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Abstract; The relative cross sections for photodetachment of electrons from pentadienyl and heptatrienyl anions have been 
measured in the visible and near UV. An ion cyclotron resonance spectrometer was used to generate, trap, and detect the nega­
tive ions; an arc lamp with a grating monochr'omator was the light source. Resonances at 363 ± 10 and 430 ± 5 nm are associ­
ated with autodetaching ir -» ir* states of C5H7

- and C7Hg-, respectively. The electron affinities of the pentadienyl and hepta­
trienyl radicals have been determined as 0.91 ± 0.03 and 1.27 ± 0.03 eV, respectively. 

In recent years the electronic spectroscopy of negative ions 
has been the subject of increasing interest in terms of both basic 
theory as well as practical application. Negative ions in general 
are not amenable to standard optical absorption measurements 
of electronic spectra unless they are present in solution1 or 
trapped in low temperature matrices.2 These media, which 
permit high concentrations, provide stabilizing interactions 
which can cause shifts in the electronic absorption features of 
the solvated ion relative to the free ion. Aspects of the spec­
troscopy of molecular negative ions in the gas phase have been 
studied extensively in recent years by low energy electron 
scattering3 and electron impact4 methods. These methods, 
however, are generally applicable only to ions formed by 
adding an electron to a stable neutral molecule and are less 
useful for studying the spectroscopy of closed-shell anions, 
many of which are of importance in ion-molecule reactions. 
In this work we investigate electron photodetachment as a 
method for probing the electronic spectra of such stable gas 
phase negative ions. 

Stable negative ions usually have quite low electron binding 
energies, typically in the range 0-4 eV. Thus most low-lying 
electronic states of negative ions will occur at energies greater 
than that required to remove an electron. A negative ion which 
undergoes a transition to an excited state will therefore often 
have sufficient energy for electron loss (autodetachment) to 
occur. The autodetaching excited state will have a finite life­
time, which is governed by the nature of the coupling of the 
excited state with the continuum. In the photodetachment cross 
section an autodetaching state will appear as a resonance whose 
intensity is determined by the oscillator strength for the optical 
transition to the excited state and whose width is determined 
by the autodetachment lifetime of the excited state.5 

The photodetachment cross section of a polyatomic negative 
ion should show a manifold of autodetaching resonances cor­
responding to vibronic transitions to the excited negative ion 
state. Autodetachment resonances in general may be quite 
asymmetric.5 However, when the optical transition has a large 
oscillator strength, the resonances may appear similar to op­
tical absorption peaks superimposed on the continuum cross 
section. In this case the resonant state wave function is domi­
nated by closed-channel components often encountered in 
electron scattering and electron impact experiments.3'4'6 Peaks 
presumably of this type have been observed in the photode­
tachment cross sections of phenoxide and thiophenoxide an­
ions;7 autodetaching negative ion states were proposed as a 
possible explanation. Maxima in the photodetachment cross 
sections of enolate anions have also recently been suggested 
as being due to electronic transitions to autodetaching negative 
ion states.8 However the electronic transitions which cause this 
behavior have yet to be experimentally characterized and as­
signed in a systematic manner. 

In this paper we report electron photodetachment cross 
sections for the pentadienyl and heptatrienyl anions. In these 
polyene anions the lowest optically allowed9-10 transition is 
expected to be the intense :A2 —* 1 I ^ transition. This transition 
may be easily characterized both by the red shift which occurs 
with increasing conjugation length and by its high intensity. 
Peaks are observed in the cross sections for the pentadienyl and 
heptatrienyl anions and are assigned to this transition. Semi-
empirical PPP calculations indicate that these peaks occur at 
resonable wavelengths for the lowest TT —* ir* transition in the 
anions. The electron affinities of the pentadienyl and hepta­
trienyl radicals are estimated from the photodetachment 
thresholds. 

Experimental Section 

AU photodetachment measurements were carried out as previously 
described11 using a Varian V-5900 ion cyclotron resonance spec­
trometer with a modified square cell design. Ion residence times of 
0.5-1.0 s could be obtained by using high trapping potentials (2.0-3.0 
eV), moderate source drift potentials (0.2-1.0 eV), low analyzer drift 
potentials (<0.4 eV), and pressures of about 1O-6 Torr. The light 
source which was employed consisted of a 1000-W xenon arc lamp 
used with a grating monochromator as previously described.11 

Pentadienyl and heptratrienyl anions were formed from trans-
1,3-pentadiene and 1,3,6-heptatriene, respectively, by using F - to 
abstract a proton from these compounds. The F - was formed from 
NF3 by dissociative electron attachment at 1.7 eV (electron energy 
minus trapping voltage). The neutral pentadiene and heptatriene were 
obtained from Aldrich Chemical Co., and were used without addi­
tional purification. 

Results 

Figure 1 presents the experimental photodetachment cross 
sections for the pentadienyl and heptatrienyl anions, respec­
tively. These cross sections show intense peaks at 363 ± 10 and 
430 ± 5 nm, respectively. The photodetachment cross section 
for allyl anion (included for comparison in Figure 1), which 
has been previously reported and discussed in detail,12 shows 
a rise below 400 nm suggesting a similar peak occurring below 
300 nm. 

The photodetachment thresholds for the pentadienyl and 
heptatrienyl anions are 1400 ± 39.6 and 1000 ± 23.8 nm, re­
spectively. The error limits reflect the experimental bandwidth 
in the threshold regions. Based on our previous results, we have 
no reason to believe that these ions are strongly excited vi-
brationally, and we also expect the 0-0 transition to have 
reasonable intensity, although at present we cannot prove the 
validity of these assumptions. However, the error limits are 
fairly conservative, and if we assume that the contribution of 
hot band transitions to each of the cross sections in Figure 1 
is small, the electron affinities of the pentadienyl and hepta­
trienyl radicals may be determined by subtracting the exper-
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Figure 1. Relative photodetachment cross sections for heptatrienyl, pen­
tadienyl, and allyl anions, normalized to the same value at 0.5 eV above 
threshold. Fractional signal decreases varied from about 10% at maximum 
to 0.1-0.25% near threshhold. 

imental bandwidth from each observed threshold. This gives 
electron affinities of 0.91 ± 0.03 (21.0 ± 0.7 kcal/mol) and 
1.27 ± 0.03 eV (29.3 ± 0.7 kcal/mol) for the pentadienyl and 
heptatrienyl radicals, respectively. For comparison the electron 
affinity of the allyl radical has been previously determined12 

to be 0.55 ± 0.054 eV (12.7 ± 1.2 kcal/mol). 

Discussion 
The peaks reported here in the photodetachment cross sec­

tions of polyene anions closely resemble the -w -*• w* absorption 
peaks typically seen in the electronic spectra of neutral con­
jugated molecules. The cross section for autodetachment of 
•K -* 7T* excited states in anions will resemble the optical ab­
sorption spectra for transitions to bound states, if the lifetime 
is relatively long on the atomic scale.3a Evidence that the peaks 
observed in Figure 1 are due to x -» ir* transitions is provided 
by the pronounced red shift in peak position as the length of 
the conjugated system is increased, behavior which is char­
acteristic of such transitions. In addition these peaks are ex­
tremely intense relative to the continuum, a result which is 
expected for the lowest 1A2 —- 1B2 transition in the polyene 
anions.10 Thus these peaks may be identified as corresponding 
largely to the lowest optically allowed transition in the anion, 
1A2 -*• 1B2, followed by autodetachment of the resultant ex­
cited state. 

The positions of the T -* ir* transitions in polyene anions 
occur at significantly lower energies than do the corresponding 
transitions in the neutral molecules of similar conjugation 
length.13 A major source of this difference is the increased 
shielding of the core. In neutrals each electron senses the po­
tential of N positive charges of the core and TV — 1 negative 
charges of the other electrons, while in anions the number of 
positive charges of the core is balanced by an equal number of 
screening electrons. The electrons are thus much more weakly 

bound in anions. This effect causes a more diffuse spatial dis­
tribution of the electrons,14 and results, in essence, in an in­
creased conjugation length. 

The TT —- 7T* transition energies of polyene anions may be 
analyzed in terms of the free electron molecular orbital 
(FEMO) model of Kuhn.15 In this model the ir electrons are 
confined to an infinite square well potential having a width 
determined by the length of the conjugated system. By allowing 
the width of this square well to extend beyond the ends of the 
conjugated system we may approximate the added diffuseness 
of negative ion orbitals. Following the treatment of Kuhn,15 

this model gives the positions of the x -»ir* transitions as 236, 
363, and 490 nm for the allyl, pentadienyl and heptatrienyl 
anions respectively. The distance which the well extends be­
yond the ends of the conjugated system was adjusted to give 
agreement for pentadienyl anion and was 1.59 A. Based on 
these results the FEMO model does not give particularly good 
agreement with experiment for the positions of -tr -* w* tran­
sitions for these anions. 

Hiickel (HMO) theory predicts the transition energies of 
polyene anions to lie between those for the two neutral polyenes 
with one carbon more and one carbon less, in poor agreement 
with the experiment.13 Clearly, a many electron treatment such 
as PPP should be better. PPP calculations16 using parameters17 

optimized for neutral aromatic hydrocarbons predict a red shift 
of the lowest allowed T —- ir* transition (A2 —* B2) for the allyl, 
pentadienyl, and heptatrienyl anions compared with the neutral 
polyenes. This effect, however, is still less pronounced than that 
found experimentally. In terms of the parameters used in the 
PPP treatment the increased diffuseness of the basis orbitals 
implies that their energy (a) and the resonance integral (/?), 
both of which are related to the interaction of the valence 
electrons and the core, will be lowered in magnitude. For a 
hydrocarbon, changes in a will not affect the predicted tran­
sition energies within the assumptions of the treatment, since 
the ground and excited states are shifted by the same amount. 
A lower absolute value of /3, however, will decrease the splitting 
of the orbitals and thus18 the transition will be red shifted. The 
third parameter, the electron repulsion integral (7), should be 
lower in the anions than in neutral molecules due to the in­
creased diffuseness of the basis orbitals. Lowering 7 will also 
result in a red shift of the A2 —*• B2 transitions: The electron 
repulsion contribution to the orbital energy is larger for the 
LUMO than the HOMO, in which nodes alternate with non­
zero coefficients, and therefore diminishing the electron-
electron repulsion lowers B2 more than A2. However, although 
the qualitative changes resulting from reparametrization are 
predictable, it will be necessary to obtain more experimental 
information in order to make a quantitative effort worth­
while. 

The electron affinities (EA's) of the corresponding radicals 
are difficult to calculate because of the reorganization of the 
electronic structure of the molecules on electron detachment. 
Indeed, in the HMO approximation all the EA's are identical. 
Interestingly, however, the EA's correlate with the dereali­
zation energies for these three systems19,20 and the correlation 
extrapolates to zero EA for a nondelocalized radical. Other 
estimates20'21 of the EA for nondelocalized radicals are close 
to zero. 

For closed shell anions, the electron detachment process is 
analogous to the ionization of a closed shell neutral, and we can 
apply Koopmans' theorem.22 Indeed a linear correlation of the 
EA's of the allyl, pentadienyl, and heptatrienyl radicals with 
the highest occupied molecular orbitals in our PPP calculations 
is found, although the absolute magnitudes of the energies do 
not agree. Applying empirical corrections for the polarization 
of the a core and the valence basis orbitals and reoptimizing 
the orbitals of the radicals, Hoyland and Goodman have cal­
culated the electron affinities of the allyl and pentadienyl 
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radicals to be 0.53 and 0.97 eV, respectively.23 The excellent 
agreement of these values with the experimental electron af­
finities indicates the potential of the method used by these 
workers for determining the electron affinities of ir radicals. 

Conclusions 
Photodetachment cross section experiments have been 

shown to be a sensitive method for measuring the electronic 
spectra of gas phase negative ions. The positions of -K —• TT* 
transitions in some polyene anions are found systematically 
to occur at longer wavelengths than those for neutral molecules 
of comparable conjugation. This observation provides evidence 
that -K orbitals in delocalized negative ions are significantly 
more diffuse than those in neutrals. Finally the experimental 
electron affinities of polyene radicals are shown to be linearly 
correlated with both the HMO derealization energies in the 
anions and the HOMO energies from PPP calculations on the 
anions. These correlations may provide a useful method for 
estimating the electron affinities of other polyene radicals. 
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largely based on the isomorphism between quantum chemical 
and UPS data sets implied by Koopman's theorem.22 

A "simple dicarbonyl compound" is one which contains 
neither heteroatoms (other than two oxygens) nor carbon-
carbon unsaturation. The two highest occupied MOs of simple 
dicarbonyls consist1'2,12 predominantly of linear combinations 
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Abstract: The ionization of the nonbonding electrons, n+ and n_, of 73 dicarbonyls (38 a-, 24 0-, 8 7-, and 3 5-) have been sur­
veyed experimentally (ultraviolet photoelectron spectroscopy) and computationally (CNDO/s and CNDO/2). Apart from 
certain readily rationalized exceptions, it is shown that the energy split of the n+/n_ ionization events is primarily determined 
by the separation of the two carbonyl groups; that the splitting mechanism involves through-bond interaction with skeletal a 
orbitals; and that the Franck-Condon band shapes of/(n+) and /(n_) are determined by the nature of the intermixed skeletal 
a orbitals. A simple algorithm for 7(n+)//(n_) splittings and band shapes is presented. 
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