
SOVIET PHYSICS USPEKHI VOLUME 6, NUMBER 6 MAY-JUNE 1964

PHOTOIONIZATION OF GASES AND VAPORS

BY VACUUM ULTRAVIOLET RADIATION

F. I. VILESOV

Usp. Fiz. Nauk 81, 669-738 (December, 1963)

TABLE OF CONTENTS

1. Introduction 888
2. Initial experiments 889
3. Methods of quantitative study of photoionization 889
4. Variation of the photoionization efficiency near the appearance thresholds of ions 891
5. The semi-empirical method of calculating the ionization potentials of organic compounds . . 893
6. Photoionization cross-sections of atoms and simple molecules 894
7. The relation of the first adiabatic ionization potentials to the structures of molecules 895
8. Ionization potentials and electronic absorption spectra of organic compounds 907
9. Mass-spectrometric study of photoionization processes 909

10. Kinetic-energy distribution of electrons in photoionization of aromatic compounds 910
11. Sensitized photoionization 915
12. Summary of the first adiabatic ionization potentials of molecular gases and vapors 925
Bibliography 925

1. INTRODUCTION

J.N recent years, interest has grown considerably in
the problems of the interaction of vacuum far-ultra-
violet radiation with matter. Among other problems,
much attention has been paid to studying processes of
photoionization of isolated atoms and molecules, i.e.,
gases and vapors at low pressures, in order to get
quantitative information, which is most necessary in
solving a number of other problems. For example,
such data are necessary in understanding the photo-
chemical and photoelectric processes that occur in
the upper layers of the atmosphere, Μ the processes
of formation and maintenance of the ionized layers in
the stratosphere, Μ gas-discharge phenomena, ^ etc.

The study of photoionization permits us to obtain
the most reliable and precise values for adiabatic ion-
ization potentials. These potentials, being one of the
fundamental energy characteristics of isolated mole-
cules, are widely used to get a deeper understanding
of the structures of the latter. Along with the other
physical and chemical constants characterizing the
electronic structures of molecules as a whole, as well
as the individual functional groups and chemical bonds,
the ionization potentials undergo regular changes in
chromatological series of compounds, and can be used
to estimate electron affinities, electron-charge dis-
tributions, and the mutual influences of various func-
tional groups in molecules.

Among the practical applications, I must point out
that one can use photoionization to prepare sensitive
stable detectors for vacuum ultraviolet radiation, Μ
to identify different isomers, ^5'8^ and to generate ions

in ion sources in mass spectrometers designed for
isotopic and chemical analyses in complex organic
mixtures. ^6~8^

While the photoionization of monatomic gases
(mainly the vapors of the alkali metals, which have
low ionization potentials) had advanced to the stage
of quantitative study as early as the thirties, studies
on the photoionization of complex organic compounds
and the simple gases have arrived at the stage of quan-
titative measurements only in recent years. The main
reason why studies on photoionization of molecules
have lagged lies in difficulties of the experimental
type. The ionization potentials of most molecules have
values of 8—12 eV or greater. This corresponds to
the region of far vacuum ultraviolet radiation from
λ = 1400—1000 A and shorter. Here even thin layers
of air are completely opaque. We should bear in mind
the fact that the best types of fluorite are transparent
to 1250 A, and lithium fluoride to 1050 A. Thus, in the
region of shorter wavelengths we must give up having
vacuum windows between the light source, the spectro-
scopic apparatus, and the ionization cuvette. This c r e -
ates difficulties in applying differential evacuation to
the apparatus.

More than thirty years have elapsed since the pub-
lication of the only Russian-language review on photo-
ionization of gases and vapors, by A. N. Terenin. '-3-'
During this time, and especially in the last five to
seven years, much research has been conducted on the
determination of precise values of ionization potentials,
effective photoionization cross-sections, and the study
of various processes connected with photoionization.
Several review articles on photoionizationCw-И]
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on spectroscopy in the vacuum ultraviolet region of
the spectrum C14~18] have appeared in recent years in
foreign literature.

In this review I shall try to discuss the studies on
photoionization of complex organic compounds, to p r e -
sent briefly some data on the photoionization of atoms
and simple molecules, since the latter have been the
object of detailed discussion by Weissler, ^ and to
give as complete as possible a table of the first adia-
batic ionization potentials of molecules, as obtained
by various methods.

2. INITIAL EXPERIMENTS

The initial attempts to detect the photoionization of
inorganic gases began with the studies of LenardE19^
published in 1900—1902. In these studies he tried to
show the existence of photoionization in air, oxygen,
hydrogen, and carbon dioxide upon illuminating them
with ultraviolet light that had been transmitted by a
layer of air and the quartz windows of the apparatus.
However, the results of these experiments aroused a
series of well-grounded objections, and later Bloch^20^
showed in 1908 that the conductivity in these gases is
due to a photoeffect on the tiny dust particles suspended
in the irradiated volume, rather than to ejection of
electrons from molecules.

The photoionization of air by the far-ultraviolet
radiation of a hydrogen lamp, transmitted through a
calcium fluoride window, was first observed by Hughes
^ in 1910. He also established that if one replaces
the fluorite window with a plate of crystalline quartz of
thickness 0.3 mm, the ionization completely vanishes.
Hence, the long-wavelength limit for photoionization of
air lies within the region 1250—1450 A. A number of
other authors confirmed this result somewhat later,
e.g. L22-2il_

Now, the first ionization potentials of oxygen, ni tro-
gen, and carbon dioxide occur in a wavelength region
considerably shorter than 1250A [ 1 2J (O2 —990A,
N2 —790A, CO2 —860 A). Hence, in order to explain
the observed phenomenon, Hughes '-25-' suggested that
the ionization is a cumulative process. Here the light
absorption first brings a molecule into an excited
metastable state. The ejection of an electron occurs
when an already-excited molecule absorbs a new light
quantum, or two excited molecules collide. This sug-
gestion is not without some basis. Thus, for example,
two metastable levels are known for molecular nitro-
gen: A32U having an energy of 6.2 eV, and а Ч ^ п )
having an energy of about 8.0—8.1 eV. If we ascribe
the photoionization to the first triplet level A3SU, as
is most probable, and take into account the exact value
of the first ionization potential of molecular nitrogen,
15.576 eV, E26^ then to eject an electron from a mole-
cule excited to this level will require an energy quan-
tum of 9.3 eV. This corresponds to a wavelength of
1330 A, in agreement with the early experiments. In

the case of oxygen, there are also two metastable lev-
els, JAg and ^ g . C " ] having energies of about 1.0
and 1.7 eV. However, in this case the existence of
these levels cannot explain the stepwise ionization as
it does for nitrogen or mercury, ^283 since the ioniza-
tion potential of molecular oxygen according to the
most recent data is 12.15 eV. ^123 Consequently, to
eject an electron from an excited molecule will r e -
quire an energy quantum greater than 10 eV, cor re-
sponding to radiation of wavelength less than 1200 A.
Such radiation cannot be transmitted by fluorite, and
hence the photoionization in dry air observed in the
cited experiments can be explained only by the step-
wise photoionization of molecular nitrogen or by the
ionization of some products of photochemical reactions
that might be formed upon irradiation of air by the
far-ultraviolet radiation.

The study of the photoionization of organic vapors
began with the researches of Stark E29^ and Serkov. ^30^
Both authors observed an increase in the conductivity
of the vapors of certain aromatic amines and other
cyclic compounds upon irradiation with the ultraviolet
radiation of a quartz mercury lamp that had been
transmitted by a layer of air. When the pressure of
the vapor being studied was increased, the conductiv-
ity rose to a maximum and then dropped. On the basis
of his experimental results, Stark advanced the hy-
pothesis that photoionization was taking place, and its
observed yield declines at high pressures owing to an
increase in the probability of electron-ion recombi-
nation.

While later studies have not confirmed the results
of these experiments and their interpretation, C31>323
they were the first attempt to detect directly the ioni-
zation of rather complex organic molecules by large
light quanta using a method that has been widely de-
veloped in recent years on the basis of a new experi-
mental technique.

3. METHODS OF QUANTITATIVE STUDY OF PHOTO-
IONIZATION

The quantitative studies of photoionization of gases
and vapors include the determination of the values of
the effective photoionization cross-sections of atoms
or molecules, and of the adiabatic and vertical ioni-
zation potentials. The first adiabatic ionization poten-
tial is taken to mean the minimum energy necessary
to ionize a molecule occurring in the ground state with
the zero-level vibrational energy to form a positive
ion in the ground state on the zeroth vibrational level.
The higher adiabatic ionization potentials correspond
to transitions to one of the excited electronic states of
the ion having the zero-level vibrational energy. Here
one assumes that the ejected electron has zero kinetic
energy.

The fundamental experimental data for obtaining
these values are the curves of the relation of the pho-



890 F . I . V I L E S O V

toionization yield to the energy of the acting photons.
The photoionization yield is taken to mean the ratio of
the ion current i to the amount of absorbed radiation
Io - 1 , where Io and I are, respectively, the light
fluxes of the incident and transmitted radiation in the
ionization cuvette. If the ion current is measured in
units of electrons/sec, and the absorbed radiation in
quanta/sec, this ratio represents the absolute photo-
ionization quantum yield (A). In practice, one also
often uses a quantity 100 times as great, which is the
number of ions formed per hundred absorbed photons.

The product of the absolute photoionization quantum
yield A and the total effective absorption cross-section
σ is the effective photoionization cross-section a^. The
total absorption cross-section can be found from the
well-known Lambert-Beer law

= Ioe
Ρ 273

where n0 = 2.687 χ 1019 molecules/cm3 (Loschmidt's
number), I is the length of the absorption chamber in
cm, ρ is the pressure in mm Hg, and Τ is the tem-
perature in degrees Kelvin. When the pressure of the
gas being studied is low (10~3—10~5 mm Hg) and the
ionization cuvette is short, the photoionization cross-
sections, which we shall simply call the photoionization
efficiency below for the sake of brevity, are expressed
by the ratio of the ion current to the acting light flux
in photons/sec. In fact,

(λ)

760

and when p « 1,

β - σ ( λ > Ι " > ! τ ! δ ί Τ = ; ι _ Γ ' - - ' 2 7 3

and

σ,(λ) = -
ia (λ)

Λ> '

w h e r e C i s a c o n s t a n t c o e f f i c i e n t depend ing on the i n -

s t r u m e n t a l p a r a m e t e r s and t h e c o n d i t i o n s of e x p e r i -

m e n t .

At p r e s e n t , t h r e e m e t h o d s a r e i n u s e t o m e a s u r e t h e

i o n i z a t i o n p o t e n t i a l s of a t o m s and m o l e c u l e s : t h e e l e c -

t r o n - i m p a c t m e t h o d , u s i n g m a s s - s p e c t r o m e t r i c t e c h -

nique, the m e t h o d of e l e c t r o n i c a b s o r p t i o n s p e c t r a in

t h e far v a c u u m u l t r a v i o l e t , and t h e p h o t o i o n i z a t i o n

m e t h o d .

The determination of the ionization potentials cor re-
sponding to a process of elementary ionization accord-
ing to the equation AB + Ε — AB+ + e by the electron-
impact method consists in determining the curve for
the efficiency of ionization by electrons, with subse-
quent extrapolation to the intersection with the axis
representing the energy of the ionizing electrons. The
problem of extrapolating the ionization-efficiency curve
for molecular gases to the value corresponding to the

first adiabatic ionization potential has a long history.
Several methods t33>3iH have been proposed at various
times, but none of them can be considered perfect or
completely well-grounded. In most cases the stated
extrapolations give higher values for the ionization
potential than the first adiabatic ionization potentials
determined by the spectroscopic or photoionization
methods. While granting that the electron-impact
method has such undoubted merits as its relative s im-
plicity and universality, I must point out a number of
technical and theoretical difficulties which reduce the
accuracy and reliability of the results obtained. These
include instrumental e r r o r s due to contact potential
differences between the electrodes accelerating the
electrons, and the lack of equipotentiality of the field
in the ionization chamber, as well as the thermal ve-
locity distribution of the electrons emitted by the hot
cathode, which obeys a Maxwell-Boltzmann distribu-
tion, but is considerably distorted as the electrons pass
through the entrance slit of the ionization chamber. E35^
These defects not only introduce a constant e r ror in
the measurement of the energy of the ionizing elec-
trons, but also lead to a large dispersion in the ener-
gies of the electrons, which is difficult to measure.
Even when one uses a comparative method (choosing
as standard a gas whose ionization potential is known
with high accuracy), the defects cannot be completely
eliminated. The small ionization yield near the appear-
ance threshold of the ions and the highly differing na-
ture of the ionization-efficiency curves for different
substances keep us from establishing a strict physic-
ally-grounded criterion for picking out the point on the
ionization curve corresponding to the first adiabatic
ionization potential.

Price and his associates'-3 6"3 9 '4 1 '1 5-' have determined
the first adiabatic ionization potentials of many com-
pounds from an analysis of electronic-vibrational ab-
sorption spectra in the far ultraviolet. This method
of determining the ionization potentials consists in
finding the limits of convergence of Rydberg's series
of bands, which are described by the formula

— л

where n= 1, 2, 3 , . . . ,» . This method permits one to
obtain values of adiabatic ionization potentials with an
accuracy of the order of 0.01—0.001 eV. However, it
is far from universally applicable, since the great
complexity and diffuseness of the spectra of most com-
plex organic molecules make it impossible to identify
unambiguously the positions of the Rydberg bands.

The photoionization method, which has been recently
developed, amounts in practice to determining the
curve for the photoionization yield or efficiency and
finding the point on it corresponding to the first adia-
batic ionization potential. Just like the electron-impact
method, it can be applied to measure the ionization po-
tentials of any compounds whatever, regardless of the
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nature of the absorption spectra, and at the same time,
it furnishes data of a high accuracy (0.01—0.03 eV)
comparable with that of the spectroscopic determina-
tion of the ionization potentials.

Compared with the electron-impact method, the
photoionization method has two essential advantages:

1) It is much easier to get a monochromatic beam
of photons with a strictly controlled energy than of
electrons. Thus, for example, with ordinary vacuum
monochromators one can easily obtain a resolution of
the order of 1 A, which corresponds in the photoioni-
zation region to a scatter of photon energies of the
order of 0.01 eV.

2) In photoionization, the ion current near the ap-
pearance threshold of the ions r ises very sharply, in
distinction from ionization by electron impact. This
difference is explained by the fact that the ionizing
electrons, having spent their energy in ionization and
in imparting a certain excitation to the ions, remain
in their vicinity and can neutralize them. ^16^ The ion-
ization yield increases only when the excess kinetic
energy becomes large enough that the electron and the
ion swiftly separate.

In recent years, the photoionization technique has
taken a new advance in development, namely, the study
of the products of photoionization using mass-spectro-
metric technique, №44,46,6,7] ΆΏ^ ^ е s t u d y of the en-
ergy spectra of the electrons ejected in photoioniza-
tion. C47>48] These make it possible to study in greater
detail processes of dissociative photoionization and
processes of distribution of the photon energy in ex-
cess of the adiabatic ionization potential between the
positive ion formed and the ejected electron.

4. VARIATION OF THE PHOTOIONIZATION EFFI-
CIENCY NEAR THE APPEARANCE THRESHOLD
OF THE IONS

Theoretical treatment of variation in the efficiency
of photoionization E49>5<>] and ionization by electron im-
pact'-49'51-' in the region where the energy of the ion-
izing photons or electrons exceeds the ionization po-
tential by several eV has shown that the ionization-
efficiency as a function of the excess energy is an
order of magnitude smaller for photoionization than
for ionization by electrons. When photoionization p r o -
ceeds only from a single level of the molecule to a
single level of the ion, the threshold law for the ioni-
zation efficiency is expressed by a step function (a
Heaviside function). The photoionization efficiency is
zero when Ε — Ip < 0; here Ε is the energy of the pho-
ton and Ip is the ionization potential of the atom or
molecule. A jump occurs when Ε = Ip, and it remains
constant for Ε - I p > 0. Under analogous conditions in
electron-impact ionization, the ionization-efficiency
function f e (E — Ip) is a linear function of the excess
energy of the electrons beginning at the value Ε = I p ,

i.e.,

A number of experimental investigations of the photo-
ionization cross-sections of simple molecules and
atoms have been made, C52~573 and they agree sat is-
factorily with these ideas. For illustration, Fig. 1
gives the curves for the variation of the effective pho-
toionization cross-section σι and the total absorption
cross-section σ of nitric oxide. E52J The curve of the
photoionization cross-section as a function of the wave-
length of the ionizing radiations shows several well-
marked steps corresponding to the positions of the
vibrational levels of the ion. The portion of the curve
within the limits of one vibrational level is well de-
fined by a step function. The jump in σ\ at longest
wavelength corresponds to the transition from the
zero vibrational level of the ground state of the mole-
cule to the zero vibrational level of the ground state of
the molecular ion. Hence it is the adiabatic ionization
potential of nitric oxide. The other steps on the σι
curve correspond to transitions to the higher vibra-
tional levels of the ion. While the absorption spectrum
σ consists of a greater number of bands that are very
hard to identify, we can easily find from an analysis of
the σι curve the positions of the vibrational levels of
the positive ion (the spacings between the steps on the
wavelength axis) and the probabilities of the transitions
of the molecule from the ground state to the cor re-
sponding vibrational level of the ion (the height of the
steps).

In the ionization of more complex molecules, the
curves for the efficiency and yield of ionization become
considerably more complex, since at temperatures
considerably above 0°K (room temperature) the mole-
cules always have a supply of vibrational energy. Here
the occupancy of the vibrational levels approximately
obeys the Boltzmann law. That is, it is proportional

irso I2OO 73OO· Λ,λ 7350

FIG. 1. Total absorption cross-sections σ and photoionization
cross-sections σί of nitric oxide.["]
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to е х р ( - Д Е / к Т ) . Ionization from these vibrational
levels gives r ise to an ion current at photon energies
lower than the first adiabatic ionization potential, which
corresponds to the 0—0 transition. Here, if the proba-
bilities of ionization from all vibrational levels are
equal, the increase in the photoionization efficiency
must follow an exponential law. As a rule, these lev-
els are not resolved, and hence, the ionization origi-
nating from them results in a smearing-out of the
abrupt jumps in the ion current, both in the region of
the adiabatic ionization potential and in the region of
the transitions to the various excited levels of the ion.

Watanabe^52] has discussed in detail the ionization-
yield curves near the appearance threshold of the ion
current, and has formulated a physically-grounded c r i -
terion for finding the adiabatic ionization potentials
from them. He was the first to show that the low-
energy tails of the photoionization-yield curves of
molecules are exponential in nature. Figure 2 shows
the curves of the photoionization yields of CS2 and
CH3I^52J drawn on a semilogarithmic scale. We see
from Fig. 2 that the long-wavelength tails can be ap-
proximated by straight lines. The breaks in these
curves correspond to the first adiabatic ionization
potentials. Watanabe calculated the ionization yields
from the vibrational levels of the ground state of the
molecules under the assumption that the levels are
occupied according to the Boltzmann law ( Τ = 300°K)
and that the probabilities of ionization from all levels
are the same. The points marked by crosses cor re-
spond to the calculated values; we see that they agree
well with the experimental curves.

In the region of the ionization continuum, the ioni-
zation yield varies more smoothly, and the nature of
the variation is determined by the structure of the en-
ergy levels and the probability of transitions to them.
One can show that the degree of the ionization-effi-
ciency function can be greater than unity in the photo-
ionization case, and greater than two in photoionization

1220 72W /230 1ЭОО λ, A

by electrons, if one takes into account the set of vibra-
tional levels in the ion. We shall discuss the case in
which all the molecules have zero-point vibrational
energy, and transitions from the zero level of the
molecule to all vibrational levels of the ground state
of the ion are equally probable, the latter levels being
separated by equal spacings. Then, if the threshold
law for the probability of transition to a particular vi-
brational state of the ion is given by a Heaviside func-
tion, we will obtain a first-degree function in photo-
ionization in the region of the ionization continuum.
Actually, with a great number of vibrational levels in
the ion, we obtain in the limit for photoionization

E-'P

/ph(£-/ P )U-i p >o=

An analogous treatment in ionization by electrons gives
a second-degree function:

When the probability of transition to the higher vi-
brational levels is smaller than to the lowest level,
corresponding to the case in which the interatomic dis-
tances in the molecule and the ion differ little (Fig. 3a),
the degree of the ionization-efficiency function will be
a fraction between zero and unity for photoionization,
and will be between unity and two for ionization by
electrons. In the converse case, in which the proba-
bility of transition to the higher levels is greater, cor-
responding to the case of differing interatomic dis-
tances in the ion and the molecule (Fig. 3b), the degree
of the function for photoionization will be greater than
unity, and for ionization by electrons, greater than two.
We should now take into account the fact that the total
absorption cross-sections of complex molecules vary
little in a region of the ionization continuum c o r r e -
sponding to transition to a single electronic state of
the ion. Hence the relation σι = σΑ implies that all
that has been said above about the effective ionization
cross-sections holds true also for the ionization yield.

The experimental results obtained by a number of
authors C**,52,58,5»] agree w e l l with one another and with

Ion

FIG. 2. Photoionization-yield curves of carbon disulfide and

methyl iodide.[S 2]

Interatomic distance

a b

FIG. 3. Potential curves illustrating ionization transitions.
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FIG. 4. Photoionization-efficiency curve of benzene.[5']

the ideas presented above on the increase in the ioni-
zation efficiency in the region of photon energies ex-
ceeding the adiabatic ionization potential of the mole-
cule by several eV. Figures 4 and 5 give the photo-
ionization-efficiency curves of benzene and aniline.
For benzene, for which the interatomic distances do
not vary or vary little upon ionization, the most prob-
able transition is the one from the zero vibrational
level of the molecule to the zero vibrational level of
the ion, and the function for the efficiency of ionization
by photons has an exponent of degree less than unity.
That is, we observe an abrupt increase in the ion cur-
rent at the ionization threshold, which tapers off as
the photon energy is increased. In the photoionization
of aniline, the interatomic distances differ appreciably,
as we can see, and the degree of the function is higher.
Figures 6 and 7 give the photoionization-yield curves
for these same compounds on a semilogarithmic scale,
as obtained with a higher energy resolution of the
photons.

The ideas presented here and the experimental re-
sults show that the break in the curve, where the ex-
ponential section of the curve, arising from the ioni-
zation of vibrationally-excited molecules, goes over
into the smoother (approximately first-degree) section
of the curve in the region of the ionization continuum,
arising from transitions to the excited vibrational lev-
els of the ion, marks the adiabatic ionization potential
of the molecule.

pi"·*
ι/

/
/

—4-
/Τ

dO 8,5 BO 3.5 ЮМ Ю.5 E, eV

FIG. 5. Photoionization curve of aniline.[5 9]

FIG. 6. Photoionization-yield curve
of benzene.[S2]

1330 mo λ.λ.

If transitions occur to several electronic states of
the ion in the region of photon energies being studied,
then, provided that the enumerated conditions are ful-
filled, the photoionization-efficiency curve will be
found, to a first approximation, to take the form of a
sequence of linear segments with increasing slopes
with respect to the energy axis. The breakpoints will
correspond to the higher adiabatic ionization potentials.

5. THE SEMI-EMPIRICAL METHOD OF CALCULAT-
ING THE IONIZATION POTENTIALS OF ORGANIC
COMPOUNDS

Exact theoretical calculations of ionization poten-
tials are very complex, even for simple atoms. Semi-
empirical calculations of ionization potentials of or-
ganic compounds were first carried out by Hall ^60^
and by Lennard-Jones and Hall ̂ 61^ using the method
of equivalent orbitals. If the molecular orbitals do not
overlap, this method leads to a solution of the secular
determinant

I im, »-£«„,, „| = 0,

where m and η refer to electrons in different bonds
of the molecule. The roots of this determinant are the
ionization potentials of the molecule; the smallest root
corresponds to the first ionization potential, which is
usually determined from experiment.

WOO

%100

7.75 7.95 8.15 6Λ ev

—1

/

— ι —

—
—

у*

ΞΞτρρ

WOO 1560 /520 1480 λ, A

FIG. 7. Photoionization-yield curve of aniline.[""]
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By treating the normal paraffins in the limiting case
as an infinite sequence of CH2-groups, Hall obtained
the following determinent:

dba —E d
e d d c — E d d e

d a —E b d
d b a—E d
e. d d c — Eddc

= 0.

Using the ionization potentials of the normal paraffins
obtained by the electron-impact method in E62H, he
found the following values of the parameters: a + b
= 12eV, с =-13.2486 eV, d = ±0.4678 eV, e
= —1.4785 eV. The calculations of the values of the
ionization potentials using these parameters agree well
with the experimental data. E62^ This method of calcu-
lation is rather complex for the normal paraffins, and
becomes even more so for branched and substituted
paraffins.

A subsequent study by the same authors ^63-' showed
that the calculations become considerably simpler for
planar molecules showing orbital antisymmetry in the
plane of the molecule. Such molecules can be divided
into characteristic groups which can be treated as
united atoms. Here the secular equation is simplified
to

where i and j denote different groups in the molecule.
Here we assume that the interaction between non-
adjacent groups is zero. In two recent papers, C64.65]
Hall has applied this method to calculate the ionization
potentials of the normal paraffins, methyl derivatives
of ethylene, and alcohols, and found satisfactory agree-
ment with the experimental data. Using the united-
atom method, Franklin ^66^ has calculated ionization
potentials for a large number of compounds, among
which are : olefins, alcohols, ethers, aldehydes,
ketones, amines, halogen derivatives, and esters . The
calculated values of the ionization potentials agree
well with the measured values, even for compounds
such as neopentane and 1-bromobicyclo-2,2,1-heptane
that are non-planar and do not satisfy the theory de-
scribed above. In the calculations, the ionization po-
tentials of groups were considered to be equal in a
zero-order approximation to those of the correspond-
ing molecules. For example, the ionization potentials
of the methyl and methylene groups were taken equal
to that of methane, that of the phenyl group equaling
that of benzene, and that of the amino group equaling
that of ammonia, etc. The interaction parameters be-
tween adjacent groups were calculated from the known
ionization potentials of appropriate compounds contain-
ing these groups. Franklin^6 6} got more accurate r e -
sults for the normal paraffins and other classes of
compounds by using a value of 13.31 eV for the CH3

and CH2 groups, rather than the ionization potential
of methane, 13.1 eV. The former value was obtained

by substituting the ionization potentials of ethane
(11.76 eV) and n-butane (10.80 eV) into the secular
equation.

In 1960 Baranov and Rebane C"^ noted that for linear
saturated hydrocarbons containing a large number of
carbon atoms, the values of the ionization potentials
calculated in these studies do not agree well enough
with the experimental values, but the agreement can
be improved by choosing different parameters
(a = -14.06 eV, and b = -2.02 eV). The values of
these parameters were obtained from the known ion-
ization potentials of propane (11.21 eV) and n-butane
(10.80 eV). The much higher values of the ionization
parameters for methane and ethane obtained from
these parameters as compared with experiment were
explained by the lowering of the ground states of the
ions CH4 and C2Hg owing to the distortion of sym-
metry of the nuclear framework.

Using the found parameters for the normal paraffins
and the values of the ionization potentials of the methyl
(9.96 eV) and ethyl (8.72 eV) radicals, Baranov and
Rebane calculated the ionization potentials of a number
of aliphatic radicals. The ionization potentials of the
CH3 and C2H5 radicals were used to introduce two
new parameters, one of which described the group
having the free valency, and the other described its
interaction with the adjacent group. Stevenson'-43-' has
made analogous calculations, using for this purpose
some somewhat differing parameters determined from
the known ionization potentials of methane, ethane, and
the methyl and ethyl radicals. A comparison of the r e -
sults of these calculations with the experimental data
(see the summary Table XVHI of first ionization po-
tentials ) shows satisfactory agreement.

6. PHOTOIONIZATION CROSS-SECTIONS OF ATOMS
AND SIMPLE MOLECULES

The successful development of methods of studying
photoionization processes has made it possible in r e -
cent years to carry out a number of studies on the ex-
perimental determination of the absolute photoioniza-
tion cross-sections of atoms and molecules. At pres-
ent, the substances studied in greatest detail have been
gases and vapors consisting of atoms and diatomic and
triatomic molecules, for which absolute cross-sections
have been obtained over a broad spectral range from
2000 to 200 A.

Weissler has discussed this material in detail in his
article. ^123 1 shall limit my treatment to presenting an
abridged table on these data, and certain general con-
clusions arising from these studies.

For monatomic gases and vapors, direct measure-
ments of photoionization currents have shown that the
total absorption cross-sections σ and the photoioniza-
tion cross-sections σ^ have identical values in the r e -
gion of the ionization continuum. This amounts to a
situation in which every absorbed photon is spent in
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ejecting electrons. The curves of the photoionization
cross-sections as a function of the energy of the ion-
izing photons near the appearance threshold of the ions
can be satisfactorily represented as step functions.

In the cases of argon, C72H neon, E73^ thallium, E74^
indium, E75^ etc., diffuse lines appear in the region of
the ionization continuum. These lines can be unequiv-
ocally interpreted as being preionization lines from
higher-energy transitions. For example, in argon the
two systems of transitions 3p — ms and 3p — md
(m = quantum number) correspond to two states of the
ion: 2Рз/2> having an ionization threshold at 786.72 A;
and 2 P i / 2 at 777.96 A, respectively. The levels of the
transitions occurring between these states of the ion
are broadened, owing to the additional probability of
transitions into the ionization continuum.

In the region of the ionization continuum, the values
of the effective cross-sections obtained from direct
experimental measurements do not remain constant as
the wavelength of the acting radiation varies. Figure 8
gives some curves showing the relation of aj to the
energy of the ionizing photons for certain monatomic
gases and vapors according to Weissler. ^123 For a r -
gon, helium, and lithium, the photoionization cross-
sections decrease monotonically with increasing energy
quanta; the extent of decrease for a 1 eV change in the
energy quantum is relatively small. In the photoioni-
zation of Na and Cs, σι first falls rapidly to a certain
minimum, and then r ises just as rapidly.

The theoretical calculations of the photoionization
cross-sections of atoms give values agreeing satisfac-
torily with the experimental data. We can see this
from Table I, which gives the experimental and calcu-
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FIG. 8. Photoionization cross-sections of monatomic gases
and vapors.[12]

lated values of σχ for certain wavelengths and indi-
cates how they vary.

The curves of the effective photoionization cross-
sections of diatomic and triatomic molecules are more
complex in nature. They cannot be completely de-
scribed on the basis of a threshold law in the form of
a step function, even if we take into account the vibra-
tional levels of the ions. Peaks are clearly shown at
certain photon energies, with ionization cross-section
values much greater than in the continuum. The most
distinct peaks of this kind were recently found in a
study by Weissler, ^46^ who investigated the relative
photoionization cross-sections of simple gases using
a mass-spectrometric analysis of the ionization prod-
ucts (O2, N2, CO, CO2, NO, etc.) and in an analogous
study C57J on the photoionization of Br 2, I2, HI, and
CH3I, and also on the curves of the first derivative of
the efficiency of ionization by electrons. '-76-' In these
studies the intense peaks in the ionization-continuum
region were ascribed to autoionization processes. As
with certain monatomic vapors, the primary process
here, which is dependent on the photon energy, is exci-
tation. This is followed by the energy-independent
process of ionization. It has been shown in E57^ that
in the case of autoionization, the law of variation of
the ionization efficiency as a function of the photon
energy is described by a б-function. The superposi-
tion of step and δ-functions satisfactorily explains the
experimental data.

Absolute values have not yet been obtained for the
photoionization cross-sections of more complex com-
pounds in the range of photon energies considerably
above the first ionization potentials. The data on the
absolute values of the ionization yield t16»52^ near the
ionization threshold show that the ion yield progress-
ively diminishes with increasing molecular dimensions.
Price E16^ suggests that this may involve dissociation
processes or internal conversion of the energy of the
absorbed photon. The probability of such processes
is increased in complex molecules, owing to the cap-
ture of the ejected electron by the molecule itself. The
relative photoionization cross-sections for a large
number of compounds were obtained in C59>643 using a
mass-spectrometric technique in a range of photon
energies up to 11.7 eV. The photoionization-efficiency
curves were rather smooth in form, but a number of
cases exhibited certain irregularities, which were ex-
plained by excited electronic levels of the ions or by
processes of dissociative ionization.

7. THE RELATION OF THE FIRST ADIABATIC IONI-
ZATION POTENTIALS TO THE STRUCTURES OF
MOLECULES

A vast material has been accumulated in recent
years on the precise values of ionization potentials,
obtained by the spectroscopic ^15^ and photoionization
methods. C11»16^ This has made it possible to establish
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i Sub-
stance

Аг

Ne

He

Li
ί
i

Na

K.

Rb

Cs

Mg

Ca

Ια

Tl

N

0

o»

N2

H 2

Method

Absorption
spectra
Theoretical
calculation
Simultaneous
measurement of
photoionization
and absorption
spectra

Absorption
spectra
Theoretical
calculation

Absorption
spectra
Theoretical
calculation

Absorption
spectra
Theoretical
calculation

Absorption

spectra
Theor. calc.

Absorption
spectra
Theor. calc.

Photoionization

Theor. calc.

Photoionization

Absorption
spectra
Theor. calc.

Theor. calc.
Absorption
spectra

Absorption
spectra
Theor. calc.

Absorption
spectra

Absorption
spectra

Absorption
spectra

Theoretical
calculation

Theoretical
calculation

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra

F . I .

Spectral
Region, A

850—350

900—500

700—230

600—250

2400—1700

2500-1600

3000—1600

3000—2500

3200—2400

3300—2000

1650—1450

2100—1950

2140—1758

2100—1450

800—400

1050—500

800—500

850—650

V I L E S O V

Table I

Oi, 10"iecm2

At
ioni-

zation
thresh

old

36

30
35

5.5

5,8
4.4

7.3

7.4
7.5

2.5

3.6
2.9

1.16

0.116

0.10
0.07

0.12

0.11

0.23

0.22

8.2
1.2

0,45

25

0.3

4,5

10

10

2.8

At
min-
imum

1900 A
0.013
ΙΟ"5

2700 A
0.008

3-10-4

0.004

0.004

2800 A
0.043
0.078

0.03

Course of variation

Οχ d e c r e a s e s w i t h i n -

c r e a s i n g p h o t o n e n e r g y .

Οχ d e c r e a s e s w i t h i n -

c r e a s i n g p h o t o n e n e r g y .

Οχ h a s a m a x i m u m at

4 0 0 A.
Οχ h a s a m a x i m u m at

40 0 A.

Οχ d e c r e a s e s .

Οχ d e c r e a s e s .

Οχ d e c r e a s e s .

σ\ decreases .

Οχ d e c r e a s e s ·

σχ h a s a m a x i m u m a t

1900 A.

(Τχ s m o o t h l y i n c r e a s e s .

Οχ d e c r e a s e s t o a

m i n i m u m , t h e n i n c r e a s e s .
A n a l o g o u s c o u r s e .

O\ i n c r e a s e s b e y o n d a

m i n i m u m .

A n a l o g o u s c o u r s e .

Οχ d e c r e a s e s t o a
m i n i m u m .

Οχ i n c r e a s e s b e y o n d a
m i n i m u m .

A n a l o g o u s c o u r s e .

Οχ d e c r e a s e s .

Οχ d e c r e a s e s .

σ\ d e c r e a s e s .

A n a l o g o u s c o u r s e .

S t r o n g p r e i o n i z a t i o n .

S t r o n g p r e i o r u z a t i o n .

Oi a l m o s t c o n s t a n t ,
w i t h m a x i m u m v a l u e =
1 2 . 5 .

A n a l o g o u s c o u r s e , w i t h
m a x i m u m v a l u e = 1 0 . 0 8
a t 6 5 0 A.

Οχ = 13 a t 5 5 0 A.

Οχ h a s a m a x i m u m v a l u e
= 16 a t 6 0 0 A.

Oi h a s a m a x i m u m v a l u e
= 24 at λ = 750 A.

Οχ h a s a m a x i m u m v a l u e
= 9 at λ = 750 A.

Ref-
er-
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77, 5S
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78

56

79

1
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1
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81

67

S2
S3

j
84

54

85

68
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85

71
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85

86

70
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87
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71

88

89
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78, 90

78, 90
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Sub-
stance

I co

NO

N,0

NH3

CH<

H20

C2H2

C2Hi

Method

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra
Theoretical
calculation

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra

Photoionization
and absorption
spectra

Table I (cont'd)
σ-u 10-"cm2 |

Spectral
Region, A

000—470

1600—1050

970—680

1240—680

1000—470

1000—470

1100—680

1190—680

At I
ioni- At

zation min-
thresh- imun

old I

Course of variation
Ref-
er-

ences

1
(Ti has a maximum value
= 32 at λ = 650 A.

(Ti increases .

Maximum oi = 27 at λ
= 700 A; strong preioni-
zation at λ = 833 A,
with σι = 60.

crj has a maximum value
= 31 at λ = 700 A.

Maximum value of σ^
— 2.1 at the ionization
threshold.
ΟΊ at the ionization
threshold = 94.

CTi has a maximum val-
ue = 18 at λ = 600 A.

<j\ has a maximum val-
ue = 57 at λ = 800 A.

σι has a maximum value
= 50 at λ = 700 A.

!
78

52_ 91

91

82

78

77

78

03

83

a d i r e c t r e l a t i o n s h i p b e t w e e n t h e s t r u c t u r e s o f m o l e -

c u l e s a n d t h e v a l u e s o f t h e i r i o n i z a t i o n p o t e n t i a l s , e v e n

t o t h e p o i n t o f e s t a b l i s h i n g s i m p l e q u a n t i t a t i v e r e l a t i o n -

s h i p s i n s o m e c a s e s .

A l i p h a t i c h y d r o c a r b o n s . T h e i o n i z a t i o n p o t e n t i a l s o f

t h e p a r a f f i n s , a s o b t a i n e d b y t h e s p e c t r o s c o p i c a n d p h o -

t o i o n i z a t i o n m e t h o d s b y P r i c e , ^ 9 5 ^ W a t a n a b e , t 1 1 ] a n d

o t h e r a u t h o r s !- 9 6 ^ a r e g i v e n i n t h e s u m m a r y T a b l e X V I I I .

C e r t a i n v a l u e s o f i o n i z a t i o n p o t e n t i a l s o b t a i n e d b y t h e

e l e c t r o n - i m p a c t m e t h o d a r e a l s o g i v e n h e r e . A s a

r u l e , t h e y a r e 0 . 0 2 — 0 . 2 e V g r e a t e r t h a n t h e i o n i z a t i o n -

p o t e n t i a l s o b t a i n e d b y t h e o p t i c a l m e t h o d s . A n a n a l y s i s

o f t h e t a b l e s h o w s t h a t t h e f i r s t s u b s t i t u t i o n o f a h y d r o -

g e n a t o m b y a m e t h y l g r o u p d i m i n i s h e s t h e i o n i z a t i o n

p o t e n t i a l c o n s i d e r a b l y . H o w e v e r , a s t h e h y d r o c a r b o n

c h a i n i s l e n g t h e n e d , t h e d e c l i n e b e c o m e s s l o w e r a n d

a p p r o a c h e s s a t u r a t i o n .

A t p r e s e n t , t h e i o n i z a t i o n p o t e n t i a l s o f t h e f i r s t

s e v e n m e m b e r s o f t h e u n b r a n c h e d p a r a f f i n s h a v e b e e n

m e a s u r e d w i t h a n a c c u r a c y o f 0 . 0 2 — 0 . 0 3 e V . F i g u r e 9

s h o w s t h e i r r e l a t i o n ( o p e n c i r c l e s ) t o t h e n u m b e r o f

c a r b o n a t o m s i n t h e c h a i n . T h e i o n i z a t i o n p o t e n t i a l s

o f t h e c o m p o u n d s o f t h i s s e r i e s c a n b e r e p r e s e n t e d b y

t h e s i m p l e f o r m u l a

Ivn = 9 ,06 + 1 ^ -
7.42 4.56

» = 1 , 2 , 3, . . . ,

p o t e n t i a l s c a l c u l a t e d f r o m t h i s f o r m u l a . T h e d e v i a t i o n

f r o m t h e e x p e r i m e n t a l d a t a d o e s n o t e x c e e d 1%, e x c e p t

f o r m e t h a n e , f o r w h i c h t h e i o n i z a t i o n p o t e n t i a l i s a l -

m o s t 1 e V g r e a t e r t h a n t h e c a l c u l a t e d v a l u e . T h i s

s h o u l d n o t s u r p r i s e u s , s i n c e f o r m e t h a n e t h e f i r s t

ionization potential is due to the ejection of a σ-elec-
tron from a C—Η bond, E11^ while in all the other com-
pounds the σ-electrons of С—С bonds are ejected. ^97^
If the given formula is valid for the higher members of
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the series, then Ip n.,oo = 9.06 eV, which must be the
limiting lowest ionization potential for a saturated un-
branched hydrocarbon chain.

As a rule, the branched paraffins have lower ioni-
zation potentials than the unbranched ones. The more
highly branched the chain is, i.e., the closer the pack-
ing of the molecule, the lower the ionization potential.
This can be traced in the following example: E16^

n-hexane, C - C - G — C - C - C - : I p = 10.17 eV,

3-methylpentane, C — C - C — C - C : I D = 10.06 eV,

С

2,3-dimethylbutane, C - C - C - C : I D = 1 0 . 0 0 e V .
! I

С С

However, th i s e m p i r i c a l ru le has an exception:

С

neopentane, С — С — С: I p = 10.37 eV,

n-pentane, C - C — C - C — С : I p = 10.33 eV.

This anomaly, according to Price, is due to the fact
that neopentane forms a very stable electronic config-
uration about the central carbon atom owing to the high
symmetry.

For the unsaturated hydrocarbons, the first ioniza-
tion potential arises from the ejection of one of the π-
electrons of the C>=C bond. Just as with the saturated
hydrocarbons, a regular decline in the ionization po-
tential occurs with increasing chain length. A more
detailed investigation shows that the decrease in the
ionization potential of the alkyl derivatives of ethylene

is, to a first approximation, inversely proportional to
the square of the distance between the added carbon
atom and the nearer carbon atom of the double bond.
For illustration, Table II gives the ionization potentials
of some alkyl derivatives of ethylene, the differences
between consecutive members of the series, and also
the inverse squares of the distances (1/Z2) from the
second carbon atom to the end of the chain, and the
ionization-potential differences as calculated by the
inverse-square law.

In the branched unsaturated hydrocarbons, the ioni-
zation potentials are a function of the "closeness of
packing" of carbon atoms about the double bond
(Table ΠΙ).

Price explains the decline in the difference between
the ionization potentials of consecutive members of
this series with increasing "closeness of packing" by
the saturation of the electron density of the C=C dou-
ble bond.

The alkyl derivatives of acetylene have ionization
potentials about 1 eV higher than the corresponding
ethylene derivatives, but they vary in the same way.
The curves of the variation of the ionization potential
of these classes of compounds as a function of the mo-
lecular structure are shown in Fig. 10.

Alicyclic compounds usually have ionization poten-
tials lower than the corresponding unbranched and even
the branched hydrocarbons. Thus, for example, pro-
pane = 11.08 eV, but cyclopropane = 10.09 eV; n-hexane
= 10.17 eV, but cyclohexane = 9.88 eV.

To ascertain the nature of the decrease of the ioni-
zation potentials in the classes of compounds cited
above, Price calculated the values of the stabilization
energies of the molecules and their corresponding ions,

Table II

Compound

Ethylene

Propylene

1-Butene

1-Pentene

1-Hexene

1

Formula I Ip

C = C

C = C—С

C - C — С — С

C = G—С—С—С

С = С — С — С — С — С

Compound

Ethylene

Propylene

2-Butene

3-Methyl-3-butene

2,3-Dimethyl-2-butene

10.51

9.73

9.58

9.50

9.46

Δ Γ,. 1/12

i

0 . 7 8

0 . 1 5

0 , 0 8

0 . 0 4

1

0 . 2 5

0 . 1 1

0 . 0 6

A l p ,
c a l c u -
l a t e d

0 . 7 4 ;

0 . 1 6
• :

0 . 0 8

0 , 0 5

T a b l e I I I

Formula

с=с

!
i p ί Λ ί ρ

1 0 . 5 1

С = С—С ; 9.73

С — С = С — С

С — С = С — С
с

9 . 1 3

8 . 6 8

С — С = С — С 8.30
С С

0 . 7 8

0 . 6 0

0 . 4 5

0 . 3 8
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change in the ionization potential upon substitution:
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FIG. 10. Curves of the relation of the ionization potential to
the structure of alkyl derivatives of ethylene and acetylene.

determined as follows. If we take the series of linear
saturated hydrocarbons, the replacement of a hydrogen
atom in a high enough member of the ser ies by a methyl
group should increase the heat of combustion by 157.4
kcal/mole, as has been shown in £983. This value can
be considered to be the contribution to the heat of com-
bustion of the molecule upon replacement of a hydrogen
atom by a methyl group under the condition that the in-
teraction of the methyl group with the rest of the mole-
cule is small. The difference between 157.4 kcal/mole
and the experimentally observed heat of combustion is,
to a first approximation, a measure of the interaction
of the given methyl group with the res t of the molecule,
and is called the stabilization energy S of the ground
state of the molecule:

5 = 157.4-[С(МХ)-С(НХ)] kcal/mole,

where С (MX) is the heat of combustion of the methyl -
substituted molecule, and C(HX) is the heat of com-
bustion of the unsubstituted molecule. The stabilization
energy thus calculated represents the energy shift of
the ground state of the molecule upon replacement of
one hydrogen atom by a methyl group in it. The stabil-
ization energy S+ of the ion is defined as the sum of
the stabilization energies of the molecule and the

Table IV gives the total stabilization energies of the
unsaturated hydrocarbons with respect to ethylene and
the stabilization energies of the corresponding ions. E16^
The ionization-potential differences are also given here.

We see from Table IV that the ionization potentials
vary considerably more than the stabilization energy
of the ground state of the molecule. Here, as the ground
state of the molecule is lowered, a decline in the ioni-
zation potential takes place, indicating a considerable
drop in the ground state of the ion. The nature of such
a considerable stabilization of the ion can be explained
by the polarization of the alkyl groups by the positive
hole in the double bond formed upon removal of one of
the π-electrons. The size of this effect, as we see
from Table IV, is a function of the "closeness of pack-
ing" of alkyl groups about the double bond. The quite
considerable stabilization in the methyl derivatives of
ethylene, of the order of several kcal/mole, can be ex-
plained by polarization effects between the electron-
donor methyl groups and the π-electrons of the double
bond.

For the saturated hydrocarbons, the stabilization
energy of the ground state calculated in the same way
is negligibly small. Hence, the interaction of the
methyl groups with the rest of the molecule is insig-
nificant here.

In the case of radicals, the stabilization energies
of the ground and ionized states are close to the s ta-
bilization energies of the corresponding olefins. This
indicates that the interaction of the unpaired electron
with the methyl groups is of the same order of magni-
tude as in the olefin case.

The mutual influence of different functional groups
in a molecule is commonly described qualitatively
within the framework of the induction effect and the
conjugation effect. '-100-' Within the framework of these
effects, the decline in the ionization potentials of the
alkyl derivatives of ethylene can be considered to be a
positive induction effect of the alkyl groups on the
ethylenic double bond. This effect is insignificant for
molecules in the ground state, but increases with ex-
citation, and attains a maximum with the positive ion.
The action of these effects will be discussed in greater
detail below, using the example of two classes of corn-

Table IV. Stabilization energy of alkyl derivatives
of ethylene (kcal/mole)

Compound

Propylene
1-Butene
1-Pentene
1-Hexene
Isobutylene

S

2.67
2.28
2.59
2,60
5.51

18.0
21.4
23,2
24.2
29.5

20.6
23.7
25,8
26,8
35.1

Compound

Cis-2-butene
Trans-2-butene
3-Methyl-2-butene
2f3-Dimethyl-2-butene

4
5
7
8

S

.00
,1
.9
,7

31.9
31.9
41;2
51.0

S

35
37
50
59

.9

.0

.2

.8
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Halogen atom

CI
Br
I

Η

12.85
11.62
10.38

F . I

сн3

11.28
10.53

V I L E S O V

Table V

с

10
10
9

97
24
33

Ip of the hal-
ogen.om

12
11
10

96
84
44

Electronegativ-
ity of the halo-

gen with re-
spect to hydro-

gen [»"]

0.8
0.6
0.3

pounds for which there is a broader experimental ma-
terial .

Halogen derivatives of the linear saturated hydro-
carbons. The size of the induction effect for a part ic-
ular electron-donor group increases proportionally
upon introduction of substituents of greater electro-
negativity. In order to establish the linear relation
between the induction effect and the changes in the
ionization potentials, we shall discuss some data on
halogen derivatives of the linear hydrocarbons. Their
ionization potentials are given in Table V, from the
data of t u 3 .

In these compounds, the first ionization potential is
due to the ejection of one of the p-electrons of the hal-
ogen atom. Just as for the alkyl derivatives of ethyl-
ene, there is an induction interaction here between the
halogen atom and the alkyl group. Examination of the
data of Table V and Fig. 11, which gives the curves
of the variation of the ionization potentials for these
compounds, shows that the ionization potential varies
most for chlorine, which has the highest ionization po-
tential and electron affinity; the variation is less for
the bromine derivatives, and least for the iodine deriv-
atives.

A more detailed examination shows that the ratio of
the electronegativity differences between the alkyl group
and the halogen atom is approximately equal to the ratio
of ionization-potential differences. Thus, for methyl
chloride and bromide, the ratio of the electronegativity
differences between the methyl group and the corre-
sponding halogen is 1.6, while the ratio of the ioniza-
tion-potential differences (Ip-HCl - Ip-CH3Cl)/
(Ip-HBr - Ip-CH3Br) is 1-5. И we bear in mind the
fact that the electronegativities of atoms, and especially
of atomic groups, are known at present to an accuracy
of the order of 10—20%, such an agreement is quite sat-
isfactory, and demonstrates the linear relation between
the size of the induction effect and the change in the
ionization potential of the molecule when one of its hy-
drogen atoms is replaced. This relation can be used to
estimate the electronegativity of various functional
groups in molecules.

Compounds containing the carbonyl group. Price and
Walsh C38,97,ιοί] have obtained the ionization potentials
of certain simple aldehydes and ketones by the spec-
troscopic method, and have shown that in these com-
pounds one of the p-electrons of the carbonyl oxygen

is ejected. Later, a great number of ketones, ethers,
and certain of their halogen derivatives have been
studied by the photoionization method, and their adia-
batic ionization potentials were determined with high
precision (0.01-0.03 eV).c l l»5 e»1 0 23 These compounds
are convenient objects for studying the law of variation
of the mutual influences of functional groups in mole-
cules as a function of the distance between them, since
the electron to be ejected is localized in the vicinity of
the carbonyl oxygen atom, and its ionization potential
depends on the electron density in the vicinity of this
atom.

Table VI gives the ionization potentials of a series
of ketones arranged in an order such that each succes-
sive member of the series can be considered to be a
methylated derivative of the preceding one. In this
series of compounds, we observe a regular decline in
the ionization potentials (Fig. 12), which can be ex-
plained by the positive induction effect (+1) of the
alkyl groups on the carbonyl group. A more detailed
examination shows that the ionization-potential differ-
ences between consecutive members of the series obey
an inverse-square law with respect to the distance be-
tween the carbonyl group and the added methyl group,
just as with the alkyl derivatives of ethylene. In fact,
the replacement of a hydrogen atom in formaldehyde
by a CH3 group reduces the ionization potential by 0.7
eV. A second CH3 group directly joined to the car-
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FIG. 11. Curves of the relation of the ionization potential to
the structure of halogen derivatives of the linear saturated
hydrocarbons.
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Table VI. Ionization potentials of a series of ketones (eV)
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Compound

Formaldehyde

Acet aldehyde

Acetone

Methyl ethyl ketone

Methyl propyl ketone

Methyl η-butyl ketone

Diethyl ketone

Pinacolone

Ethyl tert-butyl ketone

Isopropyl tert-butyl

ketone

Pivalone

Formula

H 2 C - 0

V , = o

сн3 ч

)C = O
pu /3 )c=o

C2H5
сн3.

)c=o
C3H/

Зч)с=о
с 4 н/
(C2H5)2C = O

(CH3)3C4

с н /

(CH3)3C4

с2я/
(CH3)3C )G=0

(CH3)2CH/

(CH3)3C/

Ionization
potential

10.90±0.03

10.20±0.03

9.71±0.03

9.54±0.03

9.47±0.03

9.44±0.03

9,34±0.02

9.18±0,03

8,98±0.02

8.82±0.02

8,65±0.03

Ionization-

0.70

0.51

0.17

0.07

0,03

0.16

0.20

0.16

0.17

bonyl carbon lowers the ionization potential further by
0.5 eV. If we replace one of the hydrogen atoms in
dim ethyl ketone by a CH3 group, it will be twice as far
away, and the decrease in the ionization potential should
be one-fourth as great, as is observed experimentally.
An analogous treatment can be extended to the higher
members of the ser ies . This makes it possible to
write an approximate relation for the given series of

ketones:
. , const
Mp^-p

1 n + 1
where ΔΙρ is the difference in ionization potential be-
tween two consecutive members of the ser ies ; ln+i is
the relative distance between the carbonyl group and
the hydrogen atom that is replaced by a methyl group
to form the ( n + l ) t h member of the ser ies .

If we assume that the ionization potentials in this
series of ketones vary as a linear function of the in-
duction effect, this implies that the induction interac-
tion decreases in inverse proportion to the square of
the distance between the methyl and carbonyl groups.

An examination of the ionization potentials of the
more complex branched ketones given in the second
half of the table shows that the inverse-square relation
of the potential differences to the distance obeys an ad-
ditivity rule quite accurately. In fact, pinacolone can
be considered to be acetone in which three hydrogen
atoms have been replaced by methyl groups. The r e -

placement of a hydrogen atom by one methyl group in
acetone decreases the ionization potential by 0.17 eV.
This implies that the ionization potential of pinacolone
should be 0.51 eV lower than that of acetone, i.e., 9.20

10

9

No
О 1

\

\

\
\

. of methyl groups (n + k)

' 2 3 4 5 t

• — ,

ч
ί

4
4

4
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( R * H

Ч

4

9

C H 3 , C 2 H 5 , . )

4
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No. of carbon atoms in the substituent

FIG. 12. Curves of the relation of the ionization potential to
the structure of ketones and esters.
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eV. From experiment we have 9.18 ± 0.03 eV. An anal-
ogous treatment for pivalone, which can be considered
to be acetone in which all six hydrogen atoms have been
replaced by methyl groups, gives an ionization potential
of 8.69 eV; from experiment we have 8.65 ± 0.03 eV.

Certain deviations from these regularities occur in
the ionization potentials for the first members of the
series, in which the methyl groups are directly joined
to the carbonyl carbon. They can be explained by a
certain contribution from other types of interaction.

These regularities hold not only for the ketones,
which show only the positive induction effect, but also
for their halogen derivatives, which show a negative
induction effect (-1) leading to an increase in the ion-
ization potential of the p-electrons of the carbonyl oxy-
gen. In fact, the ionization potential of chloroacetone is
9.91 ± 0.03 eV, and of dichloroacetone, 10.12 ± 0.03 eV,
as measured in C1 0 2]. These values are respectively
0.20 and 0.41 eV higher than the ionization potential of
acetone, which is 9.71 eV.

To illustrate the regularities under discussion, Fig.
12 shows some curves for the relation of the ionization
potential to the number and position of the substituent
CH3 groups.

An examination of the first ionization potentials of
esters, as obtained by the photoionization method, C103H
shows that these compounds also obey well the regu-
larities cited above. The ionization potentials of esters
are higher than those of the corresponding ketones, in-
dicating the lowering of the electron density in the vi-
cinity of the carbonyl oxygen atom owing to the negative
induction effect of the oxygen of the ester group. The
ionization potentials of a series of esters having suc-

cessively longer alkyl chains in the ester group are
compared with the corresponding ketones in Table VII.
It shows that the ionization-potential difference is 0.55
eV, to an accuracy within the experimental limits of
e r ror of 0.02—0.03 eV. This clearly indicates the high
additivity of the induction effects of opposite signs.
When the alkyl group directly attached to the carbonyl
carbon is lengthened, this difference becomes of the
order of 0.45 eV. This non-equivalence of the different
alkyl groups may be due to a weakening of the induction
effect by the chain of conjugated bonds —O—C=O or to
a steric factor. Just as in the ketones, the additivity of
the different induction effects is maintained also in the
halogen derivatives of the esters . For illustration,
Table VIII gives the ionization potentials of some
chloro- and bromo-derivatives of esters .

The established regularities in the variation of the
ionization potentials of ketones, esters, and their halo-
gen derivatives can be successfully used to estimate
first adiabatic ionization potentials with an accuracy
no poorer than 0.05—0.1 eV.

Alkyl derivatives of benzene. Price and his associ-
ates [104 -109] have measured the first ionization poten-
tials of the monoalkyl and dialkyl derivatives of ben-
zene with a precision as good as 0.01—0.005 eV, since
these compounds exhibit sharp absorption bands a r -
ranged in Rydberg series. They showed that in these
compounds the first ionization potentials arise from
the ejection of one of the π-electrons of the benzene
ring. Price explains the decrease in the ionization
potential of benzene upon replacement of one or sev-
eral of the hydrogen atoms by alkyl groups by the
electron-donor character of the alkyl groups, which

Table VII. Ionization potentials of esters and ketones (eV)

Compound

Ethyl acetate

n-Propyl acetate

η-Butyl acetate

Isobutyl acetate

n-Pentyl acetate

Methyl butyrate

Ethyl valerate

η-Butyl butyrate

•

F o r m u l a

с 2н 5-о/
С Н з х

СзНг-С- 7

CH3

C4H9—0/

C H 3 > G = O
C4II9-O/

СНз

) G = O

CH3—О-7

с н

С * ) с = о

4 9^с=о

Ip of the
ester

10.08±0.02

10.02±0.02

10,00±0.03

9.94±0.03

9.92±0.02

9.87±0.02

9.67±0,03

9,57±0.03

Ip of the
ketone

9.54

9,47

9,44

9,36

9.40

9,44

9.19

9.10

Differ-
ence

0,54

0,55

0,56

0,58

0.52

0.43

0.48

0,47
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Compound

Methyl monochloro-
a c e t a t e

Methyl d ich loro-
a c e t a t e

E t h y l monochloro-
a c e t a t e

E t h y l tr ichloro-
a c e t a t e

Ethy l monobromo-
a c e t a t e

Formula

C1CH 2

C H 3 — 0 /

C1 2 CH

C H 3 — 0 - 7

сюн2 ч

с 2н 5-о/

C13C

C2H5—0/

BrCH,.
")c=o

C2H5— 0/

Ip of the halogen
derivative of the

ester

10,35±0.03

10.44±0.03

10,20±0.03

10.44±0.03

10.13±0,03

Ip of the
ester

10.25

10.25

10.08

10.08

10.08

Differ-
ence
( Δ Ι ρ )

0 . 1 0

0 . 1 9

0 . 1 2

0 . 3 6

0 . 0 5

increases the electron density in the benzene ring.
This viewpoint agrees with the magnitudes and d i rec-
tions of the dipole moments of the alkyl derivatives of
benzene. Besides, he considers that the size of the de-
crease in the ionization potential depends considerably
on the interaction of the alkyl groups with the positive
hole formed in the benzene ring upon ionization of one
of the π-electrons.

In order to investigate further the effect of alkyl
groups on the value of the ionization energy, the ioni-
zation potentials of many alkyl derivatives of benzene
have been measured by the photoionization method in
a number of studies. С11»16»58] xhe results of these
studies are compiled in the summary table. In addition,
Fig. 13 shows the relation of the change in the ioniza-
tion potential to the number of hydrogen atoms r e -
placed by methyl groups on the benzene ring. An ex-
amination of these data shows that, there is a regular
decline in the ionization potentials as we increase the
number of substituents. Here the ionization-potential
difference between successive members of the series
gradually decreases as we go to the higher members

<j
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F I G . 1 3 . C u r v e of t h e r e l a t i o n o f t h e i o n i z a t i o n p o t e n t i a l t o t h e

s t r u c t u r e o f m e t h y l d e r i v a t i v e s o f b e n z e n e .

o f t h e s e r i e s . T h u s , i t a m o u n t s t o o n l y 0 . 0 7 e V b e t w e e n

p e n t a m e t h y l - a n d h e x a m e t h y l b e n z e n e , w h i l e t h e i o n i z a -

t i o n p o t e n t i a l d r o p s b y 0 . 4 3 e V u p o n r e p l a c e m e n t o f t h e

f i r s t h y d r o g e n a t o m . E v i d e n t l y , t h e g r a d u a l d e c l i n e i n

t h e d i f f e r e n c e s b e t w e e n t h e s u c c e s s i v e m e m b e r s o f t h e

s e r i e s r e s u l t s f r o m t h e d e c r e a s e i n t h e e f f e c t i v e c h a r g e

o f t h e p o s i t i v e h o l e a s w e g o t o t h e h i g h e r m e m b e r s o f

t h e s e r i e s .

A s w a s s t a t e d a b o v e , t h e v a r i a t i o n o f t h e e n e r g y o f

t h e g r o u n d s t a t e o f t h e m o l e c u l e a n d t h e c o r r e s p o n d i n g

i o n c a n b e t r a c e d f r o m t h e s t a b i l i z a t i o n e n e r g i e s . F o r

t h i s p u r p o s e , T a b l e I X g i v e s t h e s t a b i l i z a t i o n e n e r g i e s

o f t h e m o l e c u l e s a n d t h e c o r r e s p o n d i n g i o n s w i t h r e -

s p e c t t o b e n z e n e . T h e d a t a i n t h e t h i r d a n d f o u r t h c o l -

u m n s a r e g i v e n a s v a l u e s p e r m e t h y l g r o u p f o r c o n v e n -

i e n c e o f e x a m i n a t i o n . T h a t i s , t h e y r e p r e s e n t t h e c o n -

t r i b u t i o n m a d e b y e a c h m e t h y l g r o u p t o t h e s t a b i l i z a t i o n

e n e r g y o f t h e w h o l e m o l e c u l e . F o r t h e f i r s t m e m b e r s

o f t h e s e r i e s u p t o m e s i t y l e n e , t h e s t a b i l i z a t i o n e n e r -

g i e s S C H 3 o f t h e m o l e c u l e s a r e t a k e n f r o m P r i c e e t

a l . t 1 6 ] T h e r e a r e a s y e t n o r e l i a b l e t h e r m o c h e m i c a l

d a t a i n t h e l i t e r a t u r e f o r t h e h i g h e r m e m b e r s o f t h e

s e r i e s . O n t h e b a s i s o f t h e c o n s t a n t c o n t r i b u t i o n o f

e a c h m e t h y l g r o u p t o t h e s t a b i l i z a t i o n e n e r g y o f t h e

f i r s t m e m b e r s o f t h e s e r i e s , a c o n t r i b u t i o n o f 2 . 8

k c a l / m o l e h a s b e e n a s s u m e d f o r d u r e n e , p e n t a m e t h y l -

b e n z e n e , a n d h e x a m e t h y l b e n z e n e , a n d t h e s t a b i l i z a t i o n

e n e r g i e s S C H 3 o f t h e c o r r e s p o n d i n g i o n s h a v e b e e n

c a l c u l a t e d f r o m t h e a d i a b a t i c i o n i z a t i o n p o t e n t i a l s .

A n e x a m i n a t i o n o f t h e s e d a t a i n d i c a t e s t h a t t h e c o n -

t r i b u t i o n o f t h e m e t h y l g r o u p s t o t h e s t a b i l i z a t i o n e n -

e r g y o f t h e m o l e c u l e i s s m a l l e r b y a f a c t o r o f t h r e e o r

f o u r t h a n f o r t h e c o r r e s p o n d i n g i o n , a n d i s p r a c t i c a l l y

i n v a r i a n t , w h e r e a s i t d e c r e a s e s a p p r e c i a b l y i n t h e i o n

f o r t h e h i g h e r m e m b e r s o f t h e s e r i e s .

A r o m a t i c a m i n e s . T h e a r o m a t i c a m i n e s h a v e v e r y

d i f f u s e a b s o r p t i o n s p e c t r a . H e n c e o n e c a n d e t e r m i n e

p r e c i s e v a l u e s o f t h e i r a d i a b a t i c i o n i z a t i o n p o t e n t i a l s

o n l y b y t h e p h o t o i o n i z a t i o n m e t h o d . H i 1 · 5 8 . n o ] T h e r e a r e
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Table IX. Stabilization energies of methyl derivatives of
benzene (kcal/mole) and their ions with respect to

benzene, calculated per methyl group

Compound

Toluene
m-Xylene
o-Xylene
p-Xylene

S C H 3

2 . 9
2 . 6 7

2 . 8 8
2 . 8

S C H 3

1 2 . 6

1 0 . 6
1 0 . 8
1 2 , 0

ο η * - 1 ~ &„

1 2 . 6
8 . 6

8 . 9
1 1 . 4

Compound

Mesitylene
Durene
Pentamethylbenzene
Hexamethylbenzene

S C H 3

2 . 9
2 . 8
2 . 8

2 . 8

S C H S

9 , 4
9 . 5

8 . 8
8.2

+ 1

6

9

8

8
6 . 1
5 1

two viewpoints on the ionization mechanism of the a ro-
matic amines. According to one of them, the ionization
process in the region of the first ionization potential
involves the ejection of one of the π-electrons of the
benzene ring. C58,iiO] A number of authors adhere to
the second viewpoint, according to which the ionization
is due to the ejection of one of the unshared electrons
of the nitrogen atom, t 1 1 1 " 1 " ]

The photoionization-yield curves of the aromatic
amines obtained in C58>110H differ considerably from
the analogous curves for other classes of compounds.
As has been pointed out above for aniline (see Fig. 7),
the ionization yield is very small near the ionization
threshold, and gradually increases with increasing en-
ergy of the ionizing photons. The same type of curve
is maintained throughout the other aromatic compounds
containing the amino group. This indicates consider-
able changes in the interatomic distances in the mole-
cules of aromatic amines upon ionization, which is
more probably due to ejection of one of the electrons
participating in a valence bond. Hence, we can assume
that in ionization one of the π-electrons of the benzene
ring is ejected. In confirmation of this viewpoint, ref-

erence '-110-' has investigated the characteristics of the
variation of different physical constants for a series of
aromatic compounds (the positions of the first and sec-
ond absorption bands Xt and λ2; the dipole-moment
differences Δμ; and the exaltation of the molecular r e -
fraction for the sodium D-line (EMRD) as functions of
the ionization potential. These data are given in Table X
and in Fig. 14.

There is practically a linear relation between the
ionization potentials and the positions of the first ab-
sorption bands of the various benzene derivatives. This
indicates that the ionization and absorption involve the
same electrons. The electrons that are common to all
the cited compounds are the π-electrons of the benzene
ring.

We can get further evidence of the ejection of π-
electrons from the benzene ring upon ionization by
comparing the ionization potentials of the amines. Thus,
for example, the ionization potential of aniline is 7.69
eV, and that of m-toluidine is 7.50 eV, while their dis-
sociation constants as bases are 4.0 χ 10~10 and 5.5
χ 10"1 0, respectively. The latter fact indicates that the
free electron-pair of the nitrogen atom is attracted

Table X. Some physical constants of benzene derivatives

Compound

Benzene

Toluene

o-Xylene

m-Xylene

p-Xylene

Mesitylene

Phenol

Aniline

m-Toluidine
Methylaniline

Dime thy laniline

1';' eV

2550
4.85

2620
4.75

2610
4.75

2660
4,65

2660
4.65

2660
4.65

2700
4.60

2850
4.35

2880
4.30

2970
4.17

Â eV

2020
6.15

2050
6.05

2130
5.83

2330
5.35

2380
5.20

2500
4.96

λ .
A 8 ; 'eV

1820
6 , 8 0

1870
6 , 6 3

2 0 0 0
6 , 2 0

20O0
6 , 2 0

2 0 0 0

6 , 2 0

Δμ

0

0 , 3 5

0 , 3 5

0 . 7

0 , 9

1,5

EMRD

0 . 1 3

0 , 1 6

0 . 4 2

0 . 3 1

0 , 7 4

0 , 5 5

0 . 2 6

0 , 8 6

1 . 1 3

1.16

1,58

Ip; e V

9 , 2 5

8 . 8 2

8 , 5 6

8 . 5 9

8 . 4 4

8 . 4 1

8 , 5 2

7 , 6 9

7 , 5 0

7 . 3 5

7 , 1 4
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FIG. 14. Relation to the ionization potentials of the positions
of: 1) the first, and 2) the second absorption bands, and 3) the
exaltation of the molecular refraction, and 4) the dipole moment
differences of aromatic amines and other benzene derivatives.

more weakly into the benzene ring for aniline than for
m-toluidine. This contradicts the values of the ioni-
zation potentials, if we are to assume that one of the
electrons of the nitrogen atom is ejected.

The considerably greater values of the exaltation of
the molecular refraction and the dipole moments for
the aromatic amines, as compared with the alkyl de-
rivatives of benzene, indicate that the electrons of the
free pair on the nitrogen are highly mobile and con-
siderably conjugated with the benzene ring. When one
of the π-electrons of the benzene ring is ejected and
a positive hole is formed there, the displacement of
the electrons of the free pair on the nitrogen can be
so great that the bonds in the ring can rearrange to
form a quinoid structure

= N+H2,

which is the explanation of the color of the ions of or-
ganic amines in the theory of color. '-137-'

We should note that the decrease in the ionization
potentials in this series of compounds cannot be ex-
plained by a simple r i se in the ground states of the
molecules, as Scheibe^115^ assumes; he considers that
in dyes the decrease in the ionization potential is due
only to the change in the spacing between the ground
and first excited states. A proof of this is the decrease
in the energy spacing between the first and second ex-
cited levels, indicating a greater convergence of the
electronic bands, and hence, a lowering of the ground
states of the corresponding molecular ions.

Halogen derivatives of ethylene and benzene. Price
and his associates E1163 have made a detailed study of
the effect of halogen substituents on the electronic

spectra and ionization potentials of ethylene deriva-
tives and aromatic compounds. On the basis of the
precise ionization-potential values that they had ob-
tained in this study, they showed that the effect of the
substituents on the ionization potential, generally con-
sidered, is due to the induction effect, which mainly
alters the binding of the electrons in the ground state
of the molecule, and to the resonance-stabilization
effect, which results from the interaction of the posi-
tive hole of the ion with the outer electrons of the sub-
stituent. They paid special attention to studying fluo-
rinated compounds, since the effects for them are
largest, and can have either sign.

The induction effect of fluorine atoms increases the
first ionization potential of a number of compounds by
several eV. Thus, for example, the ionization potential
of methane is 12.99 eV, but that of perfluoromethane is
17.8 eV. Such a great increase in ionization potentials
upon fluorination is also observed for other non-planar
compounds, for which the induction effect dominates.
For example, the ionization potential of ammonia is
10.154 eV, but that of NF 3 is 13.2 eV. In the latter
case, the fluorine atoms exert a negative induction
effect on the p-electrons of the nitrogen not involved
in chemical bonding. As we remove the fluorine atom
farther from the chromophoric group, the induction
effect weakens considerably: thus, the ionization poten-
tial of methyl iodide is 9.54 eV, while that of F3CI is
10.4 eV. An analogous phenomenon is observed in
CH3Br and CF3Br, which have ionization potentials of
10.45 and 11.78 eV, respectively, and in toluene (8.82
eV) and a, a, a-trifluorotoluene (9.68 eV). As we de-
crease the number of fluorine atoms, the effect weak-
ens proportionately, as a-fluorotoluene and a, a-
difluorotoluene have ionization potentials of 9.12 and
9.45 eV, respectively.

In other cases, fluorination hardly alters the ioniza-
tion potential, or conversely, decreases it. For exam-
ple, the ionization potential of the methyl radical (9.84
eV) is reduced by complete fluorination to 9.5 eV. The
CF 3 radical is planar. It exhibits a considerable over-
lap of the orbitals of the outer electrons of the fluorine
and carbon. Hence, Price et al^1 1 6^ explained the de-
crease in the ionization potential of CH3 upon fluorina-
tion by the resonance-stabilization effect of the ion,
which has a sign opposite to that of the induction effect,
and which is superimposed on it. They studied this
phenomenon in greater detail with the halogen deriva-
tives of ethylene. They showed that stepwise fluorina-
tion of ethylene leads to a small decrease in the ioni-
zation potential of the double-bond electrons from
10.51 eV for ethylene to 10.12 Ev for tetrafluoroethyl-
ene (Fig. 15). Here again, the two opposed effects al-
most completely balance. They found a more rapid de-
cline in ionization potentials in the chlorinated and
brominated ethylenes, and explained it by the dominant
role of the resonance-stabilization effect over the in-
duction effect.
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FIG. 15. Relations of the ionization potential to the structure
of halogen derivatives of ethylene.

In c o n t r a s t t o e t h y l e n e , f luor inat ion of b e n z e n e l e a d s

t o an i n c r e a s e i n t h e i o n i z a t i o n p o t e n t i a l s of t h e e l e c -

t r o n s of t h e r i n g , w i t h t h e e x c e p t i o n of m o n o f l u o r o b e n -

z e n e and p - d i f l u o r o b e n z e n e , w h o s e i o n i z a t i o n p o t e n t i a l s

a r e 0.05 and 0.10 e V l o w e r than that of b e n z e n e . F i g -

u r e 16 s h o w s t h e c u r v e of the v a r i a t i o n of the i o n i z a -

t i o n p o t e n t i a l s of t h e f luor inated b e n z e n e s a s a funct ion

of t h e n u m b e r of r e p l a c e d h y d r o g e n a t o m s . In c o n t r a s t

t o e t h y l e n e , t h e y e s t a b l i s h e d h e r e a l s o s o m e a p p r e c i -

a b l e c h a n g e s i n t h e i o n i z a t i o n p o t e n t i a l s d e p e n d i n g o n

t h e p o s i t i o n s of t h e s u b s t i t u e n t s . P r i c e e x p l a i n e d t h e s e

p h e n o m e n a by the n a t u r e of t h e o r b i t a l s of t h e o u t e r

( π 2 ) 2 and (7Г3)
2 electrons, which differ from the orbi-

tals of ethylene. The nodal planes of the orbitals of
benzene are normal to the plane of the ring, and pass
through opposite carbon atoms or through the mid-
points of opposite С—С bonds (Fig. 17). In the case
of monofluoro- and p-difluorobenzene, the fluorine
atoms are situated in the optimum positions for over-
lap of their p-electrons with the τ -orbitals of the ring
(Fig. 17, a). This results in maximum interaction, so
that the conjugation effect somewhat exceeds the in-
duction effect.

For substituents in the ortho-positions, the nodal
plane passes through atoms 1 and 4, if the substituents
are in positions 2, 3 or 5, 6 (Fig. 17, b). In this case
the overlap of the wave functions is less, and we should
expect smaller effects. However, the conjugation ef-
fects depend on overlap more strongly than the induc-
tion effect does, the value of the latter being approxi-
mately inversely proportional to the square of the dis-
tance to the "center of gravity" of the тг-electrons.
Thus, the latter effect may prove to be greater, and
this is the reason why the ionization potential of
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FIG. 16. Relations of the ionization potential to the structure
of various benzene derivatives.

o-difluorobenzene (9.31 eV) is greater than that of
benzene.

The presence of the separating nodal plane in para-
substitution almost completely eliminates the mutual
influence of substituents, and as we see from Table XI,
the effects of the individual substituents are additive.
An analogous phenomenon is observed with o-difluoro-
benzene, whose ionization potential is 0.06 eV higher
than for benzene, and 1,2,4,5-tetrafluorobenzene,
whose ionization potential is 0.14 eV higher than that
of benzene. For any other tetrafluoro isomer, the
ionization potential must be higher, since one of the
fluorine atoms must be in a nodal plane. Consequently,
it will exert no conjugation effect, although a weakened
induction interaction will remain. In fact, the 1,2,3,4-
and 1,2,3,5-isomers have larger ionization potentials:
9.61 and 9.55 eV, respectively. For the same reason,
we should expect higher ionization potentials for penta-
fluorobenzene (9.85 eV) and hexafluorobenzene (9.97
eV).

a b
FIG. 17. Orbitals of benzene.
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Table XI. Additivity of the variation of the ionization potentials
upon para-substitution (Ionization-potential differences are

given with respect to benzene, Ip = 9.24 eV)

CH,

Cl

F

Cl

Δ

Δ

Δ

Δ

F

CH 3

Cl

С Н 3

9.20
- 0 . 0 4

8.82
- 0 . 4 2

9,07
- 0 . 1 4

9.20
- 0 . 0 4

р-СбН„Х2

9.15
- 0 . 0 9

8.45
- 0 . 7 9

C6H5Y p-C6H,XY

8.93
- 0 . 3 1

C H , 9.07
- 0 . 1 4

8.82
-0.42

8.82
-0.42

Br

J

F

F

Δ

Δ

Δ

Δ

C H 3

СНз

C F 3

N H 2

8.98
- 0 . 2 β

8.73
- 0 . 5 1

9.20
- 0 , 0 4

9.20
- 0 . 0 4

—

—

-

- 1 . 5 4

8.82
-0.42

8.82
-0.42

9.68
0.44

7,70
-1.54

8.78
-0.46

8-69
0.55

8.67
0.57

8.50
- 0 . 7 4

9.69
0,45

7.82
- 1 . 4 2

T a b l e X I , w h i c h i s t a k e n f r o m C 1 1 6 3 , g i v e s t h e i o n i -

z a t i o n p o t e n t i a l s o f m o n o s u b s t i t u t e d a n d p a r a - d i s u b s t i -

t u t e d b e n z e n e d e r i v a t i v e s . E v e n w h e n t h e s u b s t i t u e n t s

d i f f e r , t h e r u l e o f a d d i t i v e e f f e c t s o f p a r a - s u b s t i t u e n t s

o n t h e i o n i z a t i o n p o t e n t i a l s i s q u i t e w e l l s a t i s f i e d , a n d

a s a r u l e , t h e d i s c r e p a n c y d o e s n o t e x c e e d t h e e x p e r i -

m e n t a l e r r o r ( 0 . 0 1 — 0 . 0 2 e V ) . A p p r e c i a b l e d i s c r e p -

a n c i e s h a v e b e e n o b s e r v e d o n l y f o r p - f l u o r o a n i l i n e

a n d p - i o d o t o l u e n e . I n g e n e r a l t e r m s , t h i s w a s e x -

p l a i n e d b y a p r o p o r t i o n a l i n c r e a s e i n t h e i n d u c t i o n

e f f e c t o n t h e e l e c t r o n s i n t h e g r o u n d s t a t e , o w i n g t o

t h e c o n s i d e r a b l y l o w e r i o n i z a t i o n p o t e n t i a l s o f a n i l i n e

( 7 . 7 0 e V ) a n d t o l u e n e ( 8 . 8 2 e V ) , a s c o m p a r e d w i t h

b e n z e n e ( 9 . 2 5 e V ) .

T h e i o n i z a t i o n p o t e n t i a l s o f o t h e r c l a s s e s o f c o m -

p o u n d s a r e l e s s w e l l s t u d i e d . H o w e v e r , t h e e x i s t i n g

d a t a a l s o s h o w r e g u l a r c h a n g e s t h a t c a n b e e x p l a i n e d

i n a n a l o g o u s f a s h i o n . T h u s , t h e v e r y l o w i o n i z a t i o n

p o t e n t i a l s o f t h e c o n d e n s e d a r o m a t i c h y d r o c a r b o n s

( F i g . 1 8 ) m a y b e d u e t o t h e e x t e n s i o n o f t h e s y s t e m

o f c o n j u g a t e d b o n d s .

8 . I O N I Z A T I O N P O T E N T I A L S A N D E L E C T R O N I C

A B S O R P T I O N S P E C T R A O F O R G A N I C C O M -

P O U N D S

T h e s h i f t i n g o f a b s o r p t i o n b a n d s d e p e n d s v e r y

s t r o n g l y o n t h e l o c a l i z a t i o n o f t h e e x c i t e d o r b i t a l s w i t h

r e s p e c t t o t h e m o l e c u l a r f r a m e w o r k , a n d t h e e s t i m a -

t i o n o f t h e f a c t o r s a f f e c t i n g t h e e n e r g y o f t h e e x c i t e d

s t a t e i s a d i f f i c u l t p r o b l e m . E 1 1 6 J I n m o s t c a s e s , a s h i f t

o f t h e a b s o r p t i o n b a n d s t o l o n g e r w a v e l e n g t h s c o r r e -

s p o n d s i n c h r o m a t o l o g i c a l s e r i e s t o a d e c r e a s e i n t h e

i o n i z a t i o n p o t e n t i a l s . B y a n a l o g y w i t h t h e i o n i z a t i o n

p o t e n t i a l s , t h e s h i f t c a n b e i n t e r p r e t e d a s r e s u l t i n g

f r o m a s t r o n g e r s t a b i l i z a t i o n o f t h e e x c i t e d s t a t e s w i t h

r e s p e c t t o t h e g r o u n d s t a t e . A s b e f o r e , w e d e n o t e a s

t h e s t a b i l i z a t i o n e n e r g y t h e l o w e r i n g o f t h e c o r r e s p o n d -

i n g l e v e l u p o n i n t r o d u c t i o n o f s u b s t i t u e n t s d u e t o t h e

i n t e r a c t i o n o f t h e e l e c t r o n s o f t h e s u b s t i t u e n t a n d t h e

c h r o m o p h o r i c g r o u p .

F o r t h e n e a r - u l t r a v i o l e t a b s o r p t i o n b a n d s , t h e e x -

c i t e d o r b i t a l s c h a n g e b y a m o u n t s i n s i g n i f i c a n t i n c o m -

p a r i s o n w i t h t h e d i s t a n c e s b e t w e e n t h e s u b s t i t u e n t a n d

t h e c h r o m o p h o r i c g r o u p . T h u s i t w o u l d s e e m t h a t t h e

i n d u c t i o n e f f e c t s h o u l d e x e r t t h e s a m e a c t i o n , i n a f i r s t

a p p r o x i m a t i o n , o n b o t h t h e g r o u n d a n d t h e e x c i t e d

FIG. 18. Relation of the ioni- £
zation potential to the number of f1

rings in condensed aromatic д
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states. In other words, the induction effect should not
contribute greatly to the shifts in the bands upon intro-
duction of various substituents into the molecule. How-
ever, the polarization of the chromophoric group is
greater in the excited state, since the binding of the
excited electron to the molecular framework is weak-
ened. This results in stronger polarization interactions
between the substituent and the chromophoric group,
and hence also to a greater lowering of the excited
level than of the ground level upon introduction of sub-
stituents.

The degree of stabilization varies in parallel with
the variation in the degree of excitation from small
stabilization values for the low levels to large values
for the high excitation levels; the limiting value c o r r e -
sponds to the ion. Thus, for example, the stabilization
values for the ground state of toluene, its excited states
corresponding to the 2700 and 1850 A absorption bands,
respectively, and the toluene ion, are approximately
equalt 1 1 73 to 0.30, 3.2, 7.0, and 12.3 kcal/mole with
respect to the corresponding levels of benzene. Anal-
ogous phenomena observed in the saturated hydrocar-
bons, the alkyl derivatives of ethylene, and other
classes of compounds, can be explained in the same
way.

As we should expect, the red shifts in the bands be-
come more appreciable when the added substituent

forms a conjugated system with the original molecule,
since here the stabilization effects of the excited states
are enhanced owing to the great mobility of the π-elec-
trons. This is graphically illustrated in Table ΧΠ, C u 8 ^
which gives the first absorption bands and the ioniza-
tion potentials of certain classes of aromatic com-
pounds.

When an atom or group of atoms having a large
electron affinity and forming a conjugated system with
a chromophoric group is joined to the latter, the
changes in the ionization potentials and the shifts in
the absorption bands can be opposed in direction. For
example, the ionization potentials of benzophenone
(9.45 eV), acetophenone (9.65 eV), and benzaldehyde
(9.60 eV) are 0.2—0.4 eV higher than that of benzene
(9.25 eV), while the first absorption bands are shifted
by 600—700 A to longer wavelengths with respect to the
first absorption band of benzene. Perhaps in these
compounds the first absorption bands are due to t ran-
sitions of the p-electrons of oxygen to the 7r-orbitals
of the benzene ring; however, the second absorption
bands are also shifted considerably to the red. As was
noted above, upon successive fluorination of ethylene
there occurs a small gradual decrease in the ionization
potentials, but at first the absorption bands undergo
small red shifts, followed by a considerable blue shift
for trifluoro- and tetrafluoroethylene.

Table ΧΠ. Absorption bands and ionization potentials of
certain classes of aromatic compounds

Compound

Benzene

Naphthalene

Anthracene

Naphthacene

Pyridine

Quinoline

Acridine

Quinone

Anthraquinone

a-Naphthylamine

jS-Naphthylamine

Benzaldehyde

Acetophenone

Benzophenone

A?eV

2550
4.9

3140
4.0

3800
3.26

4800
2.6

2500
5.0
3H0
4.0
3470
3.55

4200
3.36

4400
3.2

3200
3.9

3400
3.7

3280
3.8
3190
3.9

3300
3,75

1980
6.25

2750
4,5

—

1900
6.4

2750
4.5

2520
4.9

3000
4.7

3230
4.4
2400
5.2

2800
4.4
2800
4,45

2780
4.45

-

A>ev

1800
6.9

2200
5.65

2500
5.0

—

—

—

—

2500
5.65

—

—

2200
5.7

2440
5.1

2440
5.1

2520
4.9

h

9,24

8,14

7.38

6.88

9.40

8.30

7.78

9.68

9.34

7.30

7.25

9.60

9.65

9.45

/ ρ - λ ι

4.3

4.15

4.1

4.3

4.4

4.3

4.23

6.3

6,1

3.4

3.55

5.8

5,75

5.7

3,0

3,65

—

3.0

3.8

2,9

5,0

5.0

2.1

2,85

5.15 .

5.2

—

2,3

2.5

2.4

-

-

4.0

-

1,55

4.5

4,55

4.55
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Price '-116-' has explained such anomalous changes in
the ionization potentials and in the positions of the ab-
sorption bands by the action of the oppositely-directed
negative induction effect and the conjugation effect.
Since the lower and higher excited orbitals differ in
localization, and the spatial laws of decline of these
effects differ, the lower excited levels can be stabi-
lized more with respect to the ground state of the mol-
ecule than the higher excited orbitals, including the ion.

The fact that the effects causing the variation of ion-
ization potentials and the shifts in absorption bands in
chromatological series are the same leads us to think
that quantitative relations might exist between the ion-
ization potentials and the positions of the absorption
bands. The data of Table XII show that within a given
class of compounds the differences between the ioni-
zation potentials and the corresponding absorption
bands remain constant to an accuracy of 0.1—0.2 eV.
With some caution, this empirical law can be used to
estimate the adiabatic ionization potentials of the
higher members of a series from the positions of the
first absorption bands, provided that the ionization
potentials of the first members of the same series
have been reliably determined. However, as these
data indicate, Ιρ-λ^ differs considerably for different
classes of compounds, by as much as 2 eV. Thus, for
the series of linear polycyclie hydrocarbons from ben-
zene to naphthacene, this difference is 4.1—4.3 eV, but
for quinone and anthraquinone it is 6.1—6.3 eV.

9. MASS-SPECTROMETRIC STUDY OF PHOTOIONI-
ZATION PROCESSES

In studying the photoionization of molecular gases
and vapors in order to get reliable values of the first
ionization potentials of the molecules, the assumption
has been made that only the process of elementary ion-
ization according to the equation AB + hv — AB+ + e
occurs, while processes of dissociative photoionization
are absent or require quanta of higher energy. Such a
viewpoint has been justified in most cases, both by gen-
eral energy considerations based on a knowledge of the
ionization potentials of the radicals and the energies of
the bonds in the molecules, and by experimental data
from mass-spectrometric studies of ionization per-
formed by the electron-impact method. The exceptions
comprise molecules containing atoms or groups of
atoms having high electron affinities.

In order to confirm these ideas directly, and also to
study dissociative-photoionization processes in the r e -
gion of the ionization continuum so as to get quantita-
tive data on the appearance potentials and the cross-
sections, one must make an analysis of the obtained
products. The mass-spectrometric methods of analy-
sis are the most suitable for this purpose, since they
are highly sensitive and can be easily combined with
the photoionization technique.

Terenin and Popov C120^ in 1932 were the first to

apply mass-spectrometric analysis to identify the
products of photoionization of molecules. They estab-
lished the decomposition of diatomic molecules into
ions according to the following equation:

In recent years it has become possible to build
mass-spectrometers in which photoionization is used
instead of electron impact for generation of ions, based
on the successful development of methods of studying
photoionization.

Beginning in 1956, several papers have appeared in
the literature on the study of photoionization applying
the mass-spectrometric technique. A number of au-
thors C6,7>i4>121»1223 have independently reported the
mass-spectrometric analysis of ion components ob-
tained by photon bombardment using unresolved radi-
ation. These studies showed that in the photon energy
range up to 11.7 eV, the main photoionization process
in most cases is elementary ionization. Fragment ions
were either completely absent or their yields were
quite small. The ion currents obtained at the m a s s -
spectrometer collector in these first studies were high
enough to make possible the replacement of the unre-
solved light by monochromatic light for detailed study
of the elementary processes of interaction of high-
energy photons with gases and vapors. It was also
shown in E7^ that one can identify the products of or-
dinary photodissociation into neutral fragments by s i-
multaneous irradiation of the ionization chamber of
the mass-spectrometer with crossed beams of photons
and electrons. The photon beam brought about photo-
dissociation in the vapor being studied, while the low-
energy electrons ionized the radicals that were formed.

A number of studies [«,«,57,59,123,94,125] h a v e b e e n

carried out in recent years on photoionization proc-
esses with successful application of a combination of
a vacuum monochromator with a mass-spectrometer.
The use of this technique has made it possible not only
to get information on the types of ions formed, their
appearance potentials, and the spectral dependence of
the photoionization efficiency, but also in a number of
cases to calculate such important energy characteris-
tics as the dissociation energy of bonds in the mole-
cules and the ions that are formed, heats of formation
of the ions and radicals, and the ionization potentials
of the radicals.

The first study of this type in a photon-energy range
up to 11.7 eV was conducted by Inghram and his asso-
ciates. C42»44] Here they studied ethylamine, formalde-
hyde, acetone, methylethylketone, propylamine, propyl
alcohol, and nitric oxide, and obtained the vertical and
adiabatic ionization potentials. In addition, they iden-
tified the fragment ions and determined their appear-
ance potentials and the spectral ionization-efficiency
curves. The obtained results agreed satisfactorily
with the data obtained previously by the photoionization
and spectroscopic methods.
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The next study by this group C5t3 was concerned with
the efficiency of photoionization of bromine, iodine, hy-
drogen iodide, and methyl iodide. They found in this
study that for Br 2 and I2 processes of the type AB
+ hy—· A* + B~ require less energy than the process
of elementary ionization. They also showed that the
formation of pairs of ions is a preionization process,
and they formulated criteria for establishment of p r e -
ionization processes from the photoionization-efficiency
curve.

Weissler and his group of associates ^*6^ have ex-
tended the range of energies of ionizing photons to 30
eV, and have obtained analogous data for argon, neon,
helium, oxygen, nitrogen, nitrogen oxides, and carbon
monoxide and dioxide.

In their most recent paper, ^84^ Inghram and his a s -
sociates have made a systematic study of the photoion-
ization of the paraffins and the dissociation of the ex-
cited molecular ions in the photon-energy range up to
11.7 eV. Here they studied the effect of the thermal-
energy supply of the molecule on the ionization-effi-
ciency curves. They showed that the ionization-effi-
ciency curves of the fragment ions are appreciably
shifted to lower energies as the temperature of the
mass-spectrometer chamber is increased from 300°
to 415°K. They studied in detail the problem of the
decomposition of metastable ions. They compared the
experimental results with the conclusions from the
statistical theory of dissociation kinetics. This theory
is widely used in interpreting mass spectra. The agree-
ment of this theory with the obtained results was quite
unsatisfactory, which they explained by the defects of
the theory.

Other authors C59>125] have studied by an analogous
method the methyl derivatives of benzene, aromatic
amines, and hydrazine and its alkyl derivatives
(Figs. 19—20).

I cannot even discuss briefly within the limits of

iph.i.AA

as 9.0 3,5 lo.o ms tto ·&, *v its

FIG. 19. Spectral-dependence curves of the photoionization
efficiency of benzylamine. 1—Molecular ion; 2—ion minus one
hydrogen atom; 3—ion minus two hydrogen atoms.

Iph.i.AA

b

9CH3N

Ά

ooo<

w

«У
1

7

A

w

/
'3S

.i

5

f

I /J*50

i

6.0 9.0 тО НО Ε, eV

с 19CH3N"г

/

/
OCfXXXXOi

r ~ ν/
i

6.09.0mo11.0 E, eVFIG. 20. Spectral-dependence curves of the photoionizationefficiency of n-butylmethylhydrazine. 1—total ionization; 2—mole-cular ion, M/e = 102; 3—M/e = 59; etc.
this review all these studies in which extensive andvaluable material has been obtained. In order to ac-quaint the reader briefly with the quantitative data ofthese studies, tables are given below of the appearancepotentials, ionization processes, and other energy con-stants, as well as some typical ionization-efficiencycurves for certain of the compounds studied (TablesXIII—XVI).10. KINETIC-ENERGY DISTRIBUTION OF ELEC-TRONS IN PHOTOIONIZATION OF AROMATICCOMPOUNDSThe study of the effective photoionization cross-sections in absorption continua permits us to deter-mine separately the amounts of absorbed energy spent



Table XIII. Ionization potent ia ls and ionization p r o c e s s e s

in d ia tomic and t r i a t o m i c m o l e c u l e s

Table XIV. Ionization potent ia l s and ionization p r o c e s s e s

of a r o m a t i c c o m p o u n d s *

Molecule and ionization pro-
cess. Electronic state in-
dicated in parentheses

Ο 2 ( 3 Σ - ^ Ο ί ( Χ 2 Π β )

—>OJ

-> 0* (я-41,,)

-y 0 | (.42Пи)

->02* (64Σ")

—*• ο ί (?)

-yO+(*S) + O(*P)

—у 0+* ( Ό ) + · Ο " ( ! Ρ )

-у 0+(*3)-\-0*(^)

Ν Ζ·Σ* ->- Ν*ΛΓ2Σ"

* -> NJ (ЛЧ1„)

-> NJ (Β2Σ;)
-»• Νί (?)
—у Ν + (3Ρ) +• Ν ( 4£)

or Ν + (3Ρ) +• Ν * (2Ζ>)

N0 (Х2Щ -> N0+ (Χ1Σ+)

->- N0+ (?)

- > N0+ (α)

- > Ν Ο + ( β )

- > N0+ (γ)

- > N0+ (?)

-^-Ο+(4λ) + Ν(4^)
->Ο+( 4 6")+Ν*(2β)

->N+(3P)-t-0(3P)

CO (Χ1Σ+) - > CO+ (Χ2 2 +)

-ί- C0+ (?)

- с С0+ (Л*ПИ)

-i-CO+'(?)

-> C0+ (S22+)

-> C0+ (?)

—*-С+(2Р) + О~(2/>)

-ί- C+(2P)+O(3.P)

-^-С+(2Р) + 0*(1/>)

- ^ V J + O - p i )

Ionization
potential,

e v M

1 2 . 2 ± 0 . 3

1 4 . 3 ± 0 . 5

1 5 . 9 ± 0 . 2

1 6 . 9 ± 0 . 3

18.8+0.4

2 1 . 2 ± 0 . 4

1 8 . 8 ± 0 . 4

2 0 . 7 ± 0 . 4

2 3 , 4 ± 0 . 5

1 5 . 6 ± 0 . 1

1 6 . 9 ± 0 . 3

1 8 . 8 ± 0 . 4

2 0 . 7 ± 0 . 4

2 4 . 3 ± 0 . 2

9 . 2 ± 0 . 1

1 1 . 4 ± 0 . 1

12.8±0.2

1 4 . 2 ± 0 . 2

1 6 . 9 ± 0 . 4

1 8 . 8 ± 0 . 3

2 0 . 7 ± 0 . 4

19,5±0.2

2 0 . 7 ± 0 . 5

2 1 . 8 ± 0 . 4

1 3 . 9 ± 0 . 2

1 5 . 5 ± 0 . 2

1 6 . 6 ± 0 . 3

1 8 . 4 ± 0 . 3

2 0 . 1 ± 0 , 2

2 5 . 7 ± 0 . 5

2 0 . 8 ± 0 . 5

2 2 . 3 ± 0 . 4

2 4 . 8 ± 0 . 5

2 6 . 4 ± 0 . 3

Molecule and ionization pro-
cess . Electronic state in-

dicated in parentheses

C O 2 - > C O J . . .

" - > C O J . . .

—>- COJ . . .

—y C0 2 . . .

- > c o + . . .

—>-C0 + 0+ ( 4^)

c o 2 - ^ > c o + o +

- > С 0 + 0+*( 2 Д)

—у С0+ + 0"(2/>)

_> C0+ + 0 (3ί>)

->-C0++0 *(i/>)

N20 -> N20+ . . .

-y N20+ . . .

->N 2 0+ . . .

- * Ν 2 ( χ ΐ Σ + ) + · 0 + ( ^ )

—У NJ (Χ2ΣJ) + 0 (3P)
- > N0+ (Χ1Σ+) + Ν (<ί)

-y N0+ ( Ζ ΐ Σ + ) + Ν * ( 2 ΰ )

- > Ν Ο ( ^ 2 Π ) + Ν+(3Ρ)

Ν 0 2 - > Ν 0 |

-у NOJ

->• NOJ

—>- N02*

- > N O + . . .

Z m l : : :

-> N0+ ( Χ ! Σ + ) + 0 - (2P)
-*• N0+ ( Ζ ΐ Σ + ) + 0 (3Ρ)

—у Ν0 + (Χ 1 Σ + )+0*( 1 Ζ))

—у Ν0 + (Χ 1 Σ + )+0*( 1 6')
—>• Ν0+(α) + 0 (3Ρ)
- > N0+ (^il lJ + O" ( 2 P)

-у N0 (Ζ2Π) + 0+ (45)

—у NO (Х 2П) + 0+ *(1Д)

Ionization
potential,

eV[«]

1 3 . 6 ± 0 . 2

14,9±0,2

1 7 . 0 ± 0 . 2

1 8 . 8 ± 0 . 3

2 0 . 5 ± 0 . 2

1 9 . 2 ± 0 . 3

2 0 . 3 ± 0 . 2

2 2 . 3 ± 0 . 4

1 9 . 5 ± 0 . 2

2 0 . 5 ± 0 . 2

2 3 . 3 ± 0 . 0

12,8±0.2

1 6 . 9 ± 0 . 3

18 .8±0.4

2 0 , 7 ± 0 . 3

1 5 . 3 ± 0 . 4

1 7 . 4 ± 0 . 2
15,3±0.4

1 6 . 4 ± 0 . 2

2 0 . 0 ± 0 . 3

1 1 . 3 ± 0 . 4

1 2 . 5 ± 0 . 1

1 3 . 4 ± 0 , l

1 5 , 3 ± 0 : 4

1 6 . 2 ± 0 . 2

1 7 . 8 ± 0 . 3

2 0 . 0 ± 0 . 3

1 1 . 3 ± 0 . 4

12,5±0.1

1 5 , 3 ± 0 . 4

1 6 . 5 ± 0 . 2

1 7 . 7 ± 0 . 3
2 0 . 3 ± 0 r 3

1 7 . 6 ± 0 . 2

2 0 . 5 ± 0 . 2

Molecule and proposed
photoionization process

Benzene, C e H e —y C e H e +

Ζ CeHe+*

Toluene, C6H5CH3 -y C6H5CH3+
-> C6H5CH3+*

p-Xylene, CeH4 (CH3)2 -y C8H10+

. /"t TT -̂#

Aniline, C6H5NH2 -y CeNH7+
-y C6NH7+*
->- CeNH7+*

Methylaniline,
C«H 5 NHCH 3 ->• C 7NH 9+

->- C 7 NH 9 +*
~y C 7 N H 9 + ·

Dimethylaniline,
C e H 5 N ( C H 3 ) 2 - > C 8 N H l i +

-y C 8 N H U + ·
-y 0 8 Ν Η Η + *
- > C 8 N H 1 0 + + H

Benzylamine,
C 6 H 5 C H 2 N H 2 -y C 7 NH 9 +

-y C 7NH 3+*
- > C 7 N H 8 + * + - H

I - ^ C e

7 H 5 C H 2 + N H 2

ί C eH5CH2 ->C eH 5CH 2+

ί C 6 H 5 C H 2 N H 2 - ^ C 6 H 5 + C H 2 N H 2

1 C 6 H 5 - > C 6 I V

( CeH5CH2NH2 -»- CeH5 + CH2NH2

t CH 2 NH 2 +CH 2 NH 2 +

|C 6 H 5 CH 2 NH 2 -y C6H5CH2

1NH2
• NH,+

Ionization
potential

9.17±0.08
10.3±0.1
11.4±0.1

-0.07
-0.1

Ion current in relative
units at h[/ = 10.2 eV

8.75J
10.1ч

8.40±0.07
1 0 . 4 0 ± 0 . 1

7.64±0.05
8 . 8 ± 0 . 1

1 0 . 1 ± 0 . 1

7 .36±0.05
8 , 6 ± 0 . 1

10.0+.0.1
1 1 . 0 ± 0 . 1

7.10±0.05
8 . 5 ± 0 , l
9 . 7 ± 0 . 1

1 0 . 7 ± 0 . 1

8,66±0.05
1 0 . 1 ± 0 . 1

9 . 6 ± 0 . 1
9 . 9 ± 0 . 1

100

100

100

100

100

100

100

20
6

0.05

0.08

0.03

0.01

о
Η

о
I—I
о
Ν

>

Η

о

о
>
со
Η
ее

S3

σ

о
is
СО

*The ionization potentials of the molecular ions were determined from the appear-
ance thresholds of the ions, and those of the fragment ions by the linear-extrapolation
method; * denotes an excited state of the ion.[ ! 'J
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in ionization and in dissociation. However, the infor-

mation obtained from these data on the distribution of

the energy of the photon in e x c e s s of the adiabatic ion-

ization potential of the molecule between the positive

ion formed and the ejected electron cannot be consid-

ered to be satisfactory. In elementary photoionization,

the efficiency curves are total curves obtained by

superposition of the photoionization curves correspond-

ing to each excited state of the ion. In most c a s e s in

the photoionization of complex organic molecules, the

efficiency curves are smooth in nature. This prevents

us from reliably identifying the positions of the e x -

cited states of the positive ions, and thus, from deter-

mining the fraction of the photon energy spent in e x -

citing the ion.

In order to get reliable data on the distribution of

the photon energy in e x c e s s of the ionization potential

of the molecule, we must distinguish the ion-electron

currents corresponding to ionization of the molecule

to the different excited leve ls of the ion. This has been

carried out in C*T»48^; here the kinetic-energy distr i-

bution of the electrons in the photoionization of aro-

matic amines and methyl derivatives of benzene was

studied by the stopping-field method in a cylindrical

condenser. They obtained data from which they could

establish the positions of the energy leve ls of the posi-

tive ions and estimate the probability of the ionization

transition to each level as a function of the energy of

the ionizing photons. Figures 21 and 22 show the en-

ergy-distribution curves of the electrons in the photo-

Table XV. Potentials and processes of ionization of hydrazine and
i t s a l k y l d e r i v a t i v e s L 1 2 5 J Ц 0 Г 1 c u r r e n t i n r e l a t i v e u n i t s i s g i v e n f o r

h ^ = 1 1 . 2 e V . )

M o l e c u l e a n d p r o p o s e d

p h o t o i o n i z a t i o n p r o c e s s

N 2 H 4 ^ - N 2 H 4 +

N 2 H ^ - > - N 2 H 4 + *

N 2 H 4 —>• N 2 H 3 + + Η
N 2 H 4 - > N 2 H 2 + + H 2

N , H 3 C H 3 - * CN2H«+
->• CN 2 H 6 +*

N,H3CH3 -> CN2H5++ Η
-> GN2H5+*+H
-> CN 2H 4++H 2

-s-CN 2 H 4 +'+H 2

—>• C N 2 H 3 + + H 2 + H
—>• N2H3+-l- CH3
4 - C H 3 N H 2 + + N H

H 2 N 2 ( C H 3 ) 2 - > - C 2 N 2 H 8 +

- у C 2 N 2 H 8 + *
- > C 2 N 2 H 7 + + H
— > C 2 N 2 H 7 + * + H

" ^ & 2 N 2 H e

+ * + 2 H 2

- > C N 2 H 5 + + C H 3

- > - C N 2 H 5 + » + C H 3
->- C 2 N H , + + N H
- ^ C 2 N H e + + N H 2

- * - C 2 N H e

+ * + N H 2
- > N 2 H 2 + + C 2 H e

H 2 N 2 ( C 2 H 5 ) 2 ^ - C 4 N 2 H 1 2 +
—> С4^Нц+-1-Н

^ ctN2H
1

1O++H2

-^- C4NH,,++NH
- * C3N2H9++CH3

Н2^ 2 СНзС 4 Нд —>• CjNjjrl^"**
—>C5N2H l 4

+*

~Z- сХни+*+Н2

^ С ^ Н а + ' + С Н з
-»-C6NH13++NH

^ С2^2Н7+
+-Йн7

^ С 2 ^ Т 2 Н Й + + С З Н О

—у Ο Ν 2 Η 5 + + Ο 4 Η 9
—>- CN2H4++C4HK)
- > - N 2 H 2 + + n - C , H u

Ionization potential, eV

from appear-
ance thresh-
old of ions

8 . 7 4 ± 0 . 0 6
1 1 . 0 ± 0 . 1
1 0 . 6 ± 0 . 1

—

8 . 0 0 ± 0 . 0 6
l l . l ± 0 , l

9 . 2 ± 0 . 1
1 0 . 9 ± 0 . 2

9 . 4 ± 0 . 1
\ l . 2 ± 0 . 1

9 - 2 ± 0 . 2
9 . 5 + 0 . 1

11.3Ϊ0.1

7.69±0.05
10.6±0.1
11.2±0,l
8.7±0.2

11.0±0,2
9.5±0.1

11.4±0,2
8.4±0.1
8.9±0.1

11.2±0.2
9.0±0,2

11.2±0.2
8.6±0.1

7.59±0.05
8,9±0.1

8.3±0^2
11.2±0.1
8.0±0.1

7.62±0.05
10.6±0.1

8.о±о:з
10.4±0.111.3±0.1
8.0±0.2

10,6+0.1
8.0±0.19,6±0.2

10.5±0.1
9.0±0.1
9.1±0.1
9.5±0.1
9.0±0.1
9.6±0,l
9.5±0.2

linear
extra-

polation

11.1+.0.1
—

—

9.8±0.2
10.9±0.2
9.8±0.1

11.2±0.1
11.4±0.210.4+0.1
11.3^0.1

—

.
9.9±0.1

11.0±0.2
9.8±0.1

11.4±0.2
8,7±0.2
8.9+0.1

11.24-0.2
9.8±0.1

11.2±0.2
ll.l±0.1

9.4±0.1
11.25+0.1

9.2Ϊ0.2

8.5±0.2

8.2±0.2
10.4+0.1
11.3±0.1
8.4+0,1

10.6±0.1
8.36±0.06

9.8±0.2
10.6±0.1

9.0±0.1

9.5±0.1
—

9.1+0.1
9.6+0.1

10.4±0.1

Relative
in-

tensity

100

10
—

100

22

7.5

0.6
0.6
—

100

10

3.5

30

—
2,5

0.1

100
1.5

1.7

2
120

100

1

1.6

115

0.7

QО
1 1 0

3

6 5

1

1 . 5

H e a t o f
f o r m -

a t i o n

o f i o n .
t e a l / m o l e

2 2 4

2 2 6

( 2 7 7 )

2 0 7

1 9 6

2 4 9

2 3 3

2 2 8

2 0 6

1 9 7

1 9 6

2 4 6

1 8 8

2 0 1

2 0 5

2 8 9

1 8 4

1 8 5

2 2 1

1 9 1

1 9 5

1 8 0

1 4 1

2 0 0

1 6 4

1 7 1

1 3 6

1 9 6

2 4 3

1 9 5

2 4 8

2 7 4
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Table XVI. Ion yield in photoionization of saturated hydro-
carbons (bv = 11.25 eV, Τ = 300°K) and appearance

potentials of the fragment ions ^943

Molecule, mass number
in parentheses

Ethane (30)
Propane (44)
n-Butane (58)

Isobutane (58)

n-Pentane (72)

Isopentane (72)
•

N e o p e n t a n e ( 7 2 )

n - H e x a n e ( 8 6 )

2 - M e t h y l p e n t a n e ( 8 6 )

3 - M e t h y l p e n t a n e ( 8 6 )

2 , 3 - D i m e t h y l b u t a n e ( 8 6 )

2 , 2 - D i m e t h y l b u t a n e ( 8 6 )

n - H e p t a n e ( 1 0 0 )

M a s s

n u m b e r

o f i o n

3 0

4 4

5 8

4 3

4 2

5 8

4 3

4 2

7 2

5 7

5 6

4 3

4 2

7 2

5 7

5 6

4 3

4 2

7 2

5 7

5 6

4 3

4 2

8 6

7 1

7 0

5 7

5 6

4 3

4 2

8 6

7 1

7 0

5 7

5 6

4 3

4 2

8 6

7 1

7 0

5 7

5 6

4 3

4 2

8 6

7 1

7 0

5 7

5 6

4 3

4 2

8 6

7 1

7 0

5 7

5 6

4 3

4 2

1 0 0

8 5

8 4

7 1

7 0

5 7

5 6

N o r m a l -

i z e d i o n

y i e l d

1 . 0 0

1 . 0 0

0 . 6 3

0 . 2 0

0 . 1 3

0 . 2 1

0 . 1 1

0 . 6 8

0 . 4 3

0 . 0 4 1

0 . 0 3 1

0 . 0 6 4

0 . 4 2

0 . 2 4

0 . 0 6 6

0 . 2 0

0 . 0 1 7

0 . 4 7

0 . 0 0 0 6

0 . 8 6

0 . 1 4

0 , 0 0 0 6

0 . 0 0 0 6

0 . 4 3

0 . 0 1 5

0 . 0 0 5

0 . 1 4

0 . 3 2

0 . 0 0 6

0 . 0 5 7

0 . 2 5

0 . 2 0

0 . 1 3

0 . 1 4

0 . 0 9 2

0 . 0 0 2

0 . 1 6

0 . 1 9

0 , 0 1 3

0 . 0 1 3

0 . 0 7 4

0 . 7 0

0 . 0 1 3

0 . 0 1 3

0 . 2 5

0 . 1 8

0 , 0 1 3

0 . 0 0 1 3

0 . 0 0 1 3

0 . 0 0 3

0 . 5 2

0 . 0 0 5

0 . 2 8

0 , 0 4 0

0 . 2 3

0 . 4 5

0 . 0 0 9

0 . 0 0 9

0 . 5 0

0 . 0 0 8

0 . 0 0 2 6

0 . 1 4

0 , 1 9

0 . 0 2 4

0 . 1 0

M a s s

Л ΙΙΤΥΙΓΛύΓ
Л Ш 1 Ю £ Г

Ο Ι Ι Ϊ Ϊ Θ ΐ β "

s t a b l e

i o n

—

3 1 . 9

3 0 . 4

3 1 . 9

3 0 . 4

4 5 . 1

4 3 . 6

2 5 . 7

2 4 . 5

4 5 . 1

4 3 . 6

2 5 . 7

2 4 . 5

4 5 . 1

4 3 . 6

2 5 . 7

2 4 . 5

5 8 , 6

5 7 . 0

3 7 . 8

3 6 . 5

2 1 . 5

2 0 . 5

5 8 . 6

5 7 , 0

3 7 . 8

3 6 . 5

2 0 . 5

2 0 . 5

5 8 . 6

5 7 . 0

3 7 . 8

3 6 . 5

2 1 . 5

2 0 . 5

5 8 . 6

5 7 . 0

3 7 . 8

3 6 . 5

2 1 . 5

2 0 . 5

5 8 . 6

5 7 . 0

3 7 - 8

3 6 . 5

2 1 . 5

2 0 . 5

7 2 . 3

7 0 . 6

5 0 . 4

4 9 . 0

3 2 . 5

3 1 . 4

N o r m a l i z e d

y i e l d o f

m e t a s t a b l e

i o n s

—

0 . 0 2 0

0 . 0 1 7

0 . 0 0 5

0 . 0 0 6

0 . 0 0 0 4

0 . 0 0 1

0 . 0 0 0 4

0 . 0 1 5

0 . 0 0 0 1

0 . 0 0 8

0 . 0 0 0 1

0 . 0 0 2 5

0 . 0 0 0 I

0 . 0 0 0 1

0 . 0 0 2

0 . 0 0 2

0 . 0 0 2

0 . 0 0 3

0 . 0 1 7

0 . 0 0 1

0 . 0 0 1

0 . 0 0 2

0 . 0 1 7

0 . 0 0 8

0 . 0 0 8

0 . 0 0 8

0 . 0 0 6

0 . 0 0 6

0 . 0 1 2

0 . 0 4

0 . 0 4

0 . 0 2 6

0 . 0 0 4

0 . 0 0 4

0 , 0 0 4

0 . 0 4

0 . 0 0 5

0 . 0 0 0 5

0 . 0 0 0 5

0 . 0 0 0 5

0 . 0 2 7

0 . 0 2 7

0 . 0 0 1 5

0 . 0 0 5

0 . 0 0 2 5

0 . 0 1 2

0 . 0 0 2 5

0 . 0 0 5

A p p e a r a n c e

p o t e n t i a l

( e V ) ( l i n e a r

e x t r a p o l a t i o n )

1 1 . 1 5 4 - 0 . 0 1

1 0 . 8 9 + _ 0 . 0 1

1 0 . 9 5 + 0 . 0 4

1 0 . 8 4 + 0 . 0 1

1 1 . 0 4 + 0 . 0 3

1 0 . 8 9 + 0 . 0 1

1 0 . 9 7 + _ 0 . 0 4

1 0 . 6 8 + 0 . 0 1

1 1 . 1 4 + . 0 . 0 2

1 0 . 7 4 + 0 . 0 1

1 0 . 5 5 + 0 . 0 1

1 0 . 3 7 + 0 . 0 1

1 0 . 8 9 + 0 . 0 5

1 0 . 8 5 ± 0 . 0 3

1 0 . 8 6 + 0 . 0 4

1 0 . 8 2 + 0 . 0 1

1 1 . 1 4 + . 0 . 0 3

1 0 . 9 5 + 0 . 0 2

1 0 . 7 3 + 0 . 0 5

1 0 . 6 7 ± 0 . 0 1

1 0 . 5 9 ± 0 . 0 1

1 0 . 5 4 + 0 . 0 1

1 0 . 8 6 ± 0 . 0 1

1 0 . 7 5 + 0 . 0 5

1 0 . 6 3 + 0 . 0 3

1 0 . 7 8 + . 0 . 0 4

1 0 . 4 9 + 0 . 0 1

1 0 . 5 8 + 0 . 0 5

1 0 . 4 7 + . 0 . 0 2

1 1 . 2 4 + 0 . 0 4

1 0 . 5 9 + 0 . 0 1

1 0 . 4 7 ± 0 . 0 3

1 0 . 2 6 + 0 . 0 1

1 0 . 4 9 + 0 . 0 1

1 0 . 1 9 + 0 . 0 0 5

1 0 . 7 9 + . 0 . 0 6

1 0 . 8 7 + 0 . 0 2

1 0 . 8 0 + 0 . 0 5

1 0 . 8 1 + 0 . 0 1

1 0 . 9 5 + 0 . 0 4

1 0 . 8 7 + 0 . 0 1
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IS ZO Ek, eV

FIG. 21. The kinetic-energy distribution of the electrons in the
photoionization of benzene. The curves are referred to a particular
light-flux intensity.

FIG. 22. The kinetic-energy distribution of the electrons in the
photoionization of methylaniline. The curves are referred to a
particular light-flux intensity.

ionization of benzene and methylaniline. The curves
were obtained by graphical differentiation of the cor-
responding voltammetric curves, and were all referred
to the same number of incident photons. Each curve in
these diagrams corresponds to the particular value of
the energy of the ionizing photons indicated near the
horizontal (electron kinetic-energy) axis. When the
difference between the energy of the ionizing photons
and the ionization potential of the molecule of the sub-
stance being studied is small, these curves exhibit only

a single maximum, which shifts to higher kinetic ener-
gies as the energy quanta increase. With further in-
crease in the photon energy, new maxima appear in the
region of low electron energies, and these also shift to
higher energies with increasing photon energy. For
benzene, one observes the appearance of the first group
of slow electrons when the photon energy exceeds the
ionization potential by 1.5 ± 0.1 eV. For aniline,
methylaniline, and dimethylaniline, an analogous group
of electrons appears at an excess photon energy of 1,
1.2, and 1.1 eV, respectively. With further increase
in photon energy, the latter three compounds exhibit a
third group of electrons at photon energies exceeding
the ionization potential by 2.4, 2.3, and 2.2 eV, respec-
tively. Dimethylaniline exhibits a fourth group of elec-
trons in the studied spectral range (6—11.7 eV) when
the quantum energy exceeds the ionization potential by
2.8 eV.

The appearance of groups of slow electrons upon in-
crease in the photon energy indicates the dissipation of
a fraction of the photon energy within the absorbing sys-
tem. Since it has been shown by direct experiments in
E47^ that the kinetic energies of the positive ions
formed in photoionization are less than 0.1 eV, and no
processes of dissociative ionization were detected in
!-59-l, the losses of the excess photon energy were as-
cribed to the excitation of the molecular ions to higher
energy levels. Such an excitation of the ion might
come about in two ways: by ejection of electrons from
the deeper levels of the molecule, or by ejection of the
least firmly bound electron with simultaneous transfer
of a second electron to an excited level of the ion. Tak-
ing into account the data presented above, the energy
equation can be written in the form

where Eexcit is the excitation energy of the ion, and
Ek is the kinetic energy of the electron. If we know
Ip, Ek, and hv, we can determine from this equation
the positions of the energy levels of the molecular pos
itive ions.

Some positions of excited levels of ions with re-
spect to the ground state of the ion, as determined in
this way, are given in Table XVII, together with the
values of the first ionization potentials and the posi-

Table ХУП

Compound

Benzene
Toluene
o-Xylene
m-Xylene
P-Xylene
Mesitylene
Durene
Aniline
Methylaniline
Dime thylaniline

Ionization
potential

9,25
8.82
8.56
8.59
8.44
8.41
8.05
7.69
7.34
7.14

Position of
first level

of ion

1.5±0.1
1.3+0.2
1.3+0.2
1.3+.0.2
1.3+.0.2
l,3±0.2
1.3±0.2
1.2+.0.1
1.1+.0.1
1.0+.0.1

λ!. eV

4.85
4.75
4.75
4.65
4.65
4.65

4.35
4.30
4.17

λ2. eV

6.15
6.05

5.35
5.20
4.96

λ 2 - λ 1 > ε ν

1,3
1.3

1.0
0.9
0.8
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tions of the maxima of the first and second absorption
bands. As we see from Table XVII, the spacing from
the ground state to the first excited level of the ion
agrees rather well with the difference in the energy
quanta corresponding to the second and first absorp-
tion bands. If we assume that the first absorption band
of benzene and its derivatives arises from the excita-
tion of electrons from the uppermost level, while the
second absorption band arises from excitation of elec-
trons from a lower level, E138^ this comparison favors
the first mechanism of excitation of the positive ion
by ejection of the more firmly bound π-electrons of
the benzene ring.

Several different energy spectra of electrons have
been obtained in the study of the methyl derivatives of
benzene. A characteristic peculiarity of them is the
fact that when a group of slow electrons appears, the
maximum of the fast-electron peak does not shift t o -
ward higher kinetic energies, but remains in place
over a rather large range of photon energies (Fig. 23).

§ 30

~ 20

10

0 0.5 1.0 1.5 2.0 Ek, ev

FIG. 23. The kinetic-energy distribution of the electrons in
the photoionization of m-xylene. The curves are referred to a par-
ticular light-flux intensity.

This experimental fact has been explained by preioni-
zation processes proceeding from highly-excited lev-
els of the molecule lying between the ground and first
excited levels of the ion to the ground state of the ion.
Here the absorption coefficients in the preionization
bands should be considerably greater than for ordinary
ionization transitions. For m-xylene, mesitylene, and
durene, at photon energies exceeding the ionization po-
tential by 2.6—2.3 eV, the appearance of a distinct
group of electrons of zero energy has been observed.
As before, this was explained by ionization transitions
to an excited level of the ion.

We can estimate the probability of photoionization
transitions from the ground state of the molecule to
various electronic levels of the ion by comparing the
heights of the peaks on the energy-distribution curves
of the photoionization electrons. A comparison of the
peak heights shows that with increasing quantum en-
ergy, the contributions of the transitions to the lower
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levels of the ion to the total photoionization yield de-
crease slightly. One can get more precise data along
this line by comparing the areas under the correspond-
ing peaks, but such an analysis has not yet been per-
formed.

The study of the energy spectra of photoionization
electrons from complex organic vapors is of direct
interest in problems of solid-state physics as well.
An appreciable dissipation of the energy of the ab-
sorbed photons has been found on studying the external
photoeffect from polycrystalline layers of organic dyes.
This is manifested in the fact that, with increasing pho-
ton energy, the predominating fraction of the electrons
is emitted with exceedingly small energies. C132»1^]
This was hypothetically explained, not by the dissipa-
tion of the kinetic energy of the photoelectrons during
their movement to the surface of the layer, as occurs
with a number of inorganic semiconductors, but by the
excitation of the positive ions that are formed. In the
most recent study along this line, E255^ a qualitative
agreement was shown by the direct method of photo-
ionization of the gaseous dye between the energy-dis-
tribution curves of the electrons upon photoionization
of rhodamine 6G in the gas phase and in the external
photoeffect from layers of the same dye. These data
fully confirmed the previously-proposed mechanism
of dissipation of the energy of the photons in excess
of the photoelectric work function in the external
photoeffect.

11. SENSITIZED PHOTOIONIZATION

Tanaka and Steacie^126^ obtained much larger pho-
toionization currents upon irradiation of a gaseous
mixture of nitric oxide and krypton with a resonance
krypton lamp than upon irradiation of pure nitric oxide
under the same conditions. This showed that a sensi-
tized-photoionization process is taking place accord-
ing to the mechanism:

where A is a gas atom, krypton in this case, A* is
its excited state, and В is a molecule, NO in this
case, having an ionization potential lower than the en-
ergy of the resonance level of the atom A. In essence
this process is analogous to sensitized fluorescence,
which has been studied in detail for a number of sys-
tems at present. C127>1283

In a subsequent study, these same authors ^128^ made
a detailed investigation under various conditions of the
ionization of nitric oxide ( I p = 9.25 eV) and acetone
(Ip = 9.69 eV) by the resonance lines of krypton (10.0
and 10.6 eV). They likewise obtained the sensitized
photoionization of the same vapors by argon (energy
of resonance lines = 11.6 and 11.8 eV), and of anisole
(Ip = 8.20 eV) by xenon (energy of resonance lines
= 8.4 and 9.53 eV). The relation of the values of the
photoionization currents in pure nitric oxide and in a
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FIG. 24. Photoionization of (a) nitric oxide (with
potential differences between electrodes of 22.5 V
— · , and 45 V—O); and of (b) a nitric oxide-krypton
mixture. ·—Potential difference 22.5 V, pressure 0.11
mm Hg; A—22.5 V, 0.29 mm Hg; 0—45 V, 0.11 mm
Hg; Δ—45 V, 0.29 mm Hg.

0,3mm Hg

nitric oxide-krypton mixture (Fig. 24) to the pressure
was measured at various voltages across the e l e c -
trodes of the photoionization cuvette. The results
clearly show greater ion currents in the mixture than
in pure nitric oxide. The curves of Fig. 24 were used
to find the photoionization cross-section σχ. The ob-
tained value σι = 1.31 χ 10~17 cm 2 differs considerably
from the data obtained by Watanabe, C52^ who found a
cross-section of 1 χ 10~18 cm2 at 1300 A, and 6 χ 10~18

cm 2 at 1100 A. The reason for such a considerable
discrepancy has not been elucidated.

Figure 25 shows the variation in the ion current in
the photoionization of pure nitric oxide by the radiation
from a krypton resonance lamp due to the addition of
hydrogen, deuterium, or helium. Increase in the p r e s -
sure of the added gases decreases the ion current. The
greatest decreases are observed for hydrogen, and the
least for helium. The decrease in the ion current has

10 Z.0 3.0mm Hg
Pressure of He, Ha, or Da

FIG. 25. Quenching of the photoionization of nitric oxide by
helium, hydrogen, and deuterium.

NOpres-
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2 2 . 5
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been explained by an increase in the probability of r e -
combination processes between the positive ions and
the electrons.

Figure 26 gives curves for the ion current in mix-
tures of NO + Kr + He (or H2 or D2) as a function of
the pressure of the He or H2 or D2. In the lower
curves, for which the NO pressure is small, proc-
esses of deactivation of excited krypton atoms by hy-
drogen or deuterium atoms play the major role. Here
H2 deactivates Kr* more effectively than D2 does; an
analogous phenomenon has been observed in the deac-
tivation of Cd* and κ * . [ 1 3 0 · 1 3 1 ]

The character of the curves at high pressures is
explained by the competition of two opposite effects:
the deactivation of excited krypton atoms, which de-
creases the ion current, and the broadening of the

10 2,0 Sffmm Hg
Pressure of He, H2, or D2

FIG. 26. Quenching of the krypton-sensitized photoionization
of nitric oxide by helium, hydrogen, and deuterium.
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Table XVIII

Compound

1. Methane*

2. Ethane

3. Propane

4. Cyclopropane

5. n-Butane

6. Isobutane

7. Methylcyclo-
propane

8. n-Pentane

9. 2-Methylbutane

10. Cyclopentane

11. Neopentane
12. n-Hexane

13. 2-Methylpentane
14. 3-Methylpentane

15. 2,3-Dimethyl-
but ane

16. 2,2-Dimethyl-

17. Cyclohexane

18. n-Heptane

19. 2,2,3-Trimethyl-
butane

20. Methylcyclo-

21. n-Octane
22. 2,2,4-Trimethyl-

pentane
23. 2,2,3,3-Tetra-

methylbutane

*CD4—13.2 it"

Formula

Organic
CH4

СНз-СН8

CH3-CH2-CH3

(CH2)3

СНз (СН2)2СНз

(СН3)2СН-СНз

сн2

СНз-СН-СН2

СНз-(СН2)3СН8

( C H ^ C H - C f t

сН 2 - С Н 2

СН 2-СН 2

(СН3)4С

СН3(СН2)4СНз

(СНз)2СН-С3Н5

С 2 Н 5 -СН-С 2 Н 5

СНз

(СН3)2СН-СН(СН8)2

(СН3)3С-С2Н5

СН 2-СН 2

СНг СН2

Чсн2-сн. х

СН3(СН2)5СНз

(СНз)зС-СН(СН3)2

СНз-СвН п

СН3(СН2)вСН8

(СН8)зС-СН2-СН(СНз)2

(СН3)зС-С(СН3)3

]

I o n i z a t i o n potent ie

P h o t o i o n i z a t i o n

compounds

1 2 . 9 9 ± 0 . 0 Ш
1 2 , 8 ± 0 . 2 7 S

l i . 6 5 ± 0 . 0 3 H

l l , 0 8 ± 0 , 0 3 1 1

1 0 . 0 6 ± 0 . 0 3 1 6
1 0 . 0 9 ± 0 . 0 2 H

1 0 . 6 3 ± 0 . 0 3 H

1 0 , 5 5 ± 0 . 0 5 1 6

1 0 . 3 3 ± 0 , 0 5 1 6

1 0 . 3 2 i ? 2 5 3

10. 5 i ± 0 . 0316
1 0 . 9 5 i 0 . 0 5 2 5 3

1 0 . 3 7 ± 0 . 0 7 1 6

1 0 . 1 7 ± 0 , 0 5 1 6

1 0 . 0 9 ± 0 , 0 5 1 8

1 0 , 0 6 ± 0 , 0 5 1 6

1 0 . 0 0 ± 0 . 0 5 1 6

1 0 . 0 4 ± 0 , 0 5 1 6

9 . 8 8 ± 0 , 0 2 H

1 0 . 0 6 ± 0 . 0 5 1 8

9 . 8 6 ± 0 . 0 2 1 6

9 . 8 4 ± 0 . 0 ! ) 1 8

Spectro-
s c o p y

9,288

1 e V

E l e c t r o n
impact

13.1171
13.1617»
13,062
13,04172

11.6173
11,7662

11 ! 2182

10.23176

10.3 4177
10.8062

10.34174
10.40177

9.8866

10.5562
10.5172

10.29178

10,5417»
10.4362
10.1143

10.1172

9,8172

10,1172

10.19178

9.24179
10.3180

10.3582
10,00172

10.09178

10.2482

9.78178

Semi-
empir-

i c a l c a l -
c u l a t i o n

14.0699

12.0499

11 .1 260
11.2260

11.7666

10.9768

10.6366
10.7360

10.9866

10,6366

10.436»

10,2166

10.5286
10.4160
10.4299

10.2168

10.1186

10.2186

10,4466
10.3399

9.9486

1 0 , 3 968
10.2799

9.7466

!

Compound

2 4 . n-Nonane

25. n - D e c a n e

2 6 . E t h y l e n e *

27. P r o p y l e n e

28. 1-Butene

29. I s o b u t y l e n e

3 0 . Trans-2-butene

3 1 . Cis-2-butene

3 2 . Tr imethyl-
e t h y l e n e

3 3 . Tetramethy l-
e t h y l e n e

3 4 . 1-Pentene

3 5 . 3-Methyl- l-butene

3 6 . C y c l o p e n t e n e

37. 1-Hexene

3 8 . T r a n s - 2 - h e x e n e

3 9 . T r a n s - 3 - h e x e n e

4 0 . 2-Ethyl- l-butene

4 1 . C y c l o h e x e n e

4 2 . 1-Heptene

4 3 . 1-Octene

4 4 . 2 - O c t e n e

4 5 . 1-Decene

4 6 . A l l e n e

4 7 . 1,3-Butadiene

*C 2 D 4 —10.4б["]

—

Formula

1

СН3(С№>);СНз

CH3(CH2)sCH3

СНг-СНо

СН 2 =СН-СН 2 -СН 3

(СИ3)2С=СН2

СНзч /YL

Н ^ CH3

С Н з х /СНз

н / ~ ч н
(CH3)2C=CHCHS

(СНз)2С=С(СН3)2

СН2=СН(СН2)2СН3

СН 2 =СН-СН-СН 3

СНз

сн-сн2

ей
СН 2 -СН 2

СНа=СН(СН2)3СНз

СН 3 -СН=СН-С 3 Н 7

С 2Н5-СН=СН-С 2Н 5

сн«—с х

С2Н5

СН-СНз

cj )н,

СН2=СН(СН2)4СН3

СН2=СН(СН2)5СН8

СН8-СН=СН(СН2)4СН8

СНа=СН(СНо)7СН>

СН2=С=СН2

СН2=СН-СН=СН2

I o n i z a t i o n potent ia l , e V

ί Photoionization

I

1Q.516±O.O1"

9.73i0 .01 ' l
9.73±0 .0294

9 . 61 ±0 . 0204

9.23±0.0210

Li. 1 "i0.011«

9.13±0.01l6

8.68±0.0116

8.30±0.0116

9.50±0.0294

9,51±0.0218

9.45±0.0294
9.4G±0.0218

8.945±O.O1H

9.07±0,011l

Spectro-
scopy

1

1

10.5015
1 0 . Л 430

9.7015
9.736

9,230

8.7536

8.336

9 . 2 П

1 0 . 1 9 П 7

9.06337

E l e c t r o n
impact

10.2162

10.1962

10.6262
i 0.5633

0.8 462
9,8033

9.65214

9.3562

9.2782
9.2933

9,2962
9.3233

8.8562

9.6662

10.217»

9.0962

9.1662

9 ,1262

9.2162

9.2482

9.5462

9,5262

9.1162

9.5162

10.0216

9.24179

Semi-
empir-

i c a l c a l -
c u l a t i o n

10.22"»

1 0 . 3 366
10.1 L'»9

9.7066

9.2868

9.2860

9.2866

8.8166

9.6766

9 -6 56B

9.1166

9.1666

P
H

O
T

о
ьчо
ζ

ьч
Ν

о
ζ

о
чG

A
S

E

in
•p.
Ζ
О

iP
O

R
S

CD



Table XVIII (cont'd)
со
Η»
00

4 8 .

4 9 .

5 0 .

5 1 .

5 2 .

5 3 .

C o m p o u n d

2 - M e t h y l - l , 3 -
b u t a d i e n e

C y c l o p e n t a -
d i e n e

2,3-d imethy l-
1,3-butadiene

1,3,5-
H e x a t r i e n e

C y c l o h e x a d i e l

1,3,5,7-Octa-
t e t r a e n e

54. Cycloocta-
tetraene

55· Acetylene

56. Methylacetylene

57. Ethylacetylene

58. Dimethyl-
acetylene

59. Propyl-
acetylene

60. Isopropyl-
acetylene

61. Divinyl-
acetylene

62. Diacetylene

Formula

CH a=CIfcCH=CH2

c k 3

CH=CH

ώ. I
4CH=CH

CH!=C~C=CH2

CH3 CH3

CeH8

CeH8

CsH8

Ionization potential, eV

Photoionization

H C S C H

I

СЩ-СЕС-СЩ

1 H 3 - C H 2 - C H 2 - C H C H

6 3 . M e t h a n o l

6 4 . E t h a n o l

6 5 . n - P r o p y l a l c o h o l

6 6 . I s o p r o p y l a l c o h o l

6 7 . η - B u t y l a l c o h o l

6 8 . I s o b u t y l a l c o h o l

6 9 . t e r t - B u t y l a l c o h o l

8 . 8 S ± 0 . 0 1 " >

8.72±0.0Πβ

S p e c t r o - E l e c t r o n
s c o p y ! i m p a c t

S e m i - i
e m p i r -

i c a l c a l -
c u l a t i o n ,

8.8637

8.5837
8.62144

8.3015 |
8.6714 j

8.2639

8.4037

7.839

9.081'9

8.733

8.63215

8.806

3.758

8.666

8 . 0 5 ;
8.586

8.42;
8.1266

8 . 2 3 ;
7.666»

11.41 ± 0 . 0 1 4
1 1 . 2 5 ± 0 . 0 5 9 3

1 0 . 3 6 ± 0 . 0 1 " * )
1 0 . 3 6 ± 0 . 0 1 1 3 5 » )

1 0 . 1 8 ± 0 . 0 1 ! 3 5 * )
1 0 . l 8 ± 0 . 0 1 " · )

11,4195

10.36135»)
11.2597
11.2590145
11.2417145

CH=C-C=CH

сн8-он

CH3-CH2-OH

CHa-(CH2)2OH
(CH8)2CH-OH

CH8-(CH2)3-OH
(CH3)2CH-CH2-OH
(CH3)3C-OH

9.85117·)
11,45145··)

10.539

10.7397
10.741145

10.85±0.02H
10.52±0.03134
10.50±0.0552
1 0 , 5 0 . ± 0 . 0 5 П

9,23136

10,15117

1O.15±O.O5U

10.1117

10.1117

9.7H7

1 1 .
11

10.

10

10

10

11

4382
4233

3933»)

.34219

.39219

.35219

.3219

1 0 .
1 0 ,

1 0 .
10.

10 .

10.
1 0 .

10

10

9

8833
95179

797
601'9

46179

46179
27221

30221

17221

92221

10.5468

• T h e s e Ip v a l u e s may re fer t o t h e f o r m a t i o n of an a l l e n e - t y p e i o n .

••Second i o n i z a t i o n p o t e n t i a l .

C o m p o u n d

70. D i m e t h y l
e t h e r

7 1 . D i e t h y l e t h e r

7 2 . D i - n - p r o p y l
e t h e r

7 3 . D i - n - b u t y l
e t h e r

74. E t h y l e n e o x i d e

7 5 . T e t r a h y d r o -

furan

7 6 . 1 , 4 - D i o x a n e

77. F u r a n

7 8 . F o r m a l d e -
h y d e

7 9 . F o r m a l d e -
h y d e
d i m e r

8 0 . A c e f a l d e -
h y d e

8 1 . P r o p i o n a l -
d e h y d e

8 2 . B u t y r a l -
d e h y d e

8 3 . I s o v a l -
e r a l d e -
h y d e

84· A c r o l e i n

8 5 . C r o t o n a l -
d e h y d e

86· G l y o x a l

8 7 . A c e t o n e

F o r m u l a

(CH 3 ) 2 O

( C 2 H 6 ) 2 O

( С 8 Н 7 ) г О

(С4Н в ) 2 О

C H 2 - C H 2

C H 2 - C H 2

I >

C H 2 — C H 2

C H 2 - C H 2

о о
Чсн 2-сн 2

I o n i z a t i o n p o t e n t i a l , e V

P h o t o i o n i z a t i o n

Γ
нс=сн

СН2О

(СН2О)2

СН8-СНО

СН3-СН2-СНО

СН3-СН2—СН2-СНО

СН 3-СН-СН 2-СНО

сн3

СН2=СН-СНО

СН3-СН=СН-СНО

Η Η

1 0 . 0 0 ± 0 . 0 2 "

9.53±0.02И
9.55±0.03ЮЗ

9.28±0.05ЮЗ

9.18±0.05ЮЗ

1 0 . 5 6 5 ± 0 . 0 1 "

9.49±0,021°3

9.13±0.03253

8.89±0.01И

1 0 , 8 7 ± 0 . 0 1 "
1О.9О±О.О368

10,51±0.03S8

10,21±0,01И
10.20±0.0358

9.98±О.20153

9.86±0.0225»

9.71±0.0525S

1 0 . 1 0 ± 0 , 0 1 "

9.73±0.01»

СН а -СО-СН 3
.690±0,0152
,71±0.0358

Spectro-
scopy

Electron
impact

10.81224

9.01226

10.597

9.72179
10.297

11 . 2224

1 0 . 1 " »

9.52179

9.02S6

10.88101»)
10.8397·)
I t . 8 1 4 8 · · )

10.18148
10.18139
10.22838

10.057151·)
11.241· · )

10.1997

10.4152·)

9.70511»)
10.26150»)
1 1 . 3 4 4 · · )

10.8225

10.28179

10.06179

10.01179

9.92179

10,34179

10.197
9.92179

Semi-
empir-

i c a l c a l -
c u l a t i o n

9.7666

10.11»·

10.08»»

9.9966

* p - e l e c t r o n s of o x y g e n ,
••rr-e lectrons .



Table XVin (cont'd)

Compound

88. Methyl ethyl
ketone

89. Methyl propyl
ketone

90. Methyl butyl
ketone

91. Methyl n-
octyl ketone

92. Diethyl
ketone

93. Ethyl tert-
butyl ketone

94. Dipropyl
ketone

95. n-Propyl
n-butyl

96. Diisobutyl
ketone

97. Pinacolone
98. PentamethyJ-

acetone
99. Pivalone

100. Cyclopen-
tanone

101. Cyclo-
hexanone

102. Camphor

103. Ketene
104. Diketene

105. Methyl
acetate

106. Ethyl
acetate

107. n-Propyl
acetate

108. n-Butyl
acetate

109. Isobutyl
acetate

110. n-Pentyl
acetate

111. Methyl
butyrate

112. Ethyl
valerate

113. Butyl
butyrate

114. Maleic
anhydride

Formula

CHSCOC2H5

CH3COC3H7

СНзСОС4Н„

CH3COC8Hi,

C2H5COC2H5

С2Н5СОС(СН3)з

C3H7COC3H7

С3Н,СОС4Н8

(СН3)2СНСН2СОСН2СН(СНз)2

(СНз)зССОСНз

(СН3)2СНСОС(СН3)з

(СН3)зССОС(СН8)з

(СН2)4СО

(СН2)5СО

СюН 1 вО

Н 2 С=С=О

С Н 2 = С - С Н 2

I 1

о—со

СНзСООСНз

СНзСООС2Н6

СНзСООСзН,

СН3СООС4Н9

СН3СООСН2СН(СНз)з

СН 3СООС 5НП

СЭН7СООСН,

С 4Н 9СООС 2Н 5

С 3 Н 7 ССОС 4 Н 9

н-с-с=о
и > о

Н—С—С=О

I o n i z a t i o n p o t e n t i a l , eV

P h o t o i o n i z a t i o n

9.64+.0.0358
9.. 5 4 ± 0 .0 252

9.47±0,0358
9.39±0.02 ' s>

9.44±0.0358

9.40±0.0358

9.34+.0.02ЮЗ

8.98±0,021°3

9.12±0,03102

9,10±0,05102

9.04±0,ОЗЮ2

9.18±0.03102

8.82+.0.02ЮЗ

8.65±0,031»2

9.27±0,031«2

9.14±0,03102

8,76±0,03102

10.27±0.02253

1 0 . 0 9 + . 0 . 0 2 "
10.08±0,02103

10.02±0.02ЮЗ

10.00±0,03103

9 . 9 4 ± 0 , 0 3 " 3

9,92±0.02103

9,87±0.021» 3

9,67±0,03103

9 , 5 7 ± 0 . 0 3 ' » 3

S p e c t r o -
scopy

9 . 6 0 П '

10,211'

9 , 9 1 "

E l e c t r o n
i m p a c t

9 . 7 6 " 9

9. 591'»

9.5 81'»

9,4194

9.4194

9.971'»

Semi-
empir-

i c a l c a l -
c u l a t i o n

8 . 8 4 β β
9 . 7 466

9 . 7 2 6 6

C o m p o u n d

1 1 5 . F o r m i c
j a c i d
1 1 1 6 . A c e t i c
j a c i d

1 1 7 . P r o p i o n i c

a c i d

1 1 8 . B u t y r i c
a c i d

1 1 9 . A c r y l i c
a c i d

! 1 2 0 . M e t h y l
f l u o r i d e

1 2 1 . B r o m o d i -
I f l u o r o m e t h a n e

1 2 2 . C h l o r o t r i -
f l u o r o m e t h a n e

1 2 3 . E t h y l f l u o r i d e

1 2 4 . V i n y l
F l u r\ni ri A

1 2 5 . D i f l u o r o e t h y l e n e

1 2 6 . T r i f l u o r o e t h y l e n e

1 2 7 . T e t r a f l u o r o -
e t h y l e n e

1 2 8 . M e t h y l
c h l o r i d e

1 2 9 . M e t h y l e n e
d i c h l o r i d e

1 3 0 . C h l o r o f o r m

1 3 1 . C a r b o n
t e t r a c h l o -
r i d e

1 3 2 . E t h y l
c h l o r i d e

1 3 3 . n - P r o p y l
c h l o r i d e

1 3 4 . n - B u t y l
c h l o r i d e

1 3 5 . t e r t - B u t y l
c h l o r i d e

1 3 6 . V i n y l
^ c h l o r i d e

1 3 7 . c i s - D i c h l o r o -
e t h y l e n e

1 3 8 . t r a n s - D i c h l o r o -
e t h y l e n e

1 3 9 . 1 , 1 - D i c h l o r o -
e t h y l e n e

F o r m u l a

J 1 C O W 1

СНз-СООН

C.H5COOH

СзНтСООН

CH2=CHCOOI1

CH3F

CHBri'o

CCIF3

C 2 H 5 F

H 2 C = C H F

H o C - C F ,

H F C = C F ;

F 2 C = C F 2

CH3CI

CH 2 C1 2

CHCla

ССЦ

C H 3 - C H 2 - C 1

С Н з - С Н 2 - С Н 2 - С 1

СНз(СН 2)з-С1

(СНз)зС-С1

СН2=СНС1

Cl Cl
\ /

/ ~ \
Η Η

Cl Η

Ч с = с х

СН 2 =СС1 2

I o n i z a t i o n p o t e n t i

P h o t o i o n i z a t i o n

1 1 ,O5±O.O1H

1 0 . 3 5 ± 0 ,0311
i 0 . 3 S ± 0 . 0 3 5 S

1 0 . 0 0 i 0 . 0 2 "

10. 1C+.0.05253

-

10.37±0,02116

10.30±0.02116

10,14±0.02110

1 0 . 1 2 ± 0 , 0 2 П 6

U . 2 8 ± O . O 1 H

1 1 . 3 5 ± 0 . 0 2 U

11 . 4 2 ± 0 , 0 3 H

i t ί Γ Ι ι Л л ι

Ι 1 . 4 / ± 0 , 0 ι

i 0 . 9 7 ± 0 . 0 2 H

1 0 . 8 2 ± 0 . 0 3 2 5 3

1 0 . 1 2 5 ± 0 . 0 1 U

9 . 9 9 6 ± 0 . 0 1 1 1 6
1 0 , 1 0 3 6

9 . 6 5 ± 0 . 0 1 H 6

9 , 6 3 ± 0 . 0 3 " »

9 . 7 9 ± 0 . 0 2 U 6

S p e c t r o -
s c o p y

1 1 , 3 3 = 5 0

1 1 . 2 2 1 5 3
1 1 , 1 7 1 4

1 0 . 8S153

9 . 9 5 1 5 5

9 . 6 1 9 '
9 . 6 6 1 5 5

9 . 9 1 9 '
9 . 9 6 1 5 5

a l , e V

E l e c t r o n
i m p a c t

11 . 5 4 1 ^ 9

1 0 . 7 0 1 ' 9

1 0 . 4 7 l ' 9

1 0 . 2 2 1 Ό

1 0 . 9 0 1 - 9

1 2 - 7 2 3 3

1 2 . 1 2 0 9

1 2 , 8 2 0 6

1 2 . 0 0 2 2 '

H . 4 6 1 ' 9
1 1 . 3 5 3 3

1 1 . 4 2 2 8

11 .1229

1 1 . 1 8 " »

1 0 . 7 2 3 0
1 0 . 9 6 1 ' 9

1 0 . 2 2 3 0

1 0 . 0 1 5 5

9 . 6 6 1 5 5

9 . 9 6 1 5 5

S e m i -
e m p i r -

i c a l c a l -
c u l a t i o n

1

1 0 . 9 6 6 6

1 0 , 7 1 6 6
1 0 , 9 9 » »

1 0 . 1 3 ;
1 0 . 7 5 6 6



Compound

140. Trichloro-
ethylene

141. Tetrachloro-
ethylene

142. Chloroprene

143. Phosgene

144. Di(chloroethyl)
ether

145. Chloroacetone

146. Dichloroacetone
147. Methyl

mono-
chloro-
acetate148. Methyl
dichloro-
acetate

i 149. Ethyl
mono-
chloro-
acetate

150. Ethyl
trichloro-
acetate

151. Methyl
bromide

i 152. Ethyl
bromide

153. n-Propyl
bromide

154. Isopropyl
bromide

155. n-Butyl
bromide

156. sec-Butyl
bromide

157. Methvlene
dibromide

158. Ethylene
dibromide

159. tert-Butyl
bromide

160. 1,3-Dibromo-
propane

Formula

C12C=CHC1

C1»C=CC12

CH2---C—CH=CH2

Cl
COCli

(C10H2CH2)2O
CH3COCH2C1

CH3COCHC12
СШН.СООСНз

C12CHCOOCH8

C1CH2COOC2H5

СЦССООС2Н5

CH 3 —Br

C H s - C H a B r

СЗН7ВГ

(CH 8 ) 2 CHBr

CH 8 (CH2) 3 Br

C 2 H 6 —CH—Br
C H S

CHjBra

BrCH 2 -CHaBi

(CH s ) 8 CBr

В г - С Н г - С Н г - С Н 2 В г

*p-el£Ctrons of chlorine.
**I7-electrons.

T a b l e X V i n ( c o n t ' d )

I o n i z a t i o n p o t e n t i a l , e V

P h o t o i o n i z a t i o n

9 . 4 7 ± 0 . 0 1 H * * )
9 . 4 5 ± 0 .02116

9 ,32±0 .02116 ·* )

9 . 8 5 ± 0 . 0 3 1 " 3

9 . 9 t ± 0 . 0 3 1 0 2

1 0 , 1 2 ± 0 . 0 3 Ю 2

1 0 , 3 5 ± 0 . 0 3 1 0 3

1 0 . 4 4 ± 0 . 0 3 1 0 3

1 0 . 2 0 * 0 - 0 3 1 0 3

10.44±0.O31O3

1 0 . 5 3 ± 0 . 0 1 "

10.24134
1 0 . 2 9 ± 0 , 0 1 H

1 0 . 1 8 ± 0 . 0 1 « 3

10 , 0 7 5 ± 0 .01253

1 0 . 1 2 5 ± 0 . 1 1 H

1 0 . 0 « ± 0 . 0 2 2 5 3

S p e c t r o -
s c o p y

9.79155*)

0.5155*)

8.8315
8.793»

11.17154
10 · ι y i se
10,8015610.541153

10.62154
10.29153

E l e c t r on
i m p a c t

9.94179

l i . 7 7 ^ 9

10.7317»
10.6 33

10.4 91'»

10.291'»

1 0 . 1 1 " »

10.1217»

10.1517»

10.822s

1 0 . 3 0 " »

10.36822

1 0 . 2 8 " »

S e m i -
e m p i r -

i c a l c a l -
c u l a t i o n

10.4 766

10.3568

1 0 . 1 6 ;
10.3066

10,2968

10-18;
1 0 . 2 78

C o m p o u n d

1 6 1 . 1.4-Dibromo-
b u t a n e

162. V iny l
b r o m i d e

163. c i s - D i b r o m o -
e t h y l e n e

164. t r a n s - D i b r o m o -
e t h y l e n e

165. T r i b r o m o -
e t h y l e n e

166. E t h y l
m o n o -
b r o m o -
a c e t a t e

167. E t h y l
m o n o -
b r o m o -
b u t y r a t e

168. M e t h y l
i o d i d e

169. E t h y l i o d i d e

170. n - P r o p y l
i o d i d e

1 7 1 . n - B u t y l
i o d i d e

172. n - P e n t y l
i o d i d e

173. M e t h y l m e r c a p t a n

174. E t h y l m e r c a p t a n
175. n - P r o p y l

m e r c a p t a n

176. t e r t - B u t y l

m e r c a p t a n

1 7 7 . D i m e t h y l
s u l f i d e

178. D i e t h y l
s u l f i d e

179. D i p r o p y l
s u l f i d e

180. T e t r a m e t h y l e n e
s u l f i d e

1 8 1 . P e n t a m e t h y l e n e
s u l f i d e

182. H e x a m e t h y l e n e
s u l f i d e

F o r m u l a

B r ( C H 2 ) 4 B r

H 2 C = C H B r

Η Η

c = c
/ \

Br E r

Br Η

/ \

Ι ϊ Br

B r 2 C = C H B r

B r C H ^ O O C j H ,

В г ( С Н 2 ) з ч

/ C = O

C2H5 0

CH a I

снз-cHji

CH3-CH2-CH2I

СНз(СН 2 ) 2 СН 2 1

СН3(СН2)зСН21

С Н з - S H

C2H5-SH

C3H7-SH

(CH 3 ) 3 C-SH

(CHshS

(C2H5)2S

(C3H7)2S

H 2 (

H 2 G - C H 2 '

Н 2 С - С Н г ч

H 2C S
X H 2 C — C H 2

H2C—CH2—CH2

НгС-СНа-Сн/

Ionization potential, eV

Photoionization

9,80±0.02U«

9.45±0.02U6

9.47±0.02U8

9.27±0.02U8

10.1 3±0-03ЮЗ

9 . 8 5 ± 0 . 0 2 1 0 3

9 . 5 3 7 ± 0 , 0 1 6 2

9.497131

9 . 3 3 ± 0 . 0 1 H

9.26±0.0125»

9.21±0.0125S

9 , 1 9 ± 0 , 0 1 H

9,440±0.005253

9 . 2 8 3 ± 0 . 0 0 5 * 3 3

9.195±0.005253

8.685±0.005253

8.430±0,005253

8.30±0,02253

S p e c t r o -
s c o p y

9.538133

9.34 5153

9.44117

9 . 2 i l l l '

9 .1611 '

8 .7911 '

8.7311'

8.4811'

8.64П7

Ч . 4 6 1 "

8 . 3 6 1 "

E l e c t r o n
i m p a c t

10.2817»

9 . 0 7 " »
9.55233

9.4 7"»

9,41179

9 . 3 2 " »

9.70»7

9.40»7

9.30»7

9.20» '

Semi-
empir-

i c a l c a b
c u l a t i o n

•

9 . 5 4 M

9 . 5 1 ;

9 . 4 3 6 6

9 , 5 ;

9 . 4 2 6 6

920

4

<

£ r

ΧΑ
Q



Table XVni (cont'd)

Compound

183. Thiophene

184. 2-Chlorothiophene

185. Hydrogen
cyanide

186. Acetonitrile
187. Propionitrile
188. Acrylonitrile
189. Cyanogen
190. Benzonitrile
191. Cyanogen

bromide
192. Cyanogen iodide
193· Ammonia

194. Methylamine

195. Dimethylamine

196. Trimethylamine
197. Ethylamine
198. n-Propylamine
199. n-Butylamine
200. Isopropyl-

amine
201. Isobutylamine
202. tert-

Butylamine
203. Diethylamine
204. Pyrrolidine

205. Isoamyl-
amine

206. Di-n-propylamine
207.

208.
209.
210.

Diisopropyl-
amine
Triethylamine
Methyl nitrite
Nitromethane

Formula

HC=CH
I >

HC=CH/

HC=CCL

H-CN

СНз-CN

C H 3 — C H 2 - C N

C H 2 = C H - C N

(CN) 2

C e H 5 - C N

Br—CN

I-CN

N H 3

C H 3 - N H 2

( C H 3 ) 2 N H

( C H 3 ) 3 N

C 2 H B - N H 2

C 3 H , - N H 2

C4H9—NH 2

( C H 3 ) 2 C H - N J l 2

(CH 3 )2CHCH 2 —NH 2

( C H 3 ) 3 C - N H 2

( C 2 H 6 ) 2 N H

( C H 2 ) 4 N H

C , H n N H i

(п-С3Н7)гГШ

((CH3)2CH)2NH

(CsH,),N

CH3ONO

CH3NO2

Ionization potential, eV

Spectro-
scopy

8.914 '

Photoionization

8.860±0.0052όϊ

8 . 6 8 ± 0 . 0 1 H

12.22±0.01233 11.96

1 1 . 8 4 ± 0.02253

10.01±0.01253

1 0 . 1 5 ± 0 . 0 1 » l
1 0 , 2 5 ± 0 , 1 6 2

10.13±0,02134 · )

8 . 9 7 ± 0 , 0 2 U

8 . 2 4 ± 0 . 0 2 H

7 . 8 2 ± 0 . 0 3 "

8 . 8 6 ± 0 02254

8.78±0.02254

8,71±0.03254

8 . 7 2 ± 0 . 0 3 2 5 )

8.70±0.?253

8.6425S

8.01±0.01254

7.84±0.02254

7.73±0.03254

7.50±0.02254

10.08±0,0325»

j 10,8166

10,6145

11.58158

Electron
impact j

Semi-
empir-

i c a l c a l -
c u l a t i o n

1 3 . 9 1 " »
13.8633

1 2 . 3 9 " »

11.85178

1 0 . 7 5 " »

13,57181

9,951'»

10.841
1 0 . 5 2 " »
11 , 2 " »

9.8»'
9.411'»

9.6» '
9.5533

9.333

9.321'»

0.1717»

9.1917»

9.5238

9.01'»

9,00218

9.5238

9.217»

9.5238

9.5238

9.1236

10.723'

11.34238

8.67««

8.06«8

9.26ββ

«.246β

9 . 2 3 8 8

9 . 2 0 6 6

I o n i z a t i o n p o t e n t i a l , e V

C o m p o u n d

! 2 1 1 . F o r m a m i d e

2 1 2 . A c e t a m i d e

; 2 1 3 . N - m e t h y l -
a c e t a m i d e

I 2 1 4 . N , N - d i m e t h y l -
a c e t a m i d e

2 1 5 . B e n z e n e

I 2 1 6 . D e u t e r a t e d
b e n z e n e

2 1 7 . T o l u e n e

I 2 1 8 . E t h y l b e n z e n e

219. n-Propyl-

b e nzene

220. Isopropyl-

benzene

221. n-Butyl-

benzene

2 2 2 . I s o b u t y l -
b e n z e n e

2 2 3 . t e r t - B u t y l -
b e n z e n e

2 2 4 . o - X y l e n e

2 2 5 . m - X y l e n e

2 2 6 . p - X y l e n e

2 2 7 .

2 2 8 .

2 2 9 .

2 3 0 .

2 3 1 .

2 3 2 .

2 3 3 .

o - D i e t h y l -
b e n z e n e

m - D i e t h y l -
b e n z e n e

p - D i * « h W -
b e n z e n e

1 , 2 , 3 - T r i -
m e t h y l b e n z e n e

1 , 2 , 4 - T r i -
m e t h y l b e n z e n e

1 , 3 , 5 - T r i -
m e t h y l b e n z e n e

D u r e n e

* A p p e a r a n c e t h r e s h o l d o f i o n s .

2 3 4 . 1 , 2 , 4 , 5 - T e t r a -
m e t h y l b e n z e n e

2 3 5 . P e n t a m e t h y l -
b e n z e n e

F o r m u l a

H C O N H »

СНзСО-NHa

CH 3 CO.\HCI1 3

СНзСОЛЧСЫз).,

0 β Η β

G e H 5 C H s

C e H 5 C 2 H 5

с в н 5 -с а н 7

C6H5-CH(CH3).2

CeH5-C4H9

CeH5-CH2CH(CH.,)2

C6H5-C(CH3)3

С в Щ(СН 3 )2

CeH 4 (CH s )s

C e H 4 ( C H s ) 2

С в Н 4 ( С 2 Н 5 ) 2

C e II,(C 2 Hs)2

С в Н 4 ( С 2 Н 5 ) 2

С в Н 3 ( С Н 3 ) з

C e H 3 ( C H 3 ) s

C e H 3 ( C H s ) 3

С в Н 2 ( С Н 3 ) 4

C 6 H 2 ( C H 3 ) 4

C 9 H ( C H 3 ) 5

P h o t o i o n i z a t i o n

Semi- I

S p e c t r o - ' E l e c t r o n . e m p i r -
s c o p y ι i m p a c t i c a l c a l -

| c u l a t i o n

1 1 0 . 1 6 ± 0 . 0 3 . « 10.21«o

! 9 . 6 a ± 0 . 0 3 5 S ' 1 9 . 2 4 '

, 8. !)0±0.022' .» I S , 8 2 H '

8 , S

1 9 . 2 4 5 ± 0 · 0 1 ό ϋ
! 9 . 2 4 ± 0 . 0 2 5 S

8 - 8 2 ± 0 , 0 t "
8.81±0.02iS

S . 7 6 ± 0 . 0 2 S 2

S . 7 2 ± 0 . 0 2 "

8 . 6 9 ± 0 . 0 1 "

8 . 6 9 ± 0 . 0 1 "

S . 6 9 ± 0 . 0 2 «

5 . 6 8 ± 0 . 0 2 1 8

• 8 . 5 B ± O , O 1 "
i S . 5 6 ± O . O 2 S 8

i 8 . 5 6 ± 0 . 0 1 1 1
I 8 . 5 9 ± 0 . 0 2 5 8

: 8 . 4 4 5 ± 0 - 0 1 5 2
8 . 4 4 ± 0 . 0 2 5 8

S , 8 2 1 1 "

' J , 2410s 1 ! ) , 5 2 1 ' 3
9 . 2 4 7 H 1 j 9 . 4 3 6 2
9 . 2 4 8 1 8 2 ι 8 . 2 1 2 3 8
9 , 2 4 0 1 0 ' !

1
9 . 2 5 4 1 6 2 i

8 8 [ ) 2 1 0
4 , 7 7 8 '

8 , 7 5 1 5
8 , 7 7 4 ) 8

8 , 6 1 5
8 , 7 ( 4 0 8

8 , 5 1 1

8 , 5 1 5

8 , 5 8 1 0 8
8 , 3 9 7

8 , 3 1 5
8 , 5 8 1 0 8

8 , 3 1 5
8 , 4 8 1 n s

! 8 . 4 8 ± 0 . 0 1 1 «

i 8 . 2 7 ± 0 . 0 2 1 1 «

! 8 . 3 9 ± 0 . 0 2 "
8 . 4 1 ± 0 . 0 2 5 8

8 .025±0,011β
8 . 0 5 ± 0 , 0 2 5 8

8 . 0 3 ± 0 . 0 2 Π β

7 . 9 2 ± 0 . 0 2 5 8
7 . 9 2 ± 0 , 0 2 U 8

9.23179
8.7240

9 , 1 2 " »

9.14179

9. 13"»

9 . 1 ' . 1'9

9 .191'9

9,351'»

8.97187

9.02187

8.88187

8. 9 1 ' 8 '

8.9918'

8.931S'

8.7518'

8,7'J187

9.1866

9.1866

9.13ββ

S.906e

8,7466

8.538S

о
Η
о
о
'Ζ
I—I
Ν

о
•ζ

о
>
ел
и

о
со



Table XVm (cont'd)
to
CO

Compound

236. Hexamethyl-
benzene

237. Styrene

238. Phenylacetylene

239. Fluorobenzene

240. o-Difluoro-
benzene

241. p-Difluoro-
benzene

242. 1,3,5-Tri-
fluorobenzene

243. 1,2,4-Tri-
fluorobenzene

244. 1,2,3,4-Tetra-
fluorobenzene

245. 1,2,3,5-Tetra-
fluorobenzene

246. 1,2,4,5-Tetra-
fluorobenzene

247. Pentafluoro-
benzene

248. Hexafluoro-
benzene

249. p-Fluorotoluene

250. a-Fluorotoluene

251. a,a-Difluoro-
toluene

2 5 2 . α , α , α - T r i f l u o r o -
t o l u e n e

253. Ι,α,α,α-Tetra-
fluorotoluene

254. p-Fluoroaniline

255. m-Fluoroaniline

256. o-Fluoroaniline

257. o-Fluorotoluene

258. m-Fluorotoluene

259. Chlorobenzene

260. o-Dichloro-
benzene

261. p-Dichloro-
benzene

262. p-Chlorotoluene

263. Bromobenzene

Formula

C 6(CH 3) 6

CeH5CH=CH2

C6H5CSCH

C e H s - F

C e H 4 F 2

C e H 4 F 2

CeH3F3

CnH,F8

C e H 2 F 4

C e H 2 F 4

CeH2F4

CeHF5

CeFe

CeH4CH3F

CeH5CH2F

CeH5CHF2

C eH5CHF s

C.H.FCF3

C1H4NH.F

CeH4NH2F

CiHjNHiF

C6HiCH3F

CeH4CH8F

C5H5CI

С в Н 4 С1 2

C 6 H 4 C 1 2

C e H 4 CH 3 Cl

C 6 H 6 Br

*Free electrons of chlorine.

I o n i z a t i o n p o t e n t i a l , e V

P h o t o i o n i z a t i o n

7 . 8 5 ± 0 . 0 2 5 8
7 , 8 5 ± 0 , 0 2 l l «

8 . 4 7 ± 0 . 0 2 2 5 3

8 , 8 1 5 * 0 . 0 0 5 2 5 3

9 . 1 9 ± 0 , 0 U l

« . 31 ± 0 .02116

9.15*0 .0211»

9.3118

9.37±0.0211»

9 . 6 1 * 0 . 0 2 1 1 6

9 . 5 5 * 0 . 0 2 1 1 6

9 . 3 9 ± 0 . 0 2 H 6

9. 84*0.02116

9 . 9 7 * 0 . 0 2 1 1 »

8 . 7 8 * 0 . 0 2 1 1 6

9 . 1 2 * 0 . 0 2 1 1 »

9 . 4 5 * 0 . 0 2 1 1 »

9 . 6 8 * 0 . 0 2 1 1 »

9 .69*0 .02116

7 , 8 2 ± 0 . 0 2 1 1 »

7,90*0,0211»

7 . 9 5 * 0 , 0 2 1 1 6

8 . 9 0 * 0 . 0 2 1 1 6

8 . 9 2 * 0 , 0 2 1 1 »

9 , 0 7 * 0 . 0 2 1 1

9 , 0 6 * 0 . 0 2 1 1 »

8 . 9 3 * 0 . 0 2 1 1 0

8 , 6 9 * 0 , 0 2 1 1

S p e c t r o -
s c o p y

8 . 3 5 1 1 '

9 . 19733

9.683108

8,815
11.2» '*)

8 . 9 8 * 0 , 0 2 1 1 |

E l e c t r o n
i m p a c t

8,861'»

9.151'»

9.0211

9.421'»

8,31»»

9 , 4 1 " »

Semi-
empir-

i c a l c a l -
c u l a t i o n

8,1566

Compound

264. o-Bromotoluene

265. p-Bromotoluene
266. o-Iodobromo-

benzene
267. Iodobenzene
268. p-Iodotoluene

269. Phenol

270. Benzaldehyde

271. Acetophenone
272. Benzophenone
273. Benzyl methyl

ether
274. Anisole
275. Aniline

276. Benzylamine
277. Methylaniline
278. Dimethyl-

aniline
279. Phenyl-

hydrazine
280. m-Toluidine
281. Quinone
282. Naphthalene

283. 1-Methylnaph-
thalene

284. a-Naphthylamine
2 8 5 . , β - N a p h t h y l a m i n e

2 8 6 . A n t h r a c e n e

2 8 7 . N a p h t h a c e n e

2 8 8 . P y r r o l e

2 8 9 . P y r i d i n e

2 9 0 . y - P i c o l i n e

2 9 1 . Q u i n o l i n e

2 9 2 . A c r i d i n e

2 9 3 . A n t h r a q u i n o n e

2 9 4 . C h r o m i u m
h e x a c a r b o n y l

2 9 5 . M o l y b d e n u m
h e x a c a r b o n y l

F o r m u l a

C e H 4 C H a B r

С в Н 4 СНзВг

C 6 H 4 I B r

C 6 H 5 I

C 6 H 4 C H 3 I

C e H 5 - O H

C e H 5 - C H O

СвН5-СОСНз

С в Н 6 - С О С в Н 5

СвНб—СНг—О—CH8

С в Н 5 — 0 — C H S

C a H 5 - N H 2

C e H 5 - C H 2 - N H 2

C e H 5 - N H - C H 3

C e H 5 - N ( C H s ) 2

С в Н 5 — N H — N H 2

C e H 4 C H 3 N H a

0 = ( C e H 4 ) = O

C10H.

С ю Н 7 - С Н з

C ^ H J - N H J

C ^ H ^ N H ,

Cl 4 Hio

C l 8 H , 2

( C H ) 4 N H

C5H5N

C 5 H i N C H 3

C e H 7 N

C I 3 H 9 N

C 1 4 H 8 O 2

Cr(CO) e

Mo(CO) e

I o n i z a t i o n p o t e n t i a l , e V

P h o t o i o n i z a t i o n

8 , 7 8 ± O . O 1 H

8 . 6 7 ± 0 , 0 2 U

8 . 3 5 ± O . 1 H

8 . 7 3 ± 0 , 0 3 "

8 , 5 0 ± 0 . 0 2 1 1 в

8.5O±O.O1U
8 , 5 2 ± 0 . 0 3 5 8

9 , 5 1 ± 0 . 0 2 H
9 , 6 0 * 0 . 0 3 5 8

9 . 6 5 ± 0 . 0 3 H 8

9 . 4 5 ± 0 . 0 3 H 8

8 . 8 5 ± 0 , 0 3 1 1

8 . 2 0 ± 0 . 0 2 4

7 . 7 0 ± 0 . 0 2 H
7 , 6 9 ± 0 . 0 3 5 8

8 , 6 4 ± 0 . 0 3 5 8

7 , 3 4 ± 0 . 0 3 5 8

7 . 1 4 ± 0 . 0 3 5 8

7 . 6 2 ± 0 . 0 3 5 8

7 . 5 0 ± 0 . 0 3 5 8

9 . 6 7 * 0 . 0 3 5 8

8 , 1 2 ± 0 , 0 2 H
8 , 1 4 ± 0 , 0 2 5 8

7 , 9 6 ± 0 . 0 2 H

7 . 3 0 ± 0 . 0 3 1 1 8

7 . 2 5 ± 0 . 0 3 H 8

7 , 3 8 ± 0 . 0 3 H 8

6 . 8 8 ± 0 . 0 3 H 8

8.20±0.01258

9 . 2 3 ± 0 . 0 3 U
9 . 4 0 ± 0 , 0 3 1 1 8

8 . 3 0 ± 0 , 0 3 H 8

7 . 7 8 ± 0 . 0 3 H 8

9.34-fcO.O3H8

8 . 0 3 ± 0 . 0 3 i o a

8 . 1 2 ± 0 , 0 3 1 0 3

S p e c t r o -
s c o p y

8.111

8,015

8 , 9 0 1 "

9 . 2 6 6 H 2

9 . 0 1 П '

E l e c t r o n
i m p a c t

9.101'»

9.031'»

9 . 8 2 " »

9 . 7 7 " »

S e m i -
empir-

i c a l c a l -
c u l a t i o n

8.97215

9,833

1

t

t-1
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Table XVin (cont'd)

Compound

296. Tungsten
hexacarbonyl

297. Iron penta-
carbonyl

298. Nickel tetra-
carbonyl

299. Rhodamine 6G
300. Indigo red

301. Indigo blue
302. Merocyanine
303. Quinoline

blue
304. Pinacyanole

305. Di (cyclopentadienyl)

306. Di (cyclopentadienyl)
vanadium

307. Di (cyclopentadienyl)
magnesium

308. Di (cyclopentadienyl)
nickel

309. Di (cyclopentadienyl)

310. Di (cyclopentadienyl)

311. Di (cyclopentadienyl)
manganese

312. Hydrogen

313. Oxygen

314. Nitrogen

315. Carbon monoxide
316. Carbon

dioxide
317. Nitric oxide

318. Nitrous oxide

*Appearance threshold

Formula

W(CO)e

Fe(00)5

N1(CO)4

Or(C5H6)2

V(C5H5)2

Mg(C6Hs)2

N1(C5H5)2

CO(C6H6)2

Fe(C5HB)2

Mn(C6H6)2

I o n i z a t i o n p o t e n t i a l , e V

P h o t o i o n i z a t i o n

8, 1S±O. 031U3

7.95±0.031(ia

8 . 2 8 ± 0 . 0 3 1 0 3

7 . 2 6 ± 0 . 0 5 l l 8 · )

7 . 3 2 + 0 .05H8*)

7 . 1 7 ± 0 . 0 5 " S · )

7 . 2 ± 0 . 1 H 8 * )

7 . 2 ± 0 . 1 1 1 « · )

7 . l ± 0 . i n s * )

Inorganic compounds
Щ

Oa

Щ

CO

c o 2

NO

N 2 O

of i o n s

15.4278

1 2 . 1 ± 0 1'8
12.O75±O.O1H

15.5190
15,5812

1 4 . 0 1 ± 0 . 0 1 "

1 3 . 7 9 ± 0 , 0 1 »
1 4 . 0 ± 0 . 3 7 8

9 . 2 0 ± 0 , 0 3 9 1
9 . 2 5 ± 0 . 0 2 5 2

1 2 . 9 0 ± 0 . 0 i H
1 2 , 8 3 ± 0 . 0 7 » l

S p e c t r o -
s c o p y

15.42713»

1 2 . 2 U

15.581167
15.57626

13,9227
14 013231

13.73166
13.79157

9.24136

12.72252
12,9426

E l e c t r o n
i m p a c t

Semi-
e m p i r -

i c a l c a l -
c u l a t i o n

!

6.91246

7.56246

7.76246

7.062S6

6.2218

7.05246

7,25216

15.4 416»

13.01'»
12.1244

16.5170

15.1170

14.4170
13:85198

9.3170
9.4244

12.9170
12.9245

j

C o m p o u n d

3 1 9 . N i t r o g e n
d i o x i d e

3 2 0 . Water

3 2 1 . H y d r o g e n
p e r o x i d e

3 2 2 . F l u o r i n e

3 2 3 . H y d r o g e n
f l u o r i d e

3 2 4 . C h l o r i n e

3 2 5 . H y d r o g e n
c h l o r i d e

3 2 6 . B r o m i n e

3 2 7 . H y d r o g e n
b r o m i d e

3 2 8 . I o d i n e

3 2 9 . H y d r o g e n ι
i o d i d e

3 3 0 . Sulfur

3 3 1 . H y d r o g e n s u l f i d e

3 3 2 . C a r b o n d i s u l f i d e

3 3 3 . Sulfur m o n o x i d e

3 3 4 . Sulfur
d i o x i d e

3 3 5 . H y d r o g e n s e l e n i d e

3 3 6 . H y d r o g e n
t e l l u r i d e

3 3 7 . L i t h i u m
i o d i d e

3 3 8 . S o d i u m

3 3 9 . S o d i u m
i o d i d e

3 4 0 . S o d i u m a z i d e

3 4 1 . P o t a s s i u m

3 4 2 . P o t a s s i u m
i o d i d e

3 4 3 . R u b i d i u m

3 4 4 . C e s i u m

3 4 5 . Mercury

3 4 6 . B o r o n
t r i c h l o r i d e

3 4 7 . A l u m i n u m

• S e c o n d i o n i z a t i o n

F o r m u l a

N O ;

H 2 O

H 3 O S

Fa

H F

Clo

HC1

B r 2

HBr

I 2

H I

s 2

H 2 S

c s 2

s o

SO2

H 2 S e

H . T e

L i l

Na

N a l

N a N 3

К

Κ Ι

R b

Cs

H g

BC13

Al

p o t e n t i a l .

I o n i z a t i o n p o t e n t i a l ,

P h o t o i o n i z a t i o n

9.78±0.052.-,з

1 2 . 5 9 ± 0 . 0 1 "
12 . 6±0.17*s

11 , 4 8 ± 0 . 0111

1 2 . 7 4 ± 0 . 0 1 H

1 0 . 5 5 ± 0 . 0 2 H

l l , 6 2 ± 0 , 0 1 1 1

9 . 2 8 ± 0 . 0 2 H

1 0 . 3 8 ± 0 . 0 2 H

1 0 . 4 5 8 ± 0 . 0 1 5 2

1 0 . 0 8 0 ± 0 . 0 1 5 2
1 0 . 1 2 9 ± 0 . 0 1 5 2 * )

1 2 , 4 2 ± 0 . 0 2 1 3 4
1 2 . 3 4 ± 0 . 0 2 H

S p e c t r o -
s c o p y

, 2 . 3 0 -

12.61146
12.5697

12.85154

11.9311

10,39154

10.473146
10.4297

10.079157
10.137157*)

12.05157

9.741

9 . 1 "

5.138U9

4.339119

4,176119

3.893113

10.434119

5.9811»

e V

E l e c t r o n
i m p a c t

S e m i -
e m p i r -

i c a l c a l -
c u l a t i o n

10.015

12.76179
12.6733

12 . 1220

16.5205

16.38205

11.80179

12,78179

10.92179

11.63178

9.41179

10.48179

10.8199

10,4170
10.533

10.13234

10.7171

13.1147

10-1219

8.55163

5.15217

8.8223

11.7231

4.34217

8.3223

4.18217

3.19217

10.43235

12.0242

6.1218
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Compound

348. Aluminum
hemioxide

349. Europium
350. Terbium
351. Cerium
352. Thorium
353. Monosilane

354* Silicon monoxide
355. Silicon dioxide

356. Silicon

357. Titanium
trichloride

358. Titanium
tetrachloride

359. Monogermane

360. Phosphine

361. Phosphorus
trichloride

362. Arsenic
trichloride

363. Antimony
trichloride

364. Uranium
tetrachloride

365. Hydrogen (atomic)
366. Carbon (atomic)
367. Methine
368. Methylene
369. Methyl

370. Ethyl

371. n-Propyl

372. Isopropyl

Formula

A12O

Ell
Tb

Ce
Th
SUI4

S1O
S1O2

SICI4

T1CI3

Т1СЦ

G P H 4

P H S

PCI3

AsCI3

SUC1:|

u c u

T a b l e X V i n

I o n i z a t i o n p o t e n t i a l , e V

P h o t o -
i o n i -

z a t i o n

S p e c t r o -

s c o p y

E l e c t r o n

i m p a c t

7 . 7 2 1 8

6 . 0 8 2 4 8 · )

5 , 9 8 2 4 8 * )

5 . 6 0 2 4 8 · )

6 . 9 5 2 4 8 » )

1 2 . 2249

1 0 . 8 4 0

1 1 . 7 4 0

U . 6 1 8 C

1 3 , 0 1 5 9

1 i . 7159

1 2 , 3 2 4 9

1 0 . 0 2 4 9

1 2 , 3 2 0 0

1 2 . 4 2 0 0

11 . 5 2 0 0

1 1 . 5 2 1 7

S e m i -

e m p i r -

i c a l c a l -

c u l a t i o n

1

R a d i c a l s

Η

С

ел
сн2

СНз

C H s - C H ,

C H 3 - C H 2 - C H 2

C H 3 - C H - C H 3

13.595141

U . 2 6 4 U 9

10.396143

9.840142

1 3 . 6 2 2 0 2

1 1 . 1 1 9 1

1 1 . 1 3 3 3

11 . 9 1 9 5 , 196

9 . 6 8 2 1 3

1 0 . 0 7 2 0 3
10 . 1 1 2 0 1

9 . 8 5 1 9 »
9 . 95193, 188

8 . 6 7 2 0 3

8 . 7 8 1 9 2

8 . 6 9 ± 0 , 0 5 2 0 8
7 . 9 4 ± 0 , 0 5 2 0 7

7 . 8 0 2 O 3

7 . 9 0 ± 0 , 0 5 2 0 8
7 7 7203
7.451'β

ί

8.5843
8.68208
8.51»9

7.S143
7 98208
7.769»

*Surface-ionization method.

( c o n t ' d )

C o m p o u n d

3 7 3 . n - B u t y l

3 7 4 . I s o b u t y l

3 7 5 . s e c - B u t y l

3 7 6 . t e r t - B u t y l

3 7 7 . n - P e n t y l

3 7 8 . s e c - A m y l

3 7 9 . t e r t - A m y l

3 8 0 . s e c - H e p t y l

3 8 1 . A U y l

3 8 2 . F l u o r o m e t h y l

3 8 3 . D i f l u o r o -

m e t h y l

3 8 4 . T r i f l u o r o -

m e t h y l

3 8 5 . F l u o r i n e ( a t o m i c )

3 8 6 . C h l o r i n e ( a t o m i c )

3 8 7 . C h l o r o m e t h y l

3 8 8 . D i c h l o r o m e t h y l

3 8 9 . T r i c h l o r o m e t h y l

3 9 0 . B r o m i n e ( a t o m i c )

3 9 1 . B r o m o e t h y l

3 9 2 . D i b r o m e t h y l

3 9 3 . I o d i n e ( a t o m i c )

3 9 4 . Sulfur ( a t o m i c )

; 3 9 5 . S u l f h y d r y l

ί 3 9 6 . T h i o c a r b o n y l

3 9 7 . O x y g e n ( a t o m i c )

3 9 8 . H y d r o x y l

3 9 9 . N i t r o g e n ( a t o m i c )

4 0 0 . M o n o c y a n o g e n

4 0 1 . P e r h y d r o x y l

4 0 2 . I m i n e

4 0 3 . A m i n e

F o r m u l a

C,Hs-(CH2)2-CH2

( C H s ) j - C H - O H a

снгснг-сн-сн3

(СНзЬС

C H j — ( С Н 2 ) з - C H 2

СНз-(СН 2)2-СН-СНз

Clla—CHj—C-(CHa)s

C 3H,-CH-C 3H 7

CH2=C11—CH2

CH2F

CHFS

CF3

к
Cl
CH2C1

CHCla

CCln

Br
CH2Br

CHBr-j

I
s
HS
cs
0
OH
N
C.N
HO2

NH

NH»

Ionization potential, eV

Photo-
1ОП1-

z a t i o n

1

S p e c t r o -

s c o p y

1

i

1 7 . 4 2 2 1 1 9

1 2 . 9 5 9 1 1 »

1 1 . 8 4 4 U 9

1 0 . 4 4 1 1 9

1 0 . 3 5 7 1 1 9

1 3 . 6 1 5 1 1 »

14 , 5 4 5 1 1 9

E l e c t r o n

i m p a c t

S β ν-"-Ο 0&"i4

8 . 3 5 ± O . O 5 2 i l 8

7 . 9 3 d - 0 . 0 5 2 0 8

7 . 4 2 ± Ο . Ο . Ί 2 0 8
7 . 1IH03
6 .9178

8 1 б ± 0 OUls*
8 . 2 5 ± 0 . 0 S 1 9 2

9 . 3 5 2 0 8

9 . 4 5 2 0 8

1 0 . 2 ; 1 0 . 1 2 0 8

8 . 0 1 8 .

' J . 3 2 ± 0 . 0 5 2 0 »
9 . 7 0 ± 0 . 0 9 2 l 2

9 . 3 0 2 0 8
9 54212

8 . 7S208

У 30208
8 . 3 4 2 1 2

8 . 1 3 ± 0 . 16212

! 1 . 119S

1 0 . 7 1 9 9

1 3 , 7 3 3

1 4 . 0 1 8 1

1 1 . 5 3 1 9 7

1 3 . 1 2 1 1

11 .4210

S e m i -

e m p i r -

i c a l c a l -

c u l a t i o n

8 , 5 7 1 3
8 . 6 Ί 208

8 . 4 7 9 9

8 . 4 2 1 3
8 . 5 5 2 0 8

7.70-13

7 . 6 7 » »

7 , 1 9 1 3
7 . 3 2 2 0 8
6 . 9 4 0 9

li, 4 099

7 . 6 6 9 9

6 . 9 4 9 9

7 . 5 699

924
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P H O T O I O N I Z A T I O N O F GASES AND V A P O R S

Table XVIII (cont'd)

925

Compound

404.
405. Hydrazyl
406.
407.
«08.
409.
410. Phenyl
411. Benzyl

412.
413.
414.
415. Diphenylmethyl
416. /8-Naphthylmethyl
417. a-Naphthylmethyl

Formula

N2Il2
N2H3

CH3-N—NH2

CH3-NH-NH
С Н з - N — N H

<CH 3 )3N 2

C 6 H 6

C $ H 5 - C H 2

p - C . f t C H j C t t ,

o - C 6 H 4 C H 3 C H 2

m - C 6 H 4 C H 3 C H 2

C 6 H 5 — C H - C e H 6

C10H7CH2

C10H7CH2

I o n i z a t i o n p o t e n t i a l , e V

P h o t o -

z a t i o n

S p e c t r o -
s c o p y

E l e c t r o n
i m p a c t

9 . 8 5 ± 0 . 1 " o

7 . 8 8 ± 0 . 2 210

5 . 0 7 213

5 .12 213

5 .29 213

4 . 9 5 213

9 . 8 9 187

7 . 7 3 188
7 . 8 1 I»»

7.46 1»»

7. 61 190

7 . 6 5 190

7 . 3 2 232

7 . 5 6 232

7 . 3 5 232

S e m i -
e m p i r -

i c a l c a l -
c u l a t i o n

r e s o n a n c e a b s o r p t i o n l i n e s o f K r d u e t o t h e h i g h p r e s -

s u r e , w h i c h i n c r e a s e s t h e y i e l d o f i o n s . A t h i g h N O

p r e s s u r e s , t h e r e a r e e n o u g h N O m o l e c u l e s t o d e a c -

t i v a t e a l m o s t a l l t h e e x c i t e d k r y p t o n a t o m s , a n d a d d i -

t i o n o f H 2 , D 2 , o r H e o n l y r e s u l t s i n b r o a d e n i n g o f

t h e k r y p t o n a b s o r p t i o n l i n e s , w i t h a r e s u l t a n t i n c r e a s e

i n t h e n u m b e r o f e x c i t e d k r y p t o n a t o m s , l e a d i n g t o a n

i n c r e a s e i n t h e i o n c u r r e n t .

1 2 . S U M M A R Y O F T H E F I R S T A D I A B A T I C I O N I Z A -

T I O N P O T E N T I A L S O F M O L E C U L A R G A S E S A N D

V A P O R S

T a b l e X V I I I , w h i c h i s g i v e n b e l o w , i n c l u d e s a l l t h e

v a l u e s e x i s t i n g i n t h e l i t e r a t u r e o f t h e f i r s t a d i a b a t i c

i o n i z a t i o n p o t e n t i a l s o f m o l e c u l e s t h a t h a v e b e e n m e a s -

u r e d b y t h e p h o t o i o n i z a t i o n o r t h e s p e c t r o s c o p i c m e t h o d .

S i n c e m a n y i m p o r t a n t c o m p o u n d s h a v e n o t y e t b e e n

s t u d i e d b y t h e s e m e t h o d s , c o l u m n s 6 a n d 7 g i v e t h e

f i r s t i o n i z a t i o n p o t e n t i a l s d e t e r m i n e d b y t h e e l e c t r o n -

i m p a c t m e t h o d o r b y s e m i - e m p i r i c a l c a l c u l a t i o n s .

T h e s e d a t a o f t e n d i f f e r q u i t e s i g n i f i c a n t l y f r o m t h e

a d i a b a t i c i o n i z a t i o n p o t e n t i a l s , b u t c a n b e u s e f u l f o r

v a r i o u s e s t i m a t e s . T h e t a b l e a l s o i n c l u d e s t h e f i r s t

i o n i z a t i o n p o t e n t i a l s o f f r e e r a d i c a l s . A l m o s t a l l t h e

m o l e c u l a r r a d i c a l s h a v e b e e n s t u d i e d b y t h e e l e c t r o n -

i m p a c t m e t h o d u s i n g m a s s - s p e c t r o m e t r i c t e c h n i q u e .

T h e v a l u e s o f t h e i o n i z a t i o n p o t e n t i a l s g i v e n f o r t h e m
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