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Photodetachment spectroscopy is becoming one of the 
most commonly employed methods for obtaining accurate 
electron affinities. Extracting electron affinities from photo­
detachment data is straightforward for atoms.'"3 However, 
for diatomic and polyatomic molecules the photodetachment 
data become a complicated function of rotational,4 vibra­
tional,5,6 and occasionally electronic transitions,7 each tran­
sition having in general some complicated dependence on the 
photoelectron energy. This process is 

A~(J,i;)+ftw — A ( J V ) + Q-(Ek) (1) 

where J and J' are initial and final rotational states, v and v' 
are initial and final vibrational states, and Ey is the energy 
(momentum k) of the photoelectron. 

When only a single vibrational transition is involved (v = 
v'), interpretation of photodetachment data is straightforward 
provided the dependence of the cross section on photoelectron 
energy is known. This dependence is determined to first order 
at threshold by the symmetry of the anion and the symmetry 
of the orbital from which the electron is detached.8 The pho­
todetachment threshold behavior can thus provide information 
on orbitals and their symmetry in anions.8 

In this paper we present the photodetachment spectra of two 
anions possessing Civ symmetry: allyl anion, 1, and cya­
nomethyl anion, 2. The highest occupied molecular orbital 

H 

I H 

I l H 2 
H H 

1 

Exciplex", M. Gordon and W. R. Ware, Ed., Academic Press, New York, 
N.Y., 1975, p 247. 

(19) R. A. Caldwell, G. W. Sovocol, and R. J. Gajewski, J. Am. Chem. Soc, 95, 
2549(1973). 

(20) P. J. Wagner and I. Kochevar, J. Am. Chem. Soc, 90, 2232 (1968). 
(21) A. Gupta and G. S. Hammond, J. Am. Chem. Soc, 98, 1218 (1976). 
(22) A. Devaquet and L. Salem, Can. J. Chem., 49, 977 (1971), and A. Devaquet, 

J. Am. Chem. Soc, 94, 5160 (1972). 
(23) Margaretha has made similar conclusions with 3-oxaenones on the basis 

of an excessively simplified kinetic scheme; P. Margaretha, Chimia, 29, 
703 (1975). This has been modified in later papers: G. V. Thi and P. Mar­
garetha, HeIv. Chim. Acta, 59, 2236 (1976). 

(24) W. L. Dilling, T. E. Tabor, F. P. Boer, and P. D. North, J. Am. Chem. Soc, 
92, 1399(1970). 

(25) K. Wiesner, Tetrahedron, 31, 1655 (1975). 
(26) P. G. Bauslaugh, Synthesis, 2, 287 (1970). 

(HOMO) of allyl anion has A2 symmetry, while the HOMO 
of cyanomethyl anion has B2 symmetry. Since the A2 irre­
ducible representation transforms as a dxy atomic function, 
the allyl anion should show a E3^2 or smoothly rising p-wave 
energy dependence at threshold.9 The B2 representation 
transforms as a py atomic function; thus the cyanomethyl anion 
should show a £ ' / 2 or discontinuous s-wave energy dependence 
at threshold. 

The experimental threshold behavior of these anions is 
contrasted and shown to be in good qualitative agreement with 
the expected behavior based on both group theory and a more 
quantitative formulation of the threshold law.8 We then fit the 
experimentally measured cross sections to the calculated cross 
sections in the threshold region. From this treatment we obtain 
the electron affinities of the allyl and cyanomethyl radicals. 

Experimental Section 

Both the allyl and cyanomethyl anions were generated and trapped 
in a modified Varian V-5900 ion cyclotron resonance spectrometer.10 

The allyl anion was generated from propene via proton abstraction 
by OH - . The OH - was formed by dissociative electron capture by 
H2O at 5.5 eV. Total pressure was 1 X 1O-6 to 4 X 10"6 Torr con­
sisting of approximately equal amounts of water and propene. Cya­
nomethyl anion was generated from acetonitrile via proton abstraction 
by F - . The F - was formed by dissociative electron capture by NF3 
at 1.7 eV. Total pressure in this case was about 5 X 1O-7 Torr and 
consisted of about 80% acetonitrile and 20% NF3. At these pressures 
the ions could be trapped for about 0.5 s. 

The light source for the photodetachment experiments was a 1000 
W xenon arc lamp used in conjunction with a grating monochroma-
tor.'' A grating blazed at 1500 nm was used to collect data above 1000 
nm for allyl anion with a resolution (fwhm) of 39.6 nm. All other data 
were obtained using a grating blazed at 600 nm and have a resolution 
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Figure 1. Relative photodetachment cross section for allyl anion. Reso­
lution is 23.8 nm (fwhm) below lOOOnm and 39.6 nm (fwhm) above 1000 
nm. 
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Figure 2. Relative experimental ( • ) and theoretical (—) photodetachment 
cross sections for cyanomethyl anion. Resolution for both experiment and 
theory is 23.8 nm (fwhm). 

(fwhm) of 23.8 nm. The collection and analysis of the data have been 
previously described.10 

Results and Discussion 

Threshold Shapes. At an electron energy of 5.5 eV O - , OH - , 
and H - may be formed by electron impact on H2O. Since all 
of these ions will abstract a proton from propene to form allyl 
anion, photodetachment of any of them will result in a decrease 
in the allyl ion signal. Therefore the photodetachment cross 
sections of O - , H - , and O H - could be superimposed on the 
apparent cross section of allyl anion. The OH - photodetach­
ment amounted to about 35% of the total change in allyl ion 
signal, but since OH - has a sharp threshold near 680 nm,4 its 
contribution was easily subtracted from the total cross section. 
O - has a sharp threshold near 850 nm, but since little evidence 
of a sharp transition around 850 nm is experimentally observed, 
no correction for O - detachment has been made. The H -

photodetachment cross section has a slowly rising threshold 
which has an onset at 1750 nm, peaks at about 750 nm, and 
drops sharply below 600 nm. Since the experimental cross 
section for allyl anion after removal of the OH - contribution 
showed none of these features, we conclude that the remaining 
cross section is predominantly due to photodetachment of allyl 
anion. The data are presented in Figure 1 with no correction 
for H - detachment. The cross section for photodetachment 
of cyanomethyl anion is presented in Figure 2. Here there was 
no interfering detachment, since F - has a threshold12 at about 
350 nm. 

The data for allyl anion show a cross section which increases 
gradually with photon energy until just below 400 nm where 
a sharp increase in the cross section is observed. Both photon 
flux and cross section had become too low to observe photo­
detachment beyond 1850 nm. Cyanomethyl anion shows a 
sharp threshold at about 840 nm followed by a gradual rise in 
cross section with increasing photon energy. 

For both ions the threshold areas must correspond to tran­
sitions from the ground electronic state of the anion to the 
ground electronic state of the radical. In both cases the photon 
energies near threshold are probably too low to reach an excited 
state of the anion.'3 It is quite possible however that the sudden 
increase in cross section for allyl anion below 400 nm is due to 
an electronic transition in the anion followed by autodetach-
ment.14 

We expect the initial vibrational state of these ions to be 
primarily the ground state since if the ions were formed in an 
initially hot vibrational state, at these pressures it seems rea­
sonable to assume they would be essentially thermalized well 
within 500 ms.15 Thus nonthermal hot bands should be no 
greater than about 50% of the intensity of the transition orig­

inating at the ground state. We expect the hot bands to be weak 
here because the populations in excited vibrational states are 
low and because of small off-diagonal Franck-Condon factors. 
In addition, the proton abstraction reactions by which both 
allyl and cyanomethyl anions are formed will be shown to be 
only slightly exothermic, making it unlikely that large numbers 
of ions are produced in highly excited vibrational states. For 
cyanomethyl anion only one sharp transition is observed over 
about 30 nm, with no measurable vibrational hot bands at 
longer wavelengths. 

The electron affinities discussed in the next section may be 
used with known bond strengths to determine the exothermicity 
of the reactions by which the allyl and cyanomethyl ions are 
formed. Using 12.7 ± 1.2 kcal/mol for E A ( C H 2 = C H -
CHi-), AS0 = 0.8 eu,16 DH°(CH2=CHCH2—H) = 89 ± 2 
kcal/mol,17 DH°(HO-H) =119 kcal/mol,18 and EA(OH-) 
= 42.2 kcal/mol4 for the reaction 

OH- + C H 2 = C H - C H 3 — CH 2 =CH-CH 2 " + H2O 
(2) 

AC° is determined to be —0.7 ± 3.1 kcal/mol. Similarly, using 
EA(CH2CN) = 34.8 ± 0.4 kcal/mol, DH°(H-F) = 135.8 
kcal/mol,19 EA(F-) = 78.5 kcal/mol,20 DH°(H-CH2CN) = 
92.9 ± 2.5 kcal/mol,21 and AS0 = 4.4 eu22 for the proton ab­
straction from acetonitrile by F - , this proton abstraction is 
found to have AG0 = -0.5 ± 2.9 kcal/mol. Thus both of these 
reactions are only slightly exothermic, as was pointed out in 
discussing the possibility of the ions being formed vibrationally 
hot. 

Vibronic transitions from the ground state of each ion are 
allowed to a number of vibrational levels of the radical. The 
intensities of the various transitions depend on the differences 
in geometry between the anion and radical. In the case of both 
allyl and cyanomethyl anions, the HOMO (from which the 
electron is being detached) is essentially a nonbonding orbital. 
Loss of an electron from this nonbonding orbital should not 
change the geometry of the system substantially as only the 
nonbonding interactions will be affected. Therefore we expect 
the geometries of the anion and radical to be quite similar in 
both cases. To test this expectation we have done geometry 
optimization calculations23 (using CNDO and INDO ap­
proximations) for the cyanomethyl anion and radical. Both 
CNDO and INDO give substantially the same results, very 
little geometry change in going from anion to radical. All bond 
lengths showed less than 0.008 A change and all angles less 
than 1.8° change. Based on these calculations, better than 99% 
of the transition intensity should involve no change in vibra­
tional state.24 Again, due to the nonbonding nature of the 
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HOMO, allyl anion is similarly expected to show only diagonal 
vibronic transitions. 

The cross section is therefore expected to be composed of 
a superposition of all possible rotational transitions between 
the vibrational ground states of the anion and radical. The allyl 
and cyanomethyl systems25 may be closely approximated as 
prolate symmetric tops,26 in which case (neglecting spin-
rotation splitting) the intensities of the rotational transitions 
are given by the Honl-London formulas.27 

At this point, we calculate the cross section for a single ro­
tational transition using a partially orthogonalized plane-wave 
final state and the CNDO/2 coefficients23 of the HOMO for 
the initial state of the electron to be detached.8 These HOMO's 
are 3̂HyI = 0.70710pv(Ci) - 0.707 10pv(C3) and i/-cyanomethvi 
= O.76170py(C,) + 0.0327</>py(C2) - O.64710pv(N). We then 
sum this cross section over all possible rotational transitions, 
weighting each one by its relative intensity. The resultant cross 
section when convoluted with the instrumental bandwidth 
should be directly comparable (outside an overall normaliza­
tion) to the experimental cross sections near threshold. These 
curves are shown in Figures 1 and 3 with the experimental data 
in the threshold region. 

The theoretical curves have been fitted to experiment only 
within 1 eV of threshold. Because of symmetry, the theoretical 
curves must be essentially correct right at threshold. But above 
threshold, only qualitative agreement should be expected. The 
calculated curves quantitatively serve only as a rough guide 
then in extracting the photodetachment thresholds. 

The agreement of the calculated cross sections with the 
experimental data near threshold is very good considering the 
theoretical model which we have used for photodetachment. 
Large discrepancies between calculated and experimental cross 
sections do not begin to appear until about 1 eV above 
threshold in both cases. This agreement indicates the cross 
section for photodetachment may be accurately described near 
threshold by time-dependent perturbation theory (in a 1 
electron approximation) in which the initial state of the elec­
tron is a molecular orbital and the final state is a plane wave 
orthogonalized to the original orbital. We expect the plane 
wave to be a reasonable description of the detached electron 
for low photoelectron energies since the interactions between 
the radical and the detached electron are primarily short 
ranged polarization potentials. The agreement with experiment 
confirms this expectation. The orbitals describing the initial 
state of the electron are the highest occupied molecular orbitals 
from CNDO/2 calculations. The radial diffuseness of these 
orbitals was increased, as described in ref 8, by decreasing the 
normal Slater exponents to the values 0.56 for carbon and 0.40 
for nitrogen. The cross section for cyanomethyl anion is quite 
sensitive to the form of the orbital; the HOMO coefficients 
must be within about 10% of the values given by CNDO to 
obtain a cross section resembling the experimental data. 
Noting the agreement obtained, we conclude that the CNDO 
description of the HOMO of this anion is quite good, if it is 
recognized that the orbital is actually much more diffuse than 
molecular orbitals are in neutral compounds.28 

Electron Affinities. The electron affinities of the allyl and 
cyanomethyl radicals may now be obtained. We define the 
electron affinity as the energy difference between the lowest 
rotational-vibrational state of the anion and the lowest rota-
tional-vibrational state of the radical (0,0 —* 0,0 transition). 
For cyanomethyl anion the onset for the 0,0 -* 0,0 transition 
determined by fitting the theoretical to the measured cross 
section is 823 ± 10 nm. The error limits are made broader than 
the ±4 nm from the monochromator calibration uncertainty, 
so as to reflect possible errors in the fitting procedure resulting 
from noise in the data points. 

For allyl, the lack of data out to threshold makes it difficult 
to obtain an accurate electron affinity. However, we may ob-

1000 1200 HOO 1600 1800 2000 2200 2400 
Wavelength (nm) 

Figure 3. Relative experimental ( • ) and theoretical (—) photodetachment 
cross sections for allyl anion near threshold. The experimental data are 
the same as in Figure I; the theoretical cross section has not been convo­
luted with an instrumental slit function. 

tain an upper limit from the reaction 

CH3O- + C H 2 = C H - C H 3 — C H 2 = C H - C H 2 -
+ CH3OH (3) 

which does not occur (A//0 positive). Using DH°(CH30-
H) - EA(CH3O-) = 64.5 kcal/mol29 and 
DH°(CH2=CHCH2—H) = 89 ± 2 kcal/mol'7 and ne­
glecting entropy changes we obtain an upper limit on EA-
(CH2=CH—CH2-) of 24.5 kcal/mol. But reaction 2 may be 
used to obtain a lower limit; AG0 is negative since this reaction 
occurs readily. Using the previously defined DH0(H2O) and 
EA(OH-) and neglecting entropy changes we obtain a lower 
limit on EA(CH2=CH-CH2-) of 12.2 kcal/mol. Therefore 
12.2 < EA(CH2=CH-CH2-) < 24.5 kcal/mol which cor­
responds to a threshold lying between 1170 and 2345 nm. A 
linear extrapolation of the data in Figure 3 to threshold gives 
about 2020 nm. Since theory predicts the cross section to ap­
proach threshold with a decreasing slope, the actual threshold 
is expected to lie to wavelengths longer than 2020 nm. Within 
these limits we fit the theoretical curve to the experimental data 
(see Figure 3) and obtain a threshold of 2254 ± 200 nm. The 
error limits here result entirely from the fitting procedure and 
were chosen so as to extend from just above the wavelength 
obtained from a linear extrapolation of the data to well beyond 
the upper wavelength limit imposed by reaction 2. 

Thus we have identified the following electron affinities: 

EA(CH2CN-) = 1.507 ± 0.018 eV 
(34.8 ±0.4 kcal/mol) 

EA(CH2=CH-CH2-) = 0.550 ± 0.054 eV 
(12.7 ± 1.2 kcal/mol) 

This value for the electron affinity of cyanomethyl radical 
is in reasonable agreement with a previous estimate of > 1.6 
eV made from electron impact threshold measurements.30 It 
is somewhat lower than the 40.3 ± 2.9 kcal/mol inferred from 
the gas-phase acidity measurements of McMahon and Ke-
barle31 and the H-CH2CN bond strength.21 

Our electron affinities may be combined with the known 
H-CH2CN and CH 2 =CHCH 2 -H bond strengths of 92.9 
± 2.5 and 89 ± 2 kcal/mol respectively to calculate the abso­
lute acidities of acetonitrile and propene. These absolute aci­
dities are 371.8 ± 2.9 and 389.9 ± 3.0 kcal/mol for acetonitrile 
and propene, respectively. We note that this value for aceto­
nitrile is 5.5 kcal/mol higher than that of McMahon and Ke-
barle.31-34 

Zimmerman, Brauman / Electron Affinities of Allyl and Cyanomethyl Radicals 



3568 

One very interesting aspect of the electron affinity of the 
allyl radical is the comparison of the resonance energy in the 
radical and anion. The resonance energy of the allyl radical 
is given as 9.6 ± 1.5 kcal/mol by Golden, Rodgers, and Ben­
son32 and is only slightly less than its electron affinity. If the 
electron affinity of the undelocalized vinyl methyl radical 
CH2=CH—CH 2 - is known, the resonance energy, RE, of the 
allyl anion may be calculated. It is given by 

R E ( C H 2 = C H - C H 2 - ) = R E ( C H 2 = C H = C H 2 - ) 
+ E A ( C H 2 - C H ^ C H 2 - ) - E A ( C H 2 = C H - C H 2 - ) 

We estimate the electron affinity of the undelocalized vinyl 
methyl radical, C H 2 = C H - C H 2 - , as <7.8 kcal/mol.33 This 
gives the resonance stabilization of the allyl anion as > 14.5 
kcal/mol. 

This is greater than the resonance energy of the allyl radical, 
a result which might be expected since electron repulsion will 
be more important in the anion and delocalization should play 
an important role in promoting correlation. 
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