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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