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Studies of the Temporary Anion States of 

Unsaturated Hydrocarbons by Electron 

Transmission Spectroscopy 

Kenneth D. Jordan

Mason Laboratory, Department of Engineering and Applied Science,  

Yale University, New Haven, Connecticut 06520 

Paul D. Burrow

Behlen Laboratory of Physics, University of Nebraska,  

Lincoln, Nebraska 68588 

The concept of occupied and unoccupied orbitals has provided a useful 

means for visualizing many of the most important properties of mo-

lecular systems. Yet, there is a curious imbalance in our experimen-

tal knowledge of the energies of occupied and unoccupied orbitals. 

Whereas photoelectron spectroscopy has provided a wealth of data 

on positive ion states and has established that they can be associated, 

within the context of Koopmans’ theorem, with the occupied orbitals 

of the neutral molecule, the corresponding information for the neg-

ative ion states, associated with the normally unoccupied orbitals, is 

sparse. In part this reflects the experimental difficulties connected 
with measuring the electron affinities of molecules which possess sta-

ble anions. A more interesting aspect, in our view, is that for many 
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molecules even the ground state of the anion lies above the ground 

state of the neutral molecule and thus is unstable with respect to au-

todetachment of the additional electron. The temporary anions which 

we will discuss in this Account possess lifetimes in the range from 10–

12 to 10–15 s in the gas phase. Ephemeral as these anions might appear, 

their existence is amply demonstrated in electron-scattering experi-

ments. At energies in which an impacting electron may be temporarily 

captured into a normally unoccupied orbital, the electron-scattering 

cross section undergoes a pronounced change in magnitude, com-

monly referred to as a “resonance” by those in the scattering field.1  
A number of electron-scattering techniques may be used to inves-

tigate temporary anion formation. In this article we will describe 

only one, the electron transmission method in the format devised by 

Sanche and Schulz.2 This technique has numerous assets: it is both 

conceptually and experimentally straightforward, and it is likely the 

most sensitive means for detection of temporary anions. 

During the last few years, electron transmission spectroscopy has 

seen increasing application to organic molecules. In the following sec-

tions, we discuss our results and those of other workers which bear on 

the characteristics of the temporary anion states associated with low-

lying π* orbitals in a number of classes of hydrocarbons. In addition 
we will describe briefly the relationship of this work to other chemi-
cal studies, such as optical absorption measurements on anions in so-

lution, molecular orbital theories of reactivity, and studies of low-ly-

ing electronic states of neutral molecules. 

Temporary Anion Formation 

A conceptually useful picture of temporary anion formation has been 

developed from studies on atoms and diatomic molecules.1 The es-

sential ideas may be carried over to the hydrocarbons we will discuss 

here. Let us first consider electron scattering from the spherically 
symmetric potential field of an atom. The incident beam of electrons 
may be represented as a plane wave containing all components of an-

gular momentum. If the atom possesses an energetically accessible un-

filled orbital, characterized by a particular value of the orbital angu-

lar momentum quantum number l, then an incident electron with this 
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appropriate orbital symmetry may be temporarily “captured”. Both 

the energy and lifetime of such an anionic state are determined by 

the total potential in which the  electron moves. In Figure 1a we illus-

trate the general form of the potential. At large separation the elec-

tron- atom interaction consists of two important terms, an attractive 

polarization potential and the repulsive centrifugal potential associ-

ated with the angular momentum of the electron. These two terms in 

general combine to form a barrier. At closer distances, a pronounced 

dip is produced by the short-range screened Coulomb forces. 

The energy of the anion state is largely determined by the strength 

of the attractive portion of the potential. The lifetime of the temporary 

anion is a function both of the size of the barrier, which is strongly 

dependent on l as seen in Figure 1a, and on the anion energy since 

the combination of these factors determines the relative height and 

thickness of the barrier through which the electron must tunnel in 

order to detach. 

In the mechanism outlined here, the electron is temporarily bound 

because of the “shape” of the potential field it experiences, and the 

Figure 1. (a) The potential energy of an electron with angular momentum l in the 

field of an atom as a function of the electron- atom separation; (b) Sketches of 

the LUMOs of several simple molecules and their important angular momentum 

components.  
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resulting structure in the electron-scattering cross section is gener-

ally referred to as a shape resonance. Historically, such resonances in 

electron-molecule scattering have been known for almost 20 years.1 

Surprisingly, the corresponding process in atoms has only recently 

been studied.3 

The extension of the shape resonance picture to molecules is more 

complex because of the noncentral potential in which the electron 

moves. Each unoccupied orbital of the target molecule has a charac-

teristic charge distribution whose symmetry determines the possi-

ble angular momentum components which may be “captured”.4 The 

relative contribution of these components will be determined by the 

detailed shape of the orbital. For molecules with a high degree of 

symmetry, only the lowest few allowed components will be neces-

sary to describe the scattering behavior. These important angular 

momentum components can be visualized by expanding the orbital 

charge distribution in spherical harmonics. In Figure 1b, sketches 

of the lowest unfilled molecular orbitals (LUMOs) are given for sev-

eral simple molecules along with the dominant angular momentum 

components. 

In more complicated molecules with low symmetry, this simple ap-

proach is less obvious because of the greater number of angular mo-

mentum components needed to describe the scattering process. Nev-

ertheless we have found these notions to be surprisingly useful for 

obtaining a qualitative understanding of both the energies and rela-

tive lifetimes of temporary anions. 

Electron Transmission Spectroscopy 

A number of techniques may be used to detect the resonant variation 

in the electron scattering cross section which occurs at those energies 

at which a temporary anion is formed. In an electron transmission 

method, a signal is derived which is proportional to the total electron 

scattering cross section, that is, the sum over all elastic and inelas-

tic scattering processes. Thus the technique has great inherent sen-

sitivity to sharp structure arising from temporary anion formation. 

A transmission experiment is quite simple conceptually. An electron 

monochromator injects a beam of current I0 into a scattering chamber 
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containing gas at density N whose cross section for electron scattering 

is Q(E), a function of electron energy. After traversing a path length 

L, the scattered portion of the incident beam is rejected. The current 

“transmitted” to the collector is the unscattered current given by I0 

exp(–NQL). A signal is thereby derived which is related to the total 

scattering cross section as a function of electron energy. 

The visibility of small variations in the cross section may be in-

creased by means of a modification introduced by Sanche and Schulz.2 

The energy of the impacting electrons is modulated by applying a 

small ac voltage to an electrode contained within the collision cham-

ber and the ac component of the transmitted current is detected syn-

chronously. The resulting signal is proportional to the derivative with 

respect to energy of the transmitted current. The rapid variations in 

the cross section, which are due to temporary anion formation, are 

thereby greatly enhanced with respect to the broad, slowly varying 

features which result from nonresonant scattering. 

Although temporary anions of hydrocarbons have been observed 

using direct electron transmission without modulation, as in the work 

of Hasted and co-workers,5 the full potential of the method was not 

exploited until the introduction of the derivative technique.2 Studies 

of rare gases, di- and triatomic molecules, and ethylene and benzene 

were carried out by Sanche and Schulz,2-6 and of several azines by Ne-

nner and Schulz,7 in an exemplary series of papers. 

Anion States and the Transmission Spectrum 

In Figure 2, we illustrate the connection between the anion and neu-

tral states and the structure observed in a transmission experiment. 

In the upper left portion of Figure 2, potential curves are shown for a 

hypothetical diatomic molecule AB and its anion AB—. For convenience 

we assume that the anion lives long enough to possess well-defined 
vibrational levels. For those energies at which the electron attaches to 

AB, that is, occupies the appropriate normally unfilled molecular or-

bital, transitions into the vibrational levels of AB— take place. At the 

energy of each level, the total scattering cross section is sharply en-

hanced by the resonant capture of the electron. The resulting cross 

section is shown in the upper right of Figure 2 as a progression of 
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vibrational peaks, characterized by the appropriate Franck-Condon 

factors, superposed on a smoothly varying contribution from the non-

resonant scattering processes. 

The corresponding transmission spectrum resembles that shown 

at the bottom of Figure 2 in the standard format, that is, with the de-

rivative of the transmitted current plotted as a function of impact en-

ergy. If the transition to the ground vibrational level of a given anion 

state can be identified, then the adiabatic electron affinity (EA) as-

sociated with that state can be determined. If the 0-0 transition can-

not be identified or if there is no vibrational structure, only the most 
probable transition energy or vertical EA can be ascertained. 

Figure 2. (Upper left) Potential energy curves for a hypothetical diatomic AB and its 

temporary anion AB—; (upper right) the cross section for electron scattering from 
AB; lower, the derivative of transmitted current as a function of electron energy.  
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The existence of vibrational structure in the transmission spectrum 

depends directly on the lifetime of the anion. Roughly speaking, if 

the average lifetime is longer than the period8 of the nuclear motion, 

then well-developed structure appears which may be associated with 

vibrational motion of the anion in the usual sense. For shorter life-

times, the widths of the resonant peaks are broadened as prescribed 

by the uncertainty principle, and the visibility of the structure is there-

fore lessened. The nuclear motion of the anion may be described by a 

wavepacket whose amplitude is continuously shrinking due to the au-

todetachment of the electron. Birtwistle and Herzenberg9 have shown 

that structure appears in the scattering cross section if the lifetime 

of the anion permits a portion of the nuclear wavepacket to survive 

the traversal of the potential surface once and be reflected from the 
other side. The resulting interference structure is not due to true vi-

brational motion of the anion but can be referred to as “quasi-vibra-

tional” in origin. 

In Figure 3 we display the transmission spectra of four molecules: 

nitrogen, carbon monoxide, ethylene, and formaldehyde. This series 

was chosen to illustrate that one can obtain qualitatively useful infor-

mation about the lifetimes of temporary molecular anions from the 

considerations of energy and angular momentum discussed earlier. 

Figure 3. The derivative of transmitted current as a function of electron energy in 

N2, CO, C2H4, and H2CO.  
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Although the ground state of CO— lies slightly below that of N2
—, the 

vibrational structure in the transmission spectrum of CO is much less 

pronounced than in N2. This may be understood10 from an examina-

tion of the partial wave expansions of the respective LUMOs: the low-

est component in the N2 LUMO is l = 2, while the LUMO of CO has siz-

able contributions from both l = 1 and l = 2. The additional electron 

tunneling in the l = 1 “channel”, which takes place through a smaller 

barrier, thus shortens the lifetime of CO— relative to that of N2
—. 

The second pair of molecules, ethylene and formaldehyde, possess 

LUMOs characterized by the same l values as those of nitrogen and 

carbon monoxide, respectively, as seen in Figure lb. One might expect 

therefore that formaldehyde would display even weaker structure than 

ethylene. As shown in Figure 3, the opposite is true. In this case, the 

ground state of H2CO— lies considerably below that of C2H4
—, illus-

trating that a sufficiently low anion energy can more than compensate 
for a smaller barrier. The anion lifetime depends on both the barrier 

height and thickness seen by the autodetaching electron. 

Although electron transmission spectroscopy is analogous in many 

ways to photoelectron spectroscopy, a notable difference exists in the 
lifetime of the ionic species. The short anion lifetimes create special 

problems for a theoretical description of the nuclear motion, and in-

deed, a general theoretical treatment of anion lifetimes has not yet 

been developed. Because of the intimate relationship between the 

characteristics of the unfilled orbital and the anion lifetime, it seems 
clear that an understanding of lifetime effects will lead to valuable in-

formation about orbital charge distributions. We have found that the 

lifetimes are very sensitive to substituent effects. For example, the 
EAs of benzene and toluene differ by less than 0.03 eV, yet the vibra-

tional structure in the toluene spectrum11 is greatly reduced from that 

in benzene, suggesting that the lifetime may be shortened by more 

than a factor of two. 

Space does not permit more than a cursory mention of another as-

pect of anion lifetimes. Temporary anions play a role of profound im-

portance in the vibrational excitation of molecules by electron im-

pact.12 Upon ejection of the electron from the anion, the molecule will 

generally be left in one of the vibrational levels of the ground elec-

tronic state. The distribution of such vibrational levels in the neutral 

molecule will depend on the extent to which the molecule is distorted 

from its equilibrium geometry by the “additional” electron. This is 
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clearly a function of the anion lifetime. The specific vibrational modes 
which are excited in this process depend, of course, on the symme-

try of the orbital. This has been nicely demonstrated by Wong and 

Schulz13 in their study of the vibrational excitation of benzene. 

Electron Transmission Studies in Hydrocarbons 

Ethylene. Our interest in the anions of hydrocarbons was stimu-

lated in part by a reexamination of the transmission spectrum of eth-

ylene, the simplest unsaturated hydrocarbon. The ground state of the 

ethylene anion, formed by the capture of an incident electron into 

the low-lying b2g π* orbital, was first observed in electron transmis-

sion by Boness et al.5 and later by Sanche and Schulz.6 Unlike pre-

vious investigators, we observed14 weak undulations superposed on 

the characteristic resonance profile, as seen in Figure 3. We assigned 
this structure to motion of the anion along the C-C symmetric stretch 

coordinate. The detection of the faint quasivibrational structure was 

valuable in two respects. First, it enabled us to determine the previ-

ously unknown adiabatic EA of ethylene within reasonable error lim-

its. Second, the structure provided us with a lifetime “benchmark” for 

the resonance associated with an unperturbed C-C double bond as well 

as an example of a lifetime which is just sufficiently long for detect-
able structure to appear in the transmission spectrum. Substituent ef-

fects on this lifetime are quite pronounced. For example, although the 

propene anion is only 0.21 eV less stable than the ethylene anion,15 

the lowering of symmetry due to methyl substitution and the accom-

panying admixture of lower l values result in a complete loss of qua-

sivibrational structure. 

Cyclic Dienes. We turn now to molecules composed of interacting 

ethylenic groups and demonstrate that electron transmission spectros-

copy can be employed to study the splitting between the anion states 

which results from the coupling of the ethylenic π* orbitals. 
Two useful concepts which have been introduced to explain the in-

teraction between functional units are through-space and through-

bond coupling.16 For example, in cyclic dienes, the splitting between 

the two occupied π orbitals depends on the separation and orienta-

tion of the two double bonds, that is, on through-space interaction, 
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as well as on through-bond coupling due to the interaction with the 

methylenic pseudo-π orbitals. The molecules 1,4-cyclohexadiene and 
norbornadiene have played a particularly interesting role in the stud-

ies of the relative importance of these two effects using photoelectron 
spectroscopy. The through-space interaction of the two ethylenic π or-

bitals of these molecules gives rise to bonding and antibonding mo-

lecular orbitals, πb and πa. In the absence of interactions other than 

direct through-space coupling, the πb orbital will be more stable than 

the πa. However, from photoelectron studies, it has been established 

that the reverse is true for 1,4-cyclohexadiene. The reason for this, 

as elegantly demonstrated by Batich et al.17 and Hoffmann et al.,18 is 

that the pseudo-π orbitals of the CH2 groups push the πb orbital above 

the πa orbital. 

On the other hand, we have suggested15 that the ordering of the 

anion states of 1,4-cyclohexadiene is normal, that is, with πb* below 
πa*, since through-bond coupling with the CH2-π destabilizes the πb* 
orbital much less than it does the πb orbital. In support of this claim, 

Figure 4. Correlation diagram for 1,4-cyclohexadiene illustrating the interactions 

between the ethylenic π and π* orbitals and the methylene pseudo-π orbital.  
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we note that methyl substitution destabilizes the anion of ethylene 

by only 0.21 eV while the cation is stabilized by 0.78 eV. The interac-

tions between the ethylenic π and π* orbitals of 1,4-cyclohexadiene 
with and without the through-bond coupling due to the CH2-π orbit-
als are depicted in Figure 4. 

In norbornadiene, where through-bond coupling is not as impor-

tant, both the π and π* orbitals have normal ordering with the πb or-

bital lying below the πa, and πb* lying below πa*. As shown in Figure 

5 which displays the transmission spectra of 1,4-cyclohexadiene and 

norbornadiene, the ground anionic state of 1,4-cyclohexadiene is in-

deed destabilized relative to that of norbornadiene while the first ex-

cited anion states occur at nearly the same energy. 

Figure 5. The derivative of transmitted current as a function of electron energy 

in 1,4-cyclohexadiene (upper) and norbornadiene (lower). Reprinted with permis-

sion from ref 15. Copyright 1976 North-Holland Publishing Co.  
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Benzene and Substituted Benzenes. Benzene and substituted ben-

zenes have been the subject of numerous studies employing optical 

and photoelectron spectroscopy. Not surprisingly, several transmis-

sion studies have already appeared dealing with the anion states of 

benzene and substituted benzenes.5–7,11,19 One of the reasons for the 

interest in benzene and its derivatives is that both the HOMO (e1g) 

and LUMO (e2u) of benzene are degenerate and may be split, for ex-

ample upon monosubstitution. Moreover, the ground anion and cat-

ion states of benzene are examples of Jahn-Teller systems, and many 

of the alkyl-substituted benzenes display pseudo-Jahn-Teller effects. 
Figure 6 shows a correlation diagram of the cation and anion 

states, as determined by photoelectron and electron transmission 

spectroscopy, respectively, for benzene, fluoro-, chloro-, and bromo-

benzenes, phenol, anisole, aniline, and toluene. The splitting of the 

e1g(π) orbitals has been successfully interpreted in terms of the induc-

tive and resonance effect of the substituents. Similarly, the locations 
of the anion states of aniline, phenol, anisole, and the halobenzenes 

may be explained19 in terms of these effects. However, alkyl groups 
were found11 to stabilize the benzene anion in the gas phase, contrary 

Figure 6. Correlation diagram using experimental values for the EAs and IPs of 

monosubstituted benzenes (from ref 19).  
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to the results of solution studies by Lawler and Tabit20 and to predic-

tions based on either resonance or inductive effects. Our findings are 
in agreement with recent studies by other researchers21 which dem-

onstrated that in the gas phase CH3O— is more stable than OH— while 

in solution this order is reversed. Although this might lead to the spec-

ulation that alkyl groups always stabilize anions in the gas phase, we 

have also found that the anions of propene and acetaldehyde are less 

stable than those of ethylene and formaldehyde, respectively. 

Perhaps the most interesting aspect revealed by these transmis-

sion studies is that the anions of the substituted benzenes mentioned 

above have shorter lifetimes than the benzene anion. For aniline, phe-

nol, anisole, and the halobenzenes, the degenerate e2u(π*) orbital is 
split into a2 and b1 orbitals, with a2 lying below b1. While the e2u or-

bital has a leading component of l = 3, the a2 and b1 orbitals have l 

= 2 and 1 components, respectively. Even though the a2 orbitals of 

these compounds have their dominant contribution from l = 3, a sim-

ple model calculation shows22 that the mixing in of only a small per-

centage of the l = 2 component causes significant changes in the life-

times. Similarly, the presence of the l = 1 and 2 components in the b1 

orbitals results in a complete loss of vibrational structure for the 2B1 

anions. The negative ions formed by the occupation of the a2 orbital 

of these substituted benzenes are energetically more stable than the 

benzene anion by as much as 0.45 eV, but this increased stability is 

not sufficient to overcome the admixture of the l = 2 component into 

the anions’ charge distributions. 

The ground-state anions of the alkyl-substituted benzenes are 

pseudo-Jahn-Teller systems23 since the Born-Oppenheimer splitting 

between the A2 and B1 states24 is of the order of the energy associated 

with the zero-point nuclear motion. Therefore the vibronic ground 

states are admixtures of the A2 and B1 states and hence their charge 

distributions contain small contributions from l = 1. For this reason, 

the anions of the alkylbenzenes have much weaker vibrational struc-

ture than does the benzene anion, even though the alkyl groups cause 

only a small shift in the EA. 

Alternant Hydrocarbons. Alternant hydrocarbons have fascinated 

experimentalists and theorists for decades. Many of the unique fea-

tures of these molecules have been explained in terms of the pair-

ing theorem, which is a consequence of Hückel or PPP theories. 
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Accordingly, the sum (IP + EA) associated with each π,π* pair should 
be constant. Although many papers examining the validity of the 

pairing theorem have appeared, usually only the first π,π* pair (i.e., 
HOMO, LUMO) has been considered, due to lack of accurate data for 

the higher lying negative ion states.25 

We have used electron transmission to determine the EAs of sev-

eral alternant hydrocarbons including ethylene, butadiene, hexatri-

ene, benzene, styrene, stilbene, naphthalene, and cyclooctatetraene.26 

In general, we have found that the pairing theorem holds remarkably 

well for those anion states which are predominantly single particle in 

nature27 and which have sufficiently long lifetimes. For example, in 
styrene, the sum (IP + EA) yields 8.18, 8.13, and 7,97 eV for the first 
three π,π* pairs. This is most encouraging since it implies that for 
these compounds one can predict, from the appropriate IPs, the elec-

tron affinities associated with stable anions which cannot be deter-

mined directly by electron transmission. 

In Figure 7 we present a correlation diagram28 using experimen-

tally determined energies for the cation and anion states of styrene as 

well as those of ethylene and benzene. It is readily apparent from this 

diagram that one can interpret the four negative ion states of styrene 

as arising from the interaction of anion states of ethylene and benzene. 

It is reassuring to note that concepts such as the pairing theorem and 

the description of a composite system in terms of its interacting moi-

eties29 retain their utility in dealing with these short-lived species. 

We emphasize again that electron transmission spectra provide 

more than just the energies of the anion states. As an illustration, the 

spectra of styrene and benzene are shown in Figure 8. A wide range 

of anion lifetimes are evident, and the relative values can be under-

stood in terms of the anion energies and symmetries,22 although space 

does not permit a discussion here. A detailed analysis of the vibra-

tional structure, which has not yet been carried out, should also yield 

useful information concerning the geometries of the anions. 

Applications to Other Chemical Studies 

Molecular Orbital Theories of Reactivity. The various molecular 

orbital theories of reactivity employ information about the occupied 

and unoccupied orbitals of the interacting systems to predict reaction 
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rates. One of the most useful of these is the frontier molecular orbital 

method30 which utilizes the energies and shapes of the HOMO and 

LUMO to determine the reactivity of a molecule towards electrophiles 

or nucleophiles, respectively. This approach has proven particularly 

useful in describing a wide variety of cycloaddition reactions.31 How-

ever, it has often been necessary to employ estimated EAs due to the 

paucity of experimental values. The availability of accurate experi-

mental values of the EAs for a wide range of hydrocarbons will allow 

for a stringent test of the theory and facilitate its application. 

Singlet and Triplet Excitation Energies. To a good approximation, 

the low-lying excitation energies for a series of related compounds 

may often be correlated to the quantity (IP – EA).32 The usefulness 

of such a correlation is illustrated in Figure 9 where we have plotted 

the lowest triplet (T1) and singlet (S1) excitation energies vs. (IPHOMO 

– EALUMO) for a number of monosubstituted benzenes.33 Both the T1 

Figure 7. Correlation diagram using experimental values for the EAs and IPs of eth-

ylene, styrene, and benzene (from ref 28).  
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and S1 excitation energies for this series of components are nearly lin-

ear functions of (IPHOMO – EALUMO), with slopes of 0.21 and 0.27, re-

spectively. Using perturbation theory it may be shown that the singlet 

excitation energy is equal to (IPHOMO – EALUMO) + electron–electron 

interaction terms), where the two-electron interaction terms include 

the first-order Coulomb and exchange matrix elements as well as sec-

ond and higher order correlation terms. The results displayed in Fig-

ure 9 indicate that the two-electron terms are approximately linearly 

related to (IP – EA). The linear relationship between the T1 excitation 

energies and (IPHOMO – EALUMO) is surprising since for the substituted 

Figure 8. The derivative of transmitted current as a function of electron energy in 

styrene (upper) and benzene (lower) (from ref 28).  
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benzenes these transitions are not described by an electron promoted 

from HOMO to LUMO. Rather, the T1 transitions involve a mixing be-

tween the excitation from the HOMO to the second unoccupied or-

bital and the excitation from the second occupied orbital to the LUMO. 

Anions in Solution. The ground-state anions of most unsaturated 

hydrocarbons can be prepared as stable species in solution or in hydro-

carbon glasses by alkali reduction or by means of gamma radiation.34 

Numerous studies of the absorption spectra of these stable ions have 

been carried out. A detailed comparison between the condensed-phase 

excitation energies and the gas phase values, determined by subtract-

ing from the first EA the higher EAs of a molecule, will yield valuable 
information concerning solvation effects. 

For styrene and naphthalene, we have found that the agreement is 

within 0.15 eV for those excitations predominantly involving transi-

tions between π* orbitals and for which the gas-phase anions are suf-
ficiently long-lived. The agreement is poorer for those transitions to 
very short-lived anion states, indicating that solvation effects are quite 

Figure 9. The lowest singlet, S1, and triplet, T1, transition energies of several mono-

substituted benzenes as a function of IPHOMO – EALUMO.   
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different for these anion states. We note that certain transitions may 
not be seen in the condensed-phase studies if they are dipole-forbid-

den or only weakly allowed. The electron transmission method does 

not suffer from this limitation. It may happen, however, that an anion 
which is relatively long-lived in solution may have such a short life-

time in the gas phase that its energy cannot be determined. 

Conclusions 

In this account, we have described the electron transmission tech-

nique and illustrated a few of the areas which will benefit from its 
application to hydrocarbon molecules. Without doubt the most im-

portant data resulting from transmission studies are the temporary 

anion energies. As a convenient reference, a table of the values which 

we regard as being most reliable is included. A complete bibliography 

of published work using electron transmission is available from one 

of the authors (P.D.B.). 

We have also emphasized the close connection between orbital sym-

metry and anion lifetime and have pointed out the sensitivity of life-

time to substituents. This is an area which deserves detailed theoret-

ical exploration. 

Space has permitted only a discussion of those anions associated 

with the capture of electrons into vacant π* orbitals. Other anion 
states, with two electrons in Rydberg orbitals, are also known to ex-

ist in some hydrocarbons. For most molecules the σ* orbitals are suf-
ficiently high in energy that the corresponding anions are too short-
lived to be detected in transmission. We anticipate, however, that 

these states will be evident as broad enhancements of the cross sec-

tions for vibrational excitation of the neutral molecule by electron 

impact.  
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Table I  Vertical Electron Affinities (eV) Determined by Electron Transmis-

sion Spectroscopy 

ethylenea  –1.78 

propeneb  –1.99 

cis-buteneb  –2.22 

trans-butenec  –2.10 

isobutenec  –2.19 

trimethylethylenee  –2.24 

tetramethylethylenec  –2.27 

cyclohexeneb  –2.07 

formaldehyded,e –0.86 

acetaldehydec,e  –1.19 

acetonec,e  –1.51 

acetylenef  –2.6 

acetonitrilef  –2.84 

acrylonitrilef  –0.21, –2.74 

1,3-butadienea  –0.62, –2.8 

1,3-cyclohexadieneb  –0.80, –3.43 

1,4-cyclohexadieneb  –1.75, –2.67 

1,5-cyclooctadieneb  –1.83, –2.33 

norbornadieneb  –1.04, –2.56 

benzeneg,h  –1.15, –4.85 

tolueneg  –1.11, –4.88 

ethylbenzenei  –1.17 

isopropylbenzeneg  –1.08, –4.69 

terf-butylbenzeneg  –1.06, –4.67 

cyclopropylbenzenef  –1.06, –4.59 

o-xyleneg  –1.12, –4.9 

m-xyleneg  –1.06, –4.81 

p-xyleneg  –1.07, –4.89 

1,3,5-trimethylbenzeneg  –1.03, –4.78 

1,2,4-trimethylbenzeneg  –1.07, –4.83 

phenolj  –1.01, –1.73, –4.92 

anisolej  –1.09, –1.72, –4.92 

anilinej  –1.13, –1.85, –5.07 

methylanilinef  –1.19 

dimethylanilinef  –1.24 

fluorobenzenej  –0.89, –4.77 

chlorobenzenej  –0.75, –4.50 

bromobenzenej  –0.70, –4.42 

pyridinek  –0.62, –1.20, –4.58 

pyrimidinek  >0, –0.77, –4.24 

pyridazinek  >0, –0.73, –4.05 

s-triazinek  >0, –4.0 

(continued)
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Table I  Vertical Electron Affinities (eV) Determined by Electron Transmis-

sion Spectroscopy (continued)

pyrrolel  –2.38, –3.44 

furanl  –1.76, –3.14 

thiophenel  –1.17, –2.67 

acroleinf  >0, –2.47 

hexatrienem  >0, –1.8, –3.54 

cyclooctatetraenem  >0, –1.91, –3.60 

benzaldehydem  >0, –0.76, –2.21, –4.61 

benzonitrilef  >0, –0.54, –2.49, –3.20, –4.9 

styrenen  –0.25, –1.05, –2.48, –4.67 

naphthalenem  –0.19, –0.90, –1.67, –3.37, –4.72 

cis-stilbenem  >0, –0.92, –1.68, –3.4, –4.67 

a. Reference 14. 

b. Reference 15. 

c. P. D. Burrow and K. D. Jordan, in preparation. 

d. P. D. Burrow and J. A. Michejda, Chem. Phys. Lett., 42, 223 (1976). 

e. See also E. H. Van Veen, W. L. Van Dijk, and H. H. Brongersma, Chem. Phys., 16, 

337 (1976). 

 f. P. D. Burrow, J. A. Michejda, and K. D. Jordan, unpublished results. 

g. Reference 11. 

h. See also ref 6 and 7. 

i. I. Nenner, unpublished thesis. 

j. Reference 19. 

k. Reference 7. 

l. E. H. Van Veen, Chem. Phys. Lett., 41, 535 (1976). 

m. Reference 26. 

n. Reference 28.   
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