. M. Rosenstock, K. Draxl, B. W.
Steiner, and J. T. Herron, is presented as Supplement No. 1 to Volume 6 of the Journal
of Physical and Chemical Reference Data.

David R. Lide, Jr., Editor

Journal of Physical and Chemical Reference Data
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Energetics of gaseous ions
H. M. Rosenstock, K. Draxl, B. W. Steiner, and J. T. Herron
National Bureau of Standards, Washington, DC 20234

Critically evaluated data are compiled and presented on ionization potentials, appearance-
potentials, electron affinities, and heats of formation for gaseous positive and negative
ions. The positive ion literature is covered for the period 1955-1971 inclusive, and
earlier literature on molecular Rydberg series is covered as well. The negative ion
literature is covered through the end of 1973. The techniques employed in detérmining
these data are critically discussed.

Key words: Appearance potential; compilation; critically evaluated data; electron
affinity; heat of formation; ionization potential; negative ions; photodetachment;
photoelectron spectroscopy; photoionization; positive ions; Rydberg series.
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ENERGETICS OF GASEOUS IONS -5

1. Introduction

The present volume constitutes a complete revision
and updating of ‘“lonization Potentials, Appearance
Potentials, and Heats of Formation of Gaseous Positive
Tons”, NSRDS-NBS 26, which appeared in 1969. That
volume covered the positive ion literature from 1955 to
mid-1966, in effect covering the papers that appeared
since the publication of “Electron Impact Phenomena
and the Properties of Gaseous lons” by F. H. Field and
J. L. Franklin. Since 1966, more than one thousand new
publications have appeared and some major advances
in instrumentation, techniques and interpretation have
occurred which have brought about a marked improve-
ment in the quality and reliability of the information.
In consequence it has been possible to approach some
of the material in a more critical spirit, although the
interpretations and comments (sometimes on the work
of others) in the literature form the major basis for the
evaluation.

In addition to an updated tabulation of positive ion
data, we have added a tabulation of selected data on
negative ions. The basis of the latter table is discussed
in section 5. The closing date for literature coverage
is the end of 1971 for the positive ions and the end of
1973 for the negative ions.

In comparison with NSRDS-NBS 26, the following
changes of scope and emphasis in the positive ion table
are to be noted: All citations of quantum mechanical
calculations have been eliminated. This area of research
is undergoing rapid development and a thorough job of
compilation or evaluation was simply beyond the capa-
bilities of the present evaluators. However, much
theoretical material of this type is presented or cited in
the papers on photoelectron spectroscopy. Whereas
the preceding compilation covered the literature from
1955 on, in the present revision the literature coverage
for molecular ionization potentials obtained from
Rydberg series has been extended back essentially to
its beginnings, using the recent book of Duncan [1]
as a reference source. Much of the early literature on
Rydberg series gave quite reliable information and for
some systems it is still the only reliable information.
In connection with ionic fragmentation processes, it is
well known that the appearance potentials of fragment
ions cannot be used to deduce heats of formation unless
the state of excitation of the fragments and their kinetic
energies of separation at threshold are known. Knowl-
edge in this area is quite scant. Where available, this
information is given for the processes, and referenced.
With the increase in precision and accuracy of some of
the data the calculation of ion heats of formation must
be more carefully thought out. Where possible, heats of
formation have been computed at 0 K. Also, the use of
estimated thermochemical information has been dis-
continued. In view of the abundance of ionization
potentials of good-to-excellent accuracy, it no longer

seems appropriate to calculate heats of formation of
fragment ions unless the fragmentation threshold
determination is likely to be of at least roughly com-
parable accuracy. This has essentially ruled out those
data obtained by non-monoenergetic electron impact
techniques which are of very doubtful and, worse,
unpredictable reliability. An attempt has been made to
select for full citation the best measurements for each
process. Earlier, obsolete and inferior measurements
are, however, given in reference to each process. These
earlier references often give interesting and useful
information of a qualitative or mechanistic nature. Thus,
the present volume continues to serve as a guide to
the experimental literature on positive ions.

Reference for Introduction

[1] Duncan, A. B. F., Rydberg Series in Atoms and Molecules
(Academic Press, New York, 1971).
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3. Energetics of Gaseous Positive lons

Quantitative data leading to energetics of positive
ions have been obtained by numerous techniques.
Correspondingly, there are numerous methods of
interpreting the data to yield ultimately the quantities
known as ionization potentials, appearance potentials
and heats of formation. In the following sections we
summarize the various experimental techniques and
the methods of data interpretation. Special attention is
paid to highlighting the accuracies, problems, and
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-6 ROSENSTOCK ET AL

limitations of the techniques and interpretations. An
effort has been made to select references which discuss
these matters in more detail.

This approach leads inevitably to a degree of optimism
or pessimism on the part of the writers and the readers
which depends strongly on the degree of accuracy de-
sired or expected of the data. That, in turn, depends on
the intended application of the data, and the purpose
of the application. The body of data tabulated here
varies in demonstrated or likely accuracy from 1 meV
or better to data which may be in error by as much as
0.51t0 1 eV for singly charged species and 10 eV or more
for some multiply charged species. It covers an enormous
variety of chemical species. The types of uses and
systems considered are also very large. We have
focused the discussion to follow on the problems and
barriers to attaining high accuracies, of the order of
several hundredths of an electron volt (or several
kilojoules per mole) or better. For the reader who has
less stringent accuracy requirements we state that
nearly all of the data are accurate to roughly 0.5 eV or
better, with the probable exception of the electron impact
experiments directed to determining ionization energies
for producing highly charged species. We note that two
classes of systems have been studied extensively by
conventional electron impact: large organic molecules
and high temperature species effusing from Knudsen
cells. The measurement errors estimated by the original
authors tend to be larger (more conservative, more
pessimistic?) for the Knudsen cell experiments than for
the organic experiments. Limited comparisons with
demonsirably more reliable information indicate, in
fact, no higher accuracy for one group than the other.
In some instances, very nearly correct answers will be
found in both areas. The difficulty is that the specific
instances are hard to predict. The only generalization
is that parent ionization potentials are more accurate
and fragment ion appearance potentials less accurate.

3.1. Experimental Techniques

In this section we define and discuss the measurement
techniques which provide the data presented in the
Positive lon Table (section 4). The nineteen distinct
techniques can be grouped into several major categories,
each of which represents a particular type of experi-
mental approach and theory or rationale for interpreta-
tion of the data. In table 1 we give the categories, the
techniques and the abbreviations used for them in the
Positive lon Table.

a. Optical Spectroscopy

In general, the most accurate data are obtained by
spectroscopic techniques. The instrumentation and
calibration have been refined to the point that in the
visible and near uv, atomic absorption or emission
lines can be measured with an accuracy of 0.001 to
0.0001 nm or better. A typical modern 21 or 35 ft.
optical spectrograph will have a resolution of the order

J. Phys. Chem. Ref. Data, Vol. 6, Suppl. 1, 1977

TABLE 1. Experimental techniques for positive ion energetics
Category Technique Abbreviation
Optical spectroscopy — Spectroscopic S

Threshold experiment | —Photoionization, with or | PI
without mass analysis

—Electron monochromator | EM

—Retarding potential RPD
difference

—Energy distribution EDD
difference

— Square root plot SRP

—nth root extrapolation NRE

—First derivative electron | FD
impact

—Second derivative elec- SD
tron impact

—Sequential mass spec- SEQ
trometry

—Electron impact other El
than above

Electron spectroscopy | —Photoelectron spectros- | PE

copy
— Auger electron spec- AUG
troscopy
—Resonant photoionization | RPI
— Penning ionization PEN
Other —Surface or thermal SI

ionization
—Born-Haber cycle calcu- | BH

lations
— Charge transfer spectrum | CTS
— A derived value D

of several hundred thousand or more depending on the
grating order used. On the other hand, most molecular
spectroscopic studies cited have been carried out with
instrumentation of somewhat lower resolution. Wave-
lengths are generally reported to 0.01 nm and occasion-
ally to 0.001 nm. Details of typical instrumentation and
techniques are given in references 1, 2, and 3.

b. Threshold Experiments

The second class of experimental techniques may
be termed threshold techniques, in which the objective
is to directly determine the minimum energy necessary
to form an ion (parent or fragment) from a neutral
species, or sometimes from an ion of lesser charge.
These techniques include photoionization and the
various electron impact techniques.

b.1. Photoionization

In photoionization, experiments are generally carried
out with a Seya-Namioka 70° 15’ or near-normal in-
cidence monochromator. Wavelength resolution of the
monochromator used for ionization ranges from 0.04
to 0.2 to 0.3 nm in first order and the wavelength scale
is known typically to 0.01 to 0.02 nm from calibration
with known emission lines. This represents a best
energy resolution of about 5 meV at 12 eV. The com-
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monly used light sources are a hydrogen discharge and
a helium discharge. The hydrogen discharge produces
a many line spectrum in the 160 to 90 nm wavelength
range. This limits the minimum distance between
points at which data may be taken. The helium Hopfield
continuum provides useful light intensity in the 110 to
58 nm wavelength region, and some workers have used
the argon continuum for the 155 to 105 nm range. The
experimental techniques are described in detail in
references 4-8.
b.2. Electron Impact Techniques

This class of techniques is the one most widely used
over the years in experiments directed to measurements
of ionization and fragmentation energetics. Electron
impact methods have been used for this purpose for
nearly fifty years. There are two main problems with

these techniques. There is a large energy spread in the

electron beam, and the actual energy maximum of the
beam can differ from the nominal energy expected from
the applied electrode potentials. As a result, it is nec-
essary to calibrate the nominal energy scale by carrying
out experiments with a reference gas or gases and to
minimize the difficulties presented by the electron
energy spread. Many approaches have been developed
to deal with these problems, with varying success.
These techniques can be divided into three categories
of progressively decreasing refinement and quality:
a) monoenergetic, b) quasi-monoenergetic, and ¢) con-
ventional or non-monoenergetic.

Monoenergetic

The major problem with electron impact techniques
is the energy spread of the electrons in a conventional
beam. This spread is several tenths of an electron volt
or more, due to filament potential drop, filament tem-
perature, field penetration and surface effects. A
monoenergetic electron beam technique currently in
use in one laboratory limits the electron energy spread
by passage through a double hemispherical electron
monochromator of known electron optical behavior [9-
11]. Subsequent analysis of the beam indicates an
energy spread of 70 meV at half maximum. The electron
energy scale is calibrated by determining the ion vield
curve of a rare gas, generally argon, in the ionization
threshold region over a range of several volts. This
calibration will be valid for determining threshold values
for other species if their threshold behavior is similar
enough. The rationale for this procedure is not really
well established. However, where comparisons can be
made, the several dozen results obtained by this tech-
nique agree with experimental photoionization thresholds
to within about 30 meV. Some work has also been done
using 127° cylindrical electrostatic analyzers to obtain
electron beams of comparably narrow and defined

energy spread [12-14]. Electron energy spreads of

smaller than 50 meV at half maximum were obtained
some years ago [13], but no results pertinent to the
present compilation have been published.

Quasi-Monoenergetic

A radically different approach to overcoming the
energy spread problem is that known as the RPD
(Retarding Potential Difference) technique [15, 16].
In this method the electron gun is designed with a
potential distribution such that the low energy portion
of the electron energy distribution is not transmitted
into the ion source. This cut-off potential is rapidly
varied between two values differing by a small amount
(of the order of 0.1 eV). The corresponding difference
component of the ion signal is detected and amplified.
This component corresponds in principle to the ion
current produced by electrons having an energy distri-
bution of that portion of the original distribution lying
between the two cut-off voltages. In fact, the distribu-
tion is somewhat broader and not sharply defined [17].
In the years since its development this method has been
widely adopted. However, not all the care and precau-
tions of the originators have been followed.

A second quasi-monoenergetic method is the Energy
Distribution Difference method (EDD) [18]. In this
method the ion current measured at a nominal electron
energy E is adjusted by subtracting from it a constant
fraction, b, of the ion current measured at a nominal
energy E4+AFE. The originators of the method show
that this difference current represents the ion current
due to a considerably narrower electron energy distri-
bution. The optimum values of the parameters b and AE
depend on the form of the electron energy distribution.

Both of these methods have been successful in
considerably reducing the lack of sharpness of experi-
mental first ionization thresholds due to the large
electron energy spread. However, a calibration with a
gas of known ionization potential is required, and it is
necessary to assume similar threshold behavior.

Non-Monoenergetic

Most of the remaining electron impact techniques are
simply grouped under the category EI. They include the
conventional techniques employing electron beams of
broad energy and differing principally in the method
of extrapolating to “threshold”. The simplest and most
unreliable method is the linear extrapolation method,
which is frequently used in studies of high temperature
species where the experiment is directed to the study
of the thermodynamics of vaporization of the species
rather than to the ionization energetics. This is un-
fortunate since, for these species, threshold data of
even moderate accuracy would be very useful. Generally,
a variety of more accurate extrapolation methods are
used to correct for the broad electron energy distribu-
tion by careful comparison of the unknown and calibrant
ion current in the threshold region. These include
semi-log plot, extrapolated voltage difference, energy
compensation and critical slope methods. These are
described in references 19 and 20. Their accuracy
ranges from less than 0.1 eV to more than 0.5 eV in an
unpredictable manner.

J. Phys. Chem. Ref. Data, Vol. 6, Suppl. 1, 1977



-8 ROSENSTOCK ET AL.

Still another group of extrapolation techniques has
been developed and applied to determination of
threshold energies for multiple ionization. They are
to be distinguished from
monoenergetic extrapolation methods and are cited
separately in the Positive Ion Table. The Square Root
Plot (SRP) and Nth Root Extrapolation (NRE) techniques
are extrapolation procedures often employed to obtain
threshold values for N-fold charged species. Their
rationale is the assumption that near threshold the
cross section for direct multiple ionization varies with
the Nth power of the electron energy in excess of the
threshold value, e.g., a quadratic law for double

the various other non-

ionization, a cubic law for triple ionization [21], etc.

(see section 3.2.d.).

Another experimental technique which has been
devised to determine threshold energies for multiple
ionization is Sequential Mass Spectrometry (SEQ) [22].
In this technique, the ion source is operated with a
potential configuration which brings about space charge
trapping of the positive ions formed by electron impact.
Some of the ions undergo a second ionizing collision with
an electron before drifting out of the trapping region.
Because of this step-wise ionization one can determine

the ionization potentials of species which have been

previously ionized. Trapping times vary from 10-%s [20]
to almost one second [23]. While this technique offers
considerable advantages in obtaining information on
highly charged species, there are considerable diffi-
culties in interpretation because of the large energy
spread of the electrons [24].

c. Electron Spectroscopy
The third class of techniques has as a common
principle the energy analysis of electrons ejected from
molecules which have been excited by uv photons
(Photoelectron Spectroscopy, PE), X.ray Photons
(Auger Electron Spectroscopy, AUG) or electronically
metastable atoms and molecules (Penning lonization,
PEN) of known energy. For a given excitation energy,
the energy distribution of the ejected electrons will
reflect the distribution of accessible energy levels of
the target neutral atom or molecule according to the

relation:

Eson = hv — Eetectron-

Photoelectron spectroscopy in particular has under-
gone a rapid evolution since the first experiments fifieen

years ago [25, 26]. It has been reviewed in a number
of articles [27-35].
c.1. Photoelectron Spectroscopy

The most widely used photon source in photoelectron
spectroscopy is the helium resonance line of wavelength
58.4331 nm corresponding to an energy of 21.218 eV.
More recently, experiments have been carried out with

a helium discharge operated so that there is appreciable
intensity of the He 11 line at 30.3781 nm (40.813 eV) as
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well as the 58.4 nm line. Also, some work is being done
with the neon resonance doublet, at wavelengths of
73.589 and 74.370 nm (16.848 and 16.671 eV) and the
argon resonance doublet at 104.8218 and 106.6660 nm
(11.829 and 11.623 eV). When the light source consists
of a doublet, the photoelectron spectrum will consist of
a superposition of two spectra shifted with respect to
one another by the energy difference of the two emission
lines, and with relative intensities depending on the
relative line intensities and on the relative ionization
cross sections at the two wavelengths. If the light
source contains even traces of impurities, there is the
possibility that impurity emission lines can contribute
spurious structure in the photoelectron spectrum out
of all proportion to the trace concentration [36-38].

The energy analysis of the ejected photoelectrons
has been carried out with a great variety of analyzers
including:

Cylindrical retarding grid

Spherical retarding grid

180° magnetic sector

127° electrostatic sector

Plane parallel electrostatic analyzer

Double focussing electrostatic prism

Double focussing hemispherical condenser

The relative merits of these devices have been discussed
in a number of publications [31, 39-42). The early de-
vices had an energy resolution of one to several tenths
of an electron volt. At present, the highest resolution
attained is of the order of 10-15 meV [43, 44], with a
127° electrostatic analyzer. The factors limiting resolu-
tion have been discussed and estimated by Turner [45].
They include factors depending on the target, the light
source, and the analyzer. The principal contribution
of the target is the ejected electron velocity spread
brought about by the thermal velocity distribution of the
target and is typically. of the order of 2 meV. For hydro-
gen and helium, however, it is much larger, roughly
20 meV. Compared to this, the Doppler broadening of
the photon source emission line is negligible. However,
self-reversal of the emission line may be significant;
it is very dependent on experimental parameters of the
discharge source [4, 46, 47]. Experience to date indi-
cates that as yet no rotational structure can be clearly
resolved but that spectrum line broadening attributable
to rotational envelopes is sometimes observable [45].
Because of contact potentials the energy scale must
be calibrated with a gas or gases of known ionization
potential(s). Rare gases are frequently used. Details
are given in reference 48.

c.2. Auger Electron Spectroscopy

The technique of Auger Electron Spectroscopy
(AUG) is similar in principle to photoelectron spec-
troscopy. It, too, is based on energy analysis of ejected
electrons. However, in this case the electron is ejected
via an Auger cascade following prior inner shell ioniza-
tion. The inner shell ionization is brought about by a high
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energy electron beam [49, 50] or a discrete X-ray source
[50, 51]. The energy analysis is carried out by means
of either a cylindrical mirror analyzer operated at an

energy resolution of 0.12 to 0.16% [49, 51] or a double
focussing electrostatic prism with 0.06 to 0.09% energy
resolution [50, 52}

Since the Auger electrons have energies of several
hundred volts or more, this percentage implies an
energy resolution of several tenths of an electron
volt. Calibration of the energy scale is carried out with
known Auger electron energies of neon and argon [50,
53].
¢.3. Resonant Photoionization

The resonant photoionization technique, also called
threshold photoelectron spectroscopy, differs from
photoelectron spectroscopy in that the photon energy
is varied and only those photoelectrons are detected
which lie in a narrow energy band corresponding to
essentially zero energy of ejection [54]. Thus, in
principle, a photon wavelength scan will directly indi-
cate those ion states which are directly accessible,
without interference by autoionization processes involv-
ing transitions to lower levels. In practice, due to finite
energy resolution a signal is also obtained from auto-
tonization processes which populate states close to the
direct ionization threshold. The zero-energy electrons
are selected by two different methods. In one, all
photoelectrons are accelerated through a known
potential drop and those whose energy corresponds to
the drop itself are selected by a 127° electrostatic
analyzer [54-56]. In the second method the electrons
are accelerated through a uniform electrostatic field
and non-zero energy photoelectrons intercepted by
passage through channels of small angular aperture
oriented parallel to the field (steradiancy analysis)
[57, 58]. The accuracy of ionization threshold values
is reported to be 10 to 20 meV [54, 55] and 2 to 5 meV
[56-58], respectively.

c.4. Penning lonization

The Penning ionization technique is also based on
ejected electron energy analysis. In this technique, the
lonizing agent is a beam of metastable neutral rare gas
atoms with known excitation energy or energies. The
excited species are produced by electron impact. The
metastable atoms employed include mixtures of He (235)
(19.818 eV) and He(2'S) (20.614 eV), Ne(3P;) (16.619
eV) and Ne(3P,) (16.715 e€V), or Ar(?P;) (11.548 eV)
and Ar(®P,) (11.723 eV). Because of the presence of
two metastable states in a given atom beam the Penning
electron spectrum consists of a shified superposition
of two spectra, each formed by one of the species.
The relative intensity depends on the relative proportion
of the two species and the relative cross sections for
the process [62]. Electron energy analysis was carried
out a first with a cylindrical retarding grid arrangement
(Lozier tube) of 0.1 to 0.2 eV resolution [59-61].

More recently, a plane parallel retarding grid of

10 to 20 meV resolution [63] and a 127° electrostatic
sector of better than 60 meV resolution [64] have been
employed.

Energy calibration is carried out with a gas of known
ionization potential or with photoelectrons produced by
He 58.4 nm radiation [64, 65]. In the case of helium
metastables, the He (2'S) component of the beam can
be quenched with radiation from a helium lamp [62].
In interpreting the results, careful consideration has
to be given to possible kinetic energy transfer from the
projectile to the target species [62].

d. Surface lonization

The surface ionization method has been applied to the
determination of first ionization potentials of some metal.
atoms, especially of the lanthanide and actinide ele-
ments. The principle of the method is based on the
assumption that the atoms in a beam, afier impinging
on a hot metal surface, will come to thermodynamic
equilibrium, producing a surface concentration of atoms
and ions whose composition can be described by the
Saha-Langmuir equation:

N /No=g./go exp [e(¢p—1)]/kT,

where N, /N, is the fraction of the atoms which are
ionized, g+ and go are the statistical weights of the ions
and atoms, e the electronic charge, ¢ the work function
of the metal, I the ionization potential, k£ the Boltzmann
constant, and T the absolute temperature. The tempera-
ture dependence of the positive ion current will give
the ionization potential if the work function is known.
Complications inherent in the method include the effect
of surface coverage or impurities on the work function,
definition of the work function for a polycrystalline
surface exhibiting a variety of crystal planes with
different work functions, and an occasional lack of
reproducibility of experimental results which is simply
not understood. Also, the fundamental assumption is
open to question. These factors are discussed in detail
in references 66-68. These difficulties are somewhat
reduced by the determination of ionization potential
differences by bombarding the metal surface with a
composite beam of atoms of known ionization potential
and atoms of unknown ionization potential [69], or
comparing the temperature dependence of positive
and negative ion emission of the same atomic species
{70]. Where comparisons can be made with more
reliable methods, the relative determinations give
ionization potentials within several tenths of an electron
volt of the correct value. Recently, the aniline molecule
has been surface-ionized and the temperature variation
of the parent ion current gave very nearly the correct
ionization potential. It is noteworthy that not all the
parent molecules pyrolyzed or fragmented [71].

e. Born-Haber Cycle Calculations
Another method occasionally used for determination
of ionization potentials is based on the Born-Haber
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cycle. For an ionic crystal the lattice energy of the
crystal can be defined as the energy liberated when
the crystal is formed from ions at infinite separation.
This quantity may be in turn related to the standard
heat of formation of the crystal, and the difference
between the lattice energy and the standard heat of
formation is the energy required to convert the elements
from their standard states to ions at infinite separation.
If all but one quantity is known, such as an ionization
potential or electron affinity, this unknown can be
determined from the cycle. The lattice energy may be
calculated or estimated by interpolation from related
solids [72]. In the present context, this method has been
used in determining the third ionization potentials of
atoms of the lanthanide series [73-75]. The accuracy
of the method is stated to be several tenths of an
electron volt [75].

f. Charge Transfer Spectra

The charge transfer spectrum method is a semi-
empirical method often used in estimating ionization
potentials of large molecules such as polyphenyls,
fused ring systems, amines, and certain biochemical
compounds. It is based on a semi-empirical theory
developed by Mulliken to explain the absorption bands
of electron donor-electron acceptor  complexes in
solution [76]. These bands arise from a transition from
the ground state of the molecular complex to an excited
state in which an electron is largely transferred from
the donor to the acceptor molecule. The bands are not
characteristic of the isolated donor or acceptor mole-
cules. Hastings et al. [77] derived from the Mulliken
theory a simple algebraic relation between the frequency
of the maximum of the charge transfer band and the
ionization potential of the donor, and correlated it
with experimental information. The subject has been
extensively reviewed by Briegleb [78, 79]. A limited
comparison of ionization potentials derived by this
method and more accurate methods indicates that
the estimates are frequently correct to within several
tenths of an electron volt.

3.2. Interpretation of the Data

a. Atomic Spectra and Rydberg Series

The interpretation of atomic spectra to give ionization
potentials is a highly developed field with an extensive
theoretical foundation. Here we will only summarize
some aspects of data handling and discuss two topics
of - general importance to the interpretation of the
results of other techniques as well. These topics are
Rydberg series and autoionization.

The analysis of atomic Rydberg series is discussed
in detail in the review article of Edlén [80].

An atom with one excited electron in an orbital of
high principal quantum number can, in first approxima-
tion, be considered as hydrogen-like. The excited (or
optical) electron sees the central force field of the
nucleus screened by the remaining core electrons.
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Accordingly, the energy levels of this system can be
described by the Rydberg formula:

T.=1—[2uw2Z2eYch®n?] - [mM[(m+M)]=I—RZ?/n2,

where [ is the ionization potential, Z is the net charge of
the nucleus and core electrons, n the principal quantum
number, e the electronic charge, m the electron mass,
M the mass of the nucleus plus core electrons, ¢ the
velocity of light, A Planck’s constant and R the Rydberg
constant (for mass M). This model has been refined by
consideration of two other factors. First, while the
electron is outside the core it will polarize the core,
and second, the electron can penetrate the core to some
extent and see more of the nuclear charge. Both of these-
factors increase the binding energy of the electron. The
theoretical treatment of these factors [81] leads to the
energy expression:

Tw=1—RZ*(n—98)*=1—RZ*n*?,

where & is the quantum defect, and n* is the effective
quantum number. The quantum defect varies with
principal quantum number, and is generally written as
a power series in t = 1/n*?

d=a+bt+ct+dt3+ . . .

It is seen from this expression that the quantum defect
varies linearly with energy in the limit of high quantum
numbers. Of the two factors affecting the quantum
defect, the penetration effect is important for the
penetrating s and p orbitals and the smaller polarization
effect is important for the non-penetrating d, f, and g
orbitals. Quantum defects are largest for s orbitals,
smaller for p orbitals and smallest for d, f, and g orbitals.
For examples see Edlén, [80] Kuhn [82] and the
references cited in Moore’s compilation [83].

The procedure which is generally employed to
determine the ionization limit is to choose an estimate
of the ionization limit, calculate the quantum defects
from the term values of the series and adjust the
ionization limit until one obtains a linear dependence
of the quantum defect on energy at large quantum
numbers [80]. Frequently, several sets of terms are
obtained from experiments correspondingto s, p,d . . .
series. Other things being equal, it is generally the
practice to determine the ionization potential from the
terms of highest orbital angular momentum, for which
both penetration and polarization effects are smallest
and, consequently, the linear dependence of quantum
defect on term energy is expected for lower terms than,
say, for an s series. The procedure and some detailed
examples are given in a study of the spectrum of
Ca 11 [84]. For example, in figure 1 is shown a plot of
quantum defect vs term value for five members of the
Rydberg series (n=25 to 9) of singly ionized calcium,
taken from a study of Edlén and Risberg [84]. Since it
is a g series, the Rydberg electron has very high angular
momentum, the orbits are essentially non-penetrating
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Ficure 1. Dependence of the quantum defect, 8, on term values of
the ng Rydberg series of Ca 11, for three different assumed
ionization limits. Adapted from data of Edlén and Risberg
[841.

and the quantum defects are small, 0.004 to 0.006. The
defects are plotted for the best value ionization limit of
95751.87 cm~! and for ionization potentials assumed to
be 1 cm-?! higher and lower, respectively.! It is seen
that the plot is indeed linear for the correct value of
the ionization potential and deviates significantly for
values only slightly different from this. With this
ionization potential the experimental term values can
be computed with a maximum deviation of 0.005 cm™!
from the Rydberg formula with a linearly varying
quantum defect. The authors [84] give an estimated
error of several units in the last decimal place for this
ionization limit. The basis for this error estimate and
others in the literature is not clear. It seems to involve
mainly the accuracy with which the energies of observed
Rydberg series members agree with the values calculated
from the formula. The most accurately known atomic
series limits are those of the alkali metals and helium,
all of which are stated to have errors of £0.01 cm~!
or less [83]. Of these, the most accurate is the lithium
limit, with an error of =0.005 cm-1! [85].

There are several problems with the above approach
to treatment of the data. First, assuming that the
wavelength accuracy is constant in a given series of
terms, the individual terms do not act equally as
statistical estimators of the quantum defect. Second,
if one has more experimentally determined series mem-
bers than parameters in the quantum defect polynomial,
the above procedure does not utilize all the information
to the fullest. Third, there is no statistical basis for the
error estimate. Seaton [86], has pointed out these
problems and devised a least squares procedure for
treating the data. He obtained for the ionization limit
of helium 198310.76 =0.01 cm !, based on treatment of

1 Although SI practice recommends joules and electron volts for energy units, it is useful

to designate term values in em~' in spectroscopic discussions. The conversion factors
are given elsewhere in the text.

the term values of seven Rydberg series tabulated by
Martin [87], compared to Martin’s value of 198310.81
cm~! based on the mean of three series limits, and
Herzberg’s [88] value of 198310.82£0.15 cm~!. Seaton
obtains different limits for the three series considered
by Martin, and concludes there is a systematic error in
the term values for series members with n>10. This
has not yet been verified.

The discussion and examples above are for essentially
unperturbed Rydberg series. The situation is far more
complex for terms and series which are perturbed by
configuration interaction, and this is not uncommon. If
an isolated group of terms is perturbed, this will show
up as an irregularity in graphs of the energy dependence
of the quantum defect. Examples are given by Edlén [80].
If many terms are perturbed, much more sophisticated
analyses must be carried out. Also, the spin-orbit
splitting of terms complicates the analysis. This problem
is encountered in the analysis of rare earth spectra [89].
In some instances the analyses are not yet far enough
along to yield deperturbed term values from which limits
can be derived, especially for atoms of high atomic
number. Frequently, the analysis and comparison of
terms is helpful [80]. References to
individual species are to be found in the compilation of
Moore [83].

isoelectronic

b. Autoionization

States corresponding to the excitation of a .more
tightly bound electron or the excitation of two electrons
may lie at energies above the lowest ionization energy
of the atom. These can spontaneously eject an electron,
undergoing autoionization. The selection rules for this
type of process are well known [90], and represent
essentially conservation of angular momentum and of
parity. The lifetimes of autoionizing levels can vary a
great deal, ranging from ~ 10-14 s all the way to ~ 10-6s,
Autoionization processes have the following experimental
consequences [91, 92]:

a. Since autoionization lifetimes are frequently
shorter than radiative lifetimes, in such cases these
states are not observed in emission spectra.

b. Because of the selection rules, certain terms of
an atomic multiplet may autoionize and others live
long enough to radiate.

c¢. In an arc emission source, some autoionizing
states will be populated at high arc currents by ion-
electron recombination and hence observed.

d. In absorption, the lines will not be sharp when the
autoionizing level has a lifetime considerably shorter
than the radiative lifetime.

Theoretical study of the autoionization process leads
to the following important conclusions [93, 94]. First, a
great variety of asymmetrical line shapes can occur,
including “windows™ in which an autoionizing state
will be observed as a local decrease in the absorption
coefficient. It is to be remembered that since autoioniz-
ing states lie above an ionization limit, they are always
observed against a continuous background of absorption
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due to direct ionization. Second, the higher members
of Rydberg series with higher ionization potentials as
their limit will always lie above the first ionization limit
and often can autoionize. If one now considers the
variation of the average absorption coeflicient as one
moves from below the limit to above the limit it is found
theoretically that the variation is smooth and, in
particular that there should be no “jump” or disconti-
nuity at the limit. In an experiment measuring an
absorption coefficient or a photoionization experiment
one should not be able to detect a higher ionization
“threshold”. One can, of course, determine the wave-
length of the autoionizing Rydberg series members
insofar as they are resolved and éarry out a conventional
series analysis.

Various workers have in fact observed discontinuities
at higher atomic ionization limits. These are experimental
artifacts which arise as follows. In an autoionizing
Rydberg series the level spacing converges with
increasing energy, the individual autoionizing lines
become less and less broadened and the absorption of a
given line becomes concentrated in a progressively
smallef wavelength range. As a result, unless the
absorbing gas pressure is low enough the experimental
absorption, which is of course averaged over the
apparatus slit width, is no longer simply proportional
to the average absorption coefficient. At and above the
series limit, the absorption coefficient is no longer
rapidly varying, and an abruptly increased absorption
is observed. This type of artifact is observed in optical
‘absorption experiments, which intrinsically require
that a substantial fraction of the photons be absorbed.
In contrast, in photoionization experiments generally a
much smaller fractional absorption occurs, and no
discontinuity is observed at the limit. An interesting
example of this phenomenon is the argon absorption
coeflicient study of Hudson and Carter [95] as compared
to the photoionization curves of Spohr, et al. [58] and
of McCulloh [96] (see figure 2). :

c. Molecular Spectra
The situation for molecules is still more complex due
to added factors of vibrational and rotational structure.
Approximately one hundred Rydberg series have been
observed and analyzed [97]. In almost all instances, the
series limits so obtained agree with photoionization
threshold or later photoelectron spectroscopy measure-

ments to within about 0.01 eV or better.
The most accurately known molecular ionization

potential is that of hydrogen, which has been com-
pletely analyzed by Herzberg and Jungen [98] who
obtained a value of 124417.2 = 0.4 e¢m~! (15.42541 =
0.00005 eV) compared with the most accurate theoretical
value of 124417.3 cm ™! calculated by Jeziorski and Kolos
[99] and an upper bound of 124418 cm ! based on obser-
vation and analysis of autoionizing rotational levels of
Rydberg series in photoionization by Chupka and
Berkowitz [100].
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FiGURE 2. Comparison of photoionization yield (upper curve, from
ref. [96]) and absorption cross section (lower curve, from
ref. [95]) of argon in the ionization threshold region. Note
the difference in appearance near the 2Py, ionization limit.

The spectroscopic ionization potentials of other
molecules are mostly based on analyses of Rydberg
series. Interesting examples are described in a series
of papers by Lindholm [101-103]. In these cases the
rotational structure has not been resolved, leading to an
uncertainty of roughly 5 meV due to difficulty in estab-
lishing the band origin. Since the geometry of the
higher Rydberg states is often somewhat different from
that of the ground state, the various rotational transi-
tions to a particular vibrational level of a Rydberg state
will produce a rotational envelope with a characteristic
intensity distribution [104]. The appearance of this
vibration-rotation band, e.g. shaded to the red or to the
violet, depends on the sign and magnitude of the geom-
etry change, as does the location of band origin corre-
sponding to the (missing) transition between the
rotationless ground state and Rydberg state. The one
case where this cffect has been considered is the series
converging to the 643 state of O5 [105]. The correction
amounts to ~ 10 cm~"

The identification of molecular Rydberg series is often

not completely straightforward. Criteria which are used
include the requirement that the transitions be strong
and gradually decrease in intensity with increasing
energy, and, evidently, that the series fit the Rydberg
formula. Frequently a deviation of 50 to 100 cm™!
between the calculated and measured term values is
considered acceptable. However, even then there are
occasional erroneous series assignments. Examples
of this are found in spectroscopic studies of methyl-
acetylene [106), ethylene oxide [107], furan [108], and
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nitric oxide [109].
Sometimes emission spectra are observed which are
due to ions undergoing radiative transition from an

electronically excited state to the ion ground state.
When properly analyzed, these give information on the
separation between the ion ground state and one or
another electronically excited state. If Rydberg series
are observed for transitions with the electronically
excited ion as a limiting state, then an independent
check can be obtained to verify the analysis. A particu-
larly good example is that of molecular nitrogen [110].
Three sets of Rydberg series have been observed and
analyzed. The Worley-Jenkins series converges to
the ion ground state, X237, with a series limit of
125666.8 cm~'; the Worley series converges to the
first excited 4211, state with an average limit of 134685
cm~'; and the Hopfield series converges to the B*Z%
‘state at 151233 cm~!. In emission, the Meinel bands
have been observed and assigned to the 4211 —X23}
transition. Analysis of the two emission band systems
leads to a term difference of 9016 cm~! between the
A and X states, and 25566.0 cm ! between the B and X
states. This may be compared to 9018 cm~! and 25566
cm~! obtained from the Rydberg series limits [110].
The determination of the various ionization potentials
of molecular oxygen from spectroscopic data represents
a rather different combination of information and
reasoning. The first five electronic states of the Os
ion are in order of increasing energy, X*I1,., a*Il, 4211,
b*Z; and B%% . No Rydberg series have been observed
to date which converge to any of the first three states.
The X211, limit is based on a photoionization threshold
measurement for the production of a vibrationally ex-
cited O4 ion, presumably in the v=1 vibrational

state [111]. The result was corrected to the v = 0 vibra- -

tional state using the vibrational frequency 1843.34 cm !
of O} (X? Il,) determined from analysis of the second
negative band emission system [l104], leading to an
ionization potential of 12.063 = 0.001 eV. The vibra-
tional numbering of the second negative band system
has since been revised [112-114] leading to a corrected
vibrational frequency of 1876.40 cm~! and a resulting
ionization potential of 12.059 = 0.001 eV. One possible
check on this value is the oxygen ionization threshold
determined from the longlived O:(a'A.) metastable
molecule. This has been determined as 11.090 +0.001 eV
by photoionization [115] and 11.09 =0.005 ¢V by photo-
electron spectroscopy [116]. Combining this with the
0, a'A~X3%; term difference of 7918.1 cm~! (0.9817
eV) [104], leads 1o an Oz (X3X ;) first ionization potential
of 12072 +0.005 eV. The differences among the
various results are unexplained, and possibly reflect
different effects of rotations on the observations and on
their interpretation. A further possible check on the
ground state ionization potential could be based on the
dissociation energy of the Os (X?Il,) state combined
with the accurately known molecular oxygen dissociation
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energy and the atomic oxygen ionization potential.
However, the O3 dissociation limit is not accurately
established and the results are inconclusive [113].

The a*I1, series limit is based on the b‘S; series
limit [105] and the term difference established from the
first negative band b2 ;—a ‘I, emission series [104].
The A 211, series limit is based on the X *II, corrected
ionization threshold [112] and the term difference
established from the second negative band A4 2[1,~X 211,
emission series [113]. Further, the energies of other
high lying states of Of, the 627, B*2_,c*Z, and a
possible 211 state have been determined from Rydberg
series. The energies of the &% B2;, and c*3]
states have been confirmed by photoelectron spectros-
copy; that of the 21 state has not (see the Positive Ion
Table).

d. lonization Threshold Laws

The determination of ionization thresholds is based
upon assumptions concerning the energy dependence
of the electron impact or photoionization cross section
in the neighborhood of the threshold. Two cases are to
be considered:

a. Determination of first ionization and multiple
ionization thresholds.

b. Determination of higher ionization potentials,

For the first case, Wigner [117] and then Geltman [118]
showed theoretically that, under certain restrictive
assumptions, the cross section behavior in the threshold
region is given by a power law of the form:

o(E)=c(E—Eo)",

where FE is the ionizing electron or photon energy, E, the
threshold energy, ¢ a constant, and n the total number
of outgoing electrons for the ionization process. This
then leads to a linear threshold law for single ionization
by electron impact, a quadratic threshold law for double
ionization, and so on. For photoionization there would
be a step function threshold for single ionization, a
linear threshold for double ionization, etc. Morrison
[119] showed how various derivatives of electron im-
pact and photoionization curves could be used to obtain
information on excited states of ions. His discussion
was based implicitly on threshold laws of the above form.

In view of the widespread treatment and interpreta-
tion of ionization data tacitly based on use of these
threshold laws, it is appropriate to inject a note of
caution. The treatments of Wigner and Geltman do not
give any information at all about how far above threshold
the laws are expected to be valid. For practical purposes
a range of validity of an electron volt or two would be
desirable. However, there is no guarantee that the range
of validity is this large; it may only be several millivolts,
or even less, and it may vary from system to system.
Thus, there is no theoretical reason to expect that there
exist threshold laws of exactly the form, range of validity
and universality desired by experimentalists.
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The experimental evidence on photoionization of
atoms is as follows. Among the rare gases, the photo-
ilonization cross sections of argon, krypton, and xenon
are very nearly step functions above the 2P,;; threshold
(the 2Py, threshold region is overlaid with autoionizing
terms of the Rydberg series converging to the 2Py
limit) {120]. The photoionization cross section curve of
neon exhibits a discontinuous onset but above that it
has a pronounced positive slope [121]. Finally, the helium
curve has a discontinuous onset followed by a negative
slope, [121, 122] i.e. it resembles a saw-tooth. A large
number of experimental results for other atoms, showing
a wide variety of cross section behavior, are summarized
and discussed by Marr [122]. A large number of these
results have been more or less quantitatively confirmed
by theoretical calculations. The simplest case, the
photoionization cross section curve of the hydrogen
atoms was accurately calculated many years ago and
the energy dependence above the
threshold is proportional to E-8/3 [123].

For electron impact ionjzation of atoms the situation
is also complex. Following Wigner’s general threshold
law derivation, Bates and co-workers [124] carried out
Born approximation calculations and also derived a
linear threshold law for electron impact single ioniza-
tion. However, Wannier [125] arrived by a classical
phase space argument at a 1.127 power law. This argu-
ment has recently been put on a quantum mechanical
basis by Rau [126]. It is now clear that there is no general
linear threshold law for single ionization. The available
experimental results indicate that near threshold the
cross section energy dependence is not exactly linear,
but close to the 1.127 power law [127-130]. In addition,
for krypton and xenon which have large separations
between the %32 and 2Py, ion states, there is evidence
of more complicated behavior near threshold due to
autoionization and, possibly, transient negative ion
states. However, different experimenters obtain dif-
ferent results [131]. Studies on Na, K, and Mg on the
other hand suggest a linear threshold law for single
fonization [132, 133].

Experimental determinations of the threshold laws
for multiple ionization have been carried out by a
number of workers. However, none of these experiments
employed truly monoenergetic electron beams. For
helium, sodium, and potassium where there are no
low lying excited doubly charged ion states, double ioni-
zation follows a quadratic threshold law [132, 133].
The experiments were carried out with both RPD and
conventional electron beam sources. Studies of the other
rare gases have also been carried out with these tech-
niques [134-137]. The resulis are in conflict and the
question of the form of the threshold law remains un-
resolved. These studies are complicated by the existence
of excited multiply charged ion states near threshold,
which may affect the experimental threshold behavior
in a manner depending on the electron energy distribu-
tion. Studies on multiple ionization of other metal atoms

discontinuous
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show that the ionization efficiency curves have structure
which can be correlated with autoionization and Auger
effects [138, 139]. However, these features in the ioniza-
tion efficiency curves have not been employed in a
predictive fashion, and the prospect for doing so is
remote.

e. Photoionization Thresholds of Diatomic Molecules

In contrast to atoms, the photoionization thresholds
of molecules are not sharp because an ionizing transition
in the threshold region is in fact a sum of many individual
transitions of closely similar energy from one or another
rotational state of the molecule to one or another
rotational state of the ion. The molecule will generally
be in the vibrational ground state. However, a number
of vibrational states of the ion will be accessible. In
addition, the ion electronic state is often a doublet,
with a spin-orbit splitting that may be small, comparable
to, or larger than the spacing of the vibrational levels
of the ion. Thus, the problem of deducing the energy
difference between the ground state of the molecule and
the rotationless, vibrationless, electronic ground state
of the ion (i.e. the adiabatic ionization potential) requires
some analysis. Aspects of this problem have been
discussed in detail by Guyon and Berkowitz [140].

Since the energy resolution of almost all photoioniza-
tion experiments is not enough to resolve rotational
structure, it is useful to discuss vibrational effects first.

The direct photoionizing transition of a molecule
obeys the Franck-Condon principle [141-143]. Accord-
ing to this principle, the position of the nuclei and their
momenta are unchanged by the transition. As a result
the vibrational levels of the ion that are accessible in
the transition depend upon the position and shape of the
ion potential curve relative to the neutral potential
curve (see figure 3). If the ion curve is very similar in
shape and has an equilibrium internuclear distance
identical to that of the molecular curve, essentially
only the ion vibrational ground state will be accessible
from the molecule ground state. If the ion internuclear
distance is a little greater or smaller than that of the
molecule (several thousandths of a nanometer) additional
ion vibrational levels become accessible and a vibra-
tional progression will be observed, with an intense
(0 <= 0) transition and progressively less intense transi-
tions to the higher vibrational levels. For larger differ-
ences, roughly 0.005 nm and more, the vibrational
ground state (0 <—0) transition is no longer the most
intense and the maximum transition probability shifts
to a higher vibrational level. For still larger distance
changes, the (0 < 0) transition may be so weak as to be
unobservable, and a significant portion of the accessible
transition region may lie above the dissociation limit. To
a good approximation the relative transition probabilities
to the various ion vibrational levels may be represented
by squares of normalized vibrational overlap integrals,
also called Franck-Condon factors. A graph of the dis-
tribution of relative transition probabilities is known as a
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Franck-Condon envelope. Thus, as the difference be-
tween the ion and neutral equilibrium internuclear
distance changes from negligible to very large, the
Franck-Condon envelope changes from a single vertical
line to a monotone decreasing curve to a distorted bell
shaped curve (see figure 3).

In direct photoionization, the various vibrational
transitions manifest themselves as a staircase structure
in the threshold region, with relative step heights corre-
sponding to relative values of the Franck-Condon
factors. This structure will occur if the photoionization
threshold law is a step function. This appears to be the
case for molecules studied thus far, in contrast to
atoms. Experimentally, the sharp staircase structure
would be smeared out into a series of sigmoidal onsets
due to the triangular slit function of the monochromator.
The point of inflection of the sigmoid occurs at the onset
of the sharp step, and represents the point to be taken
as the onset energy.

The effect of rotation on the direct ionization cross
section curve shape is to produce some additional tailing
of the onset and rounding of the step as a result of the
spread of threshold energies of the individual rotational
transitions. The exact shape of the threshold curve
depends on the thermal population of rotational levels,
the difference in moment of inertia of the molecule and
ion, and the selection rules. The only case in which this
effect has been analyzed carefully is in the photo-
ionization of HF [140]. The analysis was only partially
successful and the uncertainty in the estimated adiabatic
ionization potential is somewhat less than 10 meV. For

heavier molecules the uncertainty would be even less.

The next factor to be considered is vibrational hot
bands. At room temperature most diatomic molecules
have only small populations of vibrationally excited
molecules. These will produce photoions below the
adiabatic threshold through (0 <—1) transitions if, as is
nearly always true, the ion and molecule bond lengths
are not identical. In those cases the photoionization
threshold region shows a small step followed by a large
step, readily identified as the (0 <= 0) transition, and a
series of progressively smaller steps. This interpretation
is readily confirmed since the energy difference between
successive steps corresponds to the energy difference
between the molecule ground and first vibrationally
excited state. Further, changing the vibrational popula-
tion by changing the sample temperature can be used
to study and correct for hot band effects. In some cases,
notably Br, and 1., the vibrationally excited populations
are so high and the vibrational progressions so long that
this approach is essential to determining the adiabatic
ionization potential [144].

Hot band problems are also widely encountered in the
photoionization of high temperature species such as
alkali and other metal halides [145]. The threshold
curves have a more or less exponential tail, due princi-
pally to the Boltzmann distribution of vibrational popu-
lations [146). The vibrationally excited species’can have
a lower ionization threshold for two reasons. First,
(0<1), (0<2), (0«3), etc. transitions may occur
as a result of differences between the ion and neutral
bond distances. Second, only (0 <= 0), (1< 1), (2« 2),
etc. transitions may occur when there are only very
small bond length changes. In this case, vibrational
frequency differences between the ion and neutral will
also produce progressively lower thresholds for the
higher transitions. Consideration of these factors and
plausible sets of Franck-Condon factors indicates
that the threshold curve cannot be exactly exponential
but will be nearly so. The adiabatic threshold is deter-
mined by plotting the data on a semilog scale and locat-
ing the point of departure from linearity. Numerous
examples and detailed discussion are given in a review

by Berkowitz [145].

The phenomenology of direct ionization sketched
above has superimposed on it the effects of autoioniza-
tion. In addition to the autoionization of high Rydberg
states converging to the higher doublet limit of the ion
ground state, and various terms converging to elec-
tronically excited ion states there is now a new possi-
bility, namely, autoionization of Rydberg states be-
longing to series converging to vibrationally excited
ions in their electronic ground state. The mechanisms
of these processes have been discussed by Berry [147].
The effect of the autoionization is to change the expected
staircase structure of direct ionization to a more complex
one showing numerous peaks indicating autoionizing
Rydberg levels converging to various vibrationally
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excited levels of the ion ground state. In NO for example,
this additional structure is not very pronounced [148]
whereas in the halogens [144] it is the dominant feature
of the threshold region. Early photoionization work [146]
on NO did not show this autoionization structure clearly,
due probably to a poorer signal-to-noise ratio and fewer
data points. A comparison is shown in figure 4.
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FiGURE 4. The ionization threshold region of NO. The upper curve

is the total absorption cross section, and the experimental
points the ionization cross section, determined in early
experiments by Watanabe [146]. The lower curve is the
photoionization yield recently determined by
Killgoar et al. [148], showing pronounced autoionization
peaks superposed on the staircase structure.

curve

Lastly, Chupka and Berkowitz have drawn attention
to the possibility that spurious lowering of ionization
thresholds could result from collisional or electric field
ionization of highly excited states produced by photon
absorption slightly below the true ionization limit
[149]. This can present a serious problem in very
accurate threshold measurements, but no examples
have yet been published.

f. Electron Impact Thresholds of Diatomic Molecules

Prior to the general recognition of the importance of
autoionization it was expected that careful study of the
electron impact ionization threshold region with mono-
energetic or quasi-monoenergetic (RPD and EDD) tech-
niques would give information on the Franck-Condon
factors for vertical transition to the ion ground state.
Assuming a linear threshold law for single ionization it
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was expected that a series of straight line segments
would be observed in the threshold curve, with the onset
of each new segment representing transition to a new
vibrational level. The successive slope increases were
interpreted as relative Franck-Condon factors. A sig-
nificant number of the earlier studies employed a data
treatment which was essentially a decision that suc-
cessive groups of experimental points should fit a series
of straight line segments, and indeed plausible results
were obtained in some instances. In many other in-
stances the decision that the data fitted a series of
straight line segments rather than a smooth curve
appeared quite subjective. Another approach taken was
to deal with this problem electronically by taking
derivatives of the ion current as a function of electron
energy [150] and, later, overcoming the effect of electron
energy spread and noise by means of deconvolution
techniques [151, 152]. Application of these techniques
to diatomic molecules revealed that the form of the
ionization threshold curves was more complex, due to
autoionization; the existence of siraight line segments
was not confirmed. The manner in which a combination
of direct ionization and autoionization determines the
form of an electron impact threshold curve has not yet
been analyzed in detail.

In practice, with nearly monoenergetic electrons one
generally obtains smooth threshold curves of more or
less similar shape no matter what molecule is studied,
and with a rare gas threshold curve for calibration of
the energy scale and as an indicator of the electron
energy spread, one can obtain results in essential
agreement (<50 meV difference) with spectroscopic
values [153, 154]. To date no procedure has been
developed for correcting for hot bands or rotational
effects.

There is no sound foundation for the still widely
used methods employing non-mono-
energetic electron beams, a calibrating gas (generally
a rare gas), and a variety of empirical extrapolation
laws. These methods give results which are generally
several tenths of an electron volt higher than the correct
value, sometimes more and sometimes less. The problem
is especially acute for species observed in high tempera-
ture Knudsen cell studies. Here hot band effects can
be important, as discussed above, yet the electron
impact results are still significantly higher than the
true value. This is most likely a result of the conventional
methods employed, especially the linear extrapolation
and vanishing current techniques. Very careful studies
have been carried out by both electron impact and photo-
ionization on diatomic sulfur. These afford a basis for
comparison. In spite of careful calibration procedures
the electron impact result was more than 0.5 eV higher
than the subsequent photoionization and spectroscopic
results, which are in essential agreement [155, 156].
Additional comparisons and instances of closer agree-
ment have been discussed by Hildenbrand [157]. Some
other Knudsen cell studies undoubtedly give better

conventional
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answers. However, this will not become apparent until
independent confirmation is obtained by more reliable
techniques. At present, the only basis for assessing
the likely inaccuracy of a particular measurement is the

apparent care with which the measurement and calibra- -

tion is carried out. The use of some diatomic and
polyatomic gases of known ionization potential at high
temperatures for calibration purposes might improve
the degree of reliability of experimental results.

g. Photoelectron lonization Thresholds

The basis for interpretation of photoelectron spectra
has been extensively discussed in the books of Turner
[32] and Eland [158]. In a photoelectron spectroscopy
experiment, the ejected electron energy analyzer sam-
ples electrons arising from allowed electronic transitions
to all vibronic levels of the ion which are Franck-Condon
accessible and lie at or below the energy of the photon
source line. With the assumption that the photoioniza-
tion threshold law is a step function which is flat from
the ionization threshold energy to the energy of the
photon source line, the energy of the electrons ejected
from any given electronic state will have a distribution
determined by the Franck-Condon factors. With
sufficient analyzer resolution one obtains for each
accessible and allowed electronic transition a literal
“bar graph” of experimental Franck-Condon factors.
This enormously simplifies the determination of ioniza-
tion potentials insofar as identification of the (0« 0)
transitions is concerned, not only for the first ionization
potential but for higher ones as well. The spacing and
Franck-Condon accessibility of higher electronic states
is often of such a character that the accessible energy
range of different states may overlap to some extent, i.e.
there may be overlapping vibrational progressions.
These aspects are well illustrated in figure 5 taken from
the work of Edqvist et al. [44] on oxygen. carried out
with an apparatus of 12 meV resolution (FWHM). An

a‘m,
I e O O A IO B

4g- TTTTTITTTTI T T T T T 770
b "Xg AW,

Iz

JJUhU L o L.

T T T T T T T T T T T T T [ T r T [ T T T T T —

]
19 18 7 16

Ficure 5. High resolution photoelectron spectrum of O., showing
overlapping vibrational progressions from transitions to
different electronic states of the ion. From work by Edqvist
et al. [44].

important application of this aspect of photoelectron
spectra is to problems where hot bands may be impor-
tant. Recently the photoelectron spectrum of the SO
radical has been observed [159]. The SO was produced

by means of a gas discharge in an SO, rare gas mixture.
This method of producing transient unstable species
raises questions as to whether the species so generated
are vibrationally excited or not. The photoelectron
Franck-Condon factors clearly indicate that this is not
a problem and that a good adiabatic ionization potential
can be obtained. A similar case is the hot band problem
in some halogen molecules which was discussed above
in connection with photoionization. The photoelectron
spectra at room temperature are of course also compli-
cated by this factor. Here, too, experiments at different
temperatures are very useful in correcting for hot band
effects [160].

The above discussion on deriving experimental
Franck-Condon factors is somewhat oversimplified.
There is no reason to suppose that the molecular photo-
ionization threshold law is strictly a step function.
Small deviations from this step function form will
bring about some differences in the electronic part of
the transition probability to various vibrational levels
of an electronic state, so that the experimental relative
intensities of the vibrational transitions no longer
accurately represent the Franck-Condon factors. As
evidence of this it is to be noted that the relative inte-
grated intensities (integrated over all the vibrational
structure) of transitions to various electronic states do
depend on the photon source line energy [161]. Further,
the angular distribution of photoelectrons depends both
on the type of electronic transition and on the energy
with which the photoelectron is ejected in producing a
given ion state, i.e. the incident photon energy and the
specific vibrational level [162—164]. Unless the apparatus
is set up to collect photoelectrons at a fixed special
angle, the resulting information on electron energy
distribution may be distorted [165]. Part of the data
interpretation problem, of course, is concerned with
proper assignment of the electronic transitions observed.
This is an extensive and highly specialized subject on
which the reader is referred to the books of Turner [32]
and Eland [158] and to the various papers cited in the
Positive Ion Table.

In comparison with photoionization, the photoelectron
spectroscopy experiments suffer far less interference
from autoionization phenomena. In photoionization,
the wavelength scan sweeps over all accessible neutral
states which can autoionize (and many do). The photo-
electron experiment yields information on many states
with one photon wavelength. If an accessible auto-
ionizing neutral state happens to lie at the ionizing
photon energy, the process will of course occur and will
add its complications to the measurement and inter-
pretation [166].

The best present-day photoelectron experiments are
capable of producing data with a reported accuracy
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approaching 2 10 3 meV (~ 15 to 25 cm™!). This accuracy
is comparable to that of the best photoionization experi-
ments (excepting the work on hydrogen [100], which is
even better). Both in turn are beginning to approach
the accuracy of many spectroscopic experiments. All
have in common the problem of analyzing and correct-
ing the experimental data for the contribution of various
rotational transitions. With but three exceptions, H,,
N;, and CO, spectroscopic data are measured on band
heads, while photoionization data are measured on
thresholds, and photoelectron data are measured on
peak maxima of resolved vibrational levels. These three
approaches are not simply related and remain to be

analyzed in order to push accuracy and comparability
beyond the 5 meV (40 cm~!) limit.

h. Photoionization Thresholds of Polyatomic Molecules

The interpretation of photoionization thresholds of
polyatomic molecules involves problems analogous to
those for diatomic molecules. In addition to the form
of the thresholdlaw two aspects are especially signifi-
cant, the Franck-Condon principle and hot band effects.

The experimental evidence for validity of the step
function threshold law for direct ionization is not easy
to assess because of the additional complexities in-
troduced by Franck-Condon factors, hot bands, auto-
ionization, and fragmentation. Where these complexities
do not obscure things it appears that the step function
threshold law is more or less closely followed. Ex-
ceptions include a number of ketones which have a
variety of non-zero slopes above threshold [167], and
methane, which appears to have an “overshoot” form
[168]. It is not known how much of this overshoot is due
to autoionization. .

Whereas in the diatomic case one has only to consider
the effect of a single internuclear distance change on
the vibrational structure in direct photoionization, in
the polyatomic case there can be changes in bond
distances, bond angles and even in symmetry. The
possibilities for vibrational structure are correspondingly
more complex. In many instances the photoionization
threshold curve still has a reasonably sharp onset which
most probably corresponds to the adiabatic threshold.
This is true for processes involving removal of a non-
bonding electron, where little change in molecular
geometry is expected. However, there are many cases
in which significant geometry changes occur. These
include ionization of tetrahedral and octahedral mole-
cules, for which the equilibrium geometry of the ion
ground state is considerably different from that of the
neutral molecule due to the Jahn-Teller effect [169, 170].
In these instances, the photoionization threshold curve
has a very gradual onset, and it is not immediately
apparent whether the accessible (i.e. observed) Franck-
Condon region includes the (0 < 0) transition. A variety
of ion yield curves are shown in figure 6. It is interesting
to note that the values of the CH, ionization potential
reported over the years have become progressively
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FiGURE 7. Variation over the years in the experimental values of
the ionization potential of methane. Where no error bars
are shown the limits of error are small.

lower and lower, due presumably to the progressive
increase in apparatus sensitivity (see figure 7). The
adiabatic ionization potential is still not firmly estab-
lished. In other cases, ionization of tetrahedral molecules
produces only fragment ions, indicating that the parent
ion equilibrium geometry is so different that the Franck-
Condon transition does not even reach a stable region
of the ion potential surface.

In the case of NHj;, the removal of a ‘“‘non-bonding”
electron changes the molecular geometry from pyram-
idal to planar and the photoionization threshold exhibits
only a weak (0 <= 0) transition [171]. Indeed, the iden-
tification of the (0 < 0) transition is based on spectros-
copic studies of the isotopic shift of vibrational Rydberg
series terms [172]. A similar problem is found in the
photoionization of the CF; radical [173], where the
location of the (0 < 0) transition is not yet firmly estab-
lished. Also, it is not clear whether or not the experi-
mentally generated radicals are vibrationally excited
and show hot band effects.

Still another type of Franck-Condon problem arises
in transitions between bent and linear (or vice versa)
configurations, which produce long vibrational progres-
sions. This is the case for NO,, where the molecule is
bent, with a bond angle of 134°, and the ion is linear. It
is not yet established whether the photoionization
threshold represents the (0<0) transition. Only an
upper limit has been obtained for the adiabatic ioniza-
tion potential [174].

Large molecules often have low frequency normal
modes which are appreciably populated at room tem-
perature and whose effects on thresholds should be
taken into account. However, the problem is very
difficult. The photoionization curves of higher alkanes
[175] and alkyl radicals [176] show a gradual onset
which may be partially due to hot band effects. At
present all that can be stated is that the adiabatic
ionization potentials of these compounds are uncertain.
Fortunately, there are many cases where the hot band
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effect appears as a low intensity tail preceding a large
increase in the photoionization yield. An example of
this is the acetylene molecule (see figure 8). There is
little doubt that the large increase is due to the (0 <« 0)
transition. Sometimes the (0 < 0) transition is located by
plotting the photoion yield on a semilog scale and
looking for the departure from linearity as discussed
earlier. As a result of differences in data interpretation
there are sometimes differences of up to 5 meV in
reported threshold values obtained by different workers.
The various photoionization measurements on the first
ionization potential of benzene are a good example
(see the Positive Ion Table).

As in the diatomic case, the shape of the photoioniza-
tion threshold curve may be affected by autoionization,
which can somewhat complicate or even completely
obscure the staircase structure expected from the
Franck-Condon factors for direct ionization. Also, the
observed structure is dependent on the photon energy
resolution. Early work on photoionization of acetylene
showed a staircase structure that could be readily
related to Franck-Condon factors [177]. However, a
recent study employing higher resolution (0.05 nm com-
pared to 0.2 nm) demonstrated that the threshold ion
yield curve shows a combination of direct ionization
and a significant amount of superposed autoionization
[178]. This is illustrated in figure 8. The experimental
Franck-Condon factors for the estimated direct ioniza-
tion were in good agreement with those determined by
photoelectron speciroscopy and those theoretically
calculated [171]. In another case, early work on photo-
ionization of CO; near threshold suggested a significant
deviation from the step function threshold law. Recent
work at higher resolution demonstrated that in the
threshold region there was considerable autoionization
~ from an excited valence state of CO, [96] which strongly
influenced the shape of the photoionization yield curve.
Lastly, in the photoionization of methane there is con-
siderable structure in the threshold curve. To what
extent this is due to a complex series of vibrational
progressions or to autoionization is unclear [179]. The
photoelectron specirum of methane also shows vibra-
tional structure [180].

In summary, the determination of adiabatic ioniza-
tion potentials from photoionization curves of poly-
atomic molecules is not always straightforward. In
some cases, where there are large geometry differences
between the ion and the molecule, the adiabatic value
cannot be determined. These difficulties also manifest
‘themselves in the uv spectra and in photoelectron
spectra. However, in many other cases agreement
among all three methods is better than 5 to 10 meV.

i. Electron Impact Thresholds of Polyatomic Molecules
It is evident from the above discussion that a wide
variety of electron impact threshold behavior is to be
expected for polyatomic molecules. This, when folded
into a large electron energy spread (whose shape may
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vary with electron energy and the chemical nature of
the gas sample) leads to a very ill-defined situation. The
basis for the choice of calibrating gas and the meaning
of the calibration process is not at all apparent. Re-
duction of the energy spread by means of an electron
monochromator [154] appears to have overcome these
difficulties in spite of the arbitrary nature of the calibra-
tion process. Essentially all of the ionization potentials
determined by this technique are in satisfactory agree-
ment (10 meV or better) with spectroscopic, photo-
electron, and photoionization measurements with the
exception of the results on methane [154] and benzy!
‘radical [181, 182]. In methane the electron impact
threshold curve does not have a sharp onset and the
authors express the result as an upper limit (I, < 12.70
eV) which is about 0.1 €V higher than the most recent
photoionization (< 12.615+0.010 eV) [179] and photo-
electron (< 12.616 eV) [170] upper limits. This is
probably a matter of apparatus sensitivity. The ioniza-
tion potential of the benzyl radical determined with an
electron monochromator {181] (=7.27+0.03 eV) is
0.4 €V lower than that obtained by photoionization [182]
(7.63 eV). The reason for this is unknown. Other quasi-
monoenergetic electron impact techniques (RPD and
EDD) show a wide variety of agreement or disagreement
which is, unfortunately, unpredictable.

i- Higher lonization Thresholds

Numerous higher ionization thresholds have been
determined by photoelectron spectroscopy and a small
number by uv spectroscopy. The associated problems
of Franck-Condon effects and assignment of the elec-
tronic transition have already been touched on. Some
further aspects of photoionization and electron impact
experiments should be discussed in this connection.

As mentioned above, molecular photoionization ex-
periments reveal the presence of many autoionizing
states which are members of Rydberg series converging
to vibrationally and/or electronically excited ion states.
In the discussion on atomic ionization potentials it was
pointed out that in photoionization there would be no
observable higher ionization threshold discontinuity.
In the molecular case, however, the higher Rydberg
states that autoionize also can undergo the competing
process of predissociation into excited neutral species.
This will lower the net ion yield per unit of absorp-
tion below a higher ionization threshold in comparison
to the ion yield above the threshold where it is unity.
Thus, in principle, higher ionization thresholds may
be ‘‘directly” observable. However, the few obser-
vations of this type reporied in the literature are not
completely convincing [183]. Again, in principle, one
could make the thresholds observable by raising the
gas pressure to the point where true averaging of the
absorption coeflicient no longer occurs.

As for identification and interpretation of interesting
features in the RPD and EDD electron impact curves
above threshold no definitive information has yet been

gained, the rationale is unclear and even the reality of
the features is in dispute. One particular case that
merits mention is the threshold curve for acetylene ion.
Early photoionization work and Franck-Condon calcu-
lations indicated that the threshold photoion yield
curve had a staircase structure due to a strong (0<0)
transition and lesser excitation of the first and second
carbon-carbon stretching overtones, with some minor
additional transitions [177]. Later, the existence of these
stretching transitions was confirmed by photoelectron
spectroscopy [184]). An EDD study, however, concluded
that the (0<~0) transition was very weak and suggested
that the Franck-Condon principle was violated [185].
Subsequently an electron monochromator study cor-
roborated the results of the EDD study [186]. And more
recently a different electron monochromator study
disagreed with this work and essentially confirmed the
Franck-Condon factors found in the photoionization
and photoelectron spectroscopic work [187]. Finally, a
recent photoionization study showed that autoionization
was an important contributing process in the threshold
region [178]. In view of the autoionization problem, the
significance of the most recent electron monochromator
results is not clear. One can only conclude that further
careful work is required and that each molecule will
present its own characteristic but interesting difficulties.

k. Multiple lonization Thresholds

A number of molecules have doubly and triply charged
ion states which are stable enough to permit ionization
threshold measurements. Available experiments, em-
ploying conventional non-monoenergetic electron heams,
indicate that double ionization follows a quadratic
threshold law. whereas the results on triple ionization
are inconclusive [188]. Also, high kinetic energy frag-
ment ions, presumably arising from decomposition of
doubly charged parent ions, have been shown to follow
a quadratic electron impact threshold law [189]. It has
also been shown that the appearance potential of these
ions increases with increasing kinetic energy [190], as
required from simple energy considerations.

l. Diatomic Fragmentation Thresholds

The idea that the fragmentation of diatomic ions could
be described by the Franck-Condon principle was first
advanced in 1928 by Condon and Smyth [191, 192]. The
idea was that ionization produced vertical transitions
from the molecule ground state to the various ion elec-
tronic states and that depending on the electron energy
and the shape and location of each of the ion potential
curves one would observe characteristic yields (large,
small, none) of fragment ions with characteristic
kinetic energy distributions. In the case of hydrogen,
enough was known about the Hy attractive and repulsive
potential curves to lead to the prediction that little if
any fragmentation would result from a vertical ionizing
transition to the attractive H;(ZE;) ground state, and
that fragment ions would be produced exclusively by
transitions to the repulsive 2X! state with a resultant
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kinetic energy of several electron volts. This was veri-
fied shortly thereafter by Bleakney [193]. The idea that
fragmentation results from direct vertical transition to
a repulsive curve or to an accessible part of an attractive
curve which happens to lie above the dissociation limit
is only a first approximation. Other factors must be
considered. Fragmentation can occur via ion-pair
production or via predissociation from an attractive
ion state by curve crossing. Also, ion states may be pop-
ulated by autoionization as well as by direct ionization.

In the case the Franck-Condon
principle applies also, but in two steps. First, a par-
ticular region of an autoionizing electronic state be-
comes accessible by vertical transition from the mole-
cule ground state. Second, for each populated auto-
ionizing vibronic state a region of the ion curve becomes
accessible since molecular autoionization is also gov-
erned by the Franck-Condon principle [166, 194]. The
net result is, in effect, to broaden the accessible ion curve
region beyond that expected from a direct ionization
process. In order to derive ion thermochemical data
from experimental fragmentation threshold data it is
necessary to establish the nature of the dissociation
process, the electronic states of the fragments, and the
kinetic energy distribution of the fragments. Examples
of the problems encountered are given below.

LY. H,

autolonization

There has been very litile recent work directed to
measuring the dissociative ionization of hydrogen by
electron impact and only one study by photoionization.
This is probably due to the fact that the threshold
energy for the dissociative ionization process is well
known from the dissociation energy of the hydrogen
molecule and the ionization potential of the hydrogen
atom. In electron impact the threshold for formation of
H* is in fact lower by about 0.8 ¢V due to the ion-pair
process:

H.+e— H*+H +e,

and there is a fairly sharp increase in proton current
starting at the energy corresponding to dissociative
ionization [195]. Recently the ion-pair process has been
carefully studied in detail with photoionization [196].
Several thresholds were observed corresponding to
predissociation of excited hydrogen molecules in differ-
ent rotational states into ion pairs. With the assumption
that the fragments had zero kinetic energy, and using
accepted values for the dissociation energy of H, and
the ionization potential of the hydrogen atom, a value
was derived for the electron affinity of the hydrogen atom
in essentially exact agreement with the best theoretical
value (experiment, = 0.754=0.002 eV, theory. 0.75421
eV).

The kinetic energy distribution of protons from the
dissociative ionization process has been carefully studied
several times and is qualitatively in accord with ex-
pectations from the Franck-Condon principle [197, 198],
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however, no quantitative agreement has yet been
obtained [199, 200]. Important aspects of this problem
have been discussed recently by Crowe and McConkey
[201]. In contrast, the experimentally measured kinetic
energy distribution of proton pairs formed by double
ionization of molecular hydrogen with 1 keV electrons
is in very close agreement with accurate Franck-Condon
calculations [202).

.2. N,, O,, CO, and NO

It is well known that if one has an accurately deter-
mined ion fragmentation threshold, has established the .
electronic states of the fragments at threshold, has
measured the kinetic energy distribution of the frag-
ments and established a meaningful threshold energy
correction procedure, and knows the energy required
to form the ion in its product state from the corres-
ponding atom in the ground state, one can determine a
bond dissociation energy. This line of reasoning is
widely applied in more or less detail in mass spectro-
metric experiments for determining bond energies. A
somewhat similar line of reasoning applies to spectro-
scopic determinations of bond dissociation energies.
Ideally, one should obtain the same answer on the same
system. In practice, very often the requisite information
is not all at hand in sufficient detail and accuracy to
provide a definitive answer. There is no better illustration
of this than the years-long controversies concerning the
dissociation energy of the nitrogen molecule and of the
carbon monoxide molecule (the latter case is equivalent
to the heat of sublimation of graphite controversy). The
history of these controversies can be followed in the

three successive editions of Gaydon’s book [203].
Briefly, a number of spectroscopic observations led

to accurate values of energy thresholds at which these
molecules predissociated. However, the lack of definite
information on the electronic states of the product
atoms led to a set of highly accurate but widely differing
bond energy values for each molecule, only one of which
could be correct. Other spectroscopic studies ‘directed
to determining the bond dissociation energy by extrap-
olation of the energies of the converging vibrational
levels were at first inconclusive. During the same period
a number of very careful electron impact mass spectro-
metric studies were directed at this problem area as
well [12, 197, 198, 204-209]. Much effort was devoted
to measurement of fragment ion kinetic energies, and
examination of the complications arising from ion-
pair formation processes. The efforts were handicapped
for some time by lack of accurate knowledge of certain
electron affinities. All in all it took years of effort to
arrive at a set of answers that was consistent with all
spectroscopic, mass spectroscopic, thermochemical,
kinetic and high temperature information. The litera-
ture of this problem is replete with reasonable, plausible,
but ultimately incorrect information.

This story must be kept in mind when reporting or
evaluating experiments on mass spectrometric bond



ENERGETICS OF GASEOUS I10NS

dissociation energies. A very widespread assumption,
almost never stated explicitly, is that dissociation
products are formed in their ground state. Too few
experimenters report the use of available capability
to establish whether or not ion-pair processes are sig-
nificant. And in the case of electron impact experiments
the capability of observing negative ions is subject to
possible interference from dissociative electron capture
processes. In our opinion, the large body of bond energy
data based on conventional non-monoenergetic electron
impact measurements is subject to errors of up to 50
kJ mol-!. The small body of results now being obtained
by means of monoenergetic electron beam techniques
is an order of magnitude more reliable. And this can be
demonstrated by the self-consistency of the resulis
and the agreement of experimental thresholds with
photoionization measurements, which do not suffer
from energy spread or energy calibration problems at
this level of accuracy.

With these facts in mind we turn to a photoioniza-
tion controversy. All that has changed is that the need
for energy scale calibration and the broad energy
distribution of the ionizing beam have been eliminated.

1.3. F4, HF, and CIF

The photoionization controversy has centered about
the dissociation energy of fluorine. In this case one set
of photoionization studies by Dibeler et al. on fragmenta-
tion processes of the above molecules arrived at a seem-
ingly self-consistent set of threshold values all supporting
a value of 1.34 +0.03 eV for the dissociation energy of
fluorine, lower than the generally accepted value of
1.594+0.026 eV [210, 211]. The same observations
were consistent with the accepted heats of formation
of HF and CIF but suggested that the spectroscopically
determined dissociation energy of HF, 5.86 +0.01 eV,
was about 0.1 eV too high. These observations and con-
flicting results stimulated further photoionization studies
on F, and HF by Berkowitz et al. which ultimately led
to the conclusion that the HF and F, dissociation ener-
gies proposed in the earlier photoionization studies were
incorrect and that the fragmentation energetics were in
fact consistent with the accepted F» and HF dissociation
energies [212]. The differences in the conclusions
arrived at by the two groups of workers were due to the
following deficiencies in the earlier study. Although
Dibeler et al. observed an ion-pair process in the F,
fragmentation threshold region, the onset of the F+ ion
yield curve was not corrected for the contribution of
this process to the F+ yield from dissociative ionization.
Indeed, the intensity of the ion-pair process observed in
that study was significantly lower than in the later study
by Berkowitz et al., presumably due to the different
ion source configurations employed. In addition, Dibeler
et al. chose a location in the curved region at the foot of
the threshold curve for a threshold value, whereas
Berkowitz et al. corrected the ion-pair-corrected thresh-
old curve for the effect of photon bandwidth and the
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possible effect of rotational energy in lowering the
fragmentation threshold [140]. The threshold values
so deduced were 18.76£0.03 eV [210] and 19.0]1 eV
[212]. As for the dissociative ionization of HF, the two
groups deduced thresholds for formation of Ht+F of
19.34+0.03 eV [210] and 19.445 eV [212], respectively,
differing principally because the latter value included
the monochromator bandwidth and rotational popula-
tion corrections. In addition, careful measurements
were made of the kinetic energy of the protons from
dissociative ionization of HF, and F* from the ion-pair
process in F» [213]. There is no question that the results
of Berkowitz et al. are to be preferred. The rotational
correction model employed is one that tacitly assumes
that the dissociation process is essentially a vertical
transition from a population of rotational states of the
molecule to the dissociation limit of the ion. However,
the dissociation of HF+ does not occur by this direct
mechanism. Rather, it involves a predissociation of some
sort, and the effect of rotations on this process is not
clear.

Evidence for ion fragmentation has also been observed
in HF by Brundle, using photoelectron spectroscopy
[214]. In the first excited 22+ state of HF* the Franck-
Condon envelope has vibrational structure only up to
19.400+0.01 V. Above this the envelope is smooth,
indicating a very short lifetime. This threshold is con-
sistent with the observations of Berkowitz et al. {212].
Lastly, an electron impact study on F, was recently
carried out, leading to a value of 1.63 0.1 eV for the
F. bond dissociation energy [215], and confirming some
of the kinetic energy measurements, thus supporting
the accepted value. However, the experimental thresh-
old data are not as precise. This controversy has been
recently reviewed in detail by Berkowitz and Wahl
[216].

m. Fragmentation Thresholds of Small Polyatomic Molecules

Over the past ten years numerous studies have been
carried out on the fragmentation of triatomic and
larger ions. These studies have established that the
fragmentation processes are rather complex. In 1963,
Dibeler and Rosenstock noted that the electron impact
mass spectrum of H»S showed evidence that at the
fragmentation threshold some unimolecular ion decom-
position processes took place which had lifetimes in the
microsecond range (i.e. metastable transitions) [217].
They suggested that the decomposition process was a
predissociation involving crossing of two potential
surfaces. In 1964, Sharp and Rosenstock concluded on
the basis of Franck-Condon calculations that fragmen-

tation of the CO{ ion could not possibly occur by direct

vertical transition to the region above the dissociation
limit of the ground state or first excited state of the ion
[218]. In 1966, Fiquet-Fayard and Guyon showed, on the
basis of adiabatic correlation rules, that the fragmenta-
tion of H,O* and H,S* occurred by predissociation of
the accessible jon doublet states via the ion quartet
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states [219]. At the present time all available experi-
mental evidence confirms the idea that the decomposi-
tion mechanism of small polyatomic ions is a predisso-
ciation, rather than a vertical transition to a region above
the dissociation limit of the ion ground state. This of
course raises questions as to whether the fragmentation
products are formed in their ground states and whether
the fragmentation occurs without kinetic energy at
threshold. Two ions which have been studied in detail
are CO5 and N,O*.

The thermochemical threshold for the process CO; —
O(*8) +COXPFS*, v=0) lies at 19.071 =0.002 eV, for
CO:—> 0*(*8)+CO(X '3+, v=1) at 19.337 eV and for
CO; = O(P,) + CO*(X?5") at 19.466 eV, compared
to the process CO,—>CO4 C23}) which has a threshold
of 19.389 €V [96]. It has been shown by photoelectron-
photoion coincidence studies that the ground vibrational
level of the C state of CO4 is completely predissociated
[220]. Most of the predissociations produce vibrational-
ly excited CO and O+ ions and some others ground state
CO and O* with kinetic energy. Emission spectra
have not been observed from the C state of COf,
confirming the postulated predissociation mechanism
[221]. A detailed photoionization study [96] showed
that at the threshold of the C state the photoionization
yield curve of the parent ion exhibited a sudden de-
crease, while the yield of the O* fragment ion increased
at this threshold. The O+ ion is observed at the expected
thermochemical threshold and the fragmentation
process is attributed to predissociation of Rydberg
series members converging to the ground vibrational
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level of the ion C state, combined with or followed by
autoionization of the O atom fragment. The ion yield
curve for the CO* fragment shows an onset at its
expected thermochemical threshold and the process
is inferred to be predissociation of excited vibrational
levels of the COZ C state.

The fragmentation of NoO* has been the subject of
considerable study, and illustrates once more the com-
plexities encountered in interpreting fragmentation
processes of small molecules. Dibeler et al. [222, 223]
have measured the photoionization parent and fragment
ion yield curves. Above the NO+ threshold they observe
additional sudden increases in ion yield suggesting the
onset of fragmentation processes leading to excited
nitrogen atoms (see figure 9). The experimental thresh-
old values and the threshold values calculated from
independent thermochemical and spectroscopic data
are given in table 2.

TaABLE 2. Comparison of experimental and thermo-
chemical threshold values for fragmentation
processes of N.O+

Thermochemical

threshold, eV

Experimental

Fragmentation products
€ P threshold, eV

NO+(X'=+) + N(4S) 15.01 14.19
NO* (X13+) + N(2D) 16.53 16.57
NO+(X1Z2+) + N (2P) 17.74 17.76
N#(X2Z}) + O(3P) 17.27 17.25
No (X1Z4) + O+ (48) 15.29 15.29
NO (X2II) + N+(*P) 20.06 19.46

The data suggest that the formation processes for
only NO* and N* are accompanied by excess energy
at threshold. Dibeler et al. suggested that the excess
energy in the NO+-forming process was vibrational
excitation of the NO*, the fragment ion being formed in
the v=3 state for which the thermochemical threshold
lies at 15.04 eV.

. The fragmentation process N,O+—>NO+*++N has
been observed as a unimolecular delayed dissociation
(metastable transition) in the mass spectrometer [224—
226]. Coleman et al. [225] concluded that the dissociation
process was a single decay process with a half-life of
about 540 ns. Newton and Sciamanna [226], on the other
hand, concluded that the delayed dissociation was a
sum of two distinct decay processes with half-lives of
~90 ns and =300 ns, respectively. The difference in
conclusions is unexplained, but certainly involves diffi-
culties in the numerical analysis of the data [227]. This
type of problem has been discussed in detail in a recent
review [241]. Both groups of workers have estimated the
kinetic energy release accompanying the delayed disso-
ciation by analyzing the effect of kinetic energy release
on the peak width and shape of the metastable transition
in a manner first proposed by Beynon et al. [228]. They
showed that the kinetic energy release was roughly
0.6-1.0 eV. Thus at least some and possibly all of the



ENERGETICS OF GASEOUS IONS

excess energy of the fragmentation process appears as
translational energy, and not as vibrational energy, as
had been suggested by Dibeler et al.

The symmetries and energies (above the N,O molecule
ground state) of the first four doublet states of N,O+ are
X1, 12.89 eV; 425+, 16.39 eV; B3I, 17.65 ¢V; and
C23*, 20.11 eV. These states are accessible by photo-
ionization. From the extent of the Franck-Condon
envelopes observed in photoelectron spectra it is clear
that the NO+ and O+ thresholds lie above the vertically
accessible region of the ion ground state and more than
one electron volt below the 4 state. In fact, the NO+*
threshold coincides with an autoionizing Rydberg term
which is the n=3, v=1 member of a Rydberg series
converging to the ion A state. The autoionization peak
observed in the parent ion photoionization yield curve
indicates that this state can autoionize to produce
stable N>O+* ions-in the electronic ground state as well.
Lorquet and Cadet [229] have given the adiabatic corre-
lations for various fragments and show that both the
NO*(X13%) +N(4S) and the N, (X '3}) +O* (S) frag-
ment pairs correlate with a 43 - state of N,O+. Thus the
fragmentations involve a predissociation-autoionization
process via a quartet state, and do not involve the ion
ground state. In addition it should be mentioned that
studies with isotopically labeled N,O indicate that a
significant fraction of the processes leading to formation

of NO~ involve loss of the central nitrogen atom [224].
As mentioned above, Dibeler et al. observed a sudden

increase in the NO" yield at 16.53 eV, nearly coinciding
with the thermochemical threshold for the formation
of NO"(X'2*) + N@D) which lies at 16.572 eV. This
energy also nearly coincides with that of the (100)
vibrational level of the N-O* A 23+ state which is located
at 16.56 eV [230]. Eland has studied the fragmentation
of this state by photoion-photoelectron coincidence tech-
niques [231]. He has demonstrated that the ground
vibrational level of the N,O* A4 state is completely stable
(i.e. no fragmentation within a microsecond) whereas
the (100) and (001) levels are partially predissociated.
In addition, it is known that the (000) and (100) levels
fluoresce, and the fluorescence lifetimes have been
measured [232, 233].

From the branching ratio between fragmentation and
fluorescence (i.e. observation of stable N,O' ions)
from the (100) vibrational level Eland deduced a half-
life of 41090 ns for the fragmentation process. Adia-
batic correlations indicate that formation of NO*
(X'Z+) + N(2D) also involves a predissociation via
another state [229]. The half-life of the predissociation
is in reasonable agreement with the mass spectrometric
half-life measurements of the metastable transition
mentioned above. However, it is not clear whether the
two measurements refer to the same fragmentation
process. In summary, fragmentation to produce NO*
(XZ*)+N(®D) occurs at least in part through direct
vertical transition from the molecule to the (100)
level of the ion A state, followed by a competition
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between predissociation and fluorescence to various
vibrational levels of the ion ground state. The agree-
ment of the threshold value for this process with the
thermochemical threshold is somewhat coincidental.
Further details on the fragmentation processes are found
in the recent literature [234, 235].

The fragmentation of the methane and acetylene ions
illustrates still another aspect of interpreting fragmenta-
tion thresholds. In a careful study of the photoionization
yield curve of the methyl ion fragment from methane
Chupka showed that there was no sharp onset at
threshold [168]. He pointed out that one had to take into
account the contribution of rotational energy to the
energy available for decomposition. He showed that for
a quasi-diatomic system separating into an ion and a
polarizable neutral fragment, the rotational energy
would reduce the dissociation energy because of con-
servation of angular momentum. As a result of the
original thermal distribution of rotational energy of the
molecules being ionized, a sharp fragmentation threshold
for non-rotating molecules would be replaced by a
gradual smooth onset curve reflecting the rotational
energy distribution (and the slit function). Chupka applied
this simplified model to the room temperature photo-
ionization yield curve of methyl ions from methane
and deduced a threshold value for the fragmentation
of non-rotating (0 K) molecules. Guyon and Berkowitz
[140] later gave a more detailed discussion of this effect,
again for diatomic systems. They showed that above
threshold, the effect of the rotational energy contribution
was to shift the photoionization yield curve to lower
energy by an amount equal to £T. The model assumes
that the dissociation occurs by direct transition to the
dissociation limit of the ion rather than by predissocia-
tion. This is indeed the case for loss of H from the
methane ion.

More recently Dibeler, Walker, and McCulloh
[236] have studied the photoionization fragmentation
of acetylene ion at various temperatures (298 K and
130 K). They showed that this thermal shift and rota-
tional tailing were real and temperature dependent,
and also were able to observe and correct for the effect
of vibrational hot bands. As a result they were able to
deduce an accurate threshold value for non-rotating
molecules. The problem with acetylene, however, is that
the mechanism of fragmentation is not yet established.
The lowest fragmentation threshold, involving loss of
a hydrogen atom, lies in the Franck-Condon region of the
first excited state of the ion. Fiquet-Fayard has analyzed
the adiabatic correlations for this fragmentation process,
assuming only linear configurations, and concluded that
fragmentation occurs by predissociation via a quartet
state [237]. It is not clear how the effects of rotation
will manifest themselves in this case.

It is clear from the above examples that photoioniza-
tion studies of small polyatomic molecules, together
with the results of other types of experiments, are
revealing a diversity of fragmentation mechanisms and
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threshold behavior. The recent studies of metastable
transitions in small molecules are very useful here
[238]. There are no ready generalizations which will
greatly simplify the task of interpreting fragmentation
thresholds to yield accurate thermochemical data.
As for electron impact studies of fragmentation thresh-
olds, they suffer even more from unpredictable ac-
curacy than is the case for photoionization thresholds.
This is due to the above mentioned diversity of fragmen-
tation mechanisms. And because of the much more
limited information displayed in electron impact curves,
the interpretations and the thermochemistry deduced
from them are much less reliable than those obtained
from photoionization. One question of great interest
is whether significantly different threshold behavior
should be found in electron impact processes because
of possible direct transition to the quartet states which
are not accessible in photoionization. This may be the
case in the.formation of NO* from N;O by electron
impact [239], where the threshold value is significantly
lower than the photoionization fragmentation threshold.
The discrepancy remains unexplained.

n. Fragmentation Thresholds of Large Molecules

Quantitative description of the fragmentation of
large molecules is based on quasi-equilibrium theory
[240-242]. According to this theory the fragmentation
processes of the molecule-ion can be considered sep-
arately from the act producing the ionization and
internal excitation energy distribution. Further, the
fragmentation processes can be described as a series

~of competing, consecutive unimolecular reactions.
Finally, the rate constants for the unimolecular reactions
can be quantitatively calculated by means of activated
complex theory. It is tacitly assumed that between the
ionization event and the decomposition there is sufficient
time for the excitation energy to randomize in spite
of the fact that the ion does not undergo collisions
(hence the term quasi-equilibrium). For simplicity it is
generally assumed that prior to decomposition the ions
produced in excited electronic states undergo internal
conversion forming vibrationally excited ions in their
electronic ground state. Indeed, photoelectron spectra
show that in the direct ionization process vertical transi-
tion to the ion ground state is generally accompanied
by very little vibrational excitation, i.e. the Franck-
Condon envelope is narrow. The excitation energy
effective in producing fragmentation then comes pre-
dominantly from transitions to excited electronic states
and to some degree from autoionization processes. The
Rydberg states converging to higher ionization limits
can also predissociate into excited neutral species, a
process which competes with autoionization. Thus one
can expect considerable variation in the extent to which
autoionization may contribute to ion excitation in
threshold experiments. Experimental studies indicate
that there is significant predissociation as well as auto-
ionization, and there are associated isotope effects [243].
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In almost all discussions and calculations of frag-
mentation of large molecule ions it is assumed that this
process or set of competing processes occurs from the
ion ground state. One possible exception is the frag-
mentation of benzene ion, which appears to occur via
two non-competing sets of reactions [244].

The quasi-equilibrium theory of ion fragmentation
introduces three distinct factors which have to be
considered in deducing thermochemical data from
experimental fragmentation thresholds:

a. The relation between activation energy for decom-
position and the heat of reaction for the process.

b. The relation between activation energy and the
minimum energy required to produce observable frag-
mentation in the mass spectrometer ion source, i.e. the
kinetic shift.

c. The effect of competing and consecutive reaction
paths on the shape and interpretation of fragmentation
threshold curves.

n.}. Activation Energy and Heat of Reaction

It was pointed out many years ago that some ionic
decomposition processes might occur via pathways
involving the surmounting of a barrier on the potential
surface [245, 246]. Surmounting such a barrier would
require an activation energy greater than the heat of
reaction for the process, i.e. there would be a non-zero
activation energy for the reverse process. Examination
of the (inaccurate) electron impact literature suggested
that for simple bond rupture processes the activation
energy and the heat of reaction were equal, whereas
more complex fragmentation processes such as loss of
H: or CHy occurred with activation energies up to an
electron volt higher than the heat of reaction. There are
no general rules. For example, accurate photoionization
studies of the threshold for

C2H4+h1/_) C2H§+H2+€,

indicate that there is no potential barrier for this four-

‘center reaction, to an accuracy of about 10 meV [247].

However, loss of H; in ethane and propane requires
excess energies of 0.22 eV and 0.74 eV at threshold,
respectively [8]. There are other examples in the
literature. Thus, the determination of thermochemical
information from fragmentation threshold energetics is
always subject to the uncertainty of equating the activa-
tion energy to the heat of reaction. In some instances,
the existence of a potential barrier for a fragmentation
process may be deduced from the observation of frag-
ment ion kinetic energies.

Two approaches have been used in recent years.
Beynon, Cooks, and co-workers have related the peak
shapes of so-called metastable transitions or delayed
unimolecular dissociation processes observed in.the
mass spectrometer to the kinetic energy released in the
dissociation process [228, 248, 249].

A somewhat related method based on electrostatic
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rather than magnetic analysis has been developed by
Ottinger [250]. These metastable transitions represent
unimolecular decompositions of ions which have an
energy content such that the ions decompose after they
have been accelerated out of the ion source and prior
to deflection. Ions with slightly shorter lifetimes (slightly
greater internal energy) will decompose in the ion
source and hence will be detected as fragment ions.
Thus the translational energy release observed for the
metastable transition is, for all practical purposes, the
translational energy release at the fragmentation thresh-
old observed in the mass specirometer. A very different
method is based on the study of peak shapes observed
in a time-of-flight mass spectrometer [251, 252]. Here
the travel time distribution of a fragment ion is deter-
mined by its initial translational energy distribution,
and this is studied as a function of electron energy and
extrapolated to the fragmentation threshold. In some
instances the translational energy is dependent on
electron energy, in others it is not [253]. In principle
the various methods should give the same results, but
this is not always the case [254]. The reasons are not
fully understood.

Work carried out along these lines indicates that
fragmentation processes may be accompanied by kinetic
energy release ranging from essentially zero to nearly
one electron volt. The relation of this energy release to
the height of the potential barrier is not straightforward.
Instances are known where a large excess activation
energy (determined from a threshold measurement and
auxiliary thermochemical data) does not result in a
fragmentation process with a correspondingly large
translational energy release [255]. Thus, a correction for
translational energy release may represent an under-
estimate of the excess activation energy. Further, studies
have shown that the translational energy released in a
fragmentation process is frequently a distribution rather
than a single unique value [256]. The detailed procedures
for correcting a threshold value for presence of a
translational energy distribution remain to be worked
out.

n.2. Kinetic Shift

In order to observe a fragmentation threshold in the
mass spectrometer it is necessary that the fragmentation
process occur prior to departure of the parent ion from
the ion source. The residence time of an ion in the source
is roughly several microseconds [257]. A necessary
condition for fragmentation is that the ion contain
enough excitation energy to equal or exceed the activa-
tion energy for the fragmentation process. However, if
the activation energy is large and the number of degrees
of freedom large the minimum rate of ion decomposition
may be too slow to lead to observable fragmentation,
i.e. fragmentation while the ion is still in the ion source.
Additional excitation energy must be supplied to increase
the decomposition rate. Thus, under some conditions
the measured fragmentation threshold energy will
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overestimate the activation energy of the process. This
difficulty was first pointed out by Friedman et al. [258]
and discussed in detail by Chupka [259] and by Vestal
[260]. Chupka pointed out that for these larger molecules,

the kinetic shift effect is offset to some extent by the
distribution of internal thermal energy of the molecule,
all of which is assumed available for decomposition, in
addition to the excitation energy imparted in the ioniza-
tion process. As a result, the fragmentation threshold
curves will vary with temperature {175, 261]. Vestal has
given calculations which indicate the magnitude of the
kinetic shift for a number of typical fragmentation
processes. ,
For example the loss of H from propylene ion

C;Hy— C;Hi+H,

for which an activation energy of 2.07 eV was assumed
requires 0.19 eV additional energy to produce observ-
able fragmentation in one microsecond. The estimates
are, of course, dependent on the assumed value of the
residence time and the assumed sensitivity of the mass
spectrometer for detecting fragmentation ‘“‘thresholds”.
Rosenstock et al. [244] have emphasized that for large
molecule fragmentation processes the kinetics of decom-
position lead to a gradual increase in fragment ion cur-
rent so that there is no well defined threshold. They
calculated the photoionization yield curve shapes for
fragment ions of benzene in the threshold region and
accounted quantitatively for kinetic shifts of various
fragmentation processes in benzene.

Studies of the kinetic shift effect have also been car-
ried out by electron impact techniques [262-264].
These are, however, subject to greater error resulting
from the broad electron energy distribution. Although
the kinetic shift phenomenon is widely recognized, it is
seldom considered explicitly in experiments directed
to determining thermochemical information from ion
fragmentation processes.

n.3. Reaction Path and Reaction Competition

According to quasi-equilibrium theory, the fragmenta-
tion processes are a set of competing unimolecular
reactions. Frequently the parent ion will decompose
via a number of different competing reaction paths
producing different first generation fragment ions. The
energy dependence of the rate constant may be some-
what different for the various processes so that some
fragment ions will be produced in experimentally detect-
able amounts only at energies somewhat in excess of
the activation energy for the process. One indicator of
this phenomenon is the observation that not all parent
ion fragmentation reactions are observable as delayed
dissociations (metastable transitions) [265]. At energies
near the threshold for the energetically most favorable
process the branching ratios for the other processes
may be too small for detection or zero because they are
below their threshold. One example of this is the frag-
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mentation of n-butane, where the C;H} ion is formed by
a simple bond rupture process with a C;H; radical as
the accompanying neutral fragment. The process is not
observed as a metastable transition because near the
C,H? threshold energy, the energetically more favored
processes producing C,H; and C,H/ ions have much
higher rate constants [265]. Other examples are the
pronounced effects of deuterium substitution on in-
tensities of metastable transitions in propane [266].
These effects are due to rather small activation energy
and frequency factor differences brought about by
deuteration. The effect of reaction competition is then
to shift the minimum observable decomposition rate
for the less favored process to higher energies, increas-
ing the kinetic shift.

Another factor must be considered in connection with
thresholds for second generation fragment ions. First
generation ions produced by fragmentation of parent
ions containing a specific amount of energy will them-
selves contain a distribution of excitation energy. This
is due to the large number of ways in which the excess
energy of the parent can be partitioned between the
daughter ion and the neutral fragment [267, 268]. As
a result, there is no sharp threshold but instead a very
gradual increase in second generation ion intensity with
increasing energy. For all practical purposes this pre-
vents the determination of meaningful threshold values
for these processes.

3.3. Thermochemical Considerations
It should be apparent from the discussion above that
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4. Tabulation of Positive lon Data

4.1. Description of the Positive lon Table

The Positive Ion Table gives the following informa-
tion: empirical formula of the ion, electronic state where
appropriate, the parent molecule studied, the nature
of the neutral or other charged fragmentation product
where known, the experimental threshold or other
energy measured together with the likely error given
by the author, the experimental technique used, and the
reference or references. Also tabulated is the ionic
heat of formation in kJ mol-! computed in those in-
stances where the measured threshold is, in our judg-
ment, a reliable one. Our recommended value, if any,
for the ionic heat of formation, in both kJ mol-! and
kcal mol!, is presented in the heading which begins
each ion sub table.

The order of arrangement is based on the principle
of latest atomic number in order of increasing charge
and increasing elemental complexity. For a given ionic
process the measurements are cited generally in order
of decreasing reliability. When data are available for
formation of an ion from different molecules, the
processes are listed according to the principle of latest
position for the molecule studied.

For the molecule studied one-line semi-structural
formulas are given for all straight and branched chain
compounds. For all ring compounds one-line condensed
formulas are given along with a name. In naming
these compounds we have attempted to follow the
rules given in the Handbook of Chemistry and
Physics [1].

In computing ionic heats of formation from fragmen-
tation process threshold energies it is of course neces-
sary to specify the identity of the other fragments.
These are tabulated in the column headed “Other
Products” for all fragmentation processes from which an
ionic heat of formation is computed. In addition, for
those other fragmentation processes not so used, the
identity of the other fragments is given if in our opinion
they are obvious, the evidence is convincing, or if they
are unusual. Obvious other fragments include atoms
such as H. However, when the fragment atom is a
halogen, there is a possibility that this other fragment
may be a negative ion. Examination of the literature
reveals two kinds of information. First, those experi-
ments where the charge of the halogen atom fragment
was established experimentally, ie. negative ion
searched for and detected or not detected. Second,
experiments in which the charge of the halogen is infer-
red from the threshold energies and auxiliary thermo-
chemical information. We regard the latter as uncon-
vincing, especially when the accuracy of the threshold
measurement technique is low.

For polyatomic fragments, experience indicates that
at threshold one generally finds the fragment in the most
stable chemical form, e.g. CH; rather than CH, + H
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or CH + H,. However, there are exceptions. Recent
unpublished photoionization work indicates that the
CHO fragment is not formed in fragmentation of selected
organic oxygen compounds such as glyoxal, CHOCHO,
but rather appears as CO + H. Further there is rather
convineing evidence for the processes

CyClO—C2H4O hd C2H20+ + 2H (ref. 2)
ONF; — NO+ + 3F (ref. 3)
NF; — NF+ +2F (ref. 3)

For more elaborate fragmentation processes, even
thermochemical information cannot always resolve
ambiguities, for example, a choice between the CH; +
H, and CH, + H, or CH; + H.O and CH,4 + OH pairs.
Here, the study of metastable transitions is of great
help. Unfortunately these studies are often found in
papers other than the ones containing the energy infor-
mation. We have tended to be conservative in tabulating
fragments. In some instances we have indicated larger
neutral fragments by empirical formula only, since the
structure is not known but it has been established that
the other product consists of only one fragment (e.g.
CsH;, CiHs, ete.). In any event, the information as
presented by the authors is available in the references

cited.
The ionization potential or appearance potential is

given in electron volts. For this purpose all spectro-
scopic values have been computed using the conver-
sion factor 1 eV = 8065.73 cm~'. Heats of formation are
calculated using the conversion factors 1 eV mole-
cule! = 96.4870 k] mol~! and 1 kecal mol—! = 4.18400
kJ mol~1.

The methods are described and evaluated in the
preceding section. Wherever possible, heats of forma-
tion have been computed at absolute zero rather than
at room temperature, for reasons discussed in the
preceding section. Room temperature values are given

only where insufficient auxiliary thermochemical data
are available for the necessary computations. In these

cases wherever possible we have used threshold values
approximately corrected to 0 K rather than room tem-
perature ‘“‘thresholds”. In this compilation we assume
the heat of formation of the electron is zero at all tem-
peratures, in contrast to usage in other thermochemical
compilations. In the case of fragmentation processes,
information on fragment kinetic energies has been in-
cluded where available and sometimes used to correct
the computed heats of formation. This is only approxi-
mate, for reasons discussed in the preceding section.
The heat of formation is calculated from those daia
which are in our judgment the most reliable. For this
purpose we have used the sources explicitly cited in
section 7 on auxiliary thermochemistry. We have arbi-
trarily taken information from the compilation of Stull,
Sinke, and Westrum [4] for most of the heats of formation

1-35

of larger organic compounds. We are aware of occasional
differences between these values and those recom-
mended by Cox and Pilcher [5] in their compilation,
but have made no attempt to reconcile these differences
or to arrive at better values. We have arbitrarily limited
the computed and recommended heats of formation to
a maximum accuracy of 0.1 kJ mol-! or 0.1 kcal mol-?
even in those few instances where the ionization poten-
tials are of greater accuracy, such as for Hy, N, and a
number of atoms. The temperature associated with the
heat of formation is the same as that given in the
heading. In a few cases heats of formation are listed
in parentheses in column six. These are given for
illustrative purposes only and are not used in arriving
at recommended values given in the heading. In all
instances the recommended values are simple average
values, suitably rounded, of the column values. No
compelling reason exists for proceeding otherwise. In
a very few instances no ionic heats of formation are given
because no accurate neutral heats of formation are
available, even though the ionization potential is reason-
ably reliable (£0.05 eV or better, generally from photo-
electron spectroscopy). These instances are almost all
to be found among the complex organic molecules.

Since the main thrust of this compilation is ion thermo-
chemistry, the adiabatic ionization potential is the quan-
tity of interest, in preference to the vertical ionization
potential. In many instances the two quantities are one
and the same, in other instances the vertical value is
higher. Where available we have given the adiabatic
value. A number of publications in photoelectron spec-
troscopy have emphasized determination of the vertical
value and while the published spectra show clearly that
the adiabatic value is lower, a number is given only for
the former. In these instances the value tabulated here
carries the designation (V) to indicate that it is a vertical
value and that the adiabatic value is lower.

The development of photoelectron spectroscopy has
led to many values of higher ionization potentials,
corresponding to removal of more tightly bound elec-
trons. We have tabulated these values for selected
molecules, and only in those instances where an as-
signment is given for the excited states formed in the
process. On the other hand there are numerous data on
higher ionization potentials for many larger molecules.
In those instances only the lowest ionization potential
is tabulated here. Higher ionization potentials will be

found in most of the photoelectron spectra and Penning

ionization papers cited.

For some ionization processes, additional references
are given in the form “See also”. These refer to earlier
work of lesser accuracy or, in the case of some electron
impact work of low accuracy, to additional measure-
ments of similar poor accuracy and similar nominal
values. In a few instances some measurements of lower
accuracy have been tabulated along with measurements
of better quality to provide concrete examples of experi-
mental disagreement.
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C H N 1-246
CLH, N 1-247
CLH N 1-247
CLH N 1-247
CoH N 1-247
CoHy Nt 1-247
CleH N 1-247
CLaH N 1-248
CleHy Nt 1-248
CLH N 1-248
CLH N 1-248
ClH N 1-248
CLH N¥ i, 1-248
ClHy Nt [-248
CLH N [-249
CLoH, Nt 1-249
CooH N 1-249
CogHo N 1-249
Co H Nf [-249
Co Hy Nt 1-249
CooH N 1-249
Co H Nr 1-250
CooH N 1-250
CHIN o, 1-250
CH,NJ 1-250
CH NS e, 1-250
CHN. ... 1-250
CH NG e, 1-251
CH NS o, 1-251
CoH NS I-251

OO0 0O0000O00n0000n

Page
CHNS I-251
CoH NS I-251
CHNS 1-252
CoH NS [-252
CH NS §-252
CyHEN v, [-252
CoHoN o 1-252
CoH NS 1-252
CLH NS 1-252
CH, NS 1-253
CH NS 1-253
C.H NS, 1-253
CH NS 1-253
CHNS 1-254
CH NS o, 1-254
SHNS e, 1-254
SH NG 1-254
JHe NS oo, [-254
GHNT e, 1-255
AN 1-255
AH NS 1-255
gHaNT i 1-255
SHaNT 1-255
sH N [-255
e 0N 1-256
oH oINS 1-256
roH LN 1-256
Lo 16 ING ceee e, 1-256
WHG NS 1-256
e 1-256
1eH 10N G e 1-256
e H 10N G 2o, 1-256
e 2 NG e 1-256
1952422 ................................................ {jgg
SN 5 DO |
w1 NS 2o I-257
s H NG 1-257
s NS 2 1-257
CHNFZ oo, [-257
CH, N e, 1-257
CH!:NZ’+ ................................................... 1-257
CoH NS 1-257
CLH NI [-258
CoH NS 1-258
C H N 1-258
C H NS 1-258
CH NS 1-258
CoH NS 1-258
CoH NG [-258
CoH N 1-258
CLoHo N [-258
CLoHo N 1-259
CoH NG 1-259
CHBNY 1-259
C H BNt 1-259
CLH BN 2o [-259
CH BN 1-259
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Page
CoH B NS 1-259
CoH  BNJ s 1-259
CGngBNé+2 .............................................. 1-259
CGHIBB?)N;r .............................................. 1-260
O 1-260
Ot 2 1-261
O I-261
O 1-261
O I-261
O 1-262
O 1-263
O e 1-263
OH™ o 1-263
HoOF 1-264
DOt 1-264
HoO%2 1-264
HOS o 1-265
HyO I-265
LiOt 1-265
Li,Of o, 1-265
BeOt o 1-265
Be,OF i 1-265
Be,OF oo 1-265
Be O i 1-265
Be,Of o I-266
Be,Of oo 1-266
Be ,Of oo, 1-266
Be OF [-266
BOt I-266
BO T I-266
BoOg e, 1-266
BOj 1-266
B, O e, 1-266
GO 1-267
CO e, 1-267
GO 1-268
GO0 1-268
COF 1-268
COJ2 1-269
GO e, 1-269
G0, 1-269
GOy 2 1-269
NO 1-269
NO 2 1-271
N, O . 1-272
Ny O 2 1-272
NOS 1-273
BHOS ... 1-274
B, HO ..., [-274
BLH,0% oo 1-274
B, H,OF o, 1-274
CHOY e [-274
CDOT e, I-276
CI'120+ .................................................... 1-276
CD,0% e 1-277
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012 1 SN 1-277
00110 R 1-279
CHD, 0% ..o 1-279
CH,O% oo 1-280
CHLDO® ..o oo 1-280
CHD,0% ... ooeooeeeeooeeeee oo 1-280
CD,0% cvooeeeeeee e 1-280
CoHO™ oo 1-280
CoH, 0% oo 1-281
CoH, 0% e 1-281
CoDy0% e, 1-283
CoH, 0% oo 1-284
CoHO% oo 1-285
CoH,DO® ..o oo 1-286
CoHGO oo 1-286
CLH.DO* oo, 1-287
CoHO™ oo 1-287
CoH0% o ooe oo 1-287
CoH 0% oo 1-287
CH 0% i) 1-287
CoHgO% oo 1-288
CyHD,O% oo 1-289
CoH, 0% oo 1-289
CyHyO" e 1-290
CoH 0% oo 1-201
CH O oo, 1-201
CH 0% oot 1-292
CyH,DL0% oo 1-202
CoHyO% oo 1-292
CoHyO% oo 1-203
CoH 00 oo 1-203
CoHgO% oo 1-294
CoHyO oo 1-294
CoH0% oo 1-294
CoHD,0% oo 1-204
CoH,D,0% ovoooooooeeeeoeeeeeeeee e 1-204
CoH 0T [-295
CoH, 0% e, 1-295
CoH O i, 1-296
O X 1-206
O X L 1-206
Lo B0 L 1-297
CoH, 0% oo 1-207
CeH 0% oo, 1-207
CoH,D 0% oo 1-207
Lo o 1-28
CoH, 0% oo 1-298
CoH 0% oo 1-208
CoH 0% oo 1-209
CoH, 0% oo 1-299
o3 0 L 1-300
CoH 0% oo 1-300
CoH 0% ool 1-301
CoH,,0% e 1-301
CoH,,0% oo 1-301
CoH 0% oot e, 1-301
CoHgO™ oo 1-30]
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Page Page
CaH 0" e, 1-302 CHD,Of 1-313
CeH O 1-302 CoHOF s 1-313
CaHO oo 1-302 CHD,O 1-313
CH. D, O 1-303 CCHOf 1-314
CHD 0% s 1-303  CH,OF oo 1-314
CH, OF 1-303 CHOS .. [-314
CoH, O o I-304 CHOS 1-314
CeH, (O 1-304 CCHLO 1-314
CaH, 0% 1-304 CHO 1-315
CoH O . 1-304 CHO s I-315
CoH, OF 1-305 CH OF s [-315
CoH 0% . 1-305 CHLOF s I-315
CoH OF 1-305 CH O o I-315
CoH OF 1-305 CoHO o, 1-316
CLH, OF 1-305 CH, OF 1-316
CloH L OF . 1-306 CH, O [-316
CooH 0% o 1-306 CH 07 oot I-316
ClH O 1-306 CH,OF o I-316
CloHuO i 1-306 CeH OF oo 1-316
CloH s0F 1-307 CeHOF 1-317
CLH L0 1-307 CeHgOF v 1-317
CLH L0 1-307 CHOf 1-317
CLH, O . 1-307 CeH,OF 1-317
CLH O i, 1-307 CeH 0 1-317
G H, 0% 1-307 CHO 1-317
CLH O 1-307 CoHO e 1-318
CLH O [-308 CH,OF oo I-318
CLH O 1-308 CHO o 1-318
CLH L O 1-308 CoH OF 1-318
CLH 0% e 1-308 CeHgOF oo 1-318
CLB O e, 1-308 CH, O 1-319
CLH O [-308 CeHOF 1-319
CuH 0T 1-308 CH, (0 oo 1-319
CuHLO0 1-309 CoH 005 oo 1-320
CHO 1-309 CoH 05 o 1-320
ClLH O 1-309 CloH 07 1-320
CLHLO 1-309 CloH L0 1-320
CLH, OF 1-309 CLH O 1-320
CLH O 1-309 CLH Of 1-321
CuH O 1-309 CLHgO 1-321
ClH O 1-310 CLH OF 1-321
CLH O 1-310 CLH  Of I-321
ClH O 1-310 CLHLO 1-321
CoH O 1-310 CLH, O 1-321
CHO; (oo, 1-310 CLHLO 1-322
CDO; . 1-310 CLH OF 1-322
CH,Of [-310 ClH, OF 1-322
CHDO ..., 1-311 CleH OF 1-322
CH,Of .o 1-311 CH G OF 1-322
CoH, O 1-311 CooHo OF 1-322
CH, O [-311 CH,OF [-322
C,HO [-311 CHOF 1-322
C,HD,Of oo 1-312 CoHOf 1-323
CoH Of 1-312 C,HOF 1-323
CH O 1-312 CH O 1-323
CoH O 1-312 CH, OF [-323
CHDOS [-313 CH OF o 1-323
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Page
(o3 : X0 3 OIS 1-323
CH 00 oo 1-323
CoHOF oo 1-323
CoH, 07 oo 1-324
CyHy, 00 oo 1-324
CoH, 00 oo, 1-324
CH, 0 oo 1-324
CoaHy 007 oo, 1-324
Lo O e S 1-324
CorH O oo 1-324
CoaH O oo, 1-325
CooHy O oo, 1-325
CoLH, 07 oo, 1-325
CLH 07 oot 1-325
CoH, 0 oo, 1-325
oM - X S U 1-325
DNO™ ... oo 1-325
HINO .o 1-325
CNO .o, 1-326
1012 010 LSS 1-326
1012 08 T LS 1-326
(012 002 340 LR 1-326
CH.B,O% ...ovovoeeoeoeoeoeee e, 1-326
CHB,O% ....ovovoeeeoeeeeeeeeeeeee ! 1-326
CoHBO ..o, 1-326
CoHBOS coooiooeieeeeeeeeeeeeee e, 1-326
CLHBOT oo, 1-326
CoH BOX oo 1-326
CoHBO oo 1-327
Lo S 410 SO OUON 1-327
CoH, BOY ..o, 1-327
CoHy BOX oo 1-327
gﬁgg?og .............................................. i_ggg
CHyNO ..o 1-327
CHNO" oo 1-327
CoH NO™ oo 1-328
CLH,NO* ..o, 1-328
CLH NO™ .o 1-328
CoHNO ..o 1-328
CHNO .o 1-328
CHNO® .o 1-328
CHNO .o, 1-328
CLHNO ..o, 1-329
CHNOY ..o 1-329
CoHNO® ..o 1-329
CoH, NO¥ ..o, 1-329
COHNO ..o 1-329
CHNO™ .o 1-329
CoHNO™ ..ot 1-329
CoH, NO* ..o 1-330
CoH NO¥ .. oo 1-330
CLHNO* .. cooooveeoeeeeeeeeeee 1-330
CHNO™ oot 1-330
CHNOY ..o 1-330
CHNO ..o 1-331
CHGNO ..o 1-331

J. Phys. Chem. Ref. Data, Vol. 6, Suppl. 1, 1977

Page
CH,NO¥ e 1-331
CHNO e 1-331
CoH NO ..o 1-331
CoH, NO* ..ot 1-332
CoH,NO .o 1-332
CoHNO™ e 1-332
CoH, NO™ .o 1-332
CoH ,NO* o, 1-332
CoH ,NO e 1-333
C,H NO* .o, e eeeinnn, 1-333
CLHNOT ., 1-333
C, H NO* e, 1-333
CLHNO .o, 1-333
CLH NO e, 1-333
CLHNO e, 1-333
CH NO™ o, 1-333
CLH NO e, 1-334
CoH NO e 1-334
C ey NO e, 1-334
CLH ,NO e 1-334
CH,N,O% ..o, 1-334
CoHN,O% o, 1-334
CoH N, O% o [-334
CyH,N,O% o, 1-334
CoH N, O e, 1-334
CH N,O e, 1-335
CH N, O e, 1-335
CoHN,O o 1-335
CH N, O o, 1-335
CoLH N0 o 1-335
CLH ,NLO e, 1-335
CHN,OF oo, 1-335
CH,N,O% oo, 1-335
CH,NOZ ..ot 1-335
CH,NOJ oot 1-336
CoHNOS oo 1-336
CH,NOS oo, 1-336
CLHNOZ i 1-336
C,HINOS i, 1-336
CHNOS oo, 1-337
CeHNOS o 1-337
CoHaNOS e 1-337
CHGNOS i 1-337
CHNOS oo 1-337
CH,NOT e 1-338
CHNOF o, 1-338
CHNO oo, 1-338
CoH,NOF o, 1-338
CoH NOF e 1-338
CoH NOS oo 1-338
C,H NOZ e 1-338
CLH NOS o, 1-338
CLHNOS e, 1-339
CLHNOS oo, 1-339
CooH NOF e, 1-339
CH,N,OF e, 1-339
CH N, O oo, 1-339
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Page Page

CoHgNJOF o 1-339 CF 2 ittt 1-351
CHNLOF oot 1340 CFF oo, 1-351
CHN,O} ... SRR =340 CF i 1-352
CLH,N,OF i, 1-340 CoF s o 1-352
CoH N, O it 1-340 CF} ittt 1-352
CoHNJOF o, 1-340 CoFf o, 1-352
CoH N, O oottt 1-340 CaF i, 1-353
CyH N, O oot 1-340 CoF i, 1-353
CH,NOZ oo [-340 CoF i 1-353
CHyNO e [-341 CoF 7 i, 1-353
CoHNO o, 1-341 CF ot 1-354
CyH,NO o, 1-341 CoF7 it 1-354
CeHNOF oot 1-341 CaF T et I-354
CHNO oot 1-341 CoFy ot 1-354
CHNO oo, 1-341 CFd o 1-354
CaH NOZ oo 1-341 CoF o, 1-355
CHNO oo, 1-342 CoF o, 1-355
CoHNOZ ..o, 1-342 CF7 e 1-355
CroH oNOF o 1-342 CF 7 ot 1-355
CroH, NOT .ot 1-342 CF o, 1-355
CoH, NOS i, 1-342 CoF ot 1-355
CH oNOF oo 1-342 CF ottt 1-355
CeH N, OF i 1-342 CoF 7 it 1-356
CrH g NyOF i 1-343 CF s e 1-356
CoH,N,OF oo, 1-343 CFy i, 1-356
CyH,NOT (oot 1-343 CoF 7 oot 1-356
CpH NOF coiice e, 1-343 CaFy ot 1-356
CH N, OF it 1-343 CooFs o 1-356
CoyaH 0N, OF oo 1-343 CF gt 1-356
EGFFE, ...................................................... i-—356
o e, -357
. _ CF et 1-357
e D304 Gl 1357
B 1-344 CaF Ty 1-357
F vt 1345 CusFlor 1-357
HEF oo 1-345 G g 1-357
Dt 1-345 C, sFrs """"""""""""""""""""""""""""""" 1-357
LiF 1-345 CoF fyeen 1-357
LiyF o oo 1-346 CgF g I-357
BeF™ ..o, 1-346 G F g 1-358
g;“};; ...................................................... ;-342 JI:IJFF++ ....................................................... i-ggg
........................................................ -34 e [
BE, 1-346 Nf?; ....................................................... 1-358
BE; oottt 1-346 N F ot 1-358
BoF i 1-347 NF 7 ottt 1-358
BLF 7 it 1-347 NLF e 1-359
CF ™ oottt 1-347 N ot e 1-359
CoF i 1-348 OF ¥ttt e, 1-359
CF e, 1-348 O,F ottt 1-359
CF ettt ittt 1-348 OF ottt 1-359
CF F ittt 1-349 CHF™ Lottt 1-359
CoF S ettt 1-349 CH,F* o 1-359
CoF S it 1-349 CH,F* it 1-360
CF T s 1-349 CD,F™ ot 1-360
G F e, 1-350 CoHFY 1o 1-360
CF ottt 1-350 CLHFF2, e 1-360
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Page
CoH,F¥ oo 1-360
CLHF* oo 1-360
CoH.F* oo 1-361
CoHF* oo 1-361
CoH,F* oo 1-361
CLHF* oo 1-361
CoHF* oo 1-361
CoHF* oo, 1-361
CoHF* oo 1-362
CLHF* oo, 1-362
CoHF oo, 1-363
CoHF* oo 1-363
CoHgF* oo, 1-363
CoHyF* i, 1-363
CLaHF oo 1-363
CHF oo 1-363
CH,F 1o ooeoveeoeeeeeneeeeeenoseeseeeseesennsenn 1-364
CD,FE i, 1-364
CoHF oo, 1-364
CoH,FE e, 1-364
CoHFy oo, 1-364
gzg%{; ................................................... i—364-
.................................................... -365

. 3 2
CoH,F i, 1-365
CH,FS i 1-365
CLH,FE oo 1-365
2335 T 1-365
................................................... 1-365

47727 2
CoHFE oo 1-365
gg;g; ................................................... }-365
..................................................... ~366

3
CoHF i 1-366
CoHF oo 1-366
CoH,FF oo 1-366
CoHFF oo, 1-366
(Czﬁgzgg ................................................... {—366
................................................... -366

673" 3
%g{} ................................................... 1-367
................................................... 1-367

7757 3
g,glii; .................................................. i-zgz
CoHE ST Laer
CoHFE i, 1-367
CHFE oo 1-367
CoHFF oo eeeeesereereeee 1-368
CoH,FE e, 1-368
CNF*F 1-368
CyNF¥ e, 1-368
O30 1-368
o) 2 1-368
CNF oo, 1-368
o) 1-368
BOF™ . . i 1-368
BLO,F oo 1-369
IO O 1-369
EK0) OO 1-369
B,O,F T i, 1-369
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1300) OO 1-369
oT0) O 1-360
ST 1-369
O3S SO 1-369
o) S 1-369
CoOF oo 1-370
CoOF oo 1-370
CoOF b oo 1-370
L) O 1-370
T 1-370
CH,BF* ......oovvvoooooeeooeooeeeoeeeeee e eeere 1-370
CHLBF* ... oovoeeoeeooooeeeeeeo oo 1-370
CoHLBF* oo 1-370
CoHLBF" ..o ooooooooooeoeooeeeeeo oo 1-371
CLHBF* ooo.ooooeoooeeeooeeeooeeeeeeo e 1-371
CoHLBF* . ooovooooeeeeoeeee oo 1-371
CHLBFS .. ovooooooooooeoeoeoooeeeeo oo 1-371
CoHBF Y oovooooooeeooeeeeeeeeeeoeoeeeeee oo 1-371
CoH,BF . oooooovoooeeeeeeeeeeeeeeeeereeeeenenn 1-371
CoHLBFS oo 1-371
BHN,F? oo _

CoHNF" oo ari
CoH,NF* oo 1-371
CoHLNF™ ..o 1372
CHNF* 1-372
CoHoNF* ooooooe oo 1-372
CoH,gNF* ..o oooioeeooooeooeoee oo 1-372
CoHNFZ . ...oovvoeeeeeoeeeeeeee oo 1-372
CoH,NFJ oo 1-372
CoHoNF oo 1-372
CoHLOF* oo ooooooeeeoeeeeeeeeeee e 1-372
CoHOF* . ..\ oiooooooooeeeoe ! 1-372
CHLOF oo 1-373
CoHLOF ..o oo 1-373
CoHLOF* ..o 1-373
CoHLOF* .ooooe oo 1-373
CoHLOF oo ooeooeeveeeeeeeeeee oo 1-373
CHoOF ..o 1-373
CoHoOF oo 1-373
CoH OF oo 1-374
CoH 0, F oo 1-374
CyH,OF .. ooe oo 1-374
CH,OF F oo 1-374
O L1003 SO 1-374
CoHLOF oo 1-374
CLHLO,F oo 1-374
o310 0 S 1-374
CoHLOF 7 w..ov oo 1-374
CoH,OF F..ooo oo 1-375
CoHLOF oo 1-375
CoHLOF 7. oooooeoeeeeeeeeeeeeeeee e 1-375
o3 0112 1-375
O 8530 1-375
CoHBNF oo ooooeeeveeeeeeeeeeeee 1-375
CoHBOF oo 1-375
CH,BOF} ........oosovvooeeeeveeeeeee e 1-375
CLHNOFZ. .o 1-375
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Page ’ age
CooH N, O,F oo, 1-375 € H,0,F Al coovooooeeeeeeeeeeeeeeeeeee 12381
CLHN,OF 1-376 CLoH,OF LA 1-381
CLH N OF L, 1-376 CHOF Ao, 1-381
CLHOF A I-381
Si

NEt e 1-376
NETZ. it 1-376 SHY e 1-382
NE B 1-376 S et 1-382
Ne .o 1-376 Sy e 1-382
NE2 ot 1-376 STHY ..ot 1-382
STHY oo 1-382
Na STHY oo 1-383
STHY .o 1-383
NE e 1-377 Sizﬁ+ ..................................................... 1-383
Na™2Z. i 1-377 SiHy o 1-383
Nat 3. 1-377 SigH e 1-383
NE e 1-377 SiH o 1-383
NaT i 1-377 SiaH i 1-383
NaT i, 1-377 SigHy oo, 1-383
Na} oo, 1-377 SIBY e 1-384
NEE s 1-377 SICH ot 1-384
Nab ..o, 1-378 SICS eovii ittt 1-384
NaJ i 1-378 SiyCt it 1-384
NaO ..o 1-378 iy Gy et I-384
Na,OF oot 1-378 slzci ..................................................... [-384
SigCF ot 1-384
Mg SiNT [-384
SO o 1-384
MEF o 1-378 SIFT oo 1-385
MgF* oo 1-378 SiFy v 1-385
MEF fooii e 1-378 SiF o 1-385
Mg, F i, 1-378 SIFF oo 1-385
Si,F T i 1-385
glzgg ...................................................... i—385
LT e, -385
ALY e I-379  SEFE ooovioooeeeosoeeseeeeeseeeseeeeeeee oo 1-386
ALCT i 1-379 CHSi* ..o 1-386
AINT L 1-379 CH,Sit oo 1-386
AlO* oo 1-379 CH,Sit e 1-386
ALO* o 1-379 CH,Si* ..o 1-386
ALOS i 1-379 CH,Si* o 1-386
ﬁg ....................................................... 1-379 CoH Sit 1-386
PP VPPN 1-379 CoHgSit i 1-386
CH AL e, 1-380 CoH Sit i 1-387
CoHGAL e 1-380 CHSi* 1-387
CH A e, 1-380 CoHSit 1-387
CNALT e 1-380 CH Si* i 1-388
BOAI .. coes oo 1-380  CoH,Si¥eeomveooosooooooo 1-388
BOAL ..o [-380  C,H,Si*....cooiiiiiiiiiiieee 1-388
CoH, O Al 1-380 CoH oSi* i 1-388
CopH O AL i 1-380 CoH S it i 1-389
C o, OAL e, 1-380 CoH,,Sit i 1-389
CoH L O, AI2. 1-380 CoH pSit i 1-389
CogHdOAIY i, [-381 CoH  Site 1-389
CygH yOGAL i, [-381 CeH Sitoi 1-389
CLHOF Ao 1-381 CoH g Sit et 1-389
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Page
CoH, Si% oo 1-388
CoHo SH¥ e ovveeoseeeeseee e 1-388
CoH, Si% oo vooeveeeeeeeeeseeeeeeee e 1-388
CoH ST oo 1-389
CoH o SiT e oo 1-390
CoHL Si oo 1-390
CoHLSEY oo 1-390
CoH Si ooeoeioieeeeeeeeeeeeeeeeee e 1-390
CoH o SiE oo, 1-390
CoH  Si ovoeeeeeeeeeoeeeeeeeeeeee e 1-390
CH it oo, 1-390
CoH SiE oo, 1-390
CoHy0Si ovoveeeeeeeeeeeeeeeeeeeeeeeneenrsnend 1-390
CoH, STt oo 1-390
CagHoSi2 oo 1-391
C o H, Si cvoveemeeeeeoeeeeeee e 1-391
C L HL Sit ooeeeeeeoeeeeeeeeee e 1-391
O £ 0 SO 1-391
CL o SHE oo 1-391
C o, Siteeeeeeeeeseeeeeeeeee e 1-391
SOl T U 1-391
CoTHaSEFvveeoeoooeeeoo oo 1-391
Lol £ TR OO 1-391
CoHy\ St ooveiveeeeeeoeeeee e 1-392
CoH,Si covoiveoieeoeeoseesee e 1-392
CoH STt oo 1-392
O £ R OO 1-392
C o, Si o ovoeeeeeeeesieeeeeeee e 1-392
C o Hy it ovverrerseeessseeieeeeeeeree e 1-392
C o HL St oo 1-392
C oy H,Sit v 1-392
C o H, St 1-392
CH St eomnieeieeeeee e 1-393
C o sy Sihoveeeeeeeses s 1-393
CoHo S oo 1-393
CoHo it v 1-393
ggg?Si; ............................................... i—zgg
) T T E LRI -
CNSEF oveeeeeeeeereeeeseee e 1-393
STHF . o..vooveeeeseressseneesiesne e seeneieees 1-393
Si HFY .o ov oo 1-393
SIBFY oo 1-393
SLBFY covvoooveoeeeoeieeeeoeeeeeeeeeseese e 1-394
CoHNSI* oo 1-394
L NSH oo voeeee e 1-394
CoH N,SH oo 1-304
CH 081" oovvorveereseeeeeeeee e 1-394
CoHLL 08T oo 1-304
o O8It oo 1-394
CHOSE cooovoeesieee e 1-394
CoHLJOSE oooovoeeeeeseeeeeee e 1-394
CNOSI* ..o ooe oo 1-395
O s O 1-395
O OO 1-395
CH,E,S1" v cvvvvveereeeseseeeoeoeesoeeeeeeee 1-395
Pt e 1-395
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Page
P2, 1-396
P oo 1-396
PF oo 1-396
3 SO 1-396
3¢ O 1-306
PH 2...ooooe oo 1-397
PEL oo 1-307
PH .o 1-307
PHY ovoooeeeeoeoeeeeeeeoeeeeeeeeoeeeeesseeeeee 1-307
PHD* o oovvoooeoeooeeeeeoeeoeeeoeoeeooo oo 1-308
PHD, ... oovooooeoeoeeeoveeoeeoeeo oo 1-398
113332 ....................................................... 1-308

...................................................... 1-308
PHY oo 1-398
L 1-398
R [-308
O -390
£ 1-399
L0 L 1-399
PLHDE oo -390
PoHY oo 1-399
L 1-399
PN e 1-399
PN 2 e 1-400
PO 1-400
PO oo 1-400
PO v eeeee oo 1-400
PL0% e eeeeeeeeeeeeeeee e 1-400
PO ooveeoeeoooeooeeeeeeoeeeeeeeee s 1-400
PLOF oo 1-400
PO ooooooeeeeeoeeeeeee oo 1-400
PLOF oo 1-400
PLOT oo oveoeeeeeee oo 1-401
s 5O 1401
300 O 1-401
PO oorovveeeoeoeeeee oo 1-401
PLOF oo 1-401
PO oovvveeeeoeeeeeeoeeeeeeeeeeeeee s i-401
PO oooovvoooooeeoeeee oo 1-401
PO wovs e eoeeoeeeeeeeeeeeeeeeo e 1-401
PO cooovvoeeeoeeee e 1-401
PLOF, oo 1-401
PF* oo 1-402
PEE oo eeeeoos e eesess e 1-402
23 OO 1-402
AP oo 1-402
CHP oovvooeeoeeeoeeeoeee oo 1-402
CH,P oo 1-402
CHLPY v e 1-403
CH.P oo 1-403
CHLP oo 1-403
CLHP ..o 1-403
O 1-403
O [-403
O T 1-404
CoHLPY oo 1-404
CoHLP oo 1404
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Page

CHLPT =404
CHPY oo 1404
CHP oo [-405
CoH P [-405
CHPY 1-405
o3 BN S 1-405
CoHLPY oo 1-405
O B S [-405
o 0 OO 1-405
O B O 1-405
O B O 1-405
CoHy P¥ oo 1-406
CogHo P oo 1-406

CHL P oo 1-406
£ I 1-406
6 8 O 1-406
CH.PY oo 1-406
CoHPS oo 1-406
CoHPT oo 1-406
O OO 1-406
CoHoPo oo 1-407
CoHLPo oo 1-407
CoHL P oo, 1-407
CoHLP oo 1-407
C3H10P2+ .................................................. 1-407

1S 0 R 1-407

P e, 1-407
C{{I,{% .................................................. 1_487

L PE -407
Do 0 [-408
CoHoPE oo 1-408
O B0 S 1-408
CeH Py 1-408

SH P, o 1-408
E‘*H”PP% .................................................. 1-408
g L
C7H16Pi .................................................. 1-408
C;Hi;Pz* .................................................. 1-408
CoHL P oo 1_409
Lo s 0 OO 1-409
CoHLP? oo 1-409
CoH, P oo 1_400

2P T e 1-409

P e, 1409
1 0 1-409
PHOY oooovoevoeeeeeeeee e 1-409
PH,O} <..ovoovoeoeeeeeeeee e, 1-409
122 I S 1-409
PH,OZ ©.ovvoeeeoeeeeeee oo 1-410
PH,O% oo 1-410
PH,OF oo 1-410
PO oovoeveoeeeeeeeees e 1-410
PH,O%, o oovooeeoeeeoeeeeeeee e 1-410
CF P o I-410
PsNgFg .................................................... 1-410
PINES oo [-410

Page
PN ) i [-410
PN I-411
PNF, [-411
PN F 1-411
POF . I-411
SIPHZ ...ooooooeeeoeeeeeoeeeee e 1411
CH NP 1-411
CLH NP I-411
CH, N PS I-411
g ﬁHésili B P i-ﬂ ;
CHLO,P* oo 1412
CHOPY (o I-412
CHOPH 1-412
CH,OP 1-412
CH,OP* oo 1-412
CHOP [-412
CH,OP* 1-412
CHOPT 1-412
C,HOPY 1-413
CH OP 1-413
CH, 0P [-413
CHLOP 1-413
CH O Pt 1-413
CoH, O,P* 1-413
CHyOP 1-413
ClaHsOPt 1-413
CHOPY [-413
CHOP 1-413
CHOP 1-414
CHOP i [-414
CHLOP 1-414
CsHipO4P*o [-414
CH, OP [-414
BHF. Pt .. I-414
CeH N OGP 1-414
CosHaoN, OGP o I-414
CH,NOPH ... fe 1-414
CeH NOP 1-414
CLH N OF P 1-415
CleH NOF, Pro 1-415
St e [-415
S s I-415
S e I-416
S I1-416
VR UUURRRPRTOPPOTPON 1-416
S et 1417
S e, 1-417
S ettt 1-417
HS o 1-417
H, St 1-417
HDS* . o 1-418
DSt 1-418
H, S 1-418
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B e 1418
B e 1-418
st22+ ....................................................... 1-419
BaS ittt 1-419
EZSSEZ ..................................................... 1-419
S Caro
B e ALY
B S i -
BSt. ... i :ig
BIIS6+ ................................................. 1_419
BSS_}:‘ ............................ -
Do 1-419
g§+ ........................................................ 1-420
G, T Do
CSZ:3 ....................................................... 1-421
NS+ ......................................................... [-421
SOT 1-422
SO% ........................................................ 1-422
503; ....................................................... I-422
52(+) ....................................................... 1-423
SE T 1-423
Sy e, 1-423
SF et 1-423
SF} ettt e, 1-423
SFY ettt e, 1-423
SF ettt 1-424
AL S 1-424
ALS™ i 1-424
ALSH oo, 1-424
P St e 1-425
BHZS; ..................................................... 1-425
B2H82+ ..................................................... 1-425
BH,S; oot 1-425
BLHS oo 1-425
BHS oo, 1-425
BLH, S, o 1-425
BH, Sy oot 1-425
BHS oo 1-425
BLH, ST ot 1-425
BH,S7 oot 1-425
BH 7 o 1-426
(81 § N L I-426
[0 ) ) L 1-427
CH,S* ettt [-427
CH,S oottt 1-428
CH,DS™ oot 1-429
CHD,S™ .ottt 1-429
CD,S ot 1-429
CH,S oottt [-429
CHD,S" ..ot [-429
CH,S" .ottt 1-430
CHS oo, [-430
CoHLS% et [-430
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Page

CoH,S o 1-430
CHS o, 1-431
CoH S o 1-431
CHD,S* 1-432
CHD, S 1-432
CH ST 1-432
822351235 ................................................ 1-433
CHgr Lass
CHS* . 1-433
CoHS oo e
CoH S 1-434
CH S 1-434
g3§85§+ .................................................... 1-434
o 1
g4H35+ .................................................... 1-435

H, St e -
C4H4DS+ 1-435

HDST 1-435
CHS e, 1-435
CH S 1-436
CHgS e, 1-436
CH, St 1-436
CHD,S* o, 1-436
CoH ST 1-436
CoH, S e 1-436
CoH ST 1-436
CH S 1-437
CH S o, 1-437
CoH, S 1-437
CaH S e [-437
CH St 1-437
CeHS o 1-437
CH S o, 1-438
GHDSY L 1-438
CeH ™, 1-438
CeHS* o, 1-438
CH St 1-439
CHLS 1-439
CHGS™ o, 1-439
CH S i 1-439
CH St 1-439
CH St oo [-439
CeH (ST 1-439
CH St 1-439
CeH (St 1-440
CH St [-440
CLHS 1-440
ClLHeS [-440
CLH ST, [-440
Gl St [-440
CHaS: o 1-440
CHuSS e, [-441
CH,SS 1-441
CoHSS e [-441
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Page

CHST oo, s 1-441
CoHS, oot 1-441
CHS! oovvvveervreeevssecessessinsescsnen 1441
CH (S e 1-441
CoH,SF oo, 1-442
CoH S, oo, [-442
CoHySy ovemeriemeieeee e 1-442
CH ST oottt 1-442
CHS) ot 1-442
aHL ST e, 1-442
CH ST ©ooiiiiitiieeieeeeeeeee e, 1-442
CoHoSS oot 1-443
CHS oo, 1-443
CoaH S oot 1-443
H ST e, 1-443
c ﬁ}gli"s D P [-443
P S 1-443
CoNS* ittt 1-443
HS Ot 1-443
H,SO% i, 1-443
H,SO* i 1-443
GO T 1-444
CF St e, I-444
CF 2S+ ..................................................... I-444
CF,S" ottt 1-444
CoF S ottt [-444
CoFgS™ ot e 1-445
CFS ittt [-445
CF,S} ettt 1-445
CF S ottt 1-445
CoF S et 1-445
CoF Sh i, 1-445
CoF g8 ottt 1-445
CoF S et [-445
NSFF 1-445
NSF ottt 1-445
NSF; ottt 1-446
SOFT [-446
SOLFY .ottt [-446
SOLFS vttt 1-446
PSF} ottt 1-446
PSF; .ot 1-446
CHBSS o 1-446
CHNS* e 1-446
CHONS™ oo, 1-446
C,HNS* Lo 1-446
CoHNS 2o, 1-447
C,H,NSY e, 1-447
CHNS® Lot 1-447
CHNSY oo, 1-447
CH NS™ o, 1-447
CHNS® oot 1-447
CRHINS™ ot 1-447
CLHNS* oo, 1-448
ClaH gNST 1-448
CH,N,S™ it [-448
CoHAN,S oo, 1-448

Page

CoHEN,S™ oo 1-448
CRHN,S” ot 1-448
CH NS oo 1-448
CH NS oo, 1-449
CH NS oo, 1-449
C ey NSS e 1-449
CoHoNoSt oo 1-449
gﬁ 5SSN+2SZ+ .............................................. 1-449
.................................................. 1-449

2

CH,OS" ..o, 1-449
CH,OS" oo, 1-450
CLHLOS* oo, 1-450
CoHOS* oo 1-450
CHOS* oo 1-450
CHOS oo, 1-450
CH OS 1-450
CHOS oo, 1-450
CoaH 108 * i) 1-450
CoHL, 008" oo 1-451
CoH, 0,8% oo, 1-451
CooH (0,8 1o, 1-451
CLHFS o) 1-451
CoHLF,8% oo 1-451
CHE,S* ..o oo 1-451
CoH,F S oo 1-451
CRH,F,S7 oo 1-451
(O 1 OO 1-451
STH,FS™ oo, 1-451
STHF,S% 1o, 1-452
STH,F,S% coovovveesee e 1-452
Si,H,F,S" oo 1-452
SIHF,S* oo, 1-452
STHLF,SS o ovovvveeesereeee e, 1-452
CHNO,S oo, 1-452
C.H, NOLS* .o 1-452
CH,BF,S* ..o 1-452
(o= ;) 2O 1-452
CorHyNF, ST i) 1-452
CraHrOFS oot -453
Gl 1-453
CL oot 1-454
Gl 2 1-454
HO [-454
DCIF [-454
HCI 2 1-455
LiClr 1-455
Li,CF v 1-455
BeClt . [-455
BECL ..o, 1-455
Be,CLf oo [-455
Be,ClL oo 1-455
Bl 1-455
BCLY oo 1-455
BCL2. oo, 1-456
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BLClE oo 1-456
BCL ..o 1-456
B,CLY ..o 1-456
BLCLE oo 1-456
CCIY [-456
CCL oot 1-457
CoClE oo, 1-457
CoCL2 e, 1-457
COL oo 1-457
oL N 1-457
CoClF oot 1-458
NCLF o oe oo 1-458
CIO™ e, 1-458
CIO{ ...................................................... 1-458
CLOS oo 1-458
CLO oo 1-458
CIFf o 1-458
CIFS oo 1-458
CIF oo 1-458
NaClt. e 1-459
Mgl e [-459
MECL oo 1-459
ME,CLE oo 1-459
ALCH Lo 1-459
AICLY oo 1-459
AICLF oo, 1-459
ALCI oo 1-459
T O 1-459
SICLF oo, 1-460
PCI e 1-460
PLCI" oo 1-460
PCL oo 1-460
PoCly covvereiieiiie i 1-460
PCLE oo 1-460
PLCLY oo, 1-460
PLCLE v 1-461
BH,CI oo 1-461
CHCI e 1-461
CHLCE oo 1-461
CH,CI oo 1-461
CHDCI ..o [-462
CHD,CI oo 1-462
6 1Y OO 1-462
o (o1 LTRSS 1-462
CHCIZ ., [-462
CLHLCI oo, 1-462
o0 I, 1-462
o 130 L 1-463
CHLCE oovoeeeeeeeeee e 1-463
CJHLCIF oo 1-463
COHLCI oo 1-463
CHLCI oo 1463
O3 1] O 1-463
CoHLCI oovoeoeeeoeeeeeee e 1-464
ol ] O 1-464
o0 10! O 1464
CRHLCIF oo 1-464
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Page
O e L 1464
S e L 1-465
CIHLLCE oo 1-465
CIHLCT oo 1-465
COHLCTY oo 1465
CoHLCL oo 1-466
CHCL oo 1-466
CHLCE! vvvooroeveeeeeeereeeemeeeeeeeeeveeeeene 1-466
CHLCLE oo 1-466
o I S 1-467
CoHLCIY oo 1-467
CoHaCLY oo 1-467
CoHLCLE oo 1-467
CoHLCL oo 1467
CHOL oo 1468
CLHCL oo 1-468
CoHLCI oo 1-468
CoHLCLY oo 1468
CNCE oo 1-469
CuNCES oo 1469
S T6) S O 1-469
COCLE wreeroeeeeeeeeeeseeereee oo 1-469
BE,CI oo oovooveoeeees oo 1-470
BFCLY crvvcoeveo oo 1-470
CFCL oo 1-470
e Lo 1-470
CF,CL oot 1-470
C 1-470
O e OO 1-470
CIFoCL oo 1-470
CFCLE wovveoeoeeeeoeeeoeeeoeeeeeoeoeee e 1-471
CFLCL oo 1-471
CuFLCLE oo 1-471
CIFaCL oo 1-471
CRCL e 1-471
O e 1471
CLOF oo 1471
PN,CLE oo 1-471
PoNCLY oo 1-471
PINLCLY o oevoe oo 1-472
PNLCL wovvoooeoeoeeeeeeeeeeeeeeeeee oo 1-472
PINLCL oo 1472
PONLCLE oo 1-472
POCI oo 1-472
6 O 1472
POCL +orvvee oo 1-472
SF Gl vvv o oes e 1-472
L BCL v 1-472
CLLBCI® oo 1-473
COHLBCLY <o 1473
O o Y 1-473
O 3 1-473
COHNCE oo 1-473
COELNCI —ovooooeoeeeee oot 1-474
CIHUNCI oo 1-474
CHLNCE oo 1-474
CoHo N, ClF oo 1474
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Page
CHNCL o [-475
CHNCL o 1-475
CHNCL [-475
CHLOCH [-475
CHOCI L. 1-475
CHOCH Lo [-475
CHOCI .. 1-475
C,H,OCI .o 1-476
CHOCI .. 1-476
CHOCI 1-476
CHOCI 1-476
CH,OCI 1-476
CHOCI ... 1-477
C,HOCI . 1-477
CHOCT oo 1-477
CHOCI L 1-477
CLoHOCT L 1-477
C H,OCI [-478
C HLOCH [-478
CLHOCI 1-478
CH,,OCK [-478
CH,OCI ... [-478
C,HOCI L 1-478
CHOCI o [-478
CHO,CH L [-478
CuHuO0Cl 1-478
C,H,OCL ., [-479
CHOCL 1-479
CHLOCK . 1-479
CLHO Gl 1-479
CHFECI . e 1-479
CHEFCI 1-479
CHFCI ... 1-479
CHF,CIf . 1-480
CHE,CIT 1-480
CHF,CI 1-480
CHFCI . 1-480
CHF CIo 1-480
CHFCL ..o 1-480
C,OFCL o, 1-480
C,OF,CE o [-481
CHSICH Lo 1-481
CHSICI . 1-481
CH,SICE .o 1-481
CoHSICL .o 1-481
CHSICE... 1-481
CH.SICLY ..o [-481
C,H PCI" 1-481
CHPCLY [-481
CH,SCI [-481
CH,SCI o, 1-482
CH,SCL o 1-482
CF,SCI" oo 1-482
CHLBN,CIF L, 1-482
CHBNCL [-482
C,HBOCI .. 1-482
CH, BOCI* ..., [-482

Page
C6H14BO2C1+ ............................................ [-482
CH3BOC1; ............................................... 1-483
CszBOClz+ .............................................. 1-483
CHBOCIy ... 1-483
CHNOCI ... 1-483
CHNOCI ... [-483
CHNOCI ... 1-483
CHNOCI [-483
CHNO I ..o 1-483
CHN,OCE ..o 1-483
CHBS,CI o 1-484
CHBSCE ..o 1-484
CLHN,SCI 1-484
CooH, N,SCIF 1-484
CLH,OSCI ... 1-484
CHBNFCI ... 1-484
CH,BOFCI* ... 1-484
C, H, NJOSCE .o 1-484
CoHp NLOSCY 1-484
ATt 1-485
2 N 1-485
AT 1-485
AT 1-486
ATTS 1-486
ATT 1-486
AT i 1-486
Kt 1-486
K 1-486
K 1-487
K 1-487
K O 1-487
KO 1-487
NaK 1-487
Na, Kt 1-487
NaKy .o 1-487
N K v 1-487
KOl 1-487
KoCIt o, 1-487
KOH 1-488
K OH" L, 1-488
K,SO, oo 1-488
Al e 1-488
L OF: e P 1-488
Ca0 T 1-488
CaFt 1-488
CaClt L 1-489
CaCly .o 1-489
CaOH" 1-489
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Page

S ittt e [-489
St i [-489
ScF 1-489
1 1-489
T2 1-490
) O 1-490
TiC) oo 1-490
TiCl o 1-490
AN s 1-490
O 1-490
TiO) e 1-490
T 1-490
TiF e, 1-490
TiFY o 1-490
TiCL oo, 1-491
TiCI 2 i 1-491
TiCE e 1-491
THICL2. .o 1-491
TG o 1-491
THCLZ. oo I-491
TiCl} o, 1-491
CooH o Tit 1-491

s H e TH e 1-491
CoH O Tt [-492
CL H, O Tt e 1-492
CHCITi .o 1-492
CHCITi oo 1-492
CoH CITit s 1-492
CH,CLTI . [-492
CoH CLTI e [-492
| VR UTPPINt 1-492
Ve e e 1-493
VCE e 1-493
VCI . o [-493
CuHLVF o 1-493
CH VY L 1-493
CH Vo 1-493
CroH oV 1-493

2V T [-494
VOOt e 1-494
VC,00 oo 1-494
VC, 0 i 1-494
VC,0h oo [-494
VC,OF v [-494
VCOF oo [-494
CHOVY [-494
CH.OV 1-494
CoH O VF Lo [-495
CioH OV i, 1-495
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Page
CLH, OV [-495
Gt e e [-495
08 o O UN [-496
Gt [-496
CrO T e 1-496
CrOT 2 e 1-496
CrOf .o 1-496
CrOf2. i, 1-497
CrOf oo 1-497
Crl 1-497
CrF 2 [-497
CrFy o, [-497
CrFyf o 1-497
CrClr 1-497
CrC 2. 1-497
CrCE o, 1-498
CrCl2 o, 1-498
CH,Crt oo 1-498
CHCr 1-498
CHCrt oo 1-498
CoHuCrt o 1-498
CLoH Gt 1-499
CLHLCrt [-499
CLH Crto [-499
CLHLCr [-499
CLHLCrv2 [-499
CLH Crr o [-499
ClaHCrt o 1-499
CLHL Crr 1-500
CoHo Gt 1-500
gz “(%icr+ ................................................ i_ggg
7 O -

CrCO 2 e, 1-500
CrC,00 oo, I-500
CrC,07 [-500
CrC 0] i [-500
CrC,0f .o, I-501
CrC,0f .o, I-501
CrOF T e [-501
CrOF 2 e, I-501
CrOF* (oo I-501
CrOFr2 I-501
CrOF} o I-501
CrOF; oo 1-502
CrOCIT .., 1-502
CrOCHZ e, 1-502
CrOCl e 1-502
CrO,CH2 .o 1-502
CrOCL oo [-502
Cr02C12+ .................................................. [-502
Cr02C12+2 ................................................. 1-502
CHOCT L 1-502
CoH O T oo [-503
CHOCK [-503



C H NOLCE* v,

117711

CH N, O,Cr" o, 1-506

137716

CHNOCI™ oo, 1-506
CHNOCI® oo
CoHNO.CI™ e
CooH, NOCE* oo, 1-507

107711

CLHNOCE* o)

113

CoHNOCE* o)

127711

CHNOCI* e

13779

H NOCrt ..o,

137715
14
14

H N.O,Cr"

157718 37712

C
C

C

C

C

CoH,OFCr™ oo,
CooHOFsCrt oo I
CoHOF,CrF oo
C
C
C
C
C
C
C
C

157712

HOF Crf..i e,

1077274 12
15773

H,,O,SiCr* ... 1-508

127714

Hy OPCE o,

117715

H,, 0,PCr* .o,

177727

JHaOLPCr
WHEOPCr

1578

H NOCE oo
H, NOLCE oo
H

H,OF  CF oo,

.........................................
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Page

CogH 1 0,CLCI e 1-509
C, 41'181\105}7‘3Cfr ......................................... 1-509
C13H8N05C1Cr+ ........................................ 1-509
Mt I-510
Mnd o I-510
MnF I-510
MnFj .o I-510
MnE 1-510
MnC?i+ ..................................................... I-511
CHMn* . [-511
CoH Mn™ I-511
CH Mn* I-511
CoH, Mn* o [-511
CooH Mn® 1-511
CoH, M0t e, I-511
CoH Mn* I-511
CLH Mn' I-512
CoH MOt e 1-512

HMO® L, 1-512
MnCOT o, I-512
MnC,0F .. 1-512
MnC,Of ... I-512
MnC,OF oot [-512
Mn,C,0F .o I-512
Mn,C O ..o I-513
Mn,C 07 ..o, [-513
Mn,C.OF ..o I-513
Mn,C, OF e I-513
CH,NMn™ ., I-513
CLH NMn* .. [-513
C,HOMn't ., I-513
CoH,,OMn* . 1-514
CH,O,Mn* ... I-514
CH,O,Mn" o I-514
CoHyOMn* oo, 1-514
CLH,0,Mn* [-514
C,H, OMn* ... I-514
C, H,,OMn* .. I-514
CHOMn I-514
CeHOMn™ ., I-514
CoH,0,MN™ oo, 1-514
CH, OMn* ... I-514
C,oH,OMn* .. I-515
CHOMn ... I-515
CoHLOMIY oo 1-515
C,HOMn" ..., I-515
C,HOMn* ... I-515
C,H, OMn* ... [-515
CaOF,MI™ .o 1-515
COFMnt ..o 1-515
C, H, ,PMn* ... [-515
COCIMD™ oo I-515
C,0,CIMn* L, I-516
C,OCIMn* i I-516
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CH,NOMn*......... I-516
CHNOMn* ... I-516
CHO,PMn* ... I-516
CleHyO,PMn™ . I-516
CoH,gO,PMn™ o 1-516
CrleHoOPMnt .., 1-516
CosHyyOPMn* L [-516
CH OSMn™ ..., 1-517
CH, O, SMn™.......... 1-517
CHO,PCLMn* ... I-517
Fe

Fet I-517
Fel oo 1-517
FeCt o, [-517
FeOr 1-517
FeFr o [-517
FeF ] o I-518
FeF] o, 1-518
Fe F o 1-518
FeCl* o, I-518
FeCly .o 1-518
Fe,Cll oo 1-518
Fe,Clf oo 1-518
CHFet oo [-518
CH.Fer . 1-518
CeHgFe o, 1-518
CooH Fet o [-519
CoHFer 1-519

pHFet I-519

wHaF et 1-519
FeCOt I-519
FeCO*2 . i I-519
FeC,07 ... i 1-519
FeC,O0f ..o, 1-520
FeC,Of .. 1-520
FeC,O ., 1-520
Fe,CgOF ..o, 1-520
CHNFe" ..., 1-520
CaH,OFet oo 1-520
CHOFer oo, 1-520
CHOFe 1-521
CHOFet I-521
CHO.Fe! ..., 1-521
CH,OFet e, I-521
CHOFer [-521
CH OFer 1-521
CH,OFer o, I-521
CH, OFe oo, 1-521
CNLOFe™ o 1-522
CN,OFer 1-522
CHNOFe . 1-522
CHOJFFer ... 1-522
CHOF.Fet ... [-522
CLoHgOFFet s 1-522
CH,OFFer 1-522
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C L H L OFFE oot

C HOF Fet o

1077247 12

H,OF Fe* ..o,

COPCLFe* ..o,
CoH,, NyOPFe’ (v,

127727 "2
C,H,N,0,PFe .................... ST
CHN,O.PFet oo,
CHy N, OPFe™ Lo
CHN,OpPFet oo
CH N,OPFe* oo,
C13H27

Coll NLOP,Fer oo,

67718
CH,N,OPFer oo,
PSFe oo,

1277307 "2
C24H1506

Co

N,OPFe* ..o, e
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Ni

Page
CH,0,C0™ oo oo 1520
C L H0,C0 [-529
CHO,Cot oo 1-529
CHOCotovv 1-529
CoH,,0,C0" oot 1-530
CuoH,,0,C0% i 1-530
CeHy00,C0% oot 1-530
CoaHg0,C0" v, 1-530
CsH, 0,C0" vt 1-530
CagHei0gC0™ vttt 1-530
CoNOLCo™ oo 1-530
CoNO,Co™t oo 1-530
CoHPF} ..o, [-531
COHPF7 ..ot 1-531
COHP,FF ..o, 1-531
CoHP F1,. .o, [-531
CHOF Coton 1-531
CHF,SiCo% ..ottt 1-531
CLOF,SiCo oottt 1-531
COF,SiCo™ ... oot 1-531
C,0,F,SiC0% .o iii e 1-531
C,0,F,SiCo™ o\ ittt 1-532
COF,PCG ..ottt 1-532
COSICLCOY .ot 1-532
Cy0,8iCLCO" oo, 1-532
Cy0,8iCLCO™ .o 1-532
C,0,8iCLCO" v [-532
CH,OF,SiC0" .. vovoiievcceceeeee 1-532
C,H,0,F,SiC0" oo, 1-532
CH,OF,SiC0 oo 1-532
CHLOF,SiC0 .ot 1-532
CeH, NOPCO ..o 1-533
C . H, NOPCO oo, 1-533
C,HNOPCO™ ..o I-533
CH NOGPCo* s 1-533
C, H, NOPCoO o 1-533
CHNOP,CO¥ o 1-533
CyHyNOP,Cot i 1-533
CoH,,NOP,Cot oo 1-533
CHOF,PCo™ ..ot 1-533
C,HOF,PCot ..o, 1-533
CoHOF PCO 1-534
CHOFP,Co™..oooviiiiiiiiiiiiiiiii [-534
C,HO,F,P,Co™ oot 1-534
CHOF,P Co* oottt 1-534
C,NO,PCLCo ..., 1-534
NIt [-534
NiCho e 1-534
NICH oo 1-535
NIO™ 1-535
NiFto 1-535
NiFS [-335
NICE oo 1-535
NICL o 1-535

Zn

Page
CHNit o I-535
CHNIt ... 1-535
CsH NIt [-535
CoH NIt 1-536
LiNiO* .. [-536
LiNiOJ ..o 1-536
NICO* ... 1-536
NiCO*2 . 1-536
NIiC,0% .o, 1-536
NiC,0%2 [-536
NiCy0F v, [-536
NiC, 072 e, [-537
NiC 07 oovvnniiiiiii 1-537
NiC, 07 .o, 1-537
NiC 052 1-537
NiC,OF v, 1-537
NiC 0 2 1-537
NiPF} ..., 1-538
NiPFS oo [-538
NiPF S [-538
NiP L 1-538
CH,O,NI e, [-538
CH ONit .. I-538
CoH O NIt 1-538
CHNONit ..., 1-538
Cut e [-538
CuFT o 1-539
CuFg . 1-539
CuClr .. 1-539
CH,0,Cu™ [-539
CeHyO,Cu™ Lo 1-539
CLoHgO,Cut oo 1-539
CH,0,Cur [-539
CH, OCut . 1-539
CoH O Cu" 1-539
CLoH O Cut 1-540
CH,,0,Cu* ... 1-540
CreHpe0,Cut Lo 1-540
CoH O Cut 1-540
Co,HyO,Cu™ [-540
CyoHp0,Cut ol 1-540
CHOF,Cut . 1-540
C,HOF,Cu oo 1-540
CHOFCur oo 1-541
CyH,OFCut o [-541
CoH OFCut o 1-541
CeHOF Cut o [-541
CH,OF,Cut ..o 1-541
C o H,OF ,Cut .o 1-541
CHOFS,Cu..o 1-541
Znt I-542
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Page
ZnH" o 1-542
InClr o 1-542
ZnClLy oo 1-542
CHZn* .o, 1-542
CoHZn o 1-542
CH.OpZn* ..o [-542
CH OZn* . 1-542
CoH 070" oo 1-543
CH,OF Zn o 1-543
CHOF Znt. ... 1-543
CHOJF Znt ..o, 1-543
CHOFZnt .. 1-543
ColoHOFZnt oo [-543
CH,OF Zn* .. 1-543
CH,OF Znt . [-543
Ga
Gat [-543
Gay 1-544
GaO . 1-544
Ga,0F 1-544
GaFt [-544.
GaF} 1-544.
GaST 1-544
Ga, St 1-544
LiGaO™ .o 1-544.
GaOF T 1-545
Ge
GO e 1-545
G o, I-545
G vt 1-545
Gl L 1-545
GeHt o 1-545
GeHJ ..o 1-545
GeHy oo 1-546
gel'llii. ..................................................... i-§42
£20 N -S54
GeZH;’ ..................................................... 1-546
Ge,HY oo, 1-546
Ge, Hf oo I-546
Ge,HY oo 1-546
Ge,HY oo, I-546
Ge HY o [-546
Ge,Hf ..o [-546
GeHl .o 1-547
Ge HY oo 1-547
Ge HS oo 1-547
Ge Hy oo 1-547
Ge Hf ..o 1-547
Ge HYoooooni 1-547
GeCt [-547
GeC;r ...................................................... [-547
Gy Gt e [-547
Ge,CF o, 1-547
GeOt o 1-547
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Page
Ge,OF L, 1-548
Ge,OFf i 1-548
Ge,OF oo, 1-548
el 1-548
GeFJ oo [-548
Gel | o, [-548
GeF 1-548
Gy 1-548
Gt e 1-548
Ge,Sit i [-548
Ge Sit . I-549
GeClr [-549
GECIS ..ttt 1-549
GeCl;r ..................................................... 1-549
GECI oot 1-549
CH Ge o, [-549
CH,Ge i [-549
CH,Get i 1-549
CoHIGe oo, 1-549
CoHyGet ot 1-550
CoH G e, 1-550
CoHyGet I-550
CH, Get o I-550
CH,Ge™ i, 1-550
CeH, Get oo [-550
CoHagGe oo 1-550
CH Gelooo I-550
CH Gel oo, I-551
CH Gel oL I-551
CoHp Ged i, 1-551
CeH gGeg L [-551
CoH Ge e 1-551
CoHy G, 1-551
CoHy Gedonn I-551
CroHasGed oo I-551
CoHyGel oo I-551
GeOF; ... oL [-552
GeOF ..o 1-552
GeSiHS ... [-552
GeSiCt [-552
Ge,SiCT o, 1-552
CeH  SiGet .o [-552
At e, 1-552
AST ottt 1-552

Ay 1-552

ASy [-553

AsHY [-553

ASHY oo, 1-553

AsHY oo [-553

As HT oo, 1-553

As,Hy oo, [-553

As,HE .. 1-553

As HY oo I-553

AsF] o [-554.
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Page
AsSit oo, e reeiraanes 1-554
AsCH 1-554
CHAS ..o [-554
CoH AS [-554
CHAST 1-554
CLH Ast [-554
CoFAst o [-554
AsSTH I-554
AsSiHS ..o 1-554
AsSiHY ..o 1-555
ASSIHS ..o 1-555
AsSiHT ..o I-555
CHFAS e, 1-555
CHF Ast I-555
CHFAs" ... I-555
CHCIAs ... I-555
CH,CLASY ...ccooiii I-555
CFClAst [-555
CHOMnAs ... 1-555
Se
ST e 1-556
Sef oo [-556
€Y e 1-556
B et e 1-556
SEY e 1-556
S I-556
HySet oo 1-557
HSe) oo 1-557
HoSel oo 1-557
B i I-557
SO e 1-557
SEOY i, 1-557
SeOF i [-557
Al T e [-557
ALSet .o [-557
ALSel oo I-557
S,8et i I-558
S ST i [-558
GaSeT i, [-558
Ga,Se oo I-558
CoH, Set oo, 1-558
CHSet 1-558
CoHSet it 1-558
CH Set oo [-558
CHSet .o I-558
CH, Setr o, I-558
CoH Se; oo 1-559
CoHgSes oo, 1-559
CH, Sey i [-559
CH NSet ..o I-559
C,H NO,Se™ ..o 1-559
Br
Bt 1-559

B e [-560
Br;r 2 1-560
HBrt oo 1-560
DB 2 I-561
LBt o 1-561
LiBrto I-561
BBt e I-561
BBr; e I-561
BBr) . I-561
BT e 1-561
CBry oo 1-562
C,Br; PPN [-562
CBry 2 I-562
CBr; ..................................................... 1-562
CBry 1-562
CBr 2 1-562
BrF e, I-563
BIES oot 1-563
B e, I-563
BIF) ovvvoooeeoeeeeeeveeeeeeeeeeereneseeeeseseren 1-563
MgBri. .o 1-563
MEBEL .o, 1-563
Mg, Br! .o [-563
AIBrt I-563
AIBry ..o, 1-563
AIBr ..o 1-564
ALBrl I-564
SiBryo .o I-564
PBrt I-564
PBrf [-564
PBry.oooii I-564
BrCIt . I-564
TiBrl o 1-564
MnBrt I-564
FeBrr [-564
FeBry ..o I-564
Fe,Bry. o, I-564
Fe Bri ..o I-565
2nBrt e, 1-565
ZnBry ... [-565
GeBrt . 1-565
GeBry ..o 1-565
GeBrf. .. [-565
GeBr]........... 1-565
BHBrt ... 1-565
CH,Brt ..o 1-565
CHBrt .., T-566
CHBr+2. ... 1-566
CHBI . 1-566
CoHBr 2 e, 1-566
CHBrt . 1-566
CHBrt ... 1-567
C,HBr 1-567
CHBr .. I-567
C,HBrt ..o I-567
CH.Bro . 1-567
CHBr . 1-568
CHBrt [-568
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Page Page

C.H, Br.. o 1-568 C,HF Brf o 1-577
CH,Bro 1-568 CH SIBrt. .o I-577
CHBr [-569 CoH SIBrt. 1-577
CH, Brio 1-569 CLH  PBri 1-577
CHBr 1-569 C,H,SBI" oo 1-578
CHBI 1-570 CH,S,Br* oo 1-578
C8H9Br++ .................................................. 1-570 CH2C1Br+ __________________________________________ 1-578
ol BT 1-570 CLH,CIBI o, 1-578
gqu:iLBr """""""""""""""""""""""""" 1-570 CoH,CIBrt I-578

HBr2+. ................................................... 1-570 C H CIBr* .ot 1-578
CHzBraz. .................................................. I-571 (613 (6118 : U 1-578
CHBry 2 oo 1-571 CHOCIBES ..o 1-578
EZEZEE -------------------------------------------------- i‘??{} BFCIBI ..o, 1-579
C2H4Br§ """"""""""""""""""""""""""""" I—S PN, CLBrt ..o 1-579
e -571 PN CLBI™ oo, 1-579

BB =571 P N,CLBIE oo 1-579
CHBr oo, I-571 PN CLBIE oo 1-579
CHBrf2 oo 1-572 PN, CLBIE oo 1-579
C,HBrf. ... [-572 PN CLBL oo, 1-579
CNBrt .o [-572 PN CIBry oo 1-579
BE,Brt .. . 1-572 P,NLCLBri oo I-579
BEBIS .o 1-572 PN, CIBIY .o 1-579
CF,Brt.. 1-572 COBIMN™ ...t 1-580
CFBrt. o 1-573 G0, BIMN® ..o 1-580
CeF Bro o 1-573 C,0,BIMIY ..o 1-580
CF,Bry .o 1-573 C5O.5BrMn+ ___________________________________________ 1-580
CFBri....oo [-573 C,H ,BN,Brt. oot 1-580
P,NBr} 1-573 C,HBNBI] oo 1-580
PNBry .o 1-573 C,HBO,BI* ..o 1-580
PNBrf. I-573 CH,BOBI] ..ot 1-580
BCLBrt ... 1-573 CHNOBr ..o 1-580
BCIBr) oo I-573 C HNO,Brt .. I-580
CLCIBI . e 1-574 CoHBS,Br oo [-581
CLCIBrt 2. [-574 CH,BSBrj . ooovviiiiiiiiiiiiiiii 1-581
GeClIBry ..o [-574 CH O,BrCr...oooueviiiiriiiiiceieeecen 1-581
CHNBro .o 1-574 C o H,,0,Br,Crt i, 1-581
CeHNBr™ 1-574 C,,H OBr,Crr.....ooooi [-581
CAHNBro o 1-574 C,H,BNFBI™ ..o 1-581
CgHNBIt ..o 1-574 CH_BOFBI* ....coviivieiiiniicieiaeie e 1-581
CgH NBro . I-575 CH,BOCIBr*.......ccoooviiiiiiiriicinenns 1-581
CroH  NBr o I-575 C,HO,PBr,Mn* ... [-581
C,H OBr o I-575 C,,H,,N,O,PBrFe* ......coiuiiiieiiiiiiicines 1-581
C,H.OBrt ..o I-575 C, H, N,O,PBrFe’ .......c..cocemirriiiaiainnn, 1-582
C,H,OBr...cc 1-575 C,H, ,N,O0.PBrFe*.....cccccoceioriiiiananinnn. 1-582
C,LHOBrt ..o I-575 C,H,,N,O,PBrCot .o 1-582
CH,OBrt ... I-575 C, H, N,O,PBrCot .., 1-582
CeH OBr* ..o I-575 C,H, N,0.PBrCo* ..o, 1-582
C,H,OBrt ... 1-576
87H7ggr+ ............................................... I-576 Ky

GH,OBr . I-576
CoH  OBro o 1-576 Kt oot e [-582
CH, OBrf [-576 K 2 e e 1-582
CoH O,Bro 1-576 KB et 1-583
CH O,Bro 1-577 It e 1-583
CeH O0,Brt 1-577 KI5 oot [-583
CeH FBro. oo I-577 KE et ee et 1-583
C7H4F3Br+ """"""""""""""""""""""""""""""" 1-577 Kt T s 1-584.
C,HFBry. ..o 1-577 Kt 1-584
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Rb

Page
K oo [-584
Kt oo e e [-584
Rt [-584.
Rt e, 1-584
Rb,O% oo [-584
RSO} it e, 1-585
] ST PP 1-585
N} S T PP [-585
[ 4 O L PPN I-585
§r§9+ ..................................................... i-ggg
) 5 P -
ST i e [-585
SECH .o I-586
SrOH ™ o e I-586
Y e s I-586
Y 2 1-586
Y e s [-586
Y T ) I-586
YOttt 1-586
YO ittt 1-586
Y Ot e 1-587
D 4 R 1-587
YF o, 1-587
Y S et 1-587
Y I e 1-587
YCL ottt 1-587
YCIE oo 1-587
Y,CIE o 1-587
Y St e 1-587
LT 1-587
LN 1-588
ZrO 1-588
ZrOJ I-588
L 1-588
ZrF oo 1-588
Zng ....................................................... i-588
2T 1-588
ZrCLi o 1-588
CoaH OGZrt o 1-588
CoH,CIZr ., [-589
CH,CIZr .o 1-589
C, HClrr o [-589
CH.CLZr" .. 1-589
CLoH CLZr 1-589
B e I-589

1-61
Page
N G e 1-589
NDCL} oo 1-589
NbCl; ..................................................... 1-589
NBCIF .o, 1-590
Mo
MOt e s [-590
MoCT e 1-590
MoO o e 1-590
MoOJ . 1-590
MoOJ . 1-590
Mo,OF oo, 1-590
Mo,OF e 1-590
Mo, OF coeriiiiii [-591
Mo, Of oo 11-591
Li,MoOj ..ccoooiiii [-591
MoC O™ e 1-591
MoCOH 2. i, 1-591
MoC,0F .o I-591
MoC,0, 2. . i, I-591
MoC,OF .o 1-591
MoC,0F2 ..o [-592
MoC,Of i, 1-592
MoC Of..coi 1-592
MoC,Of..cooniiii 1-592
MoOOF T s 1-592
MoO,F* .. 1-592
MoO,F ..o 1-592
SIMoOS .oviii e, 1-592
StMoO ..o I-593
SIMoO[ ..o 1-593
C,HNO Mot . 1-593
Co0HJNOMo™ ..o, I-593
CLHNOMo™ .., 1-593
CLH, NO Mo, 1-593
CLHNO Mot ..o, 1-593
C, H,,OPMo*t ..., 1-593
CH,, O.PMo* ..o, 1-593
CeH,O,PMo* ..., 1-593
CLH OPMot . [-594
CH, OPMot .. 1-594.
CoH, 0, P, Mot ..o, 1-594
CH,,0,,P, Mot 1-594
C,O0,PCLMo™ .. ..o, 1-594
C, H,O,PCLMo™.......cooeiiiiiiiiineen, 1-594
Te
Tt 1-594
CroH Tt coiiiiiiicce 1-594
CooH,  Ter 1-594.
TeC 0 i 1-594
Te,ClyO 1-595
Ru
Rt ot e 1-595
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In

' Page

RuOt ..o 1-595
RuOj .o 1-595
RuOJ .. 1-595
RuOj . 1-595
CoHRu* oo 1-595
CgHRu [-595
CH Ruto 1-596
Rht 1-596
RhOt ., 1-596
RhOj ... 1-596
CH,, CLRh ... 1-596
C,H,,Br,Rhi ... 1-596
C HO/F Rh ... ]-596
Padt e, 1-596
Pdf. o, 1-596
PdOT ., 1-597
PdSit .

At 1-597
Agf 1-597
At 1-597
AgClt............. f ettt ertatereenaaans 1-597
Ag, Gl 1-597
Ag Gl e, 1-597
Ag, Gl 1-597
Cdt e 1-598
CdCIt e, [-598
CACL ..o 1-598
CH,Cd*.oi 1-598
CH CAY oo 1-598
Int e s [-598
InJ oo [-598
In,OF oo 1-599
InEF T 1-599
ISt 1-599
In,S* o 1-599
In,SS e [-599
InSe ™t I-599
In,Set . .o 1-599
LilnOT ..o [-599
Ot 1-599

J. Phys. Chem. Ref. Data, Vol. 6, Suppl. 1, 1977

ROSENSTOCK ET AL

Page
SN I-600
SnH™* I-600
SnHj oo 1-600
SnHy .o I-600
Sn HY o 1-600
Sn,Hy i 1-600
Sn,HY o 1-601
Sn HY o 1-601
Sn,HY i I-601
S H Y 1-601
SOt e, 1-601
Sn, 0% 1-601
Sn,O0F v I-601
S, 0 1-601
Sn,Of i I-601
St 1-601
SnF 1-602
S, F e 1-602
SnLF 1-602
Sn Fl 1-602
SO, F et 1-602
SN ST 1-602
S, St 1-602
SIS ettt 1-602
St L 1-602
SnCLY oo, 1-602
SnCLY 1-603
SnClIf ..o 1-603
SnSet o 1-603
1,8 ..ttt 1-603
SnBrt 1-603
SnBrj ..o 1-603
SnBri ... 1-603
Br -
CH 1003
C,HSn* o I-604
C,H Sn* 1-604
C,H,Snt o 1-604
CoHgSn oo 1-604
CHSn* .. 1-604
CH, Sn* I-605
CH,Sn* . 1-605
C,H  Sn*o I-605
CH  Snto 1-605
CoHSn oo 1-605
CeH, Sn* o 1-605
CeH o Sn™ o 1-605
CH Sn*o I-605
CoH, Sn™ o 1-606
CoH, Snto 1-606
CLH Snto 1-606
CH, Snto 1-606
CsHISSné+ ................................................ 1-606
CaHmSnz+ ................................................ 1-606
CloH o Sng 1-606
NaSnF T 1-607
NaSnF) ... ..o, 1-607
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Page Page
T Y A O ) 1-612
Na,SnF} ... 1-607 CoHgSb™ o 1-613
N, SiF oo 1-607 C,H,oSb* oot 1-613
CoH (SiSnT .. i, 1-607 CH,  ShY 1-613
CH, GeSn™ ..o 1-607 CeH (Sb [-613
ClLeH  SbT o 1-613
Sh CHSb o, 1-613
CoH Sbh 1-613
Sht 1-607 C,H Shy I-613
Sht o 1-608 CeH, Sby oo, I-613
OB e 1-608 CgHyoShy o 1-613
Shy 1-608
ShH™ 1-608 Te
SbHY (oo 1-608
SBH. .., 1-608 Ter oot 1-614
Sh,HY o 1-608 T, oo ettt 1-614
ShH oot 1-609 TeH ..o I-614
Sh,HY oo 1-609 TeHy oo [-614
Sh,H oottt 1-609 Te,HY oo 1-614
SBE™ Lot 1-609 Te, H oo 1-614
SBF i 1-609 TeO™ oo 1-614
SBF f e 1-609 TeO, [-615
ShS I-609 AlTet i 1-615
SBS e 1-609 AL Te oo, 1-615
SByS™t it 1-609 AITES ..ot I-615
Sb,Sy 1-609 ALTe] oo [-615
Sb,S, e 1-610 SiTet oo, 1-615
Sb, S 1-610 GaTe oo I-615
SbySt i 1-610 Ga,Te ..o, -615
Sb S 1-610 GaTe} ..o 1-615
Sb, Sy 1-610 Ga,TeS .o [-615
Sh,S e 1-610 GeTet i 1-615
Sb, S, 1-610 GeTel . o, 1-616
Sb, S 1-610 YTe oo 1-616
Sb S 1-610 InTet oo, [-616
SbhSe* ... 1-610 In,Tet oo 1-616
ShSey . .viiiii [-610 InTef oo I-616
Sb,Se™ .o I1-611 I Te oot 1-616
ShySe; i I-611 SnTet . I-616
Sb,Se S .o I-611 CH,Tet ..o 1-616
SbySe; ot 1-611 CoH Tet it 1-616
Sb,Set oo I-611 CoHTer ..o 1-616
ShySeS v 1-611 CH, Tet i, 1-617
Sb,Se . oo [-611 CoH Te i, I-617
ShySe . it 1-611 CoHgTe i, 1-617
Sb,Sef [-611 LOF & B O 1-617
ShySe o I-611 GaOTe ..o [-617
InSh* ..o I-611
gﬁgé .................................................... I-612 I
10 S R i-gg I+
2D 612 T [-617
CH,SbY ... 1-612 OO 1-618
CH,SbY I-612 HIY o 1-619
CoH,Sb* o 1-612 HI*Z 1-619
CoH,Sh* oo 1-612 Lil* oo 1-619
CoH Sb* o I-612 Li,I¥ i 1-619
C,HSb™ . [-612 LigTy oo 1-619
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Page Page
Bl e s 1-619 CHNIT L 1-629
BIE oottt 1-619 CoH NI s 1-629
BIE oot 1-620 CoHOIF o 1-629
CI ot 1-620 CH,OIF e, 1-629
Lo SO PR SROO I URRUPURRTOON 1-620 CoH, O, oo 1-629
Gl et 1-620 CLHF T ot 1-629
TFF ot 1-620 CHF T o 1-629
TE 1-620 CoHSITF 1-629
TF oo 1-621 CoHSilF .o 1-630
IF S, 1-621 C JST 1-630
I e 1-621 CH,CII . 1-630
Nalt 1-621 BECI* ..o 1-630
Na,I" o 1-621 000 ) 1\ b U 1-630
Na,If 1-621 C0,IMn* L. 1-630
NaLLF oot 1-621 C,0,IMD* ..o 1-630
MEIF .o 1-621 COIMI™ 1., 1-630
Mgl I-621 BEBrIt o 1-630
Mg, et 1-622 BCIBIT ..o 1-630
ICI . 1-622 CHLBN,IH i, 1-631
KI oot 1-622 CHBNL oo, 1-631
Kot ettt 1-622 C,HBO,I ..o 1-631
MI* L 1-622 CH,BOI ..ottt 1-631
IBrt e 1-622 CHBS,I* [-631
RBI* .o 1-622 CHBSI o.ovveiiciicce e, 1-631
Rb,I¥ o, 1-622 CoH 0,ICr" (oot 1-631
B.HJI 1-623 CoH 0, LCr i 1-631
CHI" ... PP 1-623 CL H OLCrt o [-631
CH I" o 1-623 C,HBNFI* ... 1-631
CLHIY L 1-623 CHBOFI* ..ot 1-632
CHIM 2 1-623 CH NLOPIFet oo 1-632
CoH I et 1-624 C,H, N,O,PICG e, 1-632
CoH IF i 1-624 C, H N,O,PTICG" ..viiiieiiieicce e 1-632
CoH I 1-625 C,H, N,OPICo*........cccocoiiiiiiiiin, 1-632
CH, Tr e 1-625
gﬁgsi ................................................... }—ggz Xe
Mt
CoH I o 1-626 Kt et e 1-632
CoLH I s 1-626 X 2. e e 1-633
CH L} o 1-626 X3 e e 1-633
CNI e 1-626 X et e 1-633
BF,I* o 1-627 D G T PP P O PPTUUPP PRI 1-633
BEL} oottt 1-627 XEFE oot 1-634
CF It e 1-627 D, C ST SO SUUPPI 1-634
CFI* i 1-627 X B et 1-634
CoF LIt i 1-627 X2ttt ettt 1-634
CoF It o 1-627 XE 10, 1-634
LANGI* oot 1-627 X 1 ene ettt 1-634
BCLI* oottt 1-627 XEFH 1t 1-634
BCHY...oooo 1-627 XeF oo [-635
Gl o 1-628 XeFt, oo [-635
CoCII*2 1-628 XEF Lo 1-636
| ) O PP 1-628 XEFY 1ottt ettt 1-636
BBr,If 1-628 XEF oo, 1-636
BBIL ..ot 1-628 °
g ]];r{;. ................................................... {_ggg Cs
Tl i iit it ietratsvsnsecasioaassncnonccasnsannnnas -
LiRDbIt o 1-629 O U I-636
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Page
€85 oottt 1-636
Cs; ........................................................ 1-637
8 et 1-637
CS:O+ ..................................................... 1-637
s 1-637
SOl o I-637
Cs,Clt o 1-637
GBIt 1-637
Cs,Brio 1-637
Gl s [-637
C8,1% ot e, 1-638
CsOH™ i 1-638
Cs,OHY Lo, 1-638
Cs,COF i 1-638
C8,807 < eovie oo 1-638
CsCdCI .. 1-638
LiCsIt o 1-638
Bat 1-638
BatZ L 1-638
Batd 1-639
BaOr o, 1-639
BaF o 1-639
BaClt o, [-639
BaCl...oooviieiieiieeieee e, 1-639
Bal™ ..o 1-639
Bal ..o, 1-639
BaOH*. ... [-639
BaMoOy ...l 1-640
BaMoO} ... [-640
Lat 1-640
LatZ 1-640
LAt 1-640
L0t e, [-640
Laal e, I-640
LaF . [-640
LaSt 1-641
LaClt o I-641
LaCli oo I-641
LaCly oo [-641
La,Clr oo =641
CHJLa ... [-641
CroH olat oottt 1-641
sHbat 1-641
CoHaO Lat e -641
CooH OgLat .o =641
CyHy O lat oo [-642
[ 7 PP 1-642
O R TSP PRPI 1-642

G e I_Paﬁgiz
O P 1-642
Gl e [-642
CCS ettt 1-642
CeClornnni e 1-642
et i 1-643
CeOj i 1-643
Gl o, 1-643
CeFy oo 1-643
| U 1-643
P 2 L 1-643
Pt 1-643
Pt 1-644
PrOt 1-644
PrO; ...................................................... 1-644
PrF; I-644
CHPrt. .. 1-644
CloH o Prte [-644
sH P 1-644
NdY e, 1-645
N 2 I-645
NA* 3 I-645
NACS o, 1-645
NAC} ..o, 1-645
NAO e 1-645
NAOZ ..., [-645
NdF : ...................................................... 1-646
NdF;... s [-646
CH N . 1-646
CloH oNd I-646
CLH N 1-646
Pt I-646
Pmt2 I-646
Sm:é ....................................................... 1-647
21 L I-647
SIIF3. e 1-647
S 1-647
SmEF; .. 1-647
CHSm* ... I1-647
CooH,oSm™ o, 1-647
sH ST 1-648
Ul s 1-648
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EutZ. s 1-648
Eutd 1-648
EuF "t o, 1-648
EuF; oo 1-648
EuClt ., 1-648
gug{ ..................................................... }-2:«3
L -
o 1-649
C,LH,OEu" ., [-649
Co,H O Eu Lo, [-649
C,,H 48O(;Eu: ............................................ 1-649
Co,H O Eu™ o, 1-649
Gd
G o 1-649
Gt 2. . [-649
Gt e [-650
GAE .. e 1-650
GAFJ o =650
Th
N R PP I-650
Tht2 e, I-650
Tt 1-650
T 1-650
TBF; oo 1-650
Dy
DY et 1-651
DY 2ot 1-651
DYt 3ttt 1-651
DyCf e, I-651
DyC I-651
Dyt e I1-651
DYF; oo 1-651
Ho
Hot oo 1-652
Ho 2., [-652
Hot 3 e, 1-652
HoCJ oo, 1-652
HoCj .o, 1-652
HoFt o 1-652
HoFj . oo, 1-652
C10H10H0+ ............................................... 1-653
C H Hot o 1-653
Er
Bt 1-653
Ert 2 1-653
| 08 O O [-653
ErC} oo, 1-653
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ErF o e [-653
EXFY covvoeeoeeoeeeeeeeeeeee e 1-654
Tt e, 1-654
T 2 1-654
Mt [-654
TmE e 1-654
THFS oo, 1-654
CogH, TIm® oo 1-654
Y Dt e, I-655
Y bt 1-655
Y bt B I-655
Y o I-655
YbF I-655
CoH YD 1-656
CloH Yb oL 1-656
CLH L Yb 1-656
CooHy Ny Yb S o 1-656
CooH W CIYb Y i, 1-656
L™ o [-656
LUt 2 e I-657
Lut3. [-657
LuFt [-657
LUFS oo 1-657
LuCl o [-657
tugi{ ..................................................... i—gg';
uCH -
LyClE oo 1-657
CoH,LU™ oo 1-657
o O 1-657
Lo 1 2 1-658
Tt e 1-658
a0 e 1-658
TaOf .. [-658
TaF 1-658
TaF; o, 1-658
(U 1-658
?ag‘{; ..................................................... i—ggg
aClT e, -
TaCll .o, [-658
TaCl{ ..................................................... [-659
TaCl oo 1-659
TaOF . o 1-659
TaOF; ... 1-659
TaOF; oo, [-659
Wt e 1-659
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Page Page

WO oo 1-659 Rey ovvovveeieeeeessessnssesses e s, 1-665
WO ittt 1-659 REO . iuiieiieieeie ettt 1-665
WO oot 1-660 REO ... vvovvereseeseniasissesen e 1-665
WO o oe oo 1-660 Re,07 vvooveecvesireveeseie s 1-665
W,07 ittt 1~660 Re,07 oot 1-666
W0 oot [-660 Re,0 wvvreiaieieriieeisee e 1-666
Wo0% ettt 1-660 ReCl* oo . 1-666
W0 ittt 1-660 RECL .ot 1-666
WEH oottt 1-660 ReCL; oottt 1-666
WE oot 1-660 Re,CLE oo, 1-666
WE ettt 1-660 Re,Cli o, 1-666
WCIE oo 1-661 Re,Cl oot 1-666
WCLF oot 1-661 Re,CL oo 1-666
WCLH o [-661 ReMnf .o 1-666
W,CKE it 1-661 REBI™ ooty 1-666
WLCI o 1-661 Re,BIy oot 1-667
WoCly o I-661 Re,Br{ ..oooooiee 1-667
CoH Wt e 1-661 Rel* ..ottt 1-667
Li, WO/ .ot 1-661 CroHppRe™ i 1-667
COW™ Lottt ettt 1-661 CigHyReT o 1-667
COW 1-661 CORe . o, 1-667
ClOW™ ot 1-662 CORE o 1-667
GO, W oo [-662 CORe o 1-667
Co0, WH2 ittt 1-662 CeOReT i 1-667
Co0, Wit [-662 COReJ ..o 1-668
CL0, Wr it 1-662 Cy0pRey o 1-668
GO W oo 1-662 CoOuRe o 1-668
CaO Wb oo 1-662 CORE o 1-668
WOF ..ot 1-663 CORe; oo 1-668
WOLFF ottt 1-663 CoOpRey i 1-668
WOF, ..o, 1-663 CORe o 1-668
WOLF oot 1-663 CoOgRes v 1-668
WOF oottt 1-663 CyOgRe oo 1-668
CaWO .ot 1-663 C1pOsRe e 1-668
CAWO ..o 1-663 NaReOF ..o 1-669
SIWOF oo 1-663 Na,ReO[.ooiiii 1-669
SIWO ..ottt 1-663 KREO. .ot 1-669
SOWOT ..o 1-663 K RO 1-669
S, WO vttt es e 1-663 COCIRe e 1-669
WOLI oot 1-664 Cy0,CIRE™ oo 1-669
WOLLY oo 1-664 CoO.CIREY o 1-669
BaWO ..o 1-664 COLCIRE oo 1-669
BaW O ..o 1-664 C;O,CIRET oo 1-669
CIOH NO Wt 1-664. COMHR€+ .............................................. 1—669
CLoH,NO W oo 1-664 C,0,MnRe™.....oooi 1-669
CHNO W™ 1-664 C,O,MnRe* ... [-670
C12H11N05W+ ......................................... 1-664. C4O4MnRe+ ............................................. I-670
C L H O PWT e 1-664 C,OMnRe" ..o 1-670
CHy O PW* i 1-664 C o0 MnRe™ .o 1-670
CSH9 8l)“]+ __________________________________________ 1-665 COBI‘RC+ ................................................. I-670
C, H 0 PW* o 1-665 C,0,BrRe™ ... 1-670
C,H, O PW* e 1-665 C,O,BrRet ..o 1-670
C5O PC13W+ ......................................... 1-665 (:404BrRe+ ............................................... 1-670
C11H505PClzw+ ________ s 1-665 CSOSBrRe+ ............................................... 1-670
COTRE™ ..ot 1-670

Re CLOTRE it 1-671
RE™ ot 1-665 CoOpIRe™ e 1-671
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Page Page
CLOTRE oo 1671 HEBI* oo, 1-676
C,OJRe"............ T 1-671 HEBr, oo 1-676
HeBrj2 oo 1-676
Os Helt ot 1-676
Hely oo 1-677
Ot e I-671 Hgld2 o 1-677
O8Ot 1-671 CH Hg' ..oovvniiii 1-677
O8O0, .o 1-671 C,H He oo 1-677
0807 oo I-671 CoHgHg 1-677
O8O e I-671 CHHg i, 1-677
CloH 1008 o, I-671 CH Hg . 1-678
CeH Hgr oo, 1-678
Ir CHHgCI ... 1-678
CH,HgBr*........ooooiiiiiiieiie e 1-678
Lt e 1-672 CHHgI' ..., 1-678
IrC 1-672
IrO™F I-672 Tl
+
w0 L R T 1679
8 T 1-679
Py TLO e, 1-680
T I-680
+
Ph e, 1-672 .gz; """"""""""""""""""""""""""""" i'ggg
PtBY . 1-672 TiCh -
...................................................... 1-680
POt I-672 TIB 1-68
) -680
PtOS o I-672 TII* 1-680
PSS oo | .74 T
PtFmPI ................................................... 1-673 Pb
Au P e 1-680
PbH*. ., 1-681
AUt 1-673 PbH} ..o 1-681
AUf o 1-673 PbH! ..o 1-681
AuSIT o, 1-673 POt s 1-681
AuLat . I-673 Pb,O% ..o 1-681
AUCET oot 1-673 PbOf e 1-681
AuPrt o I-673 PbyO} e 1-681
AuNd? e I-673 . Pb,Of ..o 1-682
Pb,Of oo 1-682
Hg PBE oo 1-682
PbF} 1-682
Het oo 1-674 PbF i 1-682
Het oo, 1-674 PSSt e 1-682
HEt e 1-674 Pb, St 1-682
Hgt e 1-674 PbhCl e 1-682
Hgt o 1-675 PbCl o 1-682
Hg 0 i, 1-675 Pb S et . i [-682
Hgt e 1-675 PhBrt . 1-683
Hgt 8o, I-675 PBBr} ..o i-683
Hegt o I-675 PbTel i 1-683
Hel oo, 1-675 CH,PB . 1-683
Hg e I-675 CoH P Lo 1-683
HeClt oo, 1-675 CHPb 1-683
HeClt2 e, 1-675 CH P 1-683
HegCLl v, [-676 CH, Pt [-683
HeCl2 o 1-676 CHLPb 1-683
HeBrt oot 1-676 CeH Pbt o 1-683
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Page Page
CoHyPh oo, 1-684  Th
NaPbCli ... 1-684 :
KPbCLY ... 1-684 Th* ....... et eaerraet e eanrarhea et it e e aerreaes 1-687
KPBCLE ..o 1-684 TROF ..o 1-687
PhCIBrt ..o 1-684. ThO ..o 1-687
RbPbCI e 1-684 ThE 1-687
RbPbCL ... STTTTITTRRYYe 1-684. ThE] (oo 1-688
RbeCl;L ................................................. 1-684 ThF3+ ...................................................... 1-688
(ol Y o) T 1-684 C H ThY [-688
CSPBCLS oo 1-684 CooHy o Th 1-688
C o FTH oo, 1-688
Bi CLH FTh oo 1-688
Bt o 1-685 U
BiY vt 1-685
Bit oottt 1-685 Ut oo 1-688
Bit oot 1-685 UCH e, 1-688
BiH™ ..o 1-685 UG woevveevieseeeiee et 1-689
B)H; ...................................................... 1-685 Ot e, 1-689
BIHT oo 1-685 UOY vt 1-689
BIO™ ..ot 1-685 UO? oot 1-689
BiS* 1.ttt 1-686 UF oo, 1-689
BiyS vttt 1-686 UP™ oo 1-689
BiSbt o [-686 Ut 1-689
BiSh v 1-686 CoH UF oo, 1-689
BiSh ..o 1-686 CLH U oo, 1-689
Bi,Sh™ et 1-686 CoHogUb o, 1-690
Bi,Sby .o 1-686 HUO? oo, 1-690
BiySb* ..o 1-686 CoH oFU e, 1-690
BiTE" .. 1-686 CoH  FU* ) 1-690
CogH Bi* oo 1-686
N
Po P
Nt e [-690
POt 1-687
+ —
HoPot. 1-687 Pu
At PUT oo 1-690
AU oo, 1-687 g“F s 11'2992
AL oottt 1-687 BFG o -
Fr Am
T et 1-687 AT 1-690
Ac Cm
AT 1-687 It e e [-690
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4.3. The Positive lon Table

Heat
Ionization or of
Ion Reactant Other appearance Method forma- Ref.
products potential tion
eV) (kJ
mol™Y)
H* AH},= 1528.0 kJ mol™' (365.2 kcal mol™)
H* H 13.598 S 1528.0 2113, 3432
H* H 13.61 PE 3076
See also — EI: 87, 3294
H* H, H™ 17.3 RPD 200
H* C,H, 19.5%1 El 2542
H* C.H, 20.0+0.3 EI 1408
(Thresheld value corrected for high fragment kinetic energy) v
H* HCN CN~ 15.18+0.02 PI 2602
(Thireshold value approximately corrected to 0 K)
H* HCN CN 19.00+0.01 Pl 2602
(Threshold value approximately corrected to 0 K)
H* H,0 OH~ 16.0+0.3 EI 3144
H* H,0 OH 19.6+0.25 EI 3144
See also — EI: 2484
H* HF F~ 16.061+0.005 PI 3274
(Position of peak maximum)
The fragments are formed with no kinetic energy at threshold, see W. A. Chupka and J. Berkowitz, J. Chem.
Phys. 54, 5126 (1971).
See also — PI: 2744
El: 286
H* HF F 19.445+0.01 Pl (1528.2) 3217, 3274
(Threshold value approximately corrected to 0 K)
H* HF F 219.44+0.02 PE 3086
See also — PI: 2744
H' : (CH,),SO 2320.5 EI 3204
H* HCl Ccr 14.5 RPD 199
D* AH, = 1532.2 kJ mol ' (366.2 kcal mol ™)
D* D 13.602 S 1532.2 3432
D* D, D 25.3+0.2 SRP 1264
(High kinetic energy ion)
D’ DF F~ 16.134+0.005 PI 3274
(Position of peak maximum)
D* DF F 19.513+0.005 PI 3274
(Threshold value approximately corrected to 0 K)
T+
T* T 13.603 S 3432
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4.3. The Positive lon Table—Continved

71

Heat
[onization or of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (&J
mol™1)
H; AHS, = 1488.4 k) mol ' (355.7 kcal mol™))
H; H, 15.4256 S 1488.4 2762, 3077
H; H, 15.4256+0.0001 S 1488.4 3018
H; H, 15.4269+0.0016 S 2095
H, H, 15.4225-15.4255 PI 2616, 2811
H, H, 15.431%0.022 RPI 2831
H; H, 15.439+0.015 PE 2810, 2875
H; H, 15.43 PEN 2430
H; H, 15.37+0.05 EM 3106
H; H, 15.44+0.01 EM 2798
See also — S: 2655, 2891
PI: 230, 1118, 1143, 2774
PE: 248, 1050, 2830
PEN: 3171
EL: 119, 383, 1012, 1121, 1251, 2535, 3144
H; C,H, C,H;? 31.1+1 EI 3175
(High kinetic energy ion)
H, C,H, 16+1 El 2542
H; C.H, 16.4+0.5 EI 1408
H; H,0 o) 20.7+0.4 EI 2484
HD"
HD' HD 15.46 PI 1143
D; AHS, = 1492.2 kJ mol ' (356.6 kcal mol™)
D, D, 15.46+0.01 PI 1118, 1143
D, D, 15.468+0.022 RPI 2831
D, D, 15.47 PE 2855
D, D, 15.43+0.01 EM 2798
D, D, 15.5 RPD 1121
The zero—point energy difference should give IP(D,) — IP(H,) = 0.039 eV, see ref. 2831, leading to
IP(D,) = 15.465 eV when combined with Herzberg's (ref. 2762) and Takezawa’s (ref. 3018) value for IP(H,).
Surprisingly, no difference was found in the electron monochromator study of ref. 2798. The recommended
value for AH}((D}) is based on IP(D,) = 15.465 eV.
He'(’S ;) AHS, = 2372.3 kJ mol™' (567.0 keal mol ™)
He'(’S ) He 24.587 S 2372.3 2113
He (’S ;) He 24.6+0.1 PI 163
He (S, He 24.59:+0.03 RPD 1012
See also — EI: 1051, 1172, 2032
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4.3. The Positive lon Table—Continved
Heat
Ionization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?)
He*’ AHZ = 7622.8 kJ mol ' (1821.9 kcal mol ™)
He*’ He 79.003 S 7622.8 2113
He" He* 54.416 S 2113, 3432
He*? He* 54.5+0.2 SEQ 2473
He* He* 53+2 SEQ 2551
Li* AHS, = 679.4 kJ mol ' (162.4 keal mol )
Li* Li 5.392 S 679.4 2113
See also ~ EI: 1112, 2487, 2565, 3257
Li* (C,H,Li), 142 El 1
Li* LiF F 11.5 EI 2179
Li* LiCl Cl 10.6 EI 2179
Li* LiBr Br 9.9 EI 2179
Li* Li,MoO, 11.2+0.5 EI 3257
Li* Lil 1 9.5+0.3 EI 2001
Li* Li,I,? 11.6+0.3 EI 2001
Li* Li,WO, 11.7+1.0 EI 3257
Li,
Li, Li, 5.15+0.1 PI 2633
Li; Li, 4.94+0.1 EI 3416
Be” AHS = 1219.5 kJ mol ™' (291.5 kcal mol ™)
Be* Be 9.322 S 1219.5 2113
Be* Be 9.4+0.2 EI 2715
See also — EI: 1106, 2141
Be" BeF, 28.3+1.0 EI 2142
Be” BeCl, 20.4+0.4 EL 2715
See also — EI: 2195
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4.3. The Positive lon Table—Continued

73

Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™%)
B* AHS = 1358.3 kJ mol™' (324.6 keal mol™)
B* B 8.298 S 1358.3 2113, 3066
See also — EI: 1116, 2409, 3206
B* B,H, 18.39+0.02 El 2559
See also — EI: 102, 209
B* B,D, 18.6+0.1 El 209
B* (CH,),B 23.1+0.3 El 364
B* (C,H,),B 30.1%0.5 EI 364
B* BH,CO 19.31+0.2 EI 2705
B* B,H,CO 21.8x1 EI 3226
B* (CH,0),BH 23.4+0.5 EI 364
B* (CH,0),B 31.6+1.0 El 364
B" BF, 30.1+0.5 - El 364
B* BF, 30.6x1 El 440
B* BF, 31.3+0.4 EI 2040
B* B,S, 17.020.2 EI 3428
B* BCI? 13.6+0.2 EI 440
(Probably formed by thermal decomposition of BCl,)
B* BCl, 18.4+0.2 EI 440
B* BCl, 19.5+0.2 EI 206
B* BCI, 19.5+1.0 El 364
B* BBr, 19.6+0.2 EI 206
B* BI, 16.6+0.5 El 206
See also — EI: 3199
B" AH;, = 3785.3 kJ mol ' (904.7 kcal mol )

B:: B 33.452 S 3785.3 2113
B B 25.154 S 2113, 3181
B* AHS, = 7445.1 kJ mol ' (1779.4 kcal mol ™))

B*z B 71.382 S 7445.1 2113
B* B*? 37.930 S 2113, 2889
B,

B; B,H, 3H, 21.1+0.2 EI 209
B, B,H, 26.3+0.5 EI 102
B, B,D, 3D, 21.8+0.2 EL 209
B,

B; ‘ B,H,CO 15.9+1 EI 3226
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4.3. The Positive lon Table—Continued

Heat
lonization or of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™?)
BH" AHS, ~ 1389 kJ mol ' (332 kcal mol ™)
BH* BH 9.77+0.05 S 1389 1109
BH* BH 9.8+0.5 EI 2735
BH" BH, H,? 13.66+0.02 EI 2559
BH* BH, H,? 13.7+1.0 EI 2735
BH* B,H, 16.39+0.3 EI 2559
See also — EI: 102, 209
BH* BH,CO 15.16+0.2 El 2705
BH" (CH,0),BH 28.3+2.0 EI 364
BD*
BD* B,D, 14.8+0.1 EI 209
BH,
BH; BH, 9.8+0.2 El 2030
BH, BH, H 12.3%0.5 EI 2735
BH, BH, H 12.95+0.05 El 2559
BH, B,H, 13.420.1 EI 209
BH; B,H, 13.5+0.5 El 102
BH, B,H, 15.5+0.05 EI 2559
BH; BH,CO 14.36+0.2 EI 2705
BH, B,H,CO 15.3+0.5 EI 3226
BD;
BD, B,D, 13.6+0.1 EI 209
BH;
BH; BH, 12.32+0.1 RPD 2559
BH; BH, 12.24+0.1 EI 2705
BH; BH, 11.4+0.2 EI 2030
BH; BH, 11.5+0.5 EI 2735
BH, BH, 14.0+2 EI 2869
BH, B,H, BH,? 12.10.2 EI 102
BH; B,H, BH,? 13.1+0.2 EI 209
BH, B,H, BH,? 14.88+0.05 El 2559
BH; BH,CO Cco 13.7020.2 El 2705
BD;
BD; B,D, BD,? 12.7+0.2 El 209
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4.3. The Positive lon Table—Continued

-75

Heat
fonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
{eV) (kJ
mol ™)
B,H"
B,H* B,H, 2H,+H 20.1+0.1 EI 209
B,H* B,H, 2H,+H 21.4+0.5 El 102
B,D*
B,D* B,D, 2D,+D 18.3+0.1 EI 209
B.H;
B,H; B,H, 2H, 13.8+0.1 El 209
B,H; B,H, 2H, 13.8+0.2 EI 102
B,H; B,H, 2H, 14.1%0.2 EI 1024
B,H; B,H,CO 14.8+0.8 EI 3226
B,HD*

B,HD" B,HD,? 14.0+0.1 EI 209
B,D;

B,D; B,D, 2D, 14.0+0.1 El 209
B.H;

B,H; B,H, H,+H _ 14.2+0.1 El 209

B,H, B,H, H,+H 14.3+0.2 El 1024

B,H; B,H, H,+H 14.8+0.5 EI 102
B,HD;

B,HD; B,HD,? 14.2+0.1 EI 209
B,D;

B,D; B,D, D,+D 14.320.1 EI 209
B,D} B,D, D,+D 14.5+0.2 El 1024
B.H{

B,H, B,H, H, 12.3+0.1 El 209
B,H; B,H, H, 12.3+0.2 El 1024
B,H; B,H, H, 12.4+0.3 El 102
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™1)
B,HD;
B,HD} B,HD,? 12.3+0.1 EI 209
B,D;

BZD,: B,D, D, 12.3+0.1 EI 209
B,D; B,D, D, 12.3+0.2 EI 1024
B.H;

B,H% B,H, H 11.84+0.1 EI 2559
B,H; B,H, H 11.9+0.1 EI 209
B,H; B,H, H 12.0+0.1 EI 1024
B,H} B,H, H 12.0+0.3 EI 102
B,H; B,H,CO 12.4+0.8 EI 3226

B,HD;
B,HD; B,HD,? 12.0+0.1 EI 209
B,D;

B,D; B,D, D 12.0+0.1 EI 1024
B,D; B,D, D 12.120.1 EI 209
B,H{(B,) AHS, ~ 1150 kJ mol ' (275 keal mol™)

B,H{(’B,,) B,H, 11.38+0.01 PE 1149 3147
B,H(’B,,) B,H, 11.41+0.02: PE 1152 3105
B,H{(’B,) B,H, 11.37+0.01 PE 1148 2960, 3050
B, H(A) B,H, <12.7 PE 3147
B,H{(*A) B,H, 12.83+0.04 PE 3105
B, H(*A) B,H, <12.88 PE 2960
B,H{(’°B,,) B,H, <13.6 PE 3147
B,H{(*B,,) B,H, 13.81+0.06 PE 3105
B,H{(’Bs.) B,H, ~13.5 PE 2960
B,H{(’B,.) B,H, <14.5 PE 3147
B,H(’B,.) B,H, 14.42+0.04 PE 3105
B,H{(*B,.) B,H, ~14.5 PE 2960
B,H(’B,) B,H, 16.060.01 PE 3147
B,H(’B,,) B,H, 16.08+0.01 PE 3105
B,H{(’B,,) B,H, 16.05 PE 2960
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ENERGETICS OF GASEOUS IONS -77 .
4.3. The Positive lon Table—Continued
Heat
Ionization or of
[on Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?Y)
B, H{A) B,H, 20.2+0.1 PE 3147
The notation and assignments differ in all three studies. We have adOpted' the assignments of ref. 3147.
There is also disagreement about the vibrational structure.
See also — EI: 102, 209
B,Dg
B,D; B,D, 12.020.1 EI 209
B,H*
B,H* B,H, 16.5+0.8 EI 1119
B,H;

B,H; B,H,,, 17.8+0.8 El 1119
B,H; B, H,CO 16.7+1 EI 3226
B,H;

B H; BH, 14.2+0.3 El 1119
B, H; B,H,CO 14.8+0.5 ElI 3226
B,D;

B,D; B.D,, 13.8+0.3 EI 1119
B.H,

B,H, B ,H,CO 14.3+0.2 EI 3226
B,H;

B,Hg B.H,, 12.1+0.2 El 1119
B.H; B,H,CO 12.2+0.2 EI 3226
B.D;

B,D; B,D,, 12.820.3 EI 1119
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ROSENSTOCK ET AL.

4.3. The Positive lon Table—Continved

Heat
Ionization or of
Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (&
mol™Y)
B H{
B,H; B,H,CO 10.7+0.5 El 3226
B H;
B,H; B,H,CO 11.5%0.5 EI 3226
B H*

BH* B.H, 19.97+1.0 EI 205
B,H* B,H,CO 13.0+0.8 El 3226
B.H;

BH; B.H, 17.99+0.2 El 205
BH; B,H,CO 13.1+0.8 EI 3226
B, H;

BH; B,H,, 3H,+H 14.0+0.4 EI 1119
BH} BH, 15.96+0.5 El 205
BH: BH,CO 12.6x1 EI 3226
B,D;

B,D; B,D,, 3D,+D 14.8+0.4 El 1119
BH;

BH; B,H,, 3H, 12.420.2 EI 1119
B H; BH, 14.06+0.1 EI 205
BH; BH,CO 12.620.3 EI 3226
B,D]

B,D; B,D,, 3D, 12.5+0.2 EI 1119
B,D{ B:D, 13.7+0.2 EI 1024
B,D; B,D, 12.420.5 El 1024
B,

BH; B H, 2H,+H 12.5+0.3 FI 1119
BH; B.H, 15.070.3 El 205
BH; B,H,CO 13.4+0.4 El 3226
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ENERGETICS OF GASEOUS IONS

4.3. The Positive lon Table—Continved

-79

Heat
[onization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k)
mol™Y)
B.D;
B,D; B,D,, 2D,+D 12.5+0.2 EI 1119
B
B H; BH, 2H, 11.2+0.1 El 1119
B H, B,H, BH,? 12.25+0.2 El 205
B.H, BH,CO 11.2+0.2 EI 3226
B,D;
B,D; B.D, 2D, 11.120.1 El 1119
B,D; B.D, BD,? 12.4+0.2 EI 1024
B,D; B;D,, 11.4+0.5 EI 1024
BH;

B H; BH, H,+H 12.5%0.2 EI 1119
BH; B H,CO 11.5+0.5 El 3226
B.D;

B,D7 B,Dy, D,+D 12.2+0.1 El 1119
BH;

B H, B H, 10.19+0.5 EI 3226
B H, B.H, H, 10.4+0.1 El 1119
B,H, B,H,CO CcoO 10.6+0.5 EI 3226
B,D;

B,D; B.Dy D, 9.9+0.1 El 1119
BH;

B Hg BH,, H 12.2+0.2 El 1119
B H; B,H,, 11.2+0.1 EI 2736
B,D;

B,D; B.D,, D 11.920.2 EI 1119
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4.3. The Positive lon Table—Continved
Heat
fonization or of
Ton Reactant Other appearance Method forma- Ref.
products potential tion
eV) (kJ
mol™1)
BH,

BH; - BgH, 2H,+H 13.0120.3 El 205
BH; B.H,, 3H,+H 14.2+0.4 El 1024
B,H;

B.H; B.H, 2H, 12.67+0.03 El 205
BHy BH, 2H, 12.8+0.2 El 1024
B.H! B(H, 2H, 12.5+0.5 El 3226
BH; B.H,, 3H, 12.720.2 EI 1024
B.H; BH,, 13.6+0.2 EI 1024
BD;

B,D; B,D, 2D, 12.420.4 EI 1024
B.D; B,D, 2D, 12.92+0.03 El 205
B.D; B,D,, 3D, 12.3+0.2 EI 1024
BH{

B.H; B.H, H,+H 12.13+0.3 EI 205
BH; B.H,, 2H,+H 12.6+0.3 El 1024
B:D
B,D¢ B.D, D,+D 12.4+0.2 El 1024
B.D; B.D, 2D,+D 12.2+0.3 EI 1024
B H;

B,H? B.H, H, 11.43+0.1 EI 205
BH? B.H, H, 11.6+0.2 EI 1024
B.H; B.H, H, 11.4+0.5 EI 3226
BH! BH,, 2H, 11.5+0.2 El 1024
B.H; B.H, BH,? 12.0+0.2 El 1024
B.D;

BD; B;D, D, 10.930.2 EI 205
BD; BsD, D, -11.2+0.2 EI 1024
B.D} B,D,, 2D, 11.1+0.2 El 1024
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ENERGETICS OF GASEOUS IONS 1-81
4.3. The Positive lon Table—Continued
Heat
Ionization or of
lon Reactant Other appearance Method forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
BH;
B H, B.H, H,+H 12.0+0.3 El 1024
B.H; BioHoe 11.6+0.2 EI 1102
B.H; B,HBr Br 12.0+0.2 El 1102
B,H, BsH,I I 11.1+0.1 EI 1102
B.D,
B.D; B.D,, D,+D 11.4+0.3 EI 1024
B H,
B,H, B.H, 10.54+0.01 RPD 3228
B.H; B.H, 10.38+0.05 EI 205
B.H, B:H, 10.5+0.1 El 1024
B,H; B.H, 10.5+0.5 EI 3226,
B.H; B.H, 10.8+0.5 EI 103
B.H; B.H,, H, 10.3+0.2 EI 1024
B,D;
B,D; B.D, 9.77+0.1 EI 205
B.D; B.D, 10.0+0.1 EI 1024
B.D; B.D, D, 10.4+0.2 EI 1024
B,H,
B.H}, B.H,, H 11.8+0.4 EI 1024
B,Dj,
B,D?, B.D,, D 11.3+0.4 El 1024
BH,
BH; BH, 3H, 13.4+0.3 El 1024
B.H;
BH: BeH 2H,+H 12.0+0.3 El 1024
BH;
BH; BH,, 2H, 11.9+0.1 El 1024
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1-82 ROSENSTOCK ET AL
4.3. The Positive lon Table—Contfinued
Heat
Ionization or of
Ion ) Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™1)
BH;
BH; B¢H,, H,+H 11.5+0.3 EI 1024
BH;
BH; B(H,, H, 11.2+0.1 EI 1024
BH,
BeH, BeH o H 11.1+0.4 EI 1024
BH],
BH7, B.H,, 9.3+0.1 EI 1024
BDj,
BD}, BD,, 9.7+0.2 El 1024
BH],
B.H;, BeH,, 9.75%0.2 El 3225
BBH;Z
BgH{, BgH,, 9.52+0.1 El 3225
B, H
B, He B,H,, 4H, 13.14+0.3 El 189
BIOH;
B, H; BoH s 3H,+H 12.51+0.5 EI 189
BIOH;
B, H; B,Hy, 3H, 12.67+0.3 - El 189
BIOH;O
B,.Hi, B,H,, 2H, 11.62+0.2 El 189
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ENERGETICS OF GASEOUS IONS 1-83
4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) kJ
mol™?)
B HY,
B, H7, B, H,, H,+H 10.81+0.5 El 189
B, Hj,
B, H}, B, H,, H, 10.87+0.2 El 189
B, H,

B, H}, B, H,, 10.26+0.5 EI 189
B, Hi, B,Hu 11.0+0.5 El 103
B, H,

B, Hi, BoH 6 10.1+0.2 El 1102
ct AHS, = 1797.6 kJ mol ' (429.6 kcal mol ™)

c* C 11.260 S 1797.6 2113
ct C 11.3+0.2 EI 1155
c* C,H, 23.6 El 3156
c* C,H, 24.5+0.5 EI 2542
c* CNC=CCN 24+1.0 El 154
c* CNC=CC=CCN 23.0%0.5 EI 154
c* CH,CN 27.0+0.3 El 131
c* co (O 20.82+0.05 RPD (1790) 2431
ct co (0 20.89+0.09 RPD (1796) 2180, 2191

See also — PI: 163

EI: 200, 2014, 2016

D: 6
(oht Cco 0 22.45+0.10 RPD  (1806) 2431
c* CcO 0 22.57+0.20 RPD (1817) 2180, 2191
See also - PI: 163

El: 200, 2014, 2016
c* Co, 0, 23.240.5 EI 2472
c* Co, 20 28.4+0.6 El 2472
c* Co; 20 14.15+0.5 SEQ 2472
c* C,0, 2CO 18.7+0.3 El 2687
c* CH,NO, 22.83+0.05 El 90
c’ CF, 31.5+0.5 EI 24
c* CF,0 2F+07? '36+1 EI 3236
ct CF,OF 4F+0? 411 El 3236
ct CS, S, 20.0+0.1 El 3402
ol CS, S, 19.9+0.6 El 2472
c* CS, 28 24.020.5 El 2472
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-84 ROSENSTOCK ET AL
4.3. The Positive lon Table—Continved
Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
c* CS; 28 12.3+0.9 SEQ 2472
ct (CH,),SO 22.9+0.5 EI 3294
ct CH,CL 26.25+0.1 EI 131
ct CH,Cl, 25.45+0. 1 EI 131
ct CHCI, 24.62+0.05 EI 131
ct CF,Cl 311 EI 24
c* CBr, 23.1+0.4 EI 1246
ct CH,Br, 24.52+0.05 EI 131
c* CHBr, 23.55+0.05 EI 131
c* CF,Br 33+1 El 24
c* CF,l 32.6+1 EI 24
c* AHS = 4150.3 kJ mol ' (991.9 kcal mol ™)
c* C 35.643 S 4150.3 2113
c* c* 24.383 S 2113
c* co 0 54.2+0.2 El 2431
(8.2x0.9 eV average translational energy of decomposition at threshold)
C; AH = 1992 kJ mol ' (476 kcal mol™)
C; C, 12.0+0.6 El  (~1987) 1155
C; C, ~13 EI 2102
C; C,H, H, 18.2 EI  (~1983) 2102
C; C,H, H, 19.5 EI 3156
C; C,H, 2H? 23.6 FD 3131
C; C,H, 2H? 22.7 EI 2102
C; C,H, 2H? 23.3+0.5 EI 13
C; C,H, 2H? 23.8 El 3156
C; C,D, 2D? 23.6 FD 3131
C; C,H, 281 EI 2542
C; C,N, N, 17.46+0.02 PI 1992 2621
C; C,N, N, 18.4+0.3 EI 154
C; CNC=CCN 18.5+0.3 El 154
C; CNC=CC=CCN 18.4+1.0 EI 154
C; CH=CCN 18.6+0.2 EI 154
C; C,0, 24.520.7 El 2687
C; Ni(CO), 39.9+2 El 2579
c;
C: C, 12.1£0.3 El  (~1979) 2996, 3208
C; C, 12.620.6 EI 1155
See also — EI:
o C,H? 17.1+0.5 EI 154
c? CH,C=CH 26.0+1 El 13
C;: C.H, 27+1 EI 2542
C; CNC=CCN 24.6+0.5 El 154
C; CNC=CC=CCN 23.0+2.0 El 154
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ENERGETICS OF GASEOUS IONS

4.3. The Positive lon Table—Continued

1-85

Heat
Tonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) 13)
mol™1)

C; CH=CCN 24.5+0.5 El 154
C; C,0, 29.8+0.4 EI 2687
ci
C, C, 12.6 El 1155
C;: CNC=CCN N, 17.2+0.2 El 154
04 CNC=CC=CCN 17.8+0.4 EI 154
Cs
C: Cs 12.7+0.5 EI 154
Cs Cs 12.5+1 El 1155
C; CNC=CC=CCN 24.0%0.5 El 154
Cs
C; Cs 12.5+0.3 EI 154

CcCH" AH? = 1619 kJ mol ' (387 keal mol ™)
CH* CH 10.64+0.01 S 1619 3042
CH* CH, H, 15.58+0.30 El (1649) 414
CH* C,H, CH 21.9 RPD 3345
(0.28 €V average translational energy of decomposition at threshold)

CH* C,H, CH 21.5%0.2 EDD 3177
See also — EI: 2102, 2450, 3131, 3156

CH” C,H, 22.5+0.5 El 2542
CH* C,H, C,H;+H, 26.0+1 El 1408

(Threshold value corrected for high fragment kinetic energy)
CH® CH,CN 22.4+0.2 EI 131
CH* CH=CCN 21.9%0.3 El 154
CH* CH,O0H 22.31+0.09 El 131
CH* (CH,),0 22.8+0.4 El 50
(1,2-Epoxyethane)

CH* CH=CF CF 19.2+0.2 EDD 3177
CH* (CH,),S0 19.4+0.5 El 3294
CH" CH,Cl 22.5%0.06 EI 131
CH*® CH=CCl ) CCl 18.7+0.2 EDD 3177
CH* CH,Cl, 21.72+0.04 EI 131
CH* CHC], 23.9+0.3 El 43
CH* CH,Br 21.41 El 131
CcH* CH=CBr CBr 20.3%0.2 EDD 3177
CH* CH,Br, 21.55+0.05 El 131
CH* CHBr, 21.70+0.05 El 131
CH" CH,I 21.2+0.2 El 131
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4,3. The Positive lon Table—Continved

Heat
Ionization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (J
mol™Y)
CH; AHS, ~ 1398 kJ mol ' (334 kcal mol™)
CH; CH, 10.396+0.003 S 1078
Dibeler et al., ref. 1128, combine this ionization potential with their appearance potential for
CH; from CH, to yield AH{((CH,) = 392.9 kJ mol ™ (93.9 kcal mol ™).
CH; CH, 10.50%0.2 El 2535
See also — EI: 87, 327
CH; CH, H 15.09+0.03 PI1 1386 2618
(Threshold value approximately corrected to 0 K)
See also -~ EI: 14
CH; CH, H, 15.19+0.02 PI 1399 2605
(Threshold value approximately corrected to 0 K)
CH; CH, H, 15.16+0.04 PI 1396 1128
See also — EI: 160
CH; C,H, C 21 EI 2136
CH, C,H, CH, 18.05 PI 1409 2617
(Threshold value approximately corrected to 0 K but may be subject to kinetic shift and reaction
competition)
CH} C,H, 17.0+0.5 EI 2542
CH; C.H, C.H, 19.3 RPD 3345
(Cyclopropane) .
(0.52 eV average translational energy of decomposition at threshold)
CH; CH,CN HCN 14.94+0.02 PI 1400 2623
(Threshold may be subject to kinetic shift and reaction competition)
CH; CH,CN HCN 15.7 RPD 3345
(0.12 eV average translational energy of decomposition at threshold)
CH; CH,N, N, 12.3+0.1 El 314
(Diazomethane)
CH, CH,N, N, 11.00.1 EI 314
' (Diazirine)
CH; CH,0H H,0 15.3 RPD 3345
(0.13 eV average translational energy of decomposition at threshold)
CH; CH,=CO CO 13.8+0.2 El 2800
CH} (CH,),0 16.5+0.4 EI 50
(1,2-Epoxyethane)
CH; C,H,O 18.8+0.5 El 50
(1,2-Epoxypropane)
CH; HCOOCH, 19.8 El 3224
CH; CH,COOCH, 20.8 EI 3224
CH; CH,0, 21.3+0.5 EI 153
(1,2-Epoxy—3—methoxypropane)
CH; CH,=CF, CF, 17.8 El 419
CH; CH,CF, 16.2+0.3 El 1075
CH; CH,BF, 16.9+0.1 EI 1076
CH, (CH,,S 20.4%0.5 EI 51

(Ethylene sulfide)
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ENERGETICS OF GASEOUS IONS 1-87

4.3. The Positive lon Table—Continued

Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (3]
mol~1)
CH; (CH,),S0 15.5+0.3 EI 3294
CH; CH,CI1 HCl 14.6+0.2 RPD 160
CH; CH,Cl, Cl, 17.0 RPD 3345
(0.36 eV average translational energy of decomposition at threshold)
CH; C,H,0Cl 21.620.5 El 153
(1-Chloro-2,3—epoxypropane)
CH; CH, Br HBr - 14.9+0.2 RPD 160
CH; C,H,OBr 21.4%0.5 EI 153
(1-Bromo-2,3—epoxypropane)
CH, CH,I HI 14.6+0.2 RPD 160
CD;
CD, CD, D, 15.25+0.04 P1 1128
CH; AHS, = 1095 kJ mol ' (262 kcal mol™)
CH; CH, 9.842+0.002 S 1095 349
CH; CH, 9.825+0.01 PI 2618
CH; CH, 9.82+0.04 PI 1068
CH, CH, 9.84+0.03 EM ~ 3104, 3379
CH, CH, 9.87+0.05 RPD 2776
The discrepancy between the spectroscopic and photoionization values is unexplained, see ref. 2618.
See also — EI: 87, 327, 414, 1129, 2158, 2464, 2535, 2904, 2961, 2986, 3202
CH; CH, H™ 13.5020.05 Pl (1093) 2605
CH; CH, H 14.320+0.004 PI (1099) 2605
(Threshold value corrected to 0 K)
CH; CH, ' H 14.25+0.02 PI 1128
CH; CH, H 14.23+0.05 PI 2013
CH; CH, H 14.30 EM 3104
CH, CH, H 14.24+0.05 RPD 2776
See also — EI: 224, 1072, 1451, 2154, 3017
CH; C,H, CH, 13.46+0.05 RPD 2776
See also — EI: 160, 2421
CH; C,H, 30.3+0.2 SRP 1264
(High kinetic energy ion)
CH; C,H;D 14.947 EI 2421
CH, CH,CD, 15.15? EI 2421
CH; CH,C=CH 15.4+0.5 EI 13
CH; C,H, C,H, 14.9 RPD 3345

(0.10 eV average translational energy of decomposition at threshold)

See also — EI: 2542
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4.3. The Positive lon Table—Continued

Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
eV) 9}
mol™1)
CH! C.H, C,H, 14.0+0.5 El 2021
See also — EI: 1408
CH; C,H, C,H} 22.0+0.5 EI 1408
(Threshold value corrected for high fragment kinetic energy)
See also — EI: 2021, 2447
CH; CsH, C,H;+H, 25.020.5 EI 1408
(Threshold value corrected for high fragment kinetic energy)
See also — EI: 1264
CH; CH,CH=C=CH, 14.4+0.2 ElI 462
CH; CH,C=CCH, 17.6+0.5 El 13
CH} n-CH,, 29.7+0.2 SRP 1264
(High kinetic energy ion)
CH; iso~C,H,, 29.4+0.2 SRP 1264
(High kinetic energy ion)
CH; neo-C.H,, 13.14 EI 2101
CH; neo~C H,, 29.5+0.2 SRP 1264
(High kinetic energy ion)’
CH; C,H,C=CC=CH 18.50 EI 1197
CH; CH,C=CC=CCH, 25.70 El 1197
CH; CH, 28.2+0.2 SRP 1264
(Benzene)
(High kinetic energy ion)
CH; n—C,H 27.9+0.2 SRP 1264
(High kinetic energy ion)
CH; (CH,),B 15.1+0.3 EI 364
CH; CH,NH, NH, 14.7 RPD 3345
(0.25 eV average translational energy of decompesition at threshold)
CH; CH,NC CN 14.76 EDD 3214
CH; (CH,),NH 15.5+0.3 El 51
(Ethylenimine)
CH; (CH,),NH 14.4+1.0 El 52
(Trimethylenimine)
CH} (CH,),N 14.00.1 EI 303
CH} CH,NHNH, 14.1+0.3 EI 424, 3216
CH; CH,N=NCH, 11.5+0.1 EI 304
See also - EI: 2549
CH; (CH,),NNH, 14.5+0.3 EI 424, 3216
CH; CH,NHNHCH, 13.9+0.3 EI 424, 3216
CH: (CH,),NNHCH, 14.0+0.5 EI 424, 3216
CH; (CH,),NN(CH,), 14+1 EI 424, 3216
CH; CH,;N, 14.1+0.1 EI 340
CH; CH,0OH OH 13.5 EI 46

See also — EI: 2018, 3176
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ENERGETICS OF GASEOUS IONS -89
4.3. The Positive lon Table—Continued
Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(V) (k]
mol™?)
CH; - CH,CHO CHO? 14.53 RPD 3347
(=0.04 eV average translational energy of decomposition at threshold)
See also — EI: 127, 298, 2883
CH; (CH,),0 14.340.2 El 50
(1,2-Epoxyethane)
CH;, C,H,0H 14.70+0.10 RPD 3347
(0.11+0.02 eV average translational energy of decomposition at threshold)
CH; (CH,),0 14.93+0.13 RPD 3347
(0.12+0.02 eV average translational energy of decompositian at threshold)
See also — EI. 2018
CH; (CH,),CO 15.36 RPD 3347
(0.17+0.01 eV average translational energy of decomposition at threshold)
CH; (CH,),CO 14.93 RPD 2977
See also — EI: 298, 2174, 2883
CH; C,H0 13.9+0.2 El 50
(1,2-Epoxypropane)
CH; iso-C,H,OH 30.220.2 SRP 1264
(High kinetic energy ion)
CH; C,H,0CH, 15.02 RPD 3347
(0.11+0.01 eV average translational energy of decomposition at threshold)
CH; C,H,COCH, 15.49 RPD 2977
See also — EI: 298, 2883
CH; n—-C;H,COCH, 15.13 RPD 2977
CH; CH,COOH 14.0+0.15 RPD 3347
(0.09%0.01 eV average translational energy of decomposition at threshold)
See also - EI: 171
CH, HCOOCH, 13.71 RPD 3347
(<0.10 eV average translational energy of decomposition at threshold)
See also — EI: 3224
CH; HCOOC,H, 11.07+0.04 EI 305
CH; CH,COOCH, 13.07+0.10 EI 305
See also — EI: 3176, 3224
CH; HCOOCH,CH,CH, 11.94+0.02 El 305
CH; CH,;CO0C,H; 13.94+0.08 EI 305
CH; C,H,0, 16.0+0.3 El 153
(1,2-Epoxy—3-methoxypropane) ’
CH; (CH,0),BH 13.4+0.5 EI 364
CH, (CH;0),B 13.6+0.5 EI 364

See also — EI: 115
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4.3. The Positive lon Table—Continued

Heat
Ionization or of
ITon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) kJ
mol™)
CH; CH,;NCO NCO 14.6 RPD 3345
(0.33 eV average translational energy of decomposition at threshold)
CH; CH,COCHN, 13.2+0.06 EI 2174
CH; CH,NO, NO, 12.6 RPD 2018
CH; CH,NO, NO, 13.6 RPD 3345
(0.18 eV average translational energy of decomposition at threshold)
CH; CH,ONO, 15.5 El 2456
CH; C,H;0ONO, 13.75+0.50 EI 1013
See also — EI: 2456
CH; iso—C,H,0NO, 14.9 EI 2456
CH; CH,F F~ 12.56 PI 2637
CH; CH,F F 16.25 PI 2637
This ion is formed with kinetic energy, see V. H. Dibeler and R. M. Reese, ]J. Res. NBS 54, 127 (1955).
See also — EI: 1136, 2154
CH; CH,CHF, 18.6 EI 1288
CH; CH,CF, 15.0%0.1 EI 1075
CH; CH,BF, 14.8+0.1 EI 1076
CH; CH,COCF, 14.60 EI 298
CH, CH,SiH, 15.1+0.3 EI 2182
CH; (CH,),SiH 14.8+0.5 El 83
CH; CH,PH, 14.8+0.2 EI 2045
CH; (CH,),P 21.7%0.5 EI 1036
CH; (CH,0),CH,PO 16.8+0.1 EI 3211
CH; (CH,0),PO 18.6+0.3 EI 3211
CH; (CH,),S 13.0 El 307
See also — EI: 84, 3202
CH; CH,SCD, 13.1 El 307
CH; C,H¢S 18.1x0.4 EI 188
(Propylene sulfide)
CH; C,H,SCH, 17.6+0.5 El 176
CH; CH,SCH,CH=CH, 17.7+0.5 EI 186
CH; n-C,H,SCH, 16.6+0.5 El 176
CH; iso-C,H,SCH, 19.420.5 El 186
CH; CH,SSCH, ~12.9 El 3202
See also — EI: 176, 3286
CH; CH,NCS 15.3+0.3 EI 315
CH} C,H,NCS 19.6+0.5 EI 315
CH} (CH,),SO 16.3+0.1 EI 3294
CH; CH,SCF, 14.24 El 3202
CH; CH,SSCF, ~14 El 3202
CH; CH,Cl1 Cl” 10.07 PI 1399, 2637

See also — EI. 2776
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4.3. The Positive 'on Table—Continved
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Heat
Ionization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
CH; CH,Cl Cl 13.87 P1 2637
The thermochemical threshold for this process is 13.35 V.
See also — EI: 364, 1136, 2154
CH; C,H,Cl 15.920.3 El 356
CH! iso—C4H,Cl 29.7+0.2 SRP 1264
(High kinetic energy ion)
CH} CH,COCH,Cl 13.9+0.20 EI 2174
CH, C,H;0C1 14.6+0.5 El 153
(1-Chloro-2,3—epoxypropane)
CH; CH,SiCl, 15.0+0.2 EI 2182
CH; (CH,),Zn 15.1%0.5 El 2556
CH; (CH,),Ge 20.1x0.5 EI 83
CH} CH,Br Br~ 9.60+0.05 RPD 2776
CH; CH,Br Br 12.77 PI 2637
The thermochemical threshold for this process is 12.78 eV compared to an estimated 0 K photoionization
threshold of 12.80 eV.
See also — EI. 1136, 2154, 2973
CH; C,HBr 16.9+0.3 EI 356
CH; C,H,OBr 15.6+0.5 EI 153
(1~Bromo-2,3—epoxypropane)
CH; CH,I I 12.22 EM 3104
The thermochemical threshold for this process is 12.23 eV,
See also — EI: 1136, 2154
CH; C,H,I 16.3+0.3 EI 356
CH; (CH,),Hg CH,+Hg? 12.55 PI 2983
See also — EI: 306
CH; CH,HgC1 14.8+0.2 El 306
CH,D*
CH,D* C,H,D CH, 14.71+0.30 El 2421
CH,D* CH,CD, CHD, 14.94+0.14 EI 2421
CH,D* CH,DCI - 10.10 PI 2637
CHD;
CHD, CH,CD, CH,D 14.97+0.10 El 2421
CHD, CHD,CI Cl~ 10.09 PI 2637
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4.3. The Positive lon Table—Continued

1]

Heat
lonization or. of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
eV) K
mol™Y)
CD;
CD; CD, 9.832+0.002 S 349
CD; CD, D 14.38+0.03 PI : 1128
CDh; CH,CD, CH, 15.10+0.10 El 2421
CD} C,D, CD, 15.5420.10 EI 2421
CD; CD,COOH 15.56 EL 171
CD; CD,Cl Cl 13.8 PI 2637
CH;(’B,) AH;, <1150 kJ mol ™ (275 kecal mol™)
CH;(*A) AHS, = 2094 kJ mol ! (500 kcal mol ™)
CH{(*B,) CH, =<12.615+0.010 PI <1150 3415
CH/(B,) CH, 12.704+0.008 PI 1253
CH,(’B,) CH, 12.71+0.02 PI 1128
CH,(’B,) CH, 12.55+0.05 PI 2013
CH{(’B,) CH, . 12.75%0.05 RPI 2857, 2858
: ' ' 3293
CH{(’B,) CH, 12.70 PE 2803
CH(’B,) CH, 12.75 PE 3092
CH(’B,) CH, 12.78 PE 3116
CH(’B,) CH, 12.9 PEN 2430
CH{(’B,) CH, <12.70 EM 2798
CH(’B,) CH, 13.00:£0.02 RPD 224
CH(*B,) CH, 12.99+0.05 RPD 2776
The ion ground state has a large Jahn—Teller distortion, see for example R. N. Dixon, Mol. Phys. 20,
113 (1971), F. A. Grimm and J. Godoy, Chem. Phys. Letters 6, 336 (1970) and refs. 3092, 3116, 3119.
Consequently the onset is not sharp and the adiabatic value may be lower. Several PE studies
(refs. 2803, 3092, 3119) have resolved vibrational structure near onset with a separation of ~1200 cm ™’
(0.15 eV). This is just the difference between the PI threshold value given by Brehm, ref. 2013, and
those determined by Nicholson, ref. 1253, and Dibeler et al., ref. 1128.
See also — S: 138
PI. 182, 230, 331, 416, 2605, 3115, 3132
PE: 1130, 2801, 2829, 2843, 3072, 3119, 3132
PEN: 2467
EI: 289, 1072, 1129, 2136, 2154, 2414, 2535, 2575, 3435
CH{(*A) CH, 22.39 PE 2094 3092
CH{*A) CH, 22.4 PE 3119
CH{A) CH, 23.1 (V) PE 3072
CH{(*A)) CH, ' 24 RPD 2414
CH;*A) CH, 23.5-24 D 2846
Earlier electron impact work (refs. 289, 1072) gave values around 19.4 eV. These are due to
autoionization or collision processes, see refs. 2414, 2575, 2846.
CH; C,H, 14.7+0.5 El 2542

CH; (CH,),0 CcO 12.3+0.2 El 50
(1,2-Epoxyethane) v
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4.3. The Positive lon Table—Continuved
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Heat
Ionization or of
fon Reactant Other appearance ‘Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
CD;
CD}(*B,) CD, 12.882+0.008 PI 1253
CD;(’B,) CD, 12.87+0.02 PI 1128
CD;(*B,) Ch, 12.83 PE 3092
CD;(’By) CD, 13.1 EI 2136
CD;(*A) CD, 22.48 PE 3092
CH}?
CH;? CH, <40.7+0.8 (V) AUG 3424
C,H"
C,H* C,H, H 17.22 PI 1400
C,H* C,H, H 17.3 EI 2102, 2136
This process is probably accompanied by considerable kinetic energy of decomposition, see R. Botter,
R. Hagemann, G. Khodadadi and H. M. Rosenstock in "Recent Developments in Mass Spectroscopy,” Proc.
Intern. Conf. Mass Spectry., Kyoto, 1079 (1970).
See also — EI: 13, 1129, 1451, 2450, 3131, 3156
CH* CH,C=CH CH, 17.2+0.5 El 13
C,H* C.H, 20.5+1 EI 2542
C,H* C,H, CH,+2H, 30.4x0.5 EI 1408
(Threshold value corrected for high fragment kinetic energy) ‘
C,H* CH=CC=CH C,H 20.1+0.5 EI 13
C,H* CH=CCN CN 19.0+0.2 El 154
C,H* (CH),0 24.0+0.3 El 50
(1,2-Epoxyethane)

C,H* CH,COC=CH CH,+CO? 17.95 EI 298
CH* C,H SSC,H, 11.35 EI 307
C,D*

c,D? C,D, D 17.34 PI 1400

See also — EI. 3131
C,H(’11 ) AHj, = 1328 kJ mol ™' (317 keal mol ™)
C,H;(s ) AHS, = 1806 kJ mol ' (432 kcal mol ™)
C,H}(*2 ) AH, = 2001 kJ mol ™ (478 kcal mol ™)
C,H;m) C,.H, 11.41 S 1328 3145
(Average of two Rydberg series limits)
C,H;m) C,H, 11.396+0.003 PI 1253
C,H;1,) C,H, 11.400=0.005 PI 2013
C,H; ) C,H, 11.406+0.006 PI 54, 1019,
’ 1118, 1400
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™%)
C,H;1,) C,H, 11.41+0.01 PI 162, 182,
o2 416, 1022
CH,(IL,) C,H, 11.395+0.015 PI 2726
C,H,C1L) C,H, 11.40+0.01 PE 2805
C,H,(IL) C,H, 11.39+0.02 EM 3075
CH,(L,) C,H, 11.39+0.05 RPD 2776
C,H,CIT,) C,H, 11.40+0.02 RPD 224
C.Hy(m,) C.H, 11.410.01 EDD 2695
C,Hy(°s ) C,H, 16.3620.01 PE 1806 2805
C,Hy(3,) C,H, 18.38+0.01 PE 2001 2805
CH(°EY) C,H, 18.5 (V) PE 3096
C,Hy(*3 ) C.H, 23.5 (V) PE 3096
See also ~ PI: 156, 2759
PE: 1108, 1130, 2759, 2804
PEN: 2430, 2466, 2467
EL: 13, 166, 305, 2450, 2535, 2752, 2759, 3131, 3156, 3177
C,H; C,H, H, 13.13%0.02 PI (1328) 2617
(Threshold value approximately corrected to 0 K)
C,H; C,H, H, 13.12+0.03 PI 2607
C,H; C,H, H, 12.96+0.02 PI 2013
The three photoionization studies differ in their interpretation of the threshold. That of ref. 2617
is most convincing. The agreement of the C,H; heat of formation with that derived from IP(C,H,) implies
that the metastable transition C,H; — C,H; + H, should have no excess energy.
See also — EI: 166, 419
C,H; C,H, 2H, 15.35+0.50 EI 2421
C,H; C,H,D H,+HD 15.49+0.25 EI 2421
C,H; C,H, CH, 14.1 RPD 3345
(0.13 eV average translational energy of decomposition at threshold)
C,H; C,H, CH, 13.6+0.5 EI 2542
C,H; C,H, CH, 13.1 RPD 3345
(Cyclopropane)
(0.07 eV average translational energy of decomposition at threshold)
See also — EI: 3191
C,H; C,H, CH,+H, 14.1+0.15 EI 1408
C,H; C,H, CH,+H,+H 28.5+1 EI 1408
(Threshold value corrected for high fragment kinetic energy)
C,H; CH,=CHCH=CH, 16.46+0.1 El 2455
C,H; C,H, 16.8 El 2742
(Cyclobutane)
C.H; C.H, 19+0.4 RPD 2520
(Benzene)
C.H; C¢H, 18.6+0.3 EI 1238
(Benzene)
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4.3. The Positive lon Table—Continued
Heat
Tonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™%)
C,H; CH, 32.6+0.2 SRP 1264
(Benzene)
(High kinetic energy ion)
C,H; (CH,),NH 16.4+0.4 El 51
(Ethylenimine)
C,H} C,H,CN HCN 13.1320.10 EI 1406
C,H; C,H,CN 14.70 EI 2966
C,H; (CH,),NH 16.6+0.5 El 52
(Trimethylenimine)
C,H; n-C,H,CN 15.50 El 2966
C,H; (CH,),NH 17.3+1.0 EI 52
(Pyrrolidine)
C,H; C,H,N, 14.94+0.10 EI 1406
(1,2-Diazine)
C,H, C,H,N, 15.79+0.05 EI 1406
(1,3-Diazine)
C.H; CHN, 15.23+0.10 El 1406
(1,4-Diazine)
C,H; (CH,),0 H,0? 15.7+0.3 EI 50
(1,2—Epoxyethane)
C,H; C,H0 13.9+0.2 EI 50
(1,2-Epoxypropane)
C,H; (CH,),;0 15.2+0.2 EI 52
(1,3-Epoxypropane)
C,H} c,H,0 13.820.3 EI 153
(3,4—Epoxy—1-butene)
C,H; (CH,,0 17.3+0.3 EI 52
(1,4—Epoxybutane)
C,H; HCOOC,H, 14.9 EI 3224
C,H; C,H,0, 16.20.3 EI 153
(1,2-Epoxy—3—methoxypropane)
C,H; C,H,F HF 13.730.1 EI 419
C,H; CH,=CF, 19.7820.1 EI 419
C,H; C,H,CF, 13.3+0.15 EI 1075
C,H} C,H,BF, 13.75+0.1 EI 1076
C,H; (C,Hy),PP(C,H,), 12.0+0.3 EI 2948
C,H; (CHp),S 17.9+0.5 El 51
(Ethylene sulfide)
C,H, C,H,SH 14.7+0.3 El 3286
C,H} C,H¢S 17.740.4 EI 188
(Propylene sulfide)
C,H; (CH,),S - 17.1£0.4 El 52
(Trimethylene sulfide)
C.H; C,H,SCH, 17.8+0.5 El 176
C,H; (C,Hy),S 21.7+0.3 EI 3286
C,H; C,H,SSC,H, 19.5+0.5 EI 186
C,H; C,H,NCS 18.1+0.2 EI 315
C,H; (CH,),SO 12+0.3 El 3294
C,H; C,H,Cl HCl 13.8+0.3 EI 2793
C,H; C,H;0Cl1 16.620.1 EI 153
(1-Chloro—2,3—epoxypropane)
C,H; C,H.OBr 16.7+0.6 EI 153

(1-Bromo—2,3—epoxypropane)
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4.3. The Positive lon Table—Continved
Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
C, HD*
C,HD* CH,CD, 15.50+0.10 EI 2421
C,D;
C,hy’M,) C,D, 11.41620.006 PI 54, 1019,
1118, 1400
C,D ) C,D, 11.40%0.01 PE 2805
C,DI%s,) C,D, 16.53+0.01 PE 2805
C,D;(’%) C,D, 18.440.01 PE 2805
See also — PE: 2804
C,D; C,Dq 2D, 15.70+0.20 El 2421
C,H; AH, ~ 1125 kJ mol ™ (269 kcal mol™)
C,H; C,H, 8.95 EM 3350
This ionization potential combined with the ion heat of formation implies an ethylene C—H bond energy
of ~417 kJ mol ' (100 kcal mol ') compared to the kinetic value of =452+8 kJ mol ' (108+2 keal mol ")
determined by D. M. Golden and S. W. Benson, Chem. Rev. 69, 125 (1969).
See also ~ EI: 70, 87, 1129, 2535
C,H; C,H, H 13.25%+0.05 PI 1123 2617
(Threshold value approximately corrected to 0 K)
C,H; C,H, H 13.37+0.03 PI 2013
See also — PI:
El: 70, 166, 419
C,H; C,H, H,+H 15.22+0.10 EI 2421
C,H; C,HD 15.27+0.15 EI 2421
C,H; C,H, CH, 13.7+0.5 El 2542
See also — EI:
C,H! C,H, CH, 13.4 RPD 3345
(Cyclopropane)
(0.12 eV average translational energy of decomposition at threshold)
C,H; C,H, CH, 13.3+0.2 EI 3191
(Cyclopropane)
C,H; C,H,q 14.5%0.15 EI 1408
C,H; C,H, CH;+H, 25.0+0.5 EI 1408

(Threshold value corrected for high fragment kinetic energy)

See also — EI:
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4.3. The Positive lon Table—Continued

1-97

Heat
Tonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
C,H; CH,=CHCH=CH, 15.68+0.2 EI 2455
See also - EI:
C,H; CH,C=CCH;, 14.7+0.2 EI 13
C,H; 1-C H, 13.6 ElI 194
C.H; C,H, 17.7 El 2742
(Cyclobutane)
C,H; neo—C:H,, 17.95 El 2101
C,H; CeH, 19+0.4 RPD 2520
(Benzene)
C,H; CeH, 31.1+0.2 SRP 1264
(Benzene)
(High kinetic energy ion)
C,H; (CH,),NH 16.9+0.3 EI 51
(Ethylenimine)
C,H; C,H,NH, 16.14 EI 2470
C,H; C,H.CN 15.40 EI 2966
C,H; (CH,),NH 16.6+0.5 EI 52
(Trimethylenimine)
C,H; n-C,H,CN 15.10 ElI 2966
C.H; (CH,),NH 16.7+0.3 EI 52
(Pyrrolidine) .
C,H; (C,H;),NH 15.35 EI 2428
C,H; (CH,),0 OH 14.3+0.2 EI 50
(1,2-Epoxyethane) -
C,H; C,H,OH 14.7 EI 46
See also — EI:
C,H; CH,=CHCHO CHO? 13.64 RPD 3347
(0.09%0.02 eV average translational energy of decomposition at threshold)
See also - ElI:
C.H; (CH,),CO 16.9 RPD 2883
C,H; C,;HO 14.3+0.1 ElI 50
(1,2-Epoxypropane)
C,H; (CH,),0 14.9+0.3 EI 52
(1,3-Epoxypropane)
C,H; n-C,H,0H 14.7 El 46
C,H; iso~C,H,0H . 14.6 El 46
C,H; c,H,O CH,CO? 12.6+0.3 EI 153
(3,4—Epoxy—1-butene)
C,H; (CH,),0 16.1+0.3 El 52
(1,4—Epoxybutane)
C,H; HCOOC,H, 15.0 EI 3224
C,H; CH,COOC,H, 15.32+0.20 EI 3176
C,H; C,H,0, 16.3+0.2 El 153
(1,2-Epoxy—3-—methoxypropane)
C,H; C,H,NO 12.8+0.2 EDD 3180
C,H; C,H,F F 14.38+0.1 EI 419
C,H; C,H,CF, 14.20+0.05 EI 1075
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4.3. The Positive lon Table—Continued

Heat
fonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
C,H; C,HCF, 15.3+0.1 EI 1075
C,Hj; C,H,BF, 14.25+0.05 EI 1076
C.H; iso-C,H,BF, 14.8+0.1 EI 1076
C,H; (CH,),SiH 15.3+0.5 EI 83
C,H; C,HPH, 15.40.3 El 2948
C.H; (C,Hy),PH 20.420.3 El 2948
C,H; (C,H,),P 22.1+0.3 EI 2948
C,H; (CH,),PP(CH,), 20.7+0.3 EI 2948
C,H; (C,H,),PP(C,H,), 13.2+0.3 El 2948
C,H; (CH,),S SH 14.0 RPD 3345
(Ethylene sulfide)
(0.10 eV average translational energy of decomposition at threshold)
See also — EI: 51
CH; C,H,SH 15.8+0.3 EI 3286
C.H; (CHy),S 14.7 EI 307
See also — EI: 84, 3202
C,H; CH,SCD, 16.7 EI 307
C,H? C,H,S 17.2+0.3 EI 188
' (Propylene sulfide)
C.H; (CH,),S 16.7+0.2 El 52
(Trimethylene sulfide)
C,H; C,H,SCH, 16.0+0.4 EI 176
C.H; : CH,SCH,CH=CH, 16.5+0.4 EI 186
C,H; (CH,),S 18.0+0.4 EI 52
(Tetramethylene sulfide)
C,H? n—C,H,SCH, 15.8+0.4 EI 176
C,H} iso—C,H,SCH, 16.5+0.5 EI 186
C,H; (C,H,),S 16.7%0.5 EI 84
See also — EI: 3286
C,H; CH,SSCH, 14.6+0.3 El 3286
C,H; C,H,SSC,H, 17.2+0.4 El 186
C,H; C,H,NCS 15.60.3 EI 315
C,H; (CH,),SO 15.9+0.1 EI 3294
C,H; C,H,Cl Cl 12.5 EM ~1129 3350
See also — EI: 2793
C,H; C,H,0CI 14.0+0.4 EI 153
(1-Chloro-2,3—epoxypropane)
C,H; (C,Hy),Se 19.0+0.3 EI 3285
C,H; C,H;Br Br 11.9 EM ~1123 3350
C.H; 'C,H{OBr 14.4+0.2 El 153

(1-Bromo-2,3—epoxypropane)
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4.3. The Positive lon Table—Continued
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Heat
Tonization or of
Ion Reactant Other appearance Method - forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
C,H,D*
C,H,D* CHD=CHD D 14.1 PI 2607
2
C,H,D* CH,CD, 15.450.1 EI 2421
C,H,D* CH,SCD, 15.05 El 307
C,HD;

C,HD; CHD=CHD H 14.1 PI 2607
C,HD; CH,SCD, 13.5 EI 307
C,D;

C,D} C,D, D,+D 15.60+0.1 EI 2421
c,D: CH,SCD, 12.1 El 307
C,H;(*B,) AH;;= 1075 kJ mol " (257 keal mol™)

C,H;(’B,,) AHZ, ~ 1258 kJ mol ' (301 kcal mol™)

C,H[(A) AH$, ~ 1453 kJ mol ' (347 keal mol ™)

C,H;(’B,) AH}, ~ 1579 k) mol™ (377 kecal mol™)

C,H;(*B,,) C,H, 10.51+0.03 S 1075 3353
C,H;(*B,,) C,H, 10.50+0.01 PI 1074 2607
C,H;(*B,) C,H, 10.50+0.02 PI 1074 268
C,H;*B,) C,H, 10.507+0.004 PI 1075 1253
C,H(*B,) C,H, 10.511+0.005 PI 1075 2013
C,H{(’B,) C,H, 10.515+0.01 PI 1075 158, 182,

416
C,H;(*B,) C,H, 10.51 PE 1075 2803
C,H(’B,) C,H, 10.51+0.05 PE 1075 2796
C,H}(*B,,) C,H, 10.51+0.02 PE 1075 3028, 3061
C,H;’B,) C.H, 10.50+0.05 RPD 2776
C,H{(*B;) C,H, 12.38 PE 1255 2803
C,H{(°B,,) C,H, 12.40+0.05 PE 1257 2796
C,H{(B,) C,H, 12.46+0.02 PE 1263 3028, 3061
C,H{*A) C,H, 14.47 PE 1457 2803
C,H{(*A) C,H, 14.35? PE 1445 2796
C,HI(A) C,H, 14.46+0.02 PE 1456 3028, 3061
C,H;(*B,) C.H, 15.68 PE 1574 2803
C,H;(’B,) C,H, 15.76+0.05 PE 1581 2796
C,H(*B,,) C,H, 15.78+0.02 PE 1583 3028, 3061
C,HiB,) C,H, 18.87 PE 2803
C,H{(*B,,) C,H, 18.46+0.05 PE 2796
CH{(’B,,) C.H, 18.87+0.02 PE 3028, 3061
C,H{’B,) C,H, 19.5x1 (V) PE 3096
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4.3. The Positive lon Table—Continued

Heat
‘ lonization or of
lon Reactant Other appearance Method  forma-
products potential tion
(eV) (k]
mol™?)

Ref.

C,H{*A) C,H, 24.5+1 (V) PE
We use the assignments given in ref. 3028.

See also — S: 2059, 3145
PL: 156, 297, 2059, 2617
PE: 1130, 2843, 3132, 3382
PEN: 2430, 2466, 2873
El: 166, 268, 419, 1129, 2187, 2535, 3435

C,H; C,H, v H, 12.08+0.03 PI
(Threshold value approximately corrected to 0 K)
C,H; C,H, H, 12.24+0.10 EI

The thermochemical threshold for this process is 11.85 eV. The corresponding metastable transition
has a mean kinetic energy of 0.15-0.20 eV, see G. Khodadadi, R. Botter and H. M. Rosenstock, Intern. ]J.
Mass Spectrom. Ion Phys. 3, 397 (1969).

See also — PEN: 2873

C.H; C,H,D HD 12.52+0.10 EI

C,H; C,H, 12.4+0.5 El

See also — EI: 194

C,H; C,H, CH, 11.72+0.02 P1
(Threshold value approximately corrected to 0 K)

C,H; C,H, CH, 11.70 RPD

C,H; C,H, CH, 11.5+0.1 EI

(Appearance potential of the corresponding metastable transition)

The thermochemical threshold for this process is 11.35 eV. Very little of the excess energy appears

as fragment kinetic energy, see J. Bracher, H. Ehrhardt, R. Fuchs, O. Osberghaus and R. Taubert,
Advan. Mass Spectrom. 2, 285 (1963) and G. Khodadadi, R. Botter and H. M. Rosenstock, Intern. J. Mass
Spectrom. Ion Phys. 3, 397 (1969).

See also — PEN: - 2873

EI: 1408
C.H; C,H, CH;+H,? 27.2+0.5 EI
(Threshold value corrected for high fragment kinetic energy)
C,H, CH,=CHCH=CH, C,H, 12.4520.1 PI (1085*)

This ionic heat of formation may be compared to AHS,4(C,H,) = 1066 kJ mol ' obtained from the
spectroscopic ionization potential tabulated above.

See also — EI: 2455
CZH: 1-C H, 11.7+0.2 SD

See also — EI: 194
*AH} 00
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(V) (kJ
mol™})
C.H, cis~2-C H, 11.7+0.25 SD 2941
See also — EI: 194
C,H; trans-2—-C H, 11.8+0.25 SD 2941
C,H; iso~C H, 12.0+0.25 SD 2941
C,H; C,H,CH, 12.5+0.2 SD 2941
(Methylcyclopropane)
C,H; C,H, 11.0+0.15 SD 2941
(Cyclobutane)
See also — EI: 2742
C,H; n-C,H,, C,H, ~11.65 PI 2606
(Threshold value approximately corrected to 0 K)
The thermochemical threshold for this process is 11.48 V.
C,H; (CH,),NH NH 13.30.2 EI 51
(Ethylenimine)
C,H, C,H,CN HCN 12.40+0.05 EI 2704
See also — EI: 2966
C,H; C,H,NC 12.83 EDD 3214
C,H; CH,N=NCH, 12.9+0.3 EI 2549
C,Hy C,H,OH H,0 12.0 PI 2647
(Threshold value approximately corrected to 0 K)
The thermochemical threshold for this process is 10.91 eV.
C,H; C,H0 11.6+0.2 EI 50
(1,2-Epoxypropane)
C,H; (CH,),0 12.4+0.3 El 52
(1,3-Epoxypropane)
C,H; n—-C,H,OH ~11.9 PI 2647
C,H; (CH,),O0 ~13.8 EI 2694
(1,5—Epoxypentane)
C,H, HCOOC,H, 11.2 EI 3224
C,H, C,HO, 13.16 EI 2422
(1,3-Dioxane)
C,H; CH,CH=NOH 12.9+0.2 EDD 3180
C,H, C,H,CF, 13.0+0.2 El 1075
C,H, C,H,BF, 12.08+0.01 El 1076
C,H, (C,H;),PP(C,H,), 10.0+0.3 EI 2948
C.H, C,H.SH 13.0+0.3 EI 3286
C,H, (CH,),S 13.6+0.2 EI 52
(Trimethylene sulfide)
C,H} (C,Hy),S 14.5+0.3 EI 3286
C,H; CH,SSCH, 15.6+0.3 EI 3286
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4.3. The Positive lon Table—Continued
Heat )
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™1)
C,H; C,H,SSC,H, 13.2+0.3 El 3286
C,H; (CH,),SO 13.7+0.3 EI 3294
C,H; C,HCl HCl 11.33 EI 3201
C,H; C,H,0CI 13.6+0.4 EI 153
(1-Chloro—2,3—epoxypropane)

C,H; C,H,SiCl, 12.48+0.05 EI 2182
C,H; (C,Hy),Se 15.1+0.3 EI 3285
C,H,D*

C,H,D* C,HD H, 12.36+0.05 El 2421
C,H,D* CH,CD, D, 12.75+0.10 EI 2421
C,H,D* CH,CD,CH, CH,D 11.99 RPD 2907
C,H,D;

C,H,D; CHD=CHD 10.50+0.01 PI 2607
C,H,D; CH,CD, HD 12.35+0.06 El 2421
C,H,D; CH,CD,CH, CH, 11.78 RPD 2907

C,HD;

C,HD; CH,CD, H, 12.81+0.01 El 2421
C,HD; CD,CH,CD, CHD, 12.13 RPD 2907
C,D;

C,DI(*’B,) C,D, 10.52+0.03 S 3353
C,D;(*B,,) C,D, 10.52+0.02 PE 3028, 3061
C,Di(’B;) C,D, 12.48+0.02 PE 3028, 3061
C,D} (Ay) c,D, 14.45+0.02 PE 3028, 3061
C,D;(’B,,) c,D, 15.83+0.02 PE 3028, 3061
C,D;(’B,) C,D, 18.90+0.02 PE 3028, 3061
C,D; C,Ds D, 12.58+0.08 El 2421
C,D; C.D, CDh, 11.87 RPD 2521
C,D; C,D, CD, 11.65+0.1 EI 12521

{(Appearance potential of the corresponding metastable transition)
C,H; AHS,0 ~ 917 kJ mol ™' (219 keal mol ™)
C,H; C,H, =8.4 PI <918 1068
C,H; C,H; 8.38+0.05 EM 916 3104, 3379
C,H; C,H, 8.34+0.05 RPD 2776
See also — EI: 59, 87, 1129, 2158, 2535, 2719, 2904, 2986
C,H; C,H, H- 12.00+0.05 PI 2606

(Threshold value approximately corrected to 0 K)
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4.3. The Positive lon Table—Continued

Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?)
C,H; C,H, H 12.65+0.08 P1 (918) 2606
(Threshold value approximately corrected to 0 K)
C,H; C,H, H 12.66+0.05 RPD 2776
See also - EI: 160, 195, 1451, 2421
C,H; C,H, 12.6+0.5 EI 2542
C,H; C,H, CH, 11.90+0.08 PI (902) 2606
(Threshold value approximately corrected to 0 K)
C,H; C,H, CH, 12.02+0.05 RPD 2776
See also - EI: 195, 1408, 1451, 2521
C,H; C,H, CH; 21+2 El 1408
(Threshold value corrected for high fragment kinetic energy)
C,H}: C.H, CH*+H, 26.9+0.5 EI 1408
(Threshold value corrected for high fragment kinetic energy)
C,H; C,H,C=CH C,H 12.9+0.1 EI 13
CH; cis—2-C H, C,H, 12.25 EI 194, 195
C,H; CH, 13.8 EI 2742
(Cyclobutane)
C,H; n-C,H,, ‘ C,H, 12.55 EI 195
See also — PI: 2606
C,H; iso—C,H,, C,H, 13.80 EI 195
C,H; n-C.H,, 28.1+0.2 SRP 1264
(High kinetic energy ion)
C,H! neo~CgH,, : 13.81 EI 2101
C,H: n-C.H, 12.89 RPD 2977
CH! n—-C,H,, 24.3%0.2 SRP 1264
(High kinetic energy ion)
C,H;: n-C,H,, 13.44 RPD 29717
C,H; n—Cg Hy, 13.20 RPD 2977
C,H;! C,H,NH, 13.50.2 EI 2470
C,H; C,H,NC CN 12.94 EDD 3214
C,H; n—C,;H,CN 12.97 EI 2966
C,H; (C,H,),NH 14.85 EI 2428
C,H; C,H,N=NC,H; 10.45+0.2 EI 304
C,Hg C,H,OH OH 12.7 PI 2647
(Threshold value approximately corrected to 0 K)
The thermochemical threshold for this process is about 12.3 eV,
See also — EI: 2018, 3176
C,H; (CH,),0 12.6+0.2 EI 52
(1,3~Epoxypropane)
C,H; n—C,H,0H CH,OH 12.3 P1 2647

(Threshold value approximately corrected to 0 K)

The thermochemical threshold for this process is about 11.8 eV, see ref. 2647.
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4.3. The Positive lon Table—Continued
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Heat
[onization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
{eV) kJ
mol™Y)
C,H; C,H,COCH, 12.88 RPD 2977
See also — EI: 298, 2883
C,H; (CH,,0 15.8+0.2 EI 52
(1,4-Epoxybutane)
C2H§ (C,H),0 11.98+0.1 RPD 2776
C,H; (C,H,),CO 13.04 RPD 2977
C,Hg C,H,COOH 12.90 EI 3435
C,H; HCOOC,H, 12.0 EI 3224
C,H; CH,COOC,H, 12.1 RPD 2018
See also — EI: 305, 3176
C,H; C,H,NO NO 13.4+0.2 EDD 3180
C,H; C,H,NO, NO, 11.0 RPD 2018
C,H; C,H,ONO, 11.8620.25 El 1013
C,H; n-C,;H,,F 14.67 El 2029
C,H; C,HCF, 12.82+0.02 EI 1075
C,H; C,H,BF, 13.120.2 EI 1076
C,H} C,H,SiH, 12.6+0.2 EI 2182
C,H; C,H,PH, 12.5£0.3 EI 2948
C,H; (C,H;),PH 14.5%0.3 EI 2948
C,H; - (C,Hy),P 18.5+0.3 EI 2948
C,H; (CH,),PP(CH,), 14.3+0.3 EI 2948
C,H; (C,H,),PP(C,Hy), 11.5+0.3 El 2948
C,H; Cc,H,SH 12.1+0.3 El 3286
C,H; C,H,SCH, 14.1+0.2 EI 176
C,H; n-C,H,SCH, 15.3+0.5 -EI 176
C,H; (C,Hy),S 14.5+0.3 El 84
See also — EI: 3286
C,H; C,H,SCH=CHC=CH 13.9+0.3 El 2949
C,H; C,H,SC=CCH=CH, 13.8+0.3 El 2949
C,Hg C¢H, SC,H; 13.7 EI 307
(Ethylthiobenzene)
C,H? C,H,SSC,H; 14.2+0.2 El 186
See also — EI: 3286
C,H; C,H,NCS 12.9+0.2 EI 315
C,H; C,H,Cl Cl 11.83+0.06 EI 3201
See also — EI. 160, 356
C,H; n—C,H,Cl 12.48+0.1 El 72
C,H; C,H,SiCl, 12.77+0.05 EI 2182
C,H; (C.H,),Se 13.2+0.3 El 3285
C,H; C,HBr Br 11.15 El 2973
See also ~ EI: 160, 356
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4.3, The Positive lon Table—Continued
Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™1)
C,H; C,H,I : 1 11.0+0.3 El 356
See also — EI: 160
C,H; (C,H,),He 10.25+0.1 El 306
C,H,D*
C,H,D* C,H,D H 12.86+0.1 El 2421
C.H,D;
C,H,D; CH,CD,CH, CH, 12.26 RPD 2907
C2H2D;

C,H,D} CH,CD, H 12.52+0.08 EI 2421
C,H,D} CD,CH,CD, CD, 12.28 RPD 2907
C.D;

C,D: C,D, D 13.52+0.03 EI 2421
C,D; C,D, CD, 12.23 RPD 2521
C,D; C,D,NH, 13.4 EI 2470
Cc,H; AHj, ~ 1041 kJ mol ' (249 kcal mol ™)

C,H¢ C,H, 11.521+0.007 Pl 1042 1253
C,H; C,H, 11.45+0.05 RPI 1036 3293
C,Hg C,H, 11.51 PE 1041 2843
C,H; C,H, 11.56 PE 1046 2803
C,Hg C,H, 11.55 PEN 2466
C,H; C,H, 11.66+0.05 RPD 2776

For vibrational structure see refs. 2606, 2803.
See also — PI: 182, 416, 1120, 2606
PE: 1130, 2801, 2829, 3072, 3096
PEN: 2430, 2467, 2873
El: 160, 2421, 2535, 3338
C,H; (CH,),0 co 10.8+0.3 El 52
(1,3-Epoxypropane)
C,H} (C,H4),PP(C,H,), 10.5+0.3 EI 2948
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™?)
C,H.D*
C,H;D* C,H,D 11.58+0.04 EI 2421
C,H.D}
C,H,D; CH,CD, 11.78+0.03 EI 2421
C,D;
C,Dg C,D, 11.73+0.06 El 2421
C,H}?
C.Hg? C,H, <34.8+0.8 (V) AUG 3424
C,H*
CH* CH,=C=CH, H,+H 18.56+0.05 EI 2455
C,H* CH,C=CH H,+H 15.420.3 El 13
C,H* CH,C=CH H,+H 17.5+0.5 EI 3191
C,H* C.H, 2H,+H 20.2+0.5 EI 3191
CH* C.H, 2H,+H 20.5%0.5 EI 2542
Cc,H* C,H, 2H,+H 19.7+0.5 EI 3191
(Cyclopropane)
C,H* CH,=CHC=CH 18.71 El 2102
C,H* CH,=CHCH=CH, 12.44 El 2102
C,H* C,H,C=CH 12.59 EI 2102
C,H* CH=CCN N 18.0+0.2 EI 154
C,H* C,H,S 22.2+0.5 El 188
(Propylene sulfide)
C,H* CH,SCH,CH=CH, 16.6+0.5 EI 186
C3H+2
C,H* C,H, 47+1 EI 2542
C,H;
C,H; CH,=C=CH, H, 14.34+0.08 EI 2455
C,H; CH,C=CH H, 14.00.1 El 13
C,H; C,H, 2H, 16.5%1 El 2542
CH; trans-CH,=CHCH=CHCH, 20.86+0.1 EI 2455
C;H; CeH, 23.5120.50 EI 2751
(1,3~Cyclohexadiene)
C,H; CeHy 19.21+0.15 EI 2751

(1,4—Cyclohexadiene)
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4.3. The Positive lon Table—Continued
Heat
lonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(V) K
mol™Y)
C,H; C,H, 16.91+0.10 EI 2914
(syn—Tricyclo[4.2.0.0%%Jocta—3,7—diene)
C,H; C,H, 17.00+0.35 El 2914
(anti-Tricyclo[4.2.0.0%*Jocta—3, 7—diene)
C,H} C,H0 15.8+0.5 EI 153
(3,4-Epoxy—1-butene)
C,H: C,H,S 19.2+0.4 EI 188
(Propylene sulfide)
C,H; CH,SCH,CH=CH, 20.3%0.5 EI 186
C,H;?

C,H;? CH,=C=CH, 32.52+0.2 EI 2455
C,H;? C,H, 33.3+0.5 EI 2542
CH,C=CH" AHSys ~ 1175 kJ mol™" (281 keal mol ™)
cyclo-C,H; AHS,, ~ 1075 kJ mol ™' (257 keal mol ™)

C,H; CH,C=CH 8.68 EM 1175 3380
C,H; CH, 8.20+0.5 EI 2535
C,H; CH,=C=CH, H 11.48+0.02 P1 1082 2644
C.H; CH,-C=CH, H 11.4820.03 PI 1082 2724
C.H; CH,=C=CH, H 11.47 EM 1081 3380

See also — EI: 165, 2455

C,H; CH,C=CH H 11.55+0.02 PI 1082 2644

C,H; CH,C=CH H 11.56+0.03 PI 1083 2724

C,H; CH,C=CH H 11.60 EM 1087 3380

See also — EI: 13, 17, 462

C,H; C,H, H 10.54 EM 1075 3380
(cis—Cyclopropene)

See also — EI: 165

C,H; C,H, H,+H 14.21 El 194

C,H! C,H, H,+H 14.30.5 EI 2542

C,H; C,.H, H,+H 13.73+0.1 EI 3191
(Cyclopropane)

CH; CH,CH=C=CH, CH, 10.8620.04 PI 1068 2644

See also — EI: 462

C,H;: CH,=CHCH=CH, CH, 11.40+0.02 PI 1068 2644

C,H; CH,=CHCH=CH, CH, 11.39+0.03 PI 1067 2724

C,H; CH,=CHCH=CH, CH, 11.350.05 PI 1063 2013

See also -~ EI: 462, 2455
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4.3. The Positive lon Table—Continuved

Heat
lonization or of
Reactant Other appearance Method  forma- Ref.
products potential tion
eV) (kJ
mol™1)
C,H; C,H,C=CH CH, 10.84 EM 1069 3380
See also — EI: 13, 462
C,H; CH,C=CCH, CH, 11.04 EM 1069 3380
See also — EI. 13
C,H; 1-C,H, 13.82 EI 195
C,H; cis—2-C,Hg 13.75 EI 195
C,H; C,H, 14.8 El 2742
(Cyclobutane)
C,H; trans—CH,=CHCH=CHCH, 15.16+0.02 El 2455
C,H; neo—C.H,, 17.08 EI 2101
C,H; CH=CCH=CHCH=CH, 14.57 EI 1197
C,H; C,H,C=CC=CH 12.20 El 1197
C,H; CH,C=CCH,C=CH 12.05 El 1197
C,H; CH,C=CC=CCH, 11.99 EI 1197
C,H; CH=CCH,CH,C=CH 12.17 EI 1197
C,H; CeH, 14.7+0.1 RPD 2520
(Benzene)
See also — EI: 1197, 1238, 2103
C,H; CH,=CHCH=CHCH=CH, C,H,+CH,? 14.65+0.10 EI 2751
(0.30 eV average translational energy of decomposition at threshold)
C,H; C.H, 14.87+0.10 EI 2751
(1,3—Cyclohexadiene)
C,H; C.H, 15.20+0.10 EI 2751
(1,4—Cyclohexadiene)
C,H; CH,CH=CHCH=CHCH, 14.92+0.03 EI 2455
C,H; CH,=CH, 13.44+0.20 EDD 2738
(Methylenecyclopentane) ‘
C,H; C.H,CH, 13.23+0.21 EDD 2738
(1-Methylcyclopentene)
C,H; C,H,CH, 13.24+0.32 EDD 2738
(3—Methylcyclopentene)
C,H; CH,, 13.4520.18 EDD 2738
(Cyclohexene)
C,H; (C,Hy), 11.99+0.18 EDD 2738
(Bicyclopropyl)
C,H; CeHyo 12.98+0.19 EDD 2738
(Bicyclo[3.1.0}hexane)
C,H; CH,,=CH, 13.90+0.13 EDD 2558
(Methylenecyclohexane)
C.H; C.H,CH, 14.06+0.13 EDD 2558
(1-Methylcyclohexene)
C,H; Cc.,H,CH, 13.85+0.08 EDD 2558
(3—Methylcyclohexene)
C,H; CH,CH, 14.02+0.15 EDD 2558
(4—Methylcyclohexene)
C,H; C.H, 14.03+0.09 EDD 2558

(Bicyclo[2.2.1]heptane)
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4.3. The Positive lon Table—Continued

Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(V) (k]
mol™1) -
C,H; C.Hy, 12.53+0.12 EDD 2558
(Bicyclo[4.1.0]heptane)
C,H; C¢H,CH=CH, 14.90+0.10 El 2914
(Ethenylbenzene)
(0.07 eV average translational energy of decomposition at threshold)
C,H? C,H, 13.40=0.10 El 2914
(Cyclooctatetraene)
C,H; CH, 14.16+0.15 EI 2914
(Cyclobutenobenzene)
(0.11 eV average translational energy of decomposition at threshold)
C,H; CgH, 13.64+0.25 El 2914
(Bicyclo[2.2.2]octatriene)
C,H; CgH, 11.87+0.15 EI 2914
(syn—Tricyclo[4.2.0.0%*Jocta—3,7—diene)
C,H; CgH, 11.9520.10 El 2914
(anti-Tricyclo[4.2.0.0**Jocta—3,7—diene)
C.H; CgH, 10.01%0.10 EI 2914
(Cubane)
See also — EI: 2105
CH; (CH,),C=CHCH=C(CH,), 26.52+0.1 EI 2455
C.H; (CH,),NH 18.9+0.4 EI 52
(Pyrrolidine)
C,H; C4H;N 14.00+0.10 EI 1406 .
(Pyridine)
C,H; (CH,),0 14.5+0.2 El 52
(1,3—Epoxypropane)
C,H; n—-C,H,0H 15.6+0.3 EI 46
C,H; C,HO 13.5+0.3 EI 153
(3,4—Epoxy—1-butene)
C,H; (CH,),0 18.7+0.6 EI 52
(1,4-Epoxybutane)
C,H; C,H,0, , 15.9+0.4 EI 153
(1,2-Epoxy—3—methoxypropane)
C,H; CHF 14.27+0.1 EI 2103
(Fluorobenzene)
C,H; C,HS 15.9+0.2 EI 188
(Propylene sulfide)
C;H; (CH,),S 15.3+0.4 EI 52
(Trimethylene sulfide)
C,H; cH,S 12.8+0.2 EI 2166
(Thiophene)
C,H; CH,SCH,CH=CH, 16.5+0.4 EI 186
C,H; (CH,),S ' 17.2+0.2 EI 52
(Tetramethylene sulfide)
C,H; n-C,H,SCH, 18.4+0.5 EI 176
C,H; iso-C,H,SCH, 21.0+0.5 EI 186
C.H; CH,SCH=CHC=CH 13.4+0.3 El 2949
C,H; CH,SC=CCH=CH, 13.4+0.3 EI 2949
C,H; C.H,SH 20.0+0.3 EI 3286
(Mercaptobenzene)
C,H; C,H,SCH=CHC=CH 14.8+0.3 EI 2949
C.H; C,H,SC=CCH=CH, 15.2+0.3 El 2949
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4.3. The Positive lon Table—Continued

Heat
lonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™!)
C,H; CH,C=CCl Cl 11.0+0.2 EI 13
C.Hy (C5Hy),TiCl, 18.0+0.5 EI 2479
(Bis(cyclopentadienyljtitanium dichloride)
C,H; C;H V(CO), 13.5+0.3 El 1381
(Cyclopentadienylvanadium tetracarbonyl)
C,H; C,HMn(CO), 20.3+0.4 EI 1381
(Cyclopentadienylmanganese tricarbonyl)
C,H; CH,C=CBr Br 11.1+0.2 El 13
C,H3 (CsHy),ZrCl, 19.520.4 EI 2479
(Bis(cyclopentadienyl)zirconium dichloride)
The heat of formation of the propargyl ion is ~1175 kJ mol ™. For all other C,H}ions for which accurate
appearance potentials have been measured the computed heats of formation are on the average about 1075 kJ
mol ™. This value is assigned to the cyclic C H} structure on the basis of its greater stability. For
details see ref. 3380.
C,HD;
C,HD; CD,C=CH D 12.22+0.05 El 17
C,D;
C,D; CD,C=CH H 12.16+0.06 El 17
C;H;’

C,H;? CH,=C=CH, H 34.57x0.1 El 2455
C,H;? C;H, 34.1%0.5 EI 2542
CH,=C=CH} AHS,, ~ 1124 kJ mol ' (269 kcal mol ™)

CH,C=CH" AH:,, = 1185 kJ mol ' (283 kcal mol ™)

C,H; (cis—Cyclopropene) AH$,0 ~ 1209 kJ mol ™ (289 keal mol ™)

CH; CH,=C=CH, 9.53+0.03 PI 1112 2724
CH] CH,=C=CH, 9.62+0.04 PI 1120 2644
C,H, CH,=C=CH, 9.69 PE 1127 3058
C,H; CH,=C=CH, 9.83 PE 1141 2843
CH; CH,=-C=CH, 9.62 EM 1120 3380

The ionization potential is uncertain due to Jahn—Teller distortion and hot band effects.

See also - S: 3124

El: 462, 2455
C,H; CH,C=CH 10.36 S 1185 162, 1022
(Average of three Rydberg series limits)

C;H; CH,C=CH 10.349+0.015 PI 1184 2726, 2965

CH; CH,C=CH 10.36520.015 PI 1186 3098

C.H; CH,C=CH 10.36+0.01 Pl 1185 162, 182,
416, 1022
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4.3. The Positive lon Table—Continued

=111

Heat
Tonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) &J
mol™Y)
C,H; CH,C=CH 10.36+0.02 PI 1185 2724
C,H; CH,C=CH 10.38+0.02 PI 1187 2644
C,H; CH,C=CH 10.37+0.01 PE 1186 2805
C,H, CH,C=CH 10.37 PE 1186 2851
C,H; CH,C=CH 10.36 EM 1185 3380
See also - S: 3152
EI: 13,17
C,H; C,H, 9.70 PE 1212 3330
(cis—Cyclopropene)
C,H; C,H, 9.64 EM 1206 3380
(cis—Cyclopropene)
See also — EI: 62, 87, 1129, 2535
C,H, C,H, H, 12.3+0.5 EI 2542
C,H, C;H, H, 12.52 ElI 194, 195
C,H; C,H, H, 11.57%0.1 EI 3191
(Cyclopropane)
C,H; trans—CH,=CHCH=CHCH, C,H, 12.63+0.02 EI 2455
C,H; C¢Hq 14.52+0.10 El 2751
(1,3—Cyclohexadiene)
C,H; C¢H,q 13.95+0.10 EI 2751
(1,4—Cyclohexadiene) .
C,H; CHO 11.3+0.3 EI 153
(3,4-Epoxy—-1-butene)
C,H; (CHp,0 15.2%0.3 EI 52
(1,4-Epoxybutane)
C,H, C,HS 14.4+0.3 EI 188
(Propylene sulfide)
C,HD;
C,HD; CD,C=CH 10.62+0.05 ElI 17
C,D{
C,D; CDh,C=CD 10.375+0.015 PI 3098
C.H;?
C,H? CH,=C=CH, 30.24+0.2 El 2455
C,H}? C,H, 30.1+0.5 El 2542
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4.3. The Positive lon Table—Continued

(1-Methylcyclopentene)

J. Phys. Chem. Ref. Data, Vol. 6, Suppl. 1, 1977

Heat
Ionization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) {kJ
mol™1)
CH,=CHCH; AHS, ~ 946 kJ mol ™! (226 kcal mol™)

C,H; CH,=CHCH, 8.07+0.03 EM 949 3350
C,H; CH,=CHCH, 8.05%0.1 ElI 123
This radical, identified in ref. 123 as cyclopropyl, is now considered to have isomerized to allyl,
see ref. 3380.

See also — EI: ~ 87, 1129, 3368

C.H; C,H, H 11.88 EM 949 3350, 3380

See also — PEN: 3348

EI: 194, 195, 1451, 2542, 3368

C,H; C,H, H 11.49 EM 944 3380
(Cyclopropane)

See also — PEN: 3348

EIL: 123, 3191

C,H; C,H, H,+H 14.76 El 195

C,H; 1-C Hg CH, 11.28 EM 946 3350, 3380

See also — EI: 194, 195, 1451, 2941

C,H; cis-2-C,H, CH, 11.33 EM 944 3350, 3380

See also — EI: 194, 195, 2941

C,H} iso—C H, ‘ CH, 11.45 EM 946 3380

See also - EI: 2941

C,H? C,H.CH, CH, 11.02 EM 3380
(Methylcyclopropane)

See also — EI: 2941

C,H; C.H, CH, 11.00 EM 946 3380
(Cyclobutane)

See also — EI: 2742, 2941

C,H; n-C,Hy, 13.40 EI 195

C,H; iso—C,H,, 14.55 EI 195

C,H; trans—CH,=CHCH=CHCH, 14.20+0.02 EI 2455

C,H; neo—C.H,, R 13.13 EI 2101

C,H; CH,CH=CHCH=CHCH, 13.06+0.02 EI 2455

C,H; CH2=CHCH2CH2CH=CH2 =10.9 El 3368

C,H; C,H,=CH, 12.03+0.13 EDD 2738
(Methylenecyclopentane)

C,H; C,H,CH, 12.45+0.13 EDD 2738
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4.3. The Positive lon Table—Continued
Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?)
C,H; C,H.,CH, 12.28+0.17 EDD 2738
(3—Methylcyclopentene)
C,H; CeH,, 12.12+0.12 EDD 2738
(Cyclohexene)
C;H; (C,Hy), 10.64+0.14 EDD 2738
(Bicyclopropy))
C,H} CeH o 11.65+0.14 EDD 2738
~ (Bicyclo[3.1.0lhexane)
C,H; C¢H,,=CH, 13.25%0.11 EDD 2558
(Methylenecyclohexane)
C,H; Cc,H,CH, 13.46+0.09 EDD 2558
(1-Methylcyclohexene)
C,H; CH,CH, 13.2920.11 EDD 2558
(3—Methylcyclohexene)
C,H; CH,CH, 13.38+0.11 EDD 2558
(4—Methyleyclohexene)
C,H; C.H,, 13.22+0.12 EDD 2558
(Bicyclo[2.2.1]heptane)
C,H; C.H, 11.90+0.10 EDD 2558
(Bicyclo[4.1.0]heptane)
C,H; n—-C.H,, 12.7+0.1 PI 2013
C,H; (CH,),C=CHCH=C(CH,), 14.27+0.03 EI 2455
C,H; C,H;CH=C=CHCH,C(CH,), 15.0 El 3008
C,H; C;H,CN CN 12.70+0.15 El 202
(Cyclopropanecarboxylic acid nitrile) _
C,H; n—C,H,NC 13.18 EDD 3214
C,H; n-C,H,CN 13.73 EI 2966
C,H; tert~C,H,CN 13.50 EDD 3214
C,H; n—C,H,NC 13.35 EDD 3214
C4Hg (CH,),0 OH 11.8+0.2 EI 52
(1,3~Epoxypropane) )
C,H; n-C,H,0H 12.6 PI 2647
(Threshold value approximately corrected to 0 K)
C,H; C,H,0 CO+H? 11.1+0.2 EI 153
(3,4~Epoxy—1-butene)
C4Hy (CH,),0 13.72 El 2694
(1,4~Epoxybutane)
See also — EI. 52
C,H; (C,Hy),0 11.6 EI 2971
CsHg (CHy),0 ~12.8 EI 2694
(1,5~Epoxypentane)
C,H; n-C.H,F 14.12 EI 2029
CH; (C,Hy),P 16.4+0.3 El 2948
C,H; C;HS SH? 11.5+0.2 EI 188
(Propylene sulfide)
C,H; (CH,),S SH? 12.2+0.2 EI 52
(Trimethylene sulfide)
C,H; CH,SCH,CH=CH, 12.7+0.3 EI 186
C,H; (CH,),S 15.5+0.2 El 52
(Tetramethylene sulfide)
C,H; n—-C,H,SCH, 14.8+0.2 EI 176
C,H; iso—C,H,SCH, 15.2%0.2 EI 186
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4.3. The Positive
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lon Table—Continued

Heat
lonization or of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) 3
mol™?)
C,H;?
C,H? C.H, H 31.1x0.5 EI 2542
C,H; AHS, = 960 kJ mol ™' (229 kcal mol ™)
C,H; (Cyclopropane) AHS,, <999 kJ mol ' (239 kcal mol ™)
C,Hg C,H, 9.74 S 960 133
C,H! C,H, 9.727+0.010 PI 959 1253
C,H; C,H, 9.73+0.01 PI 959 133, 182,
416
C,H; CH, 9.730.02 PI 959 1120
C,Hg C,H, 9.73 PI 959 168
C,H C,H, 9.74+0.01 PI 960 3098
C,Hg C,H, 9.69 PE 2843
C,H; C,H, 9.76 PEN 2430, 2466
C,Hg C,H, 9.72 EM 3380
See also — S: 3353
PE: 3359
EIL 194, 195, 411, 1129, 2535, 3201
CH; C,H, 10.06+0.03 PI 182
(Cyclopropane)
C,H;! C,H, <9.8 PE =999 2808
(Cyclopropane)
(Value estimated from fig. 7 of this reference)
C,H;! C,H, 10.1 PEN 2430
(Cyclopropane)
CH;! C.H, <9.93 EM 3380
(Cyclopropane)
See also — PI: 416
ElL: 123, 3191
C,H; C,H, H, 11.7520.05 PI 2606
(Threshold value approximately corrected to 0 K) ‘
The thermochemical threshold for this process is 11.02 eV. The excess is due probably to reaction
competition and kinetic energy of fragmentation.
See also — EI: 195
C,H; n-C,H,, CH, 11.16+0.03 PI 1120
(Threshold value approximately corrected to 0 K) '
C,Hg n-C,Hy, . CH, 11.18 PI 2606

(Threshold value approximately corrected to 0 K)
The thermochemical threshold for this process is 10.48 eV.

See also — EI: 195
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4.3. The Positive lon Table—Continued
Heat
lonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
eV) (kJ
mol™?)
C,H; iso-C,H,, CH, 10.93+0.03 Pl 1120
(Threshold value approximately corrected to 0 K)
The thermochemical threshold for this process is 10.56 eV.
See also — EI: 195
C.Hg trans—CH,=CHCH=CHCH, C,H, 12.73+0.03 EI 2455
CH? C,H,(CH,), C,H, 11.23+0.04 El 1146
(1,1-Dimethylcyclopropane)
C,Hg C;H,(CH,), C,H, 11.26+0.02 El 1146
(cis—1,2~Dimethylcyclopropane)
C,H; C,H,(CH,), C,H, 11.29+0.05 El 1146
(trans—1,2-Dimethylcyclopropane)
C,H, n-C.H,, C,H, 10.99+0.02 PI 1120
(Threshold value approximately corrected to 0 K)
C.H; iso-CgH , C,H, 10.840.025 PI 1120
(Threshold value approximately corrected to 0 K)
C.H; n-C¢H C H, 11.00+0.035 PI 1120
(Threshold value approximately corrected to 0 K)
C.H; iso—C¢H,, C,H, 10.91+0.05 Pl 1120
(Threshold value approximately corrected to 0 K)
C,H; (CH,),CHCH(CH,), C,H, 10.695+0.02 PI 1120
(Threshold value approximately corrected to 0 K)
C.H; n-C,Hq CHy 10.97+0.08 PI 1120
{Threshold value approximately corrected to 0 K)
CH; n—C.H, C,Hy, 10.6520.1 Pl 2013
C,Hg iso-C,H,CN 12.25 EDD 3214
C,H; n—C,H;NC 12.13 EDD 3214
C,Hg n—C,H,0H H,0 10.50 P1 11
(Threshold value approximately corrected for thermal energy and kinetic shift)
CH; n-C,H,0H H,0 10.65+0.03 PI 2647
(Threshold value approximately corrected to 0 K)
C,H, iso-C,H,OH : H,0 ~12.0 PI 2647
C,H! (CH,),0 11.54 EI 2694
(1,4-Epoxybutane)
See also — EI: 52
C,H; C;H 0, 12.28 EI 2694
(1,3-Dioxepane)
C,Hg n-C,H|F 11.47 EI 2029
CH: iso—C H,BF, 11.48+0.02 EI 1076
C,Hg iso—C,H.SiH, 10.81+0.04 EI 2182
C,H; (C,Hy,PP(C,Hy), 11.3+0.3 El 2948
C,H;! n-C,H,SCH, 12.5+0.4 EI 176
C,H; iso—C,H,SCH, 13.5+0.2 El 186
C,H, n-C;H,Cl HCI 11.03 EIl 3201
C,H; .iso—C,H,Cl1 HCl ‘ 10.3? El 3201
C;H¢ iso—CH,SiCl, 10.92+0.1 El 2182
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4.3. The Positive lon Table—Continved
Heat
fonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™?)
C,D;
C,D; C;Dg 9.755%0.01 PI 3098
n~C,H; AHS,, ~ 868 kJ mol™' (207 kcal mol ™)
iso—C,H7 AHj,0 ~ 800 kJ mol™ (191 kcal mol™)
C,H; n—C,H, =8.1 PI <868 1068
C,H; n-C,H, 8.10+0.05 EM 868 3104, 3379
C,H; n—-C,H, 8.15+0.1 RPD 2158
C,H; n-C,H, 8.13+0.05 RPD 2776
See also - EI: 141, 145, 2719
C,H; iso—-C,H, <75 PI <797 1068
C,H; iso-C,H, 7.55+0.05 EM 802 3104, 3379
C,H; iso—C,H, 7.52+0.1 RPD 2158
C,H; iso-C,H, 7.57%0.05 RPD 2776
See also — EI:
C,H; C,H, H- ~11.0 P1 2606
(Threshold value approximately corrected to 0 K
C,H; C,H, H 11.59+0.01 PI (796) 2606
(Threshold value approximately corrected to 0 K)
C,H; C,H, H 11.585+0.03 PI (796) 1120
(Threshold value approximately corrected to 0 K)
C,H} C,H, H 11.52 RPD 2521
C,H; C,H, H 11.57+0.05 RPD 2776
See also — PEN: 2873
EI:
C,H; n—C,H,, CH, 11.19+0.02 PI 811 1120
(Threshold value approximately corrected to 0 K)
C,H; n-C,H, CH, 11.18 PI (810) 2606
(Threshold value approximately corrected to 0 K)
C,H; n—CH,, CH, 11.10+0.05 RPD 2776
See also ~ EI:
C,H; iso-C,H,, CH, 11.23+0.03 PI (807) 1120
(Threshold value approximately corrected to 0 K)
C,H; iso~C H,, CH, 11.1620.05 RPD 2776
See also — EI:
C,H; n-CH,, C,H; 11.105+0.05 P1 (818) 1120
(Threshold value approximately corrected to 0 K)
C,H; iso—C4H,, C,H, 11.145+0.05 PI (813) 1120
(Threshold value approximately corrected to 0 K)
C,H; n—Cg¢H 4 C,H, 11.33+0.055 PI 1120

(Threshold value approximately corrected to 0 K)
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4.3, The Positive lon Table—Continved
Heat
lonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(V) (kJ
mol™Y)
C,H; n—C¢H,, C.H, 11.42 RPD 2977
C,H; iso—C¢H,, C,H, ~11.35+0.10 PI 1120
(Threshold value approximately corrected to 0 K)
C,H; (CH,),CHCH(CH,), C,H, 11.395+0.07 PI 1120
(Threshold value approximately corrected 1o 0 K)
C,H; n—C,H4 11.05+0.05 PI 2013
C,H; n—C,H 11.58 RPD 2977
CH; (CH,),C=CHCH=C(CH,), 12.23+0.06 EI 2455
C.H} n—CgH,q 11.89 RPD 2977
C,H: n—CoHy 12.17 RPD 2977
C,H? n—C,H,NC CN 12.43 EDD 3214
C,H; n—-C,H,CN 12.50 EI 2966
C,H; n~C H,NC 12.80 EDD 3214
C,H; (CH,),NNHCH, 10.7+0.3 El 424, 3216
C,H; (CH,),NN(CH,), 10.9+0.2 El 424, 3216
C.H} (CH,),CHN=NCH(CH,), 9.35+0.1 El 304
C,H? n-C,H,0H OH 11.6+0.1 PI (~823) 2647
See also — EI: 2018
C,H; iso-C,H,0H OH 11.6 PI (~808) 2647
(Threshold value approximately corrected to 0 K)
C,H; (n—C,H,),0 11.97+0.1 RPD 2776
C,H; (iso—C,H,),0 11.33+0.1 RPD 2776
C,H; (n—C,H,),CO 11.80 RPD 2977
C,H; HCOOCH,CH,CH, 11.63+0.05 EI - 305
C,H; HCOO(CH,),CH, 12.24+0.12 EI 305
C.H? CH,COOCH,CH,CH, 11.41+0.04 EI 305
C,H; CH,COOCH(CH,), 11.12+0.08 EI 305
C,H; C,H 0, 12.36 EI 2694
(1,3-Dioxepane)
C,H; CH,COO(CH,),CH, 11.56+0.10 EI 305
C,H; n-C,H,NO, 10.6 RPD 2018
C,H; n-C,;H,0NO, 11.8 EI 2456
C,H; n-C,H,0NO, 11.5 EI 2456
C,H; n—CH,F 12.02 El 2029
C,H; iso—C,H,BF, 12.05+0.05 EI 1076
C,H; iso~C,H,SiH, 11.33+0.03 El 2182
C,H!? n-C,H,SCH, 12.3+0.4 EI 176
C,H; iso-C,H,SCH, 12.7+0.2 El 186
C,H7 (n-C4H,),8 12.0 EI 307
C,H; n—C,H,Cl c1? 11.13+0.03 EI 3201
C,H; iso-C,H,Cl C1? 10.99+0.05 El 3201
See also — EI: 160, 2776
C,H; n-C,H,Cl 11.92+0.1 EI 72
C.H; iso—C H,Cl 11.26+0.1 EI 72
C,H; iso—C ;H,SiCl, 11.36+0.1 El 2182
C,H; n-C,H,Br Br? 11.3+0.2 RPD 160
C,H; n—-C,H,I 1? 10.4+0.2 RPD 160
C,H7 (iso-C,H,),Hg 9.65+0.1 El 306
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4.3. The Positive lon Table—Continued
Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.

products potential tion
(eV) (k]

mol™Y)

C,H,D"*

C,H,D"* CH,CD,CH, D 11.58+0.05 RPD 2776
C,H,D* CH,CD,CH, D 11.63 RPD 2907
C,H,D,;

C,HD; CH,CD,CH, H 11.63 RPD 2907
C,H,D;

C,H,D; CD,CH,CD, D 11.57? RPD 2907

C,HD{
C,HD; CD,CH,CD, H 11.56 RPD 2907

C,D;
C,D; C;D, D 11.74 RPD 2521
C,D; C,D, D 11.6+0.1 ElI 2521

(Appearance potential of the corresponding metastable transition)
C,H; AH{, <953 kJ mol ' (228 kecal mol™)
C,H; C,Hy 10.95+0.05 PI 953 2606
(Value estimated from fig. 4 of this reference)
C,H; C,H, 10.97 PI 955 3115
C,H; C, H, 10.94+0.05 RPI 952 3293
C,H; C,H, 11.06 PE 2843
C,H; C,H, 11.07 PE 1130
C,H; C;H, 11.07 ‘PE 2829
C,H; C,H, 11.12 PEN 2430, 2466
C.H; C,H, 11.09+0.05 RPD 2776
C,H; C,H, 11.22 RPD 2521
The ionization potential may not be adiabatic.
See also — PI: 182, 416, 1253
PE: 3060
PEN: 2467
- EI 195, 2521

C,HD;

C,HD; CH,CD,CH, 11.29 RPD 2907
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4.3. The Positive lon Table—Continved
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Heat
Tonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™1)
C,H,D
C,H,D; CD,CH,CD, 11.27 RPD 2907
C.D;
C;Dg C,D, 11.40 RPD 2521
cH*
cH* CH=CC=CH H 12.1+0.3 EI 13
cH* CH,=CHC=CH H,+H 12.13 EI 2102
cH* CH,=CHCH=CH, 2H,+H 15.75 EI 2102
cH"* C,H,C=CH 2H,+H 13.20 EI 2102
CH=CC=CH'(’Il ) AHj{,= 1455 kJ mol ™’ (348 kecal mol™)
CH=CC=CH"(’1 ) AHS,;;= 1690 kJ mol™! (404 kcal mol™)
CH=CC=CH'(®’Y ) AH,= 2075 kJ mol™ (496 kcal mol ™)
CH;N ) CH=CC=CH 10.180+0.003 S 1455 2669
CH3(11) CH=CC=CH 10.17=0.01 PE 1454 2804, 2805
CH;m) CH=CC=CH 12.62+0.04 S 1690 - 2669
C Hm) CH=CC=CH 12.62+0.01 PE 1690 2804, 2805
C H;*2) CH=CC=CH 16.61+0.01 PE 2075 2804, 2805
CH;(’s) CH=CC=CH 19.8 (V) PE 2804, 2805
See also — S:
13, 2535
CcH; CH,=CHC=CH H, 12.84 EI 2102
CH; CH,=CHCH=CH, 16.87+0.05 El 2455
CH; CH,C=CCH, 16.7+0.3 EI 13
C,H; CH=CCH=CHCH=CH, 17.55 El 1197
CH; C,H,C=CC=CH 14.15 El 1197
CH; CH,C=CCH,C=CH 15.10 EI 1197
CH; CH=CCH,CH,C=CH 15.02 EI 1197
C,H; C.H, 17.5%0.3 RPD 2520
(Benzene)
CH; CH,=CHCH=CHCH=CH, C,H,+2H, 16.46+0.15 RPD 2751
(0.31 eV average translational energy of decomposition at threshold) '
CH; CeH, C,H,+2H, 19.81+0.10 El 2751
(1,3-Cyclohexadiene)
(0.10 eV average translational energy of decomposition at threshold)
CH; C.Hg C,H,+2H, 17.82+0.25 EI 2751
(1,4—Cyclohexadiene)
(0.20 eV average translational energy of decomposition at threshold)
C.H; CH,CH=CHCH=CHCH, 23.64+0.2 El 2455
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4.3. The Positive lon Table—Continved

Heat
fonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?)
C,H; CcH;CH=CH, 2C,H,+H, 20.22+0.10 RPD 2914
(Ethenylbenzene)
(0.07 eV average translational energy of decomposition at threshold)
C,H; CcH,CH=CH, 2C,H,+H, 19.85+0.25 EI 2914
(Ethenylbenzene)
C,H; CyH,4 2C,H,+H, 17.11+0.10 RPD 2914
(Cyclooctatetraene)
(0.12 eV average translational energy of decomposition at threshold)
CH; C.H, : 2C,H,+H, 17.69+0.30 EI 2914
(Cyclobutenobenzene)
(0.05 eV average translational energy of decomposition at threshold)
C,H; CgH, 2C,H,+H, 17.20+0.30 EI 2914
(Bicyclo[2.2.2]octatriene)
C,H; CH, 2C,H,+H, 15.80+0.10 EI 2914
(syn—Tricyclo[4.2.0.0*%Jocta—3,7—diene)
(0.14 eV average translational energy of decomposition at threshold)
CH; C.H, . 2C,H,+H, 16.78+0.10 EI 2914
(anti—Tricyclo[4.2.0.0**Jocta—3,7—diene)
(0.14 eV average translational energy of decomposition at threshold)
C,H} CH, 2C,H,+H, 14.33+0.20 EI 2914
(Cubane)
See also — EI. 2105
" C,H; C,HN HCN+H, 16.17+0.10 El 1406
(Pyridine)
C.H; C,H N, N,+H, 13.67+0.10 El 1406
(1,2-Diazine) ’
CH; CH,SC=CCH=CH, 19.3+0.3 EI 2949
C,H; CHSH 21.020.3 EI 3286
(Mercaptobenzene)
CH; C,H;SCH=CHC=CH 16.4+0.3 EI 2949
C,H; C,H,SSCH, 23.6+0.3 EI 3286
(Diphenyl disulfide)
C.D;
NG CD=CC=CD 10.180+0.003 S 2669
C,D;’ny CD=CC=CD 10.1820.01 PE 2804, 2805
C, D31y CD=CC=CD 12.62+0.04 S 2669
C,D;(My) CD=CC=CD 12.62+0.01 PE 2804, 2805
C.Di;*s) CD=CC=CD 16.74+0.01 PE 2804, 2805
C,D;(s) CD=CC=CD 19.8 (V) PE 2804, 2805
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4.3. The Positive lon Table—Continued

1-121

Heat
lonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™Y)
CH;
CH; CH,=CHC=CH H 12.59 ElL 2102
CH; CH,=CHCH=CH, H,+H 16.25+0.05 EI 2455
C,H; C,H,C=CH H,+H 14.6+0.2 EIL 13
C,H; CH,C=CCH, H,+H 15.1+0.2 El 13
CH; trans—CH,=CHCH=CHCH, CH,+H, 16.36+0.08 ElI 2455
C,H; CH=CCH=CHCH=CH, 18.27 EI 1197
CH; C,H,C=CC=CH 15.50 El 1197
C,H; CH,C=CCH,C=CH 15.70 EI 1197
C,H; CH,C=CC=CCH, 15.04 EI 1197
C,H; CH=CCH,CH,C=CH 15.45 EI 1197
C,H; CeH, 17.6+0.1 RPD 2520
(Benzene)
See also — EI: 1197
CH; CH,=CHCH=CHCH=CH, C,H,+H,+H? 16.54+0.15 RPD 2751
(0.21 eV average translational energy of decomposition at threshold)
CH; C¢H, C,H,+H,+H? 17.62+0.10 El 2751
(1,3-Cyclohexadiene)
(0.13 eV average translational energy of decomposition at threshold)
CH; C¢H, C,H,+H,+H? 17.08+0.10 El 2751
(1,4-Cyclohexadiene)
(0.09 eV average translational energy of decomposition at threshold)
CH; CH,CH=CHCH=CHCH, 18.32+0.04 ElI 2455
CH; CH,CH=CH, 2C,H,+H 19.61+0.10 EI 2914
(Ethenylbenzene)
(0.06 eV average translational energy of decomposition at threshold)
C,H; C.H, 2C,H,+H 18.16+0.25 EI 2914
(Cyclooctatetraene)
(0.08 eV average translational energy of decomposition at threshold)
CH; C.H, 2C,H,+H 18.68+0.10 El 2914
(Cyclobutenobenzene)
(0.18 eV average translational energy of decomposition at threshold)
CH; CgH, 2C, H,+H 18.04+0.10 EI 2914
(Bicyclo[2.2.2]octatriene)
C,H; CgH, 2C,H,+H 16.38+0.10 El 2914
(syn—Tricyclo[4.2.0.0**Jocta—3,7—diene)
(0.10 eV average translational energy of decomposition at threshold)
C.H; CgHg 2C,H,+H 16.41+0.10 EI 2914
(anti-Tricyclo[4.2.0.0**Jocta—3,7—diene)
(0.10 eV average translational energy of decomposition at threshold)
CH; C H, 2C,H,+H 14.96+0.10 EI 2914
(Cubane)

See also — EI: 2105
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4.3. The Positive lon Table—Continued

Ionization or

Heat
of

Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol ™)
C,H; C;H,N HCN+H 16.61+0.10 EI 1406
(Pyridine)
C,H; CH,N, N,+H 13.84+0.10 EI 1406
(1,2—Diazine)
C,H; CH,SCH=CHC=CH 15.3+0.3 EI 2949
C,H; CH,SC=CCH=CH, 15.6+0.3 EI 2949
CH; C.H:SH 18.0+0.3 EI 3286
(Mercaptobenzene)
C,H; C,H,SCH=CHC=CH 16.4+0.3 El 2949
CH; C,H,SC=CCH=CH, 16.5+0.3 El 2949
CH; CH,SSC.H, 20.5+0.3 ElI 3286
(Diphenyl disulfide)
CH}?
CcCH}P CH,=CHCH=CH, 35.90+0.2 EI 2455
CH!
C,H, CH,=C=C=CH, 9.25 El 2723
C,H; CH,=C=C=CH, 9.4 El 2712
CH; CH,=CHC=CH 9.87 EI 411
CH; CH,=CHC=CH 9.9 EI 2723
C,H; CH,=CHC=CH 9.9 El 2712, 2752
C.H; CH,=CHC=CH 9.9 El 3009
See also — EI. 2535
C,H, C,H, 8.2 EI 2712
(Cyclobutadiene?)
CH; CH, 9.55 El 2723
(Cyclobutadiene?)
CH; CH, 8.5 D 2843, 3056
(Cyclobutadiene)

There is disagreement on the identity of the C ;H isomer, see refs. 2712, 2723, 2752, 3056.
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4.3. The Positive lon Table—Continued

1-123

Heat
fonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) {kJ
mol™Y)
CH; CH,=CHCH=CH, H, 13.84+0.07 El 2455
CH; C,H,C=CH H, 10.9+0.2 El 13
C.H; CH,C=CCH, H, 14.0+0.1 EI 13
CH; trans—CH,=CHCH=CHCH, 21.12+0.08 El 2455
CH; CH=CCH=CHCH=CH, C.,H, 14.77 EI 1197
C,H; C,H,C=CC=CH C,H, 12 EI 1197
CH,; CH,C=CCH,C=CH C,H, 11.82 EI 1197
CH; CH,C=CC=CCH, C,H, 12.12 El 1197
CH; CH=CCH,CH,C=CH C,H, 11.4 El 1197
CH; C¢H C,H, 14.5+0.2 RPD 2520
(Benzene)
See also — EI: 1197, 1238, 2103, 2833
CH; CH,=CHCH=CHCH=CH, C,H,+H, 12.82+0.10 RPD 2751
(0.21 eV average translational energy of decomposition at threshold)
CH, C¢H, C,H,+H, 13.91+0.20 El 2751
(1,3—-Cyclohexadiene)
(0.10 eV average translational energy of decomposition at threshold)
CH, C¢H, C,H,+H, 13.55+0.10 EI 2751
(1,4-Cyclohexadiene)
(0.05 eV average translational energy of decomposition at threshold)
CH; CH,CH=CHCH=CHCH, 15.41+0.08 EI 2455
CH; C,H,CH=CH, 2C,H, 17.25+0.15 El 2914
(Ethenylbenzene)
(0.07 eV average translational energy of decomposition at threshold)
CH; CgH, 2C,H, 15.10+0.10 RPD 2914
(Cyclooctatetraene)
(0.11 eV average translational energy of decomposition at threshold)
CH; CgH, 2C,H, 16.01+0.15 EI 2914
(Cyclobutenobenzene)
(0.19 eV average translational energy of decomposition at threshold)
CH; CgH, 2C,H, 15.31+0.20 EI 2914
(Bicyclo[2.2.2]octatriene) .
CH; CgH, 2C,H, 13.85%0.10 El 2914
(syn—Tricyclo{4.2.0.0%*Jocta—3,7—diene)
(0.13 eV average translational energy of decomposition at threshold)
CH; CgH, 2C,H, 13.90+0.10 El 2914
(anti—Tricyclo[tl-.2.0.02‘5]0cta—3,7—diene)
(0.13 eV average translational energy of decomposition at threshold)
C,H; CgH, 2C,H, 12.88+0.15 EI 2914
(Cubane)
See also — EI: 2105
CH; C Hy 19.6+0.20 El 2112
(Naphthalene)
CH; CoH, 17.8+0.10 El 2112
(Azulene)
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4.3, The Positive lon Table—Continued

Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
CH; C,H.N HCN 13.28 EI 2833
(Pyridine)
See also — EI: 1406, 3013
CcH; CH,N, N, 11.64+0.05 EI 1406
(1,2-Diazine)
CH, C,H,0, 10.2 El 2712
(2—0Oxa~3-oxobicyclo[2.2.0]hex—5—ene)
CH; CeHF 17.00+0.1 El 2103
(Fluorobenzene)
CH; C.H SH 17.5+0.3 El 3286
(Mercaptobenzene)
CH; C4HCl 17.57+0.1 EI 2103
(Chlorobenzene)
CH; C,H,Br 16.77+0.1 EI 2103
(Bromobenzene)
CH; AHS,, ~ 1003 kJ mol ™' (240 keal mol ™)
CH; CH,CH=C=CH, H 11.04+0.04 PI 1009 2644
CH; CH,=CHCH=CH, H 11.39+0.05 PI 991 2013
C,H; CH,=CHCH=CH, H 11.56+0.04 PI 1008 2644
The two photoionization studies differ in their interpretation of the threshold.
See also - EI: 2455
C,H; C,H,C=CH H 11.6+0.1 El 13
C H; CH,C=CCH, H 12.1+0.1 EI 13
CH; trans—CH,=CHCH=CHCH, CH, . 12.57+0.05 El 2455
C,H; CH,=CHCH=CHCH=CH, C,H,+H 13.60+0.10 EI 2751
(0.23 eV average translational energy of decomposition at threshold)
CcH; C.H, C,H,+H 14.69+0.10 El 2751
(1,3—Cyclohexadiene)
(0.04 eV average translational energy of decomposition at threshold) |
CcH; CeHg C,H,+H 14.48+0.10 EI 2751
(1,4—Cyclohexadiene)
(0.05 eV average translational energy of decomposition at threshold)
CH; CH,CH=CHCH=CHCH, 13.23+0.05 EI 2455
C,H; C,H,=CH, 12.69%0.17 EDD 2738
(Methylenecyclopentane)
CH; C.H,CH, 13.14%0.09 EDD 2738
(1-Methylcyclopentene)
CcH; C,H,CH, 12.69+0.20 EDD 2738
(3—Methylcyclopentene)
CH; C¢H,, 13.31%0.15 EDD 2738
(Cyclohexene)
CH; (C,Hy), 11.22+0.14 EDD 2738
(Bicyclopropyl)
C,H; CeHyg 12.62+0.11 EDD 2738

(Bicyclo[3.1.0]hexane)
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4.3. The Positive lon Table—Continued
Heat
Tonization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™Y)
C,H; C¢H ,,=CH, 13.10+0.10 EDD 2558
(Methylenecyclohexane)
C H; C¢H,CH, 13.22+0.10 EDD 2558
(1-Methylcyclohexene)
C,H; C¢H,CH, 13.42+0.07 EDD 2558
(3—Methylcyclohexene)
CH; CsH,CH, 13.43%0.13 EDD 2558
(4—Methylcyclohexene)
CH; C.H, 13.44+0.11 EDD 2558
(Bicyclo[2.2.1Theptane)
C,H; C,H, 12.42+0.10 EDD 2558
(Bicyclo[4.1.0Theptane)
C,H; (CH,),C=CHCH=C(CH,), 14.60+0.04 EI 2455
CH; CH,;SCH=CHC=CH 13.0+0.3 EI 2949
C,H; CH,SC=CCH=CH, 14.0+0.3 El 2949
C,H; C,H,SCH=CHC=CH 13.1+0.3 EI 2949
CH; C,H,;SC=CCH=CH, 13.7+0.3 El 2949
CH,CH=C=CH, AHS, = 1053 kJ mol ™' (252 keal mol™)
trans—-CH,= CHCH= CH; AHj,e= 985 kJ mol ' (235 kcal mol™)
C,H,C=CH" AH{, = 1147 kJ mol™ (274 kcal mol ™)
CH,C=CCH; AHS .0 = 1069 kJ mol ™' (255 kcal mol™)
C,H; (cis—Cyclobutene) AH$y5 = 1040 kJ mol ' (248 kcal mol™)
CH; CH,;CH=C=CH, 9.23+0.02 PI 1053 2644
See also — EI: 462
CH; cis—CH,=CHCH=CH, ~9.2 D 2842
CH; trans—CH,=CHCH=CH, 9.062=0.01 S 985 3352
(Average of two Rydberg series limits)
CH; trans—CH,=CHCH=CH, 9.070=0.01 PI 985 158, 182,
416
C,H; trans-CH,=CHCH=CH, 9.075+0.005 PI 986 2013
C,H! trans-CH,=CHCH=CH, 9.06+0.02 PI 984 2724
CH, trans—CH,=CHCH=CH, 9.07+0.02 PI 985 2644
C,H; trans—CH,=CHCH=CH, 9.06 PE 984 3120
C.H; trans—CH,=CHCH=CH, 9.07 PE 985 2842, 2843,
3056
C,Hg trans-CH,=CHCH=CH, 9.09+0.05 PE 987 2796
CH; trans—-CH,=CHCH=CH, 9.09+0.03 EI 2455
See also — PE: 1130
PEN: 2430

EIl: 224, 462, 2531, 2752
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4.3. The Positive lon Table—Continued

(Tetramethylene sulfide)

Heat
lonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™1)
CH; C,H,C=CH 10.18 S 1147 1022
(Average of three Rydberg series limits)
CH! C,H,C=CH 10.180.01 PI 1147 162, 182,
416, 1022
CHg C,H,C=CH 10.18 EM 1147 3380
See also — EI: 13
C,H; CH,C=CCH, 9.56 EM 1069 3380
See also — EI: 13
Cc H, C,H, 9.43 PE 1040 3330
(cis—Cyclobutene)
C Hg trans—CH,=CHCH=CHCH, 13.10+0.1 EI 2455
C Hg CH,=CHCH=CHCH=CH, C,H, 12.25+0.30 EI 2751
CcHg CH, C,H, 12.60%0.10 EI 2751
(1,3—Cyclohexadiene) :
C,Hg CH, C,H, 12.17+0.10 El 2751
(1,4—Cyclohexadiene)
C Hg CH,;CH=CHCH=CHCH, 11.53+0.07 EI 2455
C,H; C;H,=CH, 10.88+0.07 EDD 2738
(Methylenecyclopentane)
C,H; C;H,CH, 11.02+0.12 EDD 2738
(1-Methylcyclopentene)
CH; C.H,CH, 10.69+0.07 EDD 2738
(3—Methylcyclopentene)
CH; CeHyo 10.67+0.06 EDD 2738
(Cyclohexene)
CcH; (C,Hy), 9.34+0.06 EDD 2738
(Bicyclopropyl)
CH; CHyo 10.28+0.05 EDD 2738
(Bicyclo[3.1.0}hexane)
C,H; CeH,,=CH, 10.94+0.05 EDD 2558
(Methylenecyclohexane)
C,Hg C¢H,CH, 11.02+0.08 EDD 2558
(1-Methylcyclohexene)
C,Hg CH,CH, 10.94+0.04 EDD 2558
. (3—Methylcyclohexene)
C, H; C,H,CH, 10.82+0.12 EDD 2558
(4—Methylcyclohexene)
CH; C,H,, 11.12+0.03 EDD 2558
(Bicyclo{2.2.1]heptane)
CH; C.,H,, 10.10+0.09 EDD 2558
(Bicyclof4.1.0]heptane) -
CHg (CH,),S 11.9+0.2 EI 52
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4.3. The Positive lon Table—Continved

Heat »
Ionization or of
lon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™Y)
C,H; AHS,;, ~ 863 kJ mol ' (206 kcal mol ™)
C,H; CH,CHCH=CH, 7.54 EM 855 3380
See also — EI: 108
CH; CH,=C(CH,CH, 7.89 EM 3380
See also — EI: 108
C,H; C,H, 7.88+0.05 El 123
This radical, identified in ref. 123 as cyclobutyl, may have isomerized to 2—methylallyl.
F. P. Lossing, private communication.
C, H; 1-C,H, H 11.26 EM 868 3380
See also — EI: 194, 195
CH; cis—2-C,H, H 11.32 EM 867 3380
See also ~ EI: 194, 195
C.H; iso-C,H, H 11.41 EM 866 3380
CH; C,H,CH, H 11.02 EM 3380
(Methylcyclopropane)
C,H; C,H, H 10.91 EM 861 3380
(Cyclobutane)
See also — EI: 123, 2742
CcH; CH,CH,CH,CH=CH, CH, 10.64 EM 863 3380
CH; trans—C,H,CH=CHCH, CH, 10.68 EM 856 3380
C4Hi (CH,),CHCH=CH, CH, 10.74 EM 865 3380
C4H1 C,H,C(CH,)=CH, CH, 10.85 EM 868 3380
C,H; (CH,),C=CHCH, CH, 10.84 EM 861 3380
CH; C,H,C,H, CH, 10.34 EM 3380
(Ethylcyclopropane)
C,H; C,H,(CH,), CH, 10.47 EM 3380
(1,1-Dimethylcyclopropane) -
CH; C,H,(CH,), CH, 11.37+0.02 El 1146
(1,1-Dimethyleyclopropane)
C,H; C;H,(CH)), CH, 11.32+0.03 EI 1146
(cis—1,2-Dimethylcyclopropane)
CH; C,H,(CH,), CH, 11.38+0.04 El ‘ 1146

(trans—1,2—-Dimethylcyclopropane)
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4.3. The Positive lon Table—Continued
Heat
[onization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (K
mol™Y)
C,H7 CH,, CH, 11.14 EM 855 3380
(Cyclopentane)
CH; CH,CH=CHCH=CHCH, 13.19+0.1 EI 2455
CH; C¢H,,=CH, 11.34+0.04 EDD 2558
(Methylenecyclohexane)
cH; C¢H,CH, 11.48+0.05 EDD 2558
(1-Methylcyclohexene)
C,H; C¢H,CH, 11.2220.05 EDD 2558
(3—Methylcyclohexene)
C H; C(H,CH, 11.24+0.04 EDD 2558
(4—Methylcyclohexene)
CH; C.H, 10.60+0.10 EDD 2558
(Bicyclo[2.2.1]heptane)
CH: C.H, 10.27+0.08 EDD 2558
(Bicyclo[4.1.0]heptane)
C H; n—C,H, 11.5+0.1 Pl 2013
CH; (CH,),C=CHCH=C(CH,), 13.0320.02 El 2455
C.H; n-C ,H,CN HCN+H 14.43 EI 2966
CH; n—C,H/NC 13.00 EDD 3214
C,H; (CH,)O CH,0+H ~12.2 EI 2694
(1,5-Epoxypentane)
C,H; n-C,H,F 11.42 El 2029
CH; (CH,),S SH 12.4+0.2 EI 52
(Tetramethylene sulfide)

CcH; CH,CH=CHCH,I I 9.15+0.05 El 108
CH; CH,=C(CH,)CH,I I 9.4020.05 El 108
1-C H; AH,0 ~ 925 kJ mol ' (221 kcal mol ™)

2-C H; AHS, ~ 871 kJ mol ' (208 keal mol ™)
iso—C H; AHS, ~ 871 kJ mol ™ (208 kcal mol™)

C ,H, (Cyclobutane) AHS,5 = 997 kJ mol ' (238 kcal mol ™)

CH, 1-C H, .9.58+0.01 PI 924 133, 182,

416
CH; 1-C H, 9.61+0.02 P1 927 1120
CH; 1-C H, 9.59 PE 925 2843
CH; 1-C H, 9.62 PEN 2466
CH, 1-C,H, 9.58 EM 924 3380
See also — PEN: 2430

62, 194, 195, 2941

CH, cis—2—-C H, 9.119 S 873 2663
C H; cis—2—-C H, 9.13+0.01 Pl 874 182
CH; cis—2-C H, 9.13 P1 874 168
CcH; cis-2-C H, 9.12 PE 873 2843
CH; cis-2-C ,H 9.10 EM 871 3380

See also — EI:

62, 194, 195, 2535, 2941
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4.3. The Positive lon Table—Continved

Heat
Ionization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
C,H; trans—2-C, H, 9.137 S 870 2663
(Average of two Rydberg series limits)
CH; trans—2-C Hy 9.13+0.01 PI 870 182
C,H; trans—2—-C,H, 9.13 PI 870 168
C,H; trans—2-C,H, 9.11 PE 868 3073, 3087
C,H; trans-2—-C,H, 9.12 PE 869 2843
See also — S: 3353
EIL: 62,411,2941
Cc,H; iso—C,H, 9.23+0.02 P1 874 182
C.H; iso-C H, 9.23 P1 874 168
CH; iso—C H, 9.17 PE 868 2843
C,H; iso-C H, 9.19 EM 870 3380
See also ~ EI: 62, 2941, 3201
C.H; C,H,CH, 9.46 EM 3380
(Methylcyclopropane)
See also — EI: 2941
CH; C,H, <10.3 PI 3429
(Cyclobutane)
C.H; CH, 10.06 EM 997 3380
(Cyclobutane)
See also — EI: 123, 2742, 2941
CHg n—-C.H,, CH, 10.93+0.03 PI 1120
(Threshold value approximately corrected to 0 K)
CH; iso-C;H,, CH, 10.735+0.02 PI 1120
(Threshold value approximately corrected to 0 K)
CH; neo—CzH,, CH, 10.39+0.02 PI 1120
(Threshold value approximately corrected to 0 K)
C,H; n—-C4H,, C,H, 11.00+0.015 PI 1120
(Threshold value approximately corrected to 0 K)
CH; iso-C H,, C,H, 10.65+0.015 PI 1120
(Threshold value approximately corrected to 0 K)
CH; (C,H;),CHCH, C,H, 10.58+0.015 P1 1120
(Threshold value approximately corrected to 0 K)
CH; C,H,C(CH,), C,H, 10.23+0.015 PI 1120
(Threshold value approximately corrected to 0 K)
C,H; n-C.H,, C,H, 10.97+0.03 PI 1120
(Threshold value approximately corrected to 0 K)
C,H; n—C.H, C,;H, 10.56+0.05 P1 2013
CH, n-C4H g CH, 11.19+0.07 PI 1120
(Threshold value approximately corrected to 0 K)
CH; n—-C H,NC 12.00 EDD 3214
CH; (CH,);0 CH,0? 11.88 EI 2694
(1,5-Epoxypentane)
CH; tert—C H,SiH, 9.89+0.05 EI 2182
CH; n—C,H,Cl HCI 10.95 EI 3201
CH; sec—C HyCl HCl 10.71 EI 3201
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4.3. The Positive lon Table—Continued
Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(V) (kJ
mol™Y)
CH; iso-CH,Cl HCI 10.77 EI 3201
C,Hy tert—C H,Cl HCl 9.56? El 3201
C,H} tert—C H,SiCl, 10.2620.2 EI 2182
At threshold the various C Hg ions have different structures, see S. G. Lias and P. Ausloos, J. Res.
NBS 75A, 591 (1971) and ref. 2663.
C,D;
Cc,D; trans—2—C,Dy 9.168 S 2663
(Average of two Rydberg series limits)
n-C,H; AHS,; ~ 839 kJ mol ' (200 kcal mol ™)
sec—C,H; AHS,; ~ 768 kJ mol ' (183 kcal mol™)
iso—C Hj AHS,4 ~ 830 kJ mol ' (198 kcal mol ™)
tert—C,H; AHS,; ~ 697 kJ mol ' (167 keal mol™)
CH, n—C,H, 8.01x0.05 EM 839 3104, 3379
CH; n-C,H, 8.01+0.05 RPD 2776
See also — EI: 141, 145, 2719
CH; sec—CH, 7.41%0.05 EM 768 3104, 3379
See also — EI: 141, 145, 2719, 3178
CH, iso—-C,H, 8.01x0.05 EM 830 3104, 3379
See also — EI: 141, 145, 2719, 3178, 3182
C,H; tert—-C,H, 6.93+0.05 EM 697 3104, 3379
See also — EI: 141, 145, 2719, 3178
C,Hg n-C,H, H- 10.9+0.1 PI 2606
(Threshold value approximately corrected to 0 K)
CH, n-C H,, H 11.65+0.1 PI (780) 2606
(Threshold value approximately corrected to 0 K)
See also — EI: 195
C,H, iso—CH,, H - 116 El 195
CH, n—C4H,, CH, 11.055%0.07 PI (778) 1120
(Threshold value approximately corrected to 0 K)
CH; n-C H,, CH, 10.98+0.05 EM (771) 3104
C,H, iso-CH,, CH, 11.145+0.07 PI (779) 1120
(Threshold value approximately corrected to 0 K)
CH; neo—C¢H , CH, 10.565+0.02 PI (711 1120
(Threshold value approximately corrected to 0 K)
CH; neo—Cg4H,, CH, 10.56 EM (711) 3104
See also -~ EI: 2101, 2980 '
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (K
mol™?Y)
CH; iso—C,H,Cl HCI 10.77 EI 3201
CH, tert—C H,Cl HCI 9.56? El 3201
CH; tert—C H,SiCl, 10.26+0.2 El 2182
At threshold the various C Hj ions have different structures, see S. G. Lias and P. Ausloos, J. Res.
NBS 75A, 591 (1971) and ref. 2663.
Cc,D;
Cc,D; trans-2—-C,Dy 9.168 S 2663
(Average of two Rydberg series limits)
n-CH; AH{,; ~ 839 kJ mol ™' (200 keal mol ™)
sec—C,H; AHS,, ~ 768 k] mol ' (183 kecal mol ™)
iso—C Hj AH{; ~ 830 kJ mol ™" (198 keal mol ™)
tert—C H; AHS, ~ 697 kJ mol™' (167 keal mol™)
C,H, n—-C,H, 8.01x0.05 EM 839 3104, 3379
CH; n—C,H, 8.01+0.05 RPD 2776
See also — EI: 141, 145, 2719
CH, sec—C,H, 7.41+0.05 EM 768 3104, 3379
See also — EI: 141, 145, 2719, 3178
C,H;, iso~C,H, 8.01x0.05 EM 830 3104, 3379
See also — EI: 141, 145, 2719, 3178, 3182
CH: tert—C,H, 6.93+0.05 EM 697 3104, 3379
See also - EI: 141, 145, 2719, 3178
CH; n-CH, H- 10.9+0.1 PI 2606
(Threshold value approximately corrected to 0 K)
CH; n-CH, H 11.65+0.1 P (780) 2606
(Threshold value approximately corrected to 0 K)
See also — EI: 195
CH, iso~C H,, H 11.6 EI 195
CH; n—C;H,, CH, 11.055+0.07 PI (778) 1120
(Threshold value approximately corrected to 0 K) :
CH, n-C,H,, CH, 10.98+0.05 EM (7171) 3104
CH, iso—C4H,, CH, 11.145+0.07 PI (779) 1120
(Threshold value approximately corrected to 0 K)
CH; neo-CH,, CH, 10.565+0.02 PI (711) 1120
(Threshold value approximately corrected to 0 K)
CH; neo-CgH,, CH, 10.56 EM  (711) 3104

See also — EI: 2101, 2980
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4.3. The Positive lon Table—Continued

Heat
fonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™})
CH; n—C.H,, C,H, 11.025+0.07 PI (789) 1120
(Threshold value approximately corrected to 0 K)
C,H; n—C¢H,, C,H, 11.05 RPD 2977
c,H; iso~C4H,, C,H, 10.73+0.02 Pl (753) 1120
(Threshold value approximately corrected to 0 K)
C,H; (C,H,),CHCH, C,H, 10.95+0.07 PI am 1120
(Threshold value approximately corrected to 0 K)
C,H; C,H,C(CH,), C,H, 10.60+0.025 PI (730) 1120
(Threshold value approximately corrected to 0 K)
C,H; n—C,H, n—C,H,? 11.185+0.07 PI (805) 1120
(Threshold value approximately corrected to 0 K)
C,H, n—C,H n-C,H,? 10.56+0.05 PI (745) 2013
CH, n—-C.H,, n—C,H,? 10.72 . RPD 2977
CH; n-C,H,, n—C,H,? 11.40+0.07 P1 {826) 1120
(Threshold value approximately corrected to 0 K)
CH; n—CgH 4 n-C Hy? 11.12 RPD 2977
C,H, n—CgHy, v 11.15 RPD 2977
Although the structure of the larger neutral fragments is uncertain, the results above suggest that no
primary butyl fragment ions are formed. See also W. A. Chupka, J. Chem. Phys. 54, 1936 (1971) and
refs. 2977, 3104.
CH, C,H;CH=C=CHCH,C(CH,)q 11.7+0.05 EI 3007, 3008
CH} cis~(CH,),CCH=CHC(CH,), 11.1220.07 EI 2533
CH; trans—(CH,),CCH=CHC(CH,), 11.23+0.05 EI 2533
CH; (CH,),CCH=C=CH(CH,),CH, 12.0+0.05 EI 3007
CH, (CH,);CCH=C=CHCH,C(CH,), 11.6+0.05 EI 3007
CH, tert—C H,NC CN 12.15 EDD 3214
CH; n—-C ,H,COCH, 11.92 RPD 2977
C Hy (n—C4H,);0 11.75+0.1 RPD 2776
CH; (n—C,H,),CO 11.82 RPD 2977
CH, CH,COO(CH,),CH, 11.31+0.10 EI 305
C.H; n—-C ,H,ONO 10.6 RPD 2018
CH,; tert—C H,SiH, 10.25+0.02 El 2182
C,H, tert—C H Si(CH,), 11.88 RPD 3187
CH, n—C,H,Cl cr? 10.95+0.05 FI 3201
CH, sec—C H,Cl ClI? 10.99+0.05 El 3201
CH; iso~C H,Cl C1? 11.40? EI 3201
C,H; tert—C H,Cl Cl? 10.80+0.07 El 3201
CH, tert—C, H,SiCl, 10.72+0.1 El 2182
C,H; tert—C,H,Sn(CH,), 10.03+0.23 EI 2720
C.Hg (n=CH,),Hg ’ 10.55+0.1 EI 306
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4.3. The Positive lon Table—Continued

Heat
lonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (K
mol™?)
n-C,Hj, AHS,, <887 k] mol ™' (212 keal mol™)
iso~C H;, AHS,, <879 kJ mol ' (210 keal mol™)
C Hi, n—C,H,q 10.550.05 PI 1120
(Value estimated from fig. 7 of this reference)
CH, n-C,H,, 10.55+0.05 PI 2606
(Value estimated from fig. 6 of this reference)
CH?, n-C,H, 10.63+0.03 PI 182, 416
C.Hi, n—CHy, 10.50 PE 887 1130
CH7, n—-C,H,, 10.67 PE 2843
See also — PE: 3060
PEN: 2430, 2466, 2467
EL: 195, 2587, 3356
C.H, iso—C,H,, 10.57 PI 182
CHf, iso-C H ~10.5 PI ~879 1120
(Value estimated from fig. 12 of this reference)
C,Hj, iso—C,H : 10.69 PE 2843
C.Hy, iso-C,H,, 10.78 PE 1130
C Hi, iso~C4H o 10.79 PE 2829
See also - PEN: 2430
El: 62, 195, 3356 .
The ionization potentials are probably not adiabatic, see ref. 1120.
CH;?
C H;? trans-CH,=CHCH=CHCH, 32.640.1 EI 2455
CH;
C.H; CH,C=CC=CCH, CH, 13.55 El 1197
C.H; CH, CH, 15.7+0.1 RPD 2520
(Benzene)
See also — EI: 2498
C.H; CH,=CHCH=CHCH=CH, CH,+H,? 14.95+0.15 EI 2751
(0.18 eV average translational energy of decomposition at threshold)
C.H; CeH, CH,+H,? 15.44+0.10 El 2751
(1,3—Cyclohexadiene)
(0.07 eV average translational energy of decomposition at threshold)
C.H; C.H, CH,+H,? 16.12+0.10 EI 2751
{1,4—Cyclohexadiene)
(0.20 eV average translational energy of decomposition at threshold)
CH; C(H,CH=CH, C,H,+CH,? 17.74+0.10 El 2914
(Ethenylbenzene)
(0.09 eV average translational energy of decomposition at threshold)
C,H; CeH, C,H,+CH,? 16.41+0.15 El 2914
(Cyclooctatetraene)

(0.15 eV average translational energy of decomposition at threshold)
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4.3. The Positive lon Table—Continued

Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(V) (3
mol™?)
CH: CeH, C,H,+CH,? 17.3420.10 EI 2914
(Cyclobutenobenzene)
(0.20 eV average translational energy of decomposition at threshold)
C.H; CgH, 16.11+0.10 El 2914
(Bicyclo[2.2.2]octatriene) :
C,H; CgH, C,H,+CH,? 14.07%0.10 El 2914
(syn-Tricyclo[4.2.0.0**Jocta—3,7—diene)
(0.24 eV average translational energy of decomposition at threshold)
C.H; C.H, C,H,+CH,? 14.36=0.10 EI 2914
(anti-Tricyclo[4.2.0.0**Jocta~3,7—diene)
(0.24 eV average translational energy of decomposition at threshold)
CH; CeH, 13.600.10 EI 2914
) (Cubane) ‘
See also — EI: 2105
C,H; C¢H,SH 22.8+0.3 EI 3286
(Mercaptobenzene)
CH; C¢H SSCH, 22.2+0.3 El 3286
(Diphenyl disulfide)
CH;
C.H; CH; 8.56 El 2732, 2940
(Cyclopentadienyl radical)
CH; C.H, 8.69+0.1 El 68
' (Cyclopentadienyl radical)
C:H; CH=CCH=CHCH, H 11.57 El 2541
(Metastable transition indicates zero kinetic energy release)
C.H; CH,=C(CH,)C=CH H 11.6 El 3335
CH! CH, H 11.9+0.5 SD 1451
(Cyclopentadiene)
C.H{ C.H, H 12.62 : El 2541
(Cyclopentadiene)
(Metastable transition indicates zero kinetic energy release)
C(H; C.H, H 12.6 EI 68
(Cyclopentadiene)
C,H; C.H, H 12.9 EI 3335
(Cyclopentadiene)
CH; trans—CH,=CHCH=CHCH, H,+H 13.90+0.05 El 2455
C.H; CH,=C(CH,)CH=CH, H,+H 13.9 El 3335
C.H; CH,=CHCH=CHCH=CH, CH, 12.25+0.10 EI 2751
(0.06 eV average translational energy of decomposition at threshold)
C.H; C,H,CH=CHC=CH CH, 12.2 EI 3335
C.H; CH,CH=C(CH,)C=CH CH, 12.4 El 3335
CH; C,H,CH, CH, 13.5 El 3335

(Methylcyclopentadiene)
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?)
C.H; CeHg CH, 13.02+0.10 EI 2751
(1,3-Cyclohexadiene)
(0.13 €V average translational energy of decomposition at threshold)
CH! CH, CH, 13.410.10 EI 2751
(1,4—Cyclohexadiene) .
(0.07 eV average translational energy of decomposition at threshold)
CH! CH, CH, 13.6 EI 3335
(1,4-Cyclohexadiene)
C.H; CH,CH=CHCH=CHCH, 13.79+0.04 EI 2455
C.H;: C,H,=CH, 13.45+0.19 EDD 2738
(Methylenecyclopentane)
CH! CH,CH, , 13.45+0.19 EDD 2738
(1-Methylcyclopentene)
C.H; C;H,CH, 13.35+0.05 EDD 2738
(3—Methylcyclopentene)
CH; CH,, 13.5720.11 EDD 2738
(Cyclohexene)
C.H! (C,Hy), 12.20+0.13 EDD 2738
(Bicyclopropyl)
CH! CeHy, 13.2020.12 EDD 2738
(Bicyclo[3.1.0]hexane)
C.H; C.H,CH, 16.7 El 3335
(Toluene)
C.H; C.H, 16.0 El 219
(Cycloheptatriene)
C,H; C.H, 16.66 EI 3335
(Cycloheptatriene)
C,H; C.H, 14.89 EI 219
(Bicyclo[3.2.0}hepta—2,6—diene)
C.H; C.H, 14.9 El 3335
(Bicyclo[3.2.0}hepta—2,6—diene)
C.H; CcH NH, HCN+H 15.24 EI 2541
(Aniline)
(Metastable transitions indicate zero kinetic energy release)
CH; C,H,OH CO+H 14.25 EI 2541
(Phenol)
(Metastable transitions indicate ~0.2 eV kinetic energy release)
CH; C,H,OCH, 13.5 EI 3335
(Methoxybenzene)
CH; CH,SCH=CHC=CH 11.5+0.3 EI 2949
C.H; CH SH 17.3%0.3 EI 3286
(Mercaptobenzene)
CH; (C{Hy),TiCl, 13.020.4 EI 2479
(Bis(cyclopentadienyljtitanium dichloride)
C.H; (CsHy),ZrCl, 13.6+0.2 El 2479
(Bis(cyclopentadienyl)zirconium dichloride)
C.H{?
CH;? trans—CH,=CHCH=CHCH, 30.75+0.2 EI 2455
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4.3. The Positive lon Table—Continued

1-135

Heat
lonization or of
[on Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (ki
mol™1)
C;H; (Cyclopentadiene) AH . = 960 kJ mol ™' (229 kcal mol ™)
C.H{ CH,=CHC=CCH, 8.1 EI 3009
C.H; CH=CCH=CHCH, 9.14 El 2541
C.H, C.H, 8.57420.01 PI 961 2877
(Cyclopentadiene)
C,H¢ C.H, 8.5660.01 PE 960 3411
(Cyclopentadiene) ‘
CH; C.H, 8.55 PE 950 2842, 2843
(Cyclopentadiene)
Price and Walsh, ref. 3351, found a Rydberg series giving an ionization potential of 8.62 eV. Their
absorption spectrum has been reinterpreted by Derrick ez al., ref. 3411, to give limits of 8.566 and
10.620 eV, in agreement with the photoelectron spectra.
See also — PE: 3246, 3330
68, 2163, 2541
C.H; trans~CH,=CHCH=CHCH, H, 12.34+0.06 EI 2455
C.Hg C.H, 10.02 EI 219
(Bicyclo[3.2.0]hepta—2,6—diene)
C Hg C,H, 10.70 ElI 219
(1,3-Cycloheptadiene)
C.H; C.H, 9.58+0.15 EI 2155
(Bicyclo[2.2.1]hept—2—ene)
C.Hg C.H, 10.15 El 219
(Bicyclo(3.2.0lhept—6—ene)
C Hg C,H,NH, HCN 12.3+0.1 PI 1160
(Aniline)
See also - EI: 2541, 2972, 3238
CHg CcH,OH co 11.67 EI 3238
(Phenol)
See also — EI:
CH; CH SH 13.4+0.3 El 3286
(Mercaptobenzene)
C.H; C,H,Cl 9.75+0.15 EI 2155
(endo—5—Chlorobicyclof[2.2.1]hept—2—ene)
C.H; C,H,Cl 9.77+0.15 EI 2155
(exo—5-Chlorobicyclo[2.2.1Thept—2—ene)
C.H; C.,H,Cl 10.15+0.15 EI 2155
(3—Chloronortricyclene)
CH,D*
CH,D* C(H,SD 11.9+0.2 El 1039
(Mercapto—~d,—benzene)
CH.?
CH? trans—CH,=CHCH=CHCH, 25.41+0.2 EI 2455
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4.3. The Positive lon Table—Continued
Heat
lonization or of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™1)
C;H;
CH; CH,=CHCHCH=CH, 7.76 EI 2543
CH: C.H, 7.54 EI 2543
(3—Cyclopentenyl radical)
CH; trans—-CH,=CHCH=CHCH, H 10.9320.02 El 2455
CH? CH, H 11.19 EI 2543
(Cyclopentene)
CH; CH, H 10.60 EI 2560
(Bicyclo[1.1.1]pentane)
C.H; CH,CH=CHCH=CHCH, CH, 10.72+0.05 EI 2455
C H; CH,=CHCH(CH,)CH=CH, CH, 9.77 EI 2543
C.H; C ;H,=CH, CH, 9.65+0.03 EDD 2738
(Methylenecyclopentane)
C.H; CH,CH, CH, 9.99+0.09 EDD 2738
(1-Methylcyclopentene)
CH? C.H,CH, CH, 9.67+0.11 EDD 2738
(3—Methylcyclopentene)
C.H; CH,CH, CH, 10.52 ElI 2543
(3~Methylcyclopentene)
CH? CeH CH, 10.18+0.12 EDD 2738
(Cyclohexene)
CH; (C;Hy), CH, 9.12+0.08 EDD 2738
(Bicyclopropyl)
C.H; CH,o CH, 9.68+0.07 EDD 2738
(Bicyclo[3.1.0]hexane)
CH; C¢H,=CH, C,H, 10.4520.11 EDD 2558
(Methylenecyclohexane)
CH} CH,CH, C,H, 10.47+0.07 EDD 2558
(1-Methylcyclohexene) .
C;H; C(H,CH, C,H, 10.43+0.05 EDD 2558
(3—Methylcyclohexene)
CsH; C(H,CH, C,H, 10.43+0.10 EDD 2558
(4—Methylcyclohexene)
C,H; CH, C,H, 10.60+0.10 EDD 2558
(Bicyclo[2.2.1]heptane)
C.H; C,H, C,H, 9.53+0.07 EDD 2558
(Bicyclo[4.1.0]heptane)
C.H; CH,CH=C=CH(CH,),CH, 13.8 EI 3008
C.H; C,H,CH=C=CHCH,CH,CH, 11.6 El 3008
C.H; (CH,),C=CHCH=C(CH,), C,H,+CH, 12.88+0.03 EI 2455
C.H; CH,CH=C=CHCH,CH,CH(CH,), 12.7 El 3008
C H; C,H;CH=C=CHCH,CH(CH,), 11.7 El 3008
C.H; C4H,s C,H,+C,H, 12.21+0.05 EI 1184, 2028
(cis—Hexahydroindan)
CH; CoH, C,H +C,H, 12.1920.03 EI 1184, 2028
(trans—Hexahydroindan)
C.H; (CsHp), cyclo-C4H, 9.75 EI 2543
(3,3'—Bicyclopentenyl)
C,H; C,H,CH=C=CH(CH,),CH, 11.9 El 3008
CH; C,H,CH=C=CHCH,C(CH,), 13.5 El 3008
C.H; C¢H,,OH CH,+H,0 10.9 El 3022
(Cyclohexanol)
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4.3. The Positive lon Table—Continued
Heat
Tonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
eV) (kJ
mol ™)
CH,= CHCH=CHCH; AH$, ~ 905 kJ mol ™' (216 kcal mol ™)
CH,= C(CH,)CH=CH; AHS,= 929 kJ mol™' (222 keal mol™)
C;H; (Cyclopentene) AHj, = 902 kJ mol ™ (216 kecal mol™)
- C4H; (Spiropentane) AHS, = 1097 kJ mol ' (262 kcal mol™)
C.H; C,H,CH=C=CH, ' 9.42 EI 62
C.H, cis—CH,=CHCH=CHCH, 8.59 PE 907 2842, 2843
See also — EI: 62
C:H; trans—CH,=CHCH=CHCH, 8.56 PE 904 2842, 2843
See also —~ EI: 62, 2455
C;H; CH,;CH=C=CHCH, 9.26 EI 62
C.H, CH,=CHCH,CH=CH, 9.58 ElI 62
CH; CH,=C(CH,)CH=CH, 8.844+0.01 S 929 3352
(Average of two Rydberg series limits)
C;H; CH,=C(CH,)CH=CH, 8.845%0.005 Pl 929 182
See also ~ EI: 2411
C.H} CH,=CH, 9.16+0.02 PI 2877
(Methylenecyclobutane)
C.H; C,H,=CH, 9.12 PE 3343
(Methylenecyclobutane)
CH; C:H, 9.01:0.01 PI 902 182
(Cyclopentene)
CH; C.H, 9.02+0.01 PI 903 2877
(Cyclopentene)
C.H; C.H, 9.00 PE 901 2843
(Cyclopentene)
CH; CH, 9.01+0.01 PE 902 3158
(Cyclopentene)
C.H; CH, 9.01 PE 902 3330
(cis—Cyclopentene)
See also — EI: 62, 411, 2531, 3342
CH; C:H, 9.65 EI 2560
(Bicyclof1.1.1]pentane)
CH; CH, : 9.45 PE 1097 2843, 2951
(Spiropentane)
CH; CH,,=CH, C,H, 10.46+0.08 EDD 2558
(Methylenecyclohexane) '
CH; CH,CH, C,H, 10.56+0.15 EDD 2558
(1-Methylcyclohexene)
CH; CcH,CH, C,H, 10.50+0.04 EDD 2558
(3—Methylcyclohexene)
C.H; CH,CH, C,H, 10.39+0.05 EDD 2558
{4—Methyleyclohexene)
CiH, C.H, C,H, 10.30+0.07 EDD 2558

(Bicyclo]2.2.1]heptane)

J. Phys. Chem. Ref. Data, Vol. 6, Suppl. 1, 1977



I-138 ROSENSTOCK ET AL
4.3. The Positive lon Table—Continued
Heat
[onization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
{eV) (kJ
mol™Y)
CsH; C.H, C,H, 9.3720.07 EDD 2558
(Bicyclo[4.1.0]heptane)
For a discussion of these fragment ion structures see ref. 2558.
C,H; CH,CH=C=CH(CH,),CH, 9.2 El 3008
C.H; CH,CH=C=CHCH,CH,CH(CH,), 9.9 El 3008
C.H; C,H(CH,),(CH=CH,), 9.4+0.1 EI 2411
(trans—1,2—Diethenyl-1,2—dimethylcyclobutane)
C.H; C,H,CH=C=CHCH,C(CH,), 12.6 EI 3008
CHy C;H,O0H H,0 9.49 RPD 2999
~ (Cyclopentanol)
C.H; C,HF HF 10.56 EI 2029
(Fluorocyclopentane)
C.H; C;H,Cl HCl 10.53 EI 2029
(Chlorocyclopentane)
C:H,;’
C H;? trans—CH,=CHCH=CHCH, 24.51x0.1 El 2455
CH;
C;H; C,H,CH=CHCH, 7.65 EI 2543
C.H, C:H, 7.79+0.03 EI 123
{Cyclopentyl radical)
C.H,; C;H,CH, CH, 10.95 EI 123
(Methylcyclopentane)
C:H, C¢H o(CH,), 12.12+0.05 EI 1145
(cis—1,2—-Dimethyleyclohexane)
C,H, CeH o(CH;), 12.0020.05 EI 1145
(trans—1,2—Dimethylcyclohexane)

C.H; cis—(CH,),CCH=CHC(CH,), 11.70x0.03 EI 2533
CH; trans—(CH,),CCH=CHC(CH ), 12.06+0.05 EI 2533
CH,CH,CH,CH=CH; AH{,06 = 895 kJ mol ' (214 keal mol™)

C,H,CH=CHCH; AHS .0 ~ 829 kJ mol ™' (198 keal mol ™)

(CH,),CHCH=CH, AHS . = 889 kJ mol ™' (213 keal mol ™)

C,H,C(CH,)=CH; AH{, = 844 kJ mol ™' (202 keal mol ™)

(CH,),C=CHCH; AHS e = 795 kJ mol ™' (190 keal mol™)

C;H;,(Cyclopentane) AHS e ~ 936 kJ mol ™ (224 keal mol™)

CHj, CH,CH,CH,CH=CH, 9.50+0.02 PI 896 182
C.H;, CH,CH,CH,CH=CH, 9.50+0.02 PI 896 1120
C.Hy, CH,CH,CH,CH=CH, 9.48 EM 894 3380

See also - EI. 62

CsH1, cis—C,H,CH=CHCH, 9.11 El 62
C.Hj, trans—C,H,CH=CHCH, 8.92 EM 829 3380
CH;, trans-C,H,CH=CHCH, 9.06 EI 62
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4.3. The Positive lon Table—Continued
Heat
lonization or , of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)
CsHJ, (CH,),CHCH=CH, 9.510.03 PI 889 182
C Hi, (CH,),CHCH=CH, 9.52 PE 890 2843
CH;, (CH,),CHCH=CH, 9.52 EM 890 3380
See also — EIL:
C H7, C,HC(CH,)=CH, 9.120.02 PI 844 182
CHT, C,H,C(CH,)=CH, 9.12+0.02 PI 844 2877
C.Hj, C,H,C(CH,)=CH, 9.12 EM 844 3380
See also — EI:
CHT, (CH,),C=CHCH, 8.67£0.02 PI 794 182
CH?, (CH,),C=CHCH, 8.68 PI 795 168
C,HJ, (CH,),C=CHCH, 8.70 EM 797 3380
C:Hj, (CH,),C=CHCH, 8.85%0.04 RPD 2410
See also — S:
EL
C:Hy, C,H,C,H, 9.50 EM 3380
(Ethylcyclopropane)
C.H, C,H,(CH)), 9.08 EM 3380
(1,1-Dimethylcyclopropane)
C.H?, C,H,(CH,), 9.76+0.02 EI 1146
(1,1-Dimethylcyclopropane)
CHj, C,H,(CH,), 9.76+0.02 EI 1146
(cis—1,2—Dimethylcyclopropane)
CH}, C,H,(CH,), 9.73+0.02 EI 1146
(trans—1,2—Dimethylcyclopropane)
CH{, CHy 10.53+0.05 PI 939 182
(Cyclopentane)
CH?, CH,, 10.49 PE 935 2843
(Cyclopentane)
C.Hj, CH, 10.50+0.01 PE 936 3158
(Cyclopentane)
C.Hj, C.H,, 10.49 EM 935 3380
(Cyclopentane) :
See also - EI
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4.3. The Positive lon Table—Continued

Heat
. Ionization or of
{on Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol 1)
CsHi, n—C¢H,, CH, 11.005+0.055 PI 1120
(Threshold value approximately corrected to 0 K)
C.Hj, iso—C,H,, CH, 10.835+0.025 PI 1120
(Threshold value approximately corrected to 0 K)
C;Hj, (C.H;),CHCH, CH, 10.70+0.055 PI 1120
(Threshold value approximately corrected to 0 K)
CsHi, C,H C(CH,), CH, 10.280.02 PI 1120
(Threshold value approximately corrected to 0 K)
CHY, (CH,),CHCH(CH,), CH, 10.54+0.03 PI 1120
(Threshold value approximately corrected to 0 K)
C Hj, n—-C.Hy, C,H, 11.035+0.025 PI 1120
(Threshold value approximately corrected to 0 K)
C H7, n—-C,Hy C,H, 10.40+0.05 PI 2013
CsHy, n—C.H, C,H, 10.33 RPD 2999
C¢Hj, C¢H,o(CH,), 11.62+0.08 EI 1145
) (cis—1,2-Dimethylcyclohexane)
C:HY, , CeH (CHy), 11.60+0.07 EI 1145
(trans—1,2—Dimethylcyclohexane)
CH7, n—CgH g C,H, 11.08+0.03 PI 1120
(Threshold value approximately corrected to 0 K)
CHi, ¢is—(CH,;);CCH=CHC(CH,), 9.15+0.06 EI ' 2533
C H7, trans—(CH;),CCH=CHC(CH,), 9.60+0.05 El 2533
CSH;o n-C;H,F HF 10.07 EI 2029
CHj, n—-C3H,,C] HCl 10.63 El 2029
CHY,
CHI, n—-C;H,CHCH, 7.7320.1 EI 151
CH}, (C,H,),CH 7.86+0.05 EI 151
CHy, C,H;C(CH,), 7.12%0.1 El 151
CeHI, ‘ neo—CgH,, 8.33x0.1 El 151
CH}, n-C¢H,, CH, 11.045+0.085 PI 1120
(Threshold value approximately corrected to 0 K) .
C.Hi, iso~C¢H , CH, 10.865+0.085 PI 1120
(Threshold value approximately corrected to 0 K) ‘
CHj, (C,H,),CHCH, CH, 10.86+0.085 PI 1120
(Threshold value approximately corrected to 0 K) :
CH}, C,H,C(CH,), CH, 10.555+0.045  PI 1120
(Threshold value approximately corrected to 0 K)
CH}, (CH;),CHCH(CH,), CH, ©°10.72+0.085 P1 1120
(Threshold value approximately corrected to 0 K)
C H7, n—C.H C,H; 10.96+0.085 PI 1120
(Threshold value approximately corrected to 0 K)
CgHy, n—-C;H,, -C,Hy 10.43+0.05 PI 2013
C.H?, n—C,H,q C,H, 10.66 RPD 2077
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4.3. The Positive lon Table—Continved
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Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?)
C.H7, n—CgH s C,H, 11.22+0.085 PI 1120
(Threshold value approximately corrected to 0 K)
C,H7, n—CgH,4 C;H, 11.03 RPD 2977
C.H, n—CoH,, C,H, 11.10 RPD 2977
C.H, n—-C,H,,COCH, 11.16 EI 2977
C,H7, n—C,H,,COC,H, 11.5+0.3 EI 2740
C.H7, n—C,H,,00H 11.3+0.1 EI 2464
C.HJ, n-C,H,CH(OOH)CH, 10.7+0.1 EI 2464
C.Hj, (C,H;),CHOOH 10.9+0.1 El 2464
n-CH], AHS,, = 853 kJ mol ' (204 kcal mol ™)
iso—~C H}, AHS, = 841 kJ mol ' (201 keal mol ™)
neo—C.H7, AHS,, <835 kJ mol ' (200 keal mol ™)
C H7, n-C.H,, 10.35 PI 852 182
C,H{,; n—-C4H,, . 10.37 PE 854 2843
See also — PE: 3060
C.H;, iso—C{H,, 10.32 PI 841 182
C.H;, iso-C{H,, 10.32 PE 841 2843
See also — EI: 62
C.H7, neo—C H , 10.35 PI 833 182
C:Hy, neo~C:H,, 10.40 PE 837 2843
The ionization potential is probably not adiabatic. The parent ion is not observed in electron impact
mass spectra.
CH"
CH* C¢H, 29+2 RPD 2520
(Benzene)
C,H* C.H,SCH, 14.4 EI 307
(Methylthiobenzene)
CH;
C.H; CH, 9.8+0.1 El 87

(Fragment from electron impact induced decomposition of benzene)

See also — EI:

2635
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4.3. The Positive lon Table—Continued
Heat
lonization or of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (k]
mol™Y)
CH;
CcH; C,H,C=CC=CH H,+H 17.92 ElI 1197
CGH; CH,C=CC=CCH, H,+H 17.99 EI 1197
CH; C,H, 20.77+0.01 EI 2112
(Naphthalene)
CH; CoHg 19.2+0.15 EI 2112
(Azulene)
CGH; C.HSH 20.6+0.3 ElI 3286
(Mercaptobenzene)
C¢H; C.H,FCl 16.67 EI 1185
(1-Chloro—2—fluorobenzene)
C H;, C(H,FCl 16.78 EI 1185
(1-Chloro—3—fluorobenzene)
CH; C¢H,FCl 16.81 EI 1185
(1-Chloro—4—fluorobenzene)
CHY
CH; CH=CCH=CHC=CH 9.60+0.2 RPD 2492
CHy CH, 9.45+0.2 RPD 2492
(Benzyne)
See also — EI: 29, 87, 2635
CHy CH=CCH=CHCH=CH, H, 13.72 El 1197
CH; C,H,C=CC=CH H, 11.07 ElI 1197
CH; CH,C=CCH,C=CH H, 11.02 EI 1197
CH, CH,C=CC=CCH, H, 11.35 EI 1197
CH; CH=CCH,CH,C=CH H, 11.17 EI 1197
CH; CeH, H, 14.2+0.2 RPD 2520
(Benzene)
CH; CeH, H, 14.09+0.07 EI 1238
(Benzene)
See also — EI: 1197, 2103
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4.3. The Positive lon Table—Continued
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Heat
lonization or of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
eV) (kJ
mol™Y)
CH; CoH, 18.2+0.15 El 2112
(Naphthalene)
CH, CHy 16.7x0.15 EI 2112
(Azulene)
CH; (CeHy), 18.05+0.3 EI 1238
(Biphenyl)
C.H; CuHy 29+1 RPD 2540
(Phenanthrene)
C.H; CcH,CN HCN 14.60 EI 3238
(Benzoic acid nitrile)
See also — EI: 2420, 2972
C.H, CHO, 15.70+0.2 RPD 2492
(1,4—-Naphthoquinone)
CH; CH,0, , 13.24%0.2 RPD 2492
(1,2—Benzenedicarboxylic acid anhydride)
CeH, CH,(COOCH,), 14.73+0.2 RPD 2492
(1,2-Benzenedicarboxylic acid dimethyl ester)
C¢H, CeHF HF 15.37+0.1 EI 2103
(Fluorobenzene)
CH;, C¢H SH 17.2+0.3 EI 3286
(Mercaptobenzene)
C.H; CHCl HCI 14.87+0.2 EI 2103
(Chlorobenzene)
CH; C¢HBr HBr 14.20%0.2 EI 2103
(Bromobenzene)
CH, CeH,I, 13.6120.2 RPD 2492
(1,2—Diiodobenzene)
CHy CH,I, 13.4020.2 RPD 2492
(1,3-Diiodobenzene)
CHy CeH,IL, 13.83+0.2 RPD 2492
(1,4-Diiodobenzene)
CcH,D,;
C.H,D; C¢H,D,NC 13.6+0.6 EI 2919
(Isocyanobenzene—2,4,6-d,)
CHD;
C HD; C¢H,D,NC 13.6%0.6 EI 2919

(Isocyanobenzene—2,4,6—d,)
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4.3. The Positive lon Table—Continued

Heat
lonization or of
fon Reactant Other appearance Method  forma- Ref.
' products potential tion
(eV) (kJ
mol™})
C¢H;
CeHy CeHy 9.20 El (1188) 1079
(Phenyl radical)
See also — EI: 87, 2635
C.H; CH=CCH=CHCH=CH, H - 13.52 El 1197
CH; C,H,C=CC=CH H 11.50 EI 1197
C.H;: CH,C=CCH,C=CH H 11.50 El 1197
CH; CH,C=CC=CCH, H 11.57 ElI 1197
CH; CH=CCH,CH,C=CH H 11.47 El 1197
CH: CcH, H 13.80+0.03 PI (1196) 3212
(Benzene)
CH; CH, H 13.8+0.1 PI  (~1196) 2013
(Benzene)
C.H: CeH, H 14.1+0.1 RPD 2520
(Benzene)
See also — PI: 3025 .
EI: 301, 1197, 1238, 2103, 2538, 3344
CeH: CH,=CHCH=CHCH=CH, H,+H 13.11%0.10 EI 2751
CH; C,H,CH=CHC=CH H,+H 12.7 El 3335
CH; CH,CH=C(CH,)C=CH H,+H 12.7 EI 3335
C.H; C;H.CH, H,+H 14.0 El 3335
(Methylcyclopentadiene)
CH; CH, H,+H 13.92+0.10 El 2751
(1,3~Cyclohexadiene)
CH; CeHy H,+H 13.92+0.10 EI 2751
(1,4~Cyclohexadiene)
CHg CH,CH, CH, 13.7+0.1 El 301, 3344
(Toluene)
C H? C.H,, 13.8+0.3 EI 2155
(Bicyclo[2.2.1Thept—2—ene)
CeHe C(H,CH=CH, C,H,+H 16.02+0.10 El 2914
' (Ethenylbenzene)
CH; C.H, C,H,+H 14.58+0.10 El 2914
(Cyclooctatetraene) »
CH;: C.H, C,H,+H 15.58+0.10 El 2914
(Cyclobutenobenzene)
CH: CeH, C,H,+H 14.49+0.10 El 2914
(Bicyclo[2.2.2]octatriene)
CH; C.H, C,H,+H 12.4120.10 EI 2914
(syn—Tricyclo[4.2.0.0*%Jocta—3,7—diene)
CH; CgH, C,H,+H 12.5920.10 El 2914
(anti-Tricyclo[4.2.0.0**Jocta—3,7—diene)
CH; CgH, C,H,+H 10.93+0.10 El 2914
(Cubane)

See also - EI: 2105
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4.3. The Positive lon Table—Continved
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Ionization or

Heat
of

Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™Y)

CH; (CH,),C=CHCH=C(CH,), 16.05+0.1 El 2455

C.H;: CoHg 18.45+0.05 El 2112
(Naphthalene)

CH} CoH,g 16.9+0.10 El 2112
(Azulene)

CH? (C.Hy), 18.2+0.5 EI 1238
(Biphenyl)

CH; CH,C=CC.H, 20.7x0.1 EI 1238
(Diphenylacetylene)

CH:? C H,N(CH,), 15.720.1 EI 303, 3344
(N,N-Dimethylaniline)

CH: C.H;CHO CHO? 13.51+0.12 El 130
(Benzenecarbonal)

See also — EI: 308, 1237

CH; C,H,0C=CH 12.2+0.1 EI 13
(Phenoxyacetylene)

CH: CH;COCH, 13.42+0.07 EI 2174
(Acetophenone)

See also — EI: 308, 1237, 3344

CH; C¢H;CH,COCH, 13.66+0.02 El 2174
(Benzyl methyl ketone)

CH; (C¢Hy),0 14.85+0.05 EI 1237
(Diphenyl ether)

C.H; (C¢H3),CO 16.22+0.07 El 1237
(Benzophenone)

CH; C.H;COOCH, 15.4620.05 EI 1237
(Benzoic acid phenyl ester)

C.H; CH;COCOCH, 15.12+0.2 El 1237
(Diphenylglyoxal)

CH; (CcH0),CO 12.1+0.1 EI 1237
(Carbonic acid diphenyl ester)

C.H; C¢H;CONH, 13.5+0.1 El 1168
(Benzoic acid amide)

CH; CcH,COCHN, 14.07+0.14 El 2174
(a—Diazoacetophenone) ‘

CH; C¢H;NO, 12.16 El 3238
(Nitrobenzene)

CH; CH,F F? 14.5+0.1 EI 301, 3344
(Fluorobenzene)

See also — EI: 2103

C.H; C,HCF, 15.2+0.1 El 301
(a,a,a—Trifluorotoluene)

See also - EI: 3344

CH; CH,COCF, 12.0 EI 308

(a,a,a—Trifluoroacetophenone)
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4.3. The Positive lon Table—Continuved

Heat
onization or of
fon Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol 1)
CH; CcH ,SH SH 14.7+0.3 EI 3286
(Mercaptobenzene)
CcH; C:H,SD SD 13.3+0.2 EI 1039
(Mercapto—d,—benzene)
CGH; C,H,SCH=CHC=CH 12.6+0.3 El 2949
CH; CeHCl C1? 12.55+0.07 PI (1141) 3212
(Chlorobenzene)
C,H; CeH.Cl Cl1? 13.2+0.1 EI 301, 3344
(Chlorobenzene)
See also — EI: 2103, 2972, 3230, 3238
C.H; C,H,Cl 13.0+0.3 El 2155
(endo—5—Chlorobicyclof2.2.1Thept—2—ene)
CeH} C,H,Cl 13.0+0.3 EI 2155
(exo—5—Chlorobicyclo[2.2.1]hept—2—ene)
CH; C,H,C) 12.7+0.3 EI 2155
(3~Chloronortricyclene)
CH; C¢H Br Br? 11.7520.05 PI (1127) 3212
(Bromobenzene)
CH: CcHBr Br? 12.02 EI 3238
(Bromobenzene)
See also — EI: 301, 2103, 3230, 3344
CH; CH,I 1? 11.06+0.04 PI (1123) 3212
(Iodobenzene)
C(H; C(H,I I? 11.46 EI 3238
(Iodobenzene)

See also - EI: 2103, 3230, 3238

The heat of formation of phenyl ion is very uncertain. Taking D(C{H;—H) = 435 kJ mol ™ (J. A. Kerr, Chem.
Rev. 66, 465 (1966)), the direct electron impact ionization of phenyl radical leads to a heat of formation

of about 1188 kJ mol ™", close to that from the photoionization of benzene. However, none of the
photoionization thresholds have been corrected for kinetic shifts which may amount to roughly 50 kJ

mol ™. Further, the low thresholds of the halobenzenes may be due in part to ion—pair processes. Taking
into consideration that the radical ionization potential determined by electron impact is probably too

high by as much as 0.5 eV, we suggest a value for AHS,4(C (H3) of about 1140 kJ mol ™' (272 keal mol ).
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4.3. The Posiiivé ton Table—Continued

Heat
lonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™?Y)
C.H; (Benzene) AH .0 = 975 kJ mol ™' (233 kcal mol ™)
C.H; CH,=CHC=CCH=CH, ~10.5 S 3010
CH¢ CH=CCH=CHCH=CH, 9.50 EI 1197
CHg C,H;,C=CC=CH 9.25 EI 1197
CHg CH,C=CCH,C=CH 9.75 EI 1197
CH; CH,C=CC=CCH, 9.20 EI 1197
C H* CH,C=CC=CCH, 11.51+0.02 S 3152
CHg CH=CCH,CH,C=CH 10.35 'EI 1197
CH; C,H,(=CH,), 8.80 PE 3202
(3,4—-Dimethylenecyclobutene)
CHg C,H,=CH, 8.36 PE 3292
(5—Methylenecyclopentadiene)
CHCE) CH, 9.2470.002 S 975 422, 423,
(Benzene) 3376
(Average of four Rydberg series limits)
CeH(’E,p) CH, 9.242+0.005 S 344, 1114
(Benzene)
(Average of two Rydberg series limits)
CH(E,) CeH, 9.248 S 1115
(Benzene)
CeH(E,yy) CeH, 11.489 S 1115
(Benzene)
See also — S: 344, 1114
CeH{A,) CeH, 16.84 S 1115
(Benzene)
CeHI(E CeH, 9.241+0.001 PE 3080
(Benzene)
CH{E,p CH, 9.24 PE 2806
(Benzene) -
CeHY(E,) CeHg 9.25+0.02 PE 2838
(Benzene)
CeH{CE,) CH, 9.2420.01 PE 2843, 2844,
(Benzene) 2942
CeHI(’E C¢H, 9.25 PE 1130
(Benzene)
CH{(E,) CeH, 11.490 PE 3080
(Benzene)
CeHE('E,y) CeH, 11.48 PE 2806
(Benzene)
CeH(*E,p CH, 11.5120.04 PE 2838
(Benzene)
CHZ(E,p) C.H, : 11.50 PE 2843, 2844,
(Benzene) 2942
CH{E,) CH, 11.49 PE 1130
(Benzene)
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kI
mol™?)
CoHaAw) CoH, 12.24 (V) PE 2806
(Benzene)
C6H;(2A2“) C¢Hg 12.197 PE 1130
(Benzene)
CH(E,,) C,H, 13.88+0.04 PE 2838
(Benzene) R
C(H{(’E,,) CeHyg 13.87 PE 2843, 2844,
(Benzene) 2942
CeH;(zE 1o C¢H, 13.67 PE 1130
(Benzene)
CH{(B,,) CeH, 14.87+0.06? PE 2838
(Benzene)
C¢H(*B,,) C¢H, 14.447 PE 1130
(Benzene)
CH{(’B,,) CeH, 15.4 PE 3080
(Benzene) )
CH(B,) CeH, 15.540.06? PE 2838
(Benzene)
CH(’B,,) CeH, 15.467 PE 2843, 2844,
(Benzene) 2042
CHI( A, CeH, 16.9 PE 3080
(Benzene)
CeHG(*A ) CH, 16.83 PE 2806
(Benzene)
CeHo(*Ay) CeH, 16.84+0.05 PE 2838
(Benzene)
CeHG( A, CeH, 16.84 PE 2843, 2844,
(Benzene) 2942
CH{A CH, 16.73 PE 1130
(Benzene)
CeH{(’E,y) CH, 18.22+0.08 PE 2838
(Benzene)
CH{CE,) C¢H, 18.43? PE 2843, 2844,
(Benzene) 2942
CH(’E,) CH, 18.75 PE 1130
(Benzene)
CH{(CE,) C¢H, 19.0 (V) PE 3081
(Benzene)
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4.3. The Positive lon Table—Continued

Heat
Tonization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) (kJ
mol™1)
C(H{’E ) CH, 22.5 (V) PE 3081
(Benzene)
CeH{(’A)) CeH, 28.8 (V) PE 3081
(Benzene)

The photoelectron spectrum of benzene has been the subject of much debate concerning both the form of the
spectrum and the assignment of orbitals, see the discussion and references in S. D. Worley, Chem. Rev. 71,
294 (1971). We have based our assignments on the independent work of B. Jonsson and E. Lindholm, Arkiv
Fysik 39, 65 (1969), R. M. Stevens, E. Switkes, E. A. Laws and W. N. Lipscomb, J. Am. Chem. Soc. 93, 2603
(1971) and refs. 3080, 3081. The best published photoelectron spectra are to be found in refs.

2806, 3080, 3081.

CeH(’E,) CeH, 9.246+0.005 PI 2013
(Benzene) :

CeHCE,) C¢H, 9.241+0.006 PI 1253
(Benzene)

CeHICE ) CH, 9.242+0.01 PI 54, 1118
(Benzene)

CeH.(E,) C(H, 9.245+0.01 PI 158, 182,
(Benzene) 416

CH{E,) CeH, 9.24+0.01 PI 3212
(Benzene)

CeH(’E)) CeH, 9.25+0.01 PI 2682
(Benzene)

CH{CE,y CH, 9.25+0.01 PI 2877
(Benzene)

CH(’E,p C.H, 9.241 RPI 2773
(Benzene)

CeH{CE,,) CH, 9.26+0.02 RPD 2538
(Benzene)

CH{CE ) C.H, 9.20+0.04 RPD 2407
(Benzene)

CH(’E,p) C(H, 9.36+0.05 RPD 3223
(Benzene)

The RPI study of ref. 2773 also shows evidence of a state at 10.388+0.003 eV. This has been observed
in some photoelectron spectra and not in others. It is probably due to autoionization, see ref. 2890.

See also - S: 2666, 3153
PI: 54, 190, 1142, 1159, 1160, 1166, 2612, 3025
PE: 1159, 2015, 2822, 2829, 2890, 3109, 3331
PEN: 2430, 2466
EIl: 218, 301, 381, 383, 413, 1066, 1079, 1132, 1197, 1238, 2158, 2163, 2458, 2463, 2498,
2530, 2718, 2752, 2865, 2868, 2981, 2989, 3157, 3174
CTS: 1064, 2562, 2947
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4.3. The Positive lon Table—Continued
Heat
Ionization or of
Ion Reactant Other appearance Method forma- Ref.
products potential tion
V) (k]
mol™Y)
CH} CH,=CHCH=CHCH=CH, H, 10.77+0.10 RPD 2751
CH; CH, H, 10.12+0.10 RPD 2751
(1,3-Cyclohexadiene)
CH; CH, H, 9.88+0.10 EI 2751
(1,3—-Cyclohexadiene)
CeHg CeHg H, 9.86+0.05 RPD 2751
(1,4—Cyclohexadiene)
CHg CH, H, 9.61+0.10 El 2751
(1,4—Cyclohexadiene)
CeH? C,H,CH=CH, C,H, 12.3820.05 RPD 2914
(Ethenylbenzene)
(0.28 eV average translational energy of decomposition at threshold)
CH! C(H,CH=CH, C,H, 12.30+0.10 EI 2914
(Ethenylbenzene)
CH! CH, C,H, 9.70+0.12 RPD 2914
(Cyclooctatetraene)
(0.07 eV average translational energy of decomposition at threshold)
CH; CgH, C,H, 11.55+0.10 EI 2914
(Cyclobutenobenzene) .
(0.30 eV average translational energy of decomposition at threshold)
CeH; CgH, C,H, 10.50+0.10 EI 2914
(Bicyclo[2.2.2]octatriene)
CeHg CgH,q C,H, 9.09+0.10 EI 2914
(syn—Tricyclo[4.2.0.0*%Jocta—3,7—diene)
{0.29 eV average translational energy of decomposition at threshold)
C.H; C.H, C,H, 9.01+0.10 El 2914
’ (anti-Tricyclo[4.2.0.0**Jocta—3,7—diene)
(0.29 eV average translational energy of decomposition at threshold) .
CH; C.H, C,H, 9.00+0.10 EI 2914
(Cubane)
See also — EI: 2105
CeHg C¢H,C,H, C,H,? 11.0+0.1 PI 2612
(Ethylbenzene)
CHg CH, 15.2020.05 El 2112
(Naphthalene)
CHg C,H, 13.86+0.05 EI 2112
(Azulene)
CeHg C.H,0OCH, 11.30 EI 3238
(Methoxybenzene)
CH; C,H SH 14.6+0.3 EI 3286
(Mercaptobenzene)
CHy C4H,SCH, 12.0 EI 307
(Methylthiobenzene)
CeHe (CeHg),Cr 10.1 EI 2981
(Bis(benzene)chromium)
CH,D"*
CHD* CH,D 9.44 EI 413

(Benzene—d,)
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4.3. The Positive lon Table—Continved
Heat
lonization or of
Ton Reactant Other appearance Method  forma- Ref.
products potential tion
(eV) kJ
mol™?)
CDyg
C¢D(’Eyy) C¢Ds 9.251+0.002 S 422, 423,
(Benzene—dy) 3376
(Average of four Rydberg series limits)
CeDCE,) C¢Ds 9.246+0.005 S 1114
(Benzene~dy)
(Based upon the Rydberg series limit for benzene and an average isotopic shift of 33 cm™)
CeD(’E )y C.D, 9.251 S 1115
(Benzene—d)
CeDCE,) CeDs 9.245+0.01 PI 54, 1118
(Benzene—dy)
CeD:(CE,) C.D, 11.520 S 1115
(Benzene—d)
CDA,) C¢D, 16.87 S 1115
(Benzene—dy)
See also — PE: 3080
CH;?
CH}? C.H, =26.1+0.8 (V) AUG 3424
(Benzene)
C,H,D*"
CH D CH;D 26.00.2 FD 212
(Benzene-d,)
CH,D"
CH, D™ C.HD 44+5 NRE 212
(Benzene~d,)
CH;
CeH7 CsH,CH, 8.54 EI 126
. (Methylcyclopentadienyl radical)
Cl‘,H1 CH,=CHCH=CHCH=CH, H 9.96+0.15 EIl 2751
C6H1 C,H;CH=CHC=CH H 10.7 EI 3335
CﬁH1 CH,;CH=C(CH,)C=CH H 10.7 El 3335
CH? C,H,CH, H 11.3 El 3335
(Methylcyclopentadiene)
CH; CeH, H 10.82+0.10 El 2751
(1,3—Cyclohexadiene)
See also — EI: 3192, 3335, 3339
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(endo—5—Chlorobicyclo[2.2.1}hept—2—ene)

1-152 ROSENSTOCK ET AL
4.3. The Positive lon Table—Continued
Heat
lonization or of
Ion Reactant Other appearance Method forma- Ref.
products potential tion
(eV) (kJ
mol ™)
CH7 CH, H 10.94+0.10 EI 2751
(1,4—Cyclohexadiene)
See also — EI: 3339
CH; CH,CH=CHCH=CHCH, H,+H 13.42+0.02 EI 2455
CH? C,H,=CH, H,+H 11.6620.16 EDD 2738
(Methylenecyclopentane)
CH? C H,CH, H,+H 12.40+0.17 EDD 2738
(1-Methylcyclopentene)
CH; C.H.,CH, H,+H 11.750.04 EDD 2738
(3—Methylcyclopentene)
CH7 CH, H,+H 12.13+0.10 EDD 2738
: (Cyclohexene)
CeH7 (C4Hy), H,+H 10.97+0.19 EDD 2738
(Bicyclopropyl)
CH; CH,o H,+H 11.60+0.15 EDD 2738
(Bicyclo[3.1.0]hexane)
CH7 CH,(CH,), CH, 10.7 El 3335
(1,2-Dimethylcyclopentadiene)
CH7 C. H,(CH,), CH, 10.75 El 3335
(5,5-Dimethylcyclopentadiene)
CH; C.H,CH, CH, 10.67 El 3339
(1-Methyl-1,3—cyclohexadiene)
CH;3 C.H.CH, CH, 10.6 EI 3335
(5-Methyl—-1,3~cyclohexadiene)
See also — EI:
CH; C,H.,CH, CH, 10.61 EI 3335
(1-Methyl-1,4—cyclohexadiene)
C.H; C.H, CH, 10.1 EI 3335
(1,3-Cycloheptadiene)
CH; CH, CH, 11.2+0.15 EI 2155
(Bicyclo[2.2.1]hept—2—ene)
CH; C.H,, CH, 9.8 EI 3335
(Bicyclo[3.2.0]hept—6—ene)
CH7 (CH,),C=CHCH=C(CH,), 14.42+0.05 EI 2455
CH; CH(CH,)C,H, 15.3 El 3335
(1-Ethyl-4—methylbenzene)
CH; C.H,CH,0H CHO? 10.9 El 3335
‘ (a—Hydroxytoluene)
CH7 C,H,0CH, CO+H? 12.1 El 3335
(Methoxybenzene)
CH; C4H(OCH,)CH, 12.9 El 3335
(3—-Methoxytoluene)
CH; CH,(OCH,)CH, 12.9 EI 3335
(4—Methoxytoluene)
CcH7 C,H,0CH, 11.1 El 3335
(7-Methoxycycloheptatriene)
C.H; C,H,Cl 10.9+0.15 El 2155



ENERGETICS OF GASEOUS IONS

4.3. The Positive lon Table—Continued

1-153

Heat -
Tonization or of
lon Reactant Other appearance Method  forma- Ref.
products potentia] tion
(eV) (kJ
mol ™)
CH; C,H,Cl 10.8+0.15 El 2155
(exo—5—Chlorobicyclo[2.2.1}hept—2—ene)
Cc.H; C,H,Cl 10.25+0.15 El 2155
(3—Chloronortricyclene)
C¢H; (1,3-Cyclohexadiene) AHS,5 = 904 kJ mol ' (216 kcal mol ™)
C.Hs CH,=CHCH=CHCH=CH, 8.27+0.05 S 3010
CH; CH,=CHCH=CHCH=CH, 8.42+0.05 RPD 2751
CH; C,H,CH, 8.43+0.05 EI 2163
(1-Methylcyclopentadiene)
CH; C,H,CH, 8.46+0.05 ElI 2163
(2-Methyleyclopentadiene)
C.H; C¢Hy ) 8.25+0.03 Pl 904 2877
(1,3—Cyclohexadiene)
CH; C.H, 8.25 PE 904 3330
(1,3-Cyclohexadiene)
CH; C.H, 8.28+0.05 RPD 2751
(1,3-Cyclohexadiene)
See also — EI: 2543
C.H, CeHq 8.82+0.02 PI 2877
(1,4—Cyclohexadiene)
CH; CH, 8.80 PE 3327
(1,4—Cyclohexadiene)
CH; C.H, 8.65+0.05 RPD 2751
(1,4—Cyclohexadiene)
See also — EI:
CH;
CH; CH, 7.54 El 2543
(3-Cyclohexenyl radical)
CH, CH, 7.54 El 2543
(4-Cyclohexenyl radical)
CH; CH,CH=CHCH=CHCH, H 10.95+0.03 EI 2455
CHg C¢H,=CH, H 10.20+0.03 EDD 2738
(Methylenecyclopentane)
C.H; C,H.,CH, H 10.59+0.13 EDD 2738
(1-Methylcyclopentene) .
C.H, C,H,CH, H 10.35+0.17 EDD 2738
(3—Methylcyclopentene)
CH, CH,o H 10.62+0.07 EDD 2738
(Cyclohexene)
CcH, (C,Hy), H 9.33+0.15 EDD 2738
(Bicyclopropyl)
C.H, CeHy H 10.20+0.10 EDD 2738

(Bicyclo[3.1.0]hexane)
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4.3. The Positive lon Table—Continued

Heat
Ionization or of
Ion Reactant Other appearance Method  forma- Ref.
products potential tion
V) (kJ
mol™Y)
CeHg C¢H ,,=CH, CH, 10.27+0.08 EDD 2558
(Methylenecyclohexane)
CH, C.H,CH, CH, 10.27+0.09 EDD 2558
(1-Methylcyclohexene)
C.Hy C.H,CH, _ CH, 9.98+0.07 EDD 2558
(3—~Methyleyclohexene)
CH; CcH,CH, CH, 10.12+0.10 EDD 2558
‘ (4—Methylcyclohexene)
CHy C,H,, CH, 10.17+0.06 EDD 2558
: (Bicyclo[2.2.1]heptane)
C.H; CH, CH, 9.30+0.09 EDD 2558
(Bicyclo[4.1.0]heptane)
C,H, (CH,),C=CHCH=C(CH,), 11.68+0.1 El 2455
CH, C,H 11.99+0.05 El 1184, 2028
(cis—Hexahydroindan) ,
C H: C,H,, 12.07+0.04 El 1184, 2028
(trans—Hexahydroindan)
CH ,= C(CH,)C(CH,)= CH; AHS,, = 888 kJ mol ' (212 keal mol™)
C,H], (1-Methylcyclopentene) AHS, = 819 kJ mol ' (196 keal mol ™)
C H/,(Cyclohexene) AHS,, = 858 k] mol ! (205 kcal mol ™)
CeHy, CH,CH=CHCH=CHCH, 8.48+0.05 EI 2455
CHi, CH,=C(CH,)C(CH,)=CH, 8.709 S 888 3352
(Average of two Rydberg series limits)
C.Hj, CH=CC(CH,), 10.31+0.04 RPD 2408
CHI, C,H,=CH, 8.94+0.01 PI 2877
(Methylenecyclopentane)
CHi, C,Hg=CH, 8.51+0.01 PE 3158
(Methylenecyclopentane)
Ce¢Hi, C.H,=CH, 9.0520.02 EDD 2738
(Methylenecyclopentane)
CcHi, C4H,CH, 8.54+0.01 PE 819 3158
(1-Methylcyclopentene)
CeH1o C,H,CH, 8.62+0.02 . EDD 2738
(1-Methylcyclopentene)
CeHi, C.H,CH, 8.99+0.04 - EDD 2738
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