
Electronic Spectroscopy of Polyatomic Molecules by Low-Energy, 
Variable-Angle Electron Impact7 

ARON KUPPERMANN,” WAYNE M. FLICKER,$ and OREN A. MOSHERS 

Contribution No. 574 1 from Arthur Amos Noyes Laboratory of Chemical Physics, California lnstitute of Technology, 
Pasadena, California 9 7 725 

Received September 7, 1978 

Contents 
I. Introduction 
II. Physical Picture of Electronic Excitation 

Ill. Apparatus 
IV. Results and Discussion 

by Electron Impact 

A. Triatomics 
B. Ethylene and Methylated Ethylenes 
C. Fluoroethylenes 
D. Alkynes 
E. Polyenes 
F. Benzene and Fluorobenzenes 
G. Five-Membered Heterocycles 
H. Azo Compounds 
I. Additional Molecules 

V. Conclusion 
VI. References and Notes 

1. Introduction 

77 

77 
78 
78 
79 
81 
82 
82 
83 
86 
88 
89 
89 
89 
89 

A large number of molecules of interest to chemistry are 
constituted by atoms of atomic number low enough for electronic 
spin angular momentum to be a good constant of the motion. For 
such molecules, electronic transitions involving a change of spin 
multiplicity, such as singlet - triplet transitions, are strongly 
forbidden in optical excitations. Nevertheless, electronically 
excited states of different spin multiplicity from the ground state 
play important roles in organic photochemistry, radiation 
chemistry, atmospheric chemistry, plasmas, and lasers. The 
technique of low-energy, variable-angle, electron-impact 
spectroscopy permits the investigation of electronic transitions 
to excited molecular states which are not accessible by optically 
allowed transitions from the ground electronic state. In addition, 
it is a useful tool for studying optically allowed electronic tran- 
sitions, including those with excitation energies not readily ac- 
cessible to ultraviolet spectroscopy (i.e., >10 eV). A large 
number of molecules have been investigated with this technique, 
resulting in the detection and characterization of many new 
transitions, both spin-forbidden and spin-allowed. The present 
paper is a review and evaluation of some of the work done in this 
field over the last few years. Previous reviews have been pub- 
lished elsewhere.112 

11. Physical Picture of Electronic Excitation by 
Electron Impact 

The theory of electronic excitation by electron impact is 
discussed in great detail in the monograph by Mott and M a ~ s e y , ~  
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and we direct the interested reader to it and to the more recent 
review by R ~ d g e . ~  What we wish to do here, however, is to 
present a physical picture of this process using a classical 
mechanical language and to compare the electron-impact ex- 
citation process with the corresponding optical excitation. 

The phenomenon of light-induced electronic transitions can 
be viewed as due to the effect of the radiation’s electromagnetic 
field on the molecular electrons. Analogously, the force exerted 
on a molecular electron by an incident electron is of similar 
electromagnetic origin, and the main component of this force 
is due to the coulombic interaction between these electror?s. If 
the incident electron has a relatively large energy, most of the 
effective collisions will occur at large electron-molecule dis- 
tances because of the long range of coulomb forces. As a result, 
the incident electrons which have produced a given (coulombic) 
electronic excitation will be deflected relatively little, and the 
corresponding angular distribution will be forward-peaked, as 
seen for the 6.27-eV transition in carbon disulfide5 (Figure 1). 
The selection rules will, for this case, be analogous to those for 
optical excitations, because of the similarity of the interactions 
involved.6 

If the incident electron has low energy, of the order of a few 
tens of an electron volt, those collisions in which it penetrates 
the electron cloud of the molecule can give rise to a different 
phenomenon, that of electron exchange. In such a process, the 
electron that emerges can be “different” from the incident one 
(with due respect to Pauli) and may have a different spin. This 
phenomenon, first proposed theoretically by Oppenheimer,’ is 
called exchange scattering, and results in an electronic transition 
in which the spin angular momentum quantum number changes 
by one. If the initial state is a singlet, the final state will be a 
triplet, even though there is no spin flip but only a spin exchange. 
The integral cross section for such a process will, in general, 
be smaller than that of an optically allowed one. Typically, the 
cross section ratio for these two processes will have a value of 
the order of at an incident electron energy of about 30 eV. 
This is a great relative enhancement compared with optical 
excitation, for which the equivalent ratio may be or lower. 
In addition, because of the mixing between incident and mo- 
lecular electrons which is required for the exchange to take 
place, the scattered electron is emitted much more isotropically 
than for a spin-allowed transition, as seen for the 3.36-eV 
transition in carbon disulfide in Figure 1. This behavior is largely 
due to the short range of the electron exchange interaction.2 In 
some cases, spin-forbidden transitions can be more intense than 
optically allowed ones, especially at large scattering angles. An 
example of this pattern occurs in the energy-loss spectrum of 
helium obtained at an incident electron energy of 34 eV and a 
scattering angle of 70’. Under these experimental conditions, 
the spin-forbidden 1 IS - 23P transition is more intense than the 
optically allowed 1’s - 2lP excitati0n.l 

Spin-allowed but symmetry-forbidden electronic transitions 
can also be excited by low-energy electron impact. In these 
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Figure 1. Differential cross sections (DCS) for three kinds of electronic 
transitions in carbon disulfide, as a function of scattering angle (@, for 
an incident electron energy (€0) of 40 eV. The arbitrary units in the or- 
dinate are the same for all transitions. The one at 6.27 eV energy loss 
is optically allowed, the one at 3.91 eV energy loss is spin-allowed but 
symmetry-forbidden, and the one at 3.36 eV is spin-forbidden. Scale 
factors are numbers by which DCS values were multiplied before being 
plotted. 

collisions the incident electron polarizes the electron cloud of 
the target atom or molecule,* thereby changing its symmetry 
characteristics. The shape of the angular distribution of scattered 
electrons may be complex, showing maxima and minima,g and 
is frequently less sharply forward-peaked than for an optically 
allowed transition, as shown by the curve for the 3.91-eV tran- 
sition in carbon disulfide depicted in Figure 1. This behavior is 
often o b ~ e r v e d ~ . ~ ~ - ’ ~  and can be of use in identifying the orbital 
symmetry of excited electronic states. 

In general, the integral cross section for a spin-allowed 
transition shows a maximum as a function of impact energy at 
a few tens of electron volts above threshold and then falls off 
rather slowly as the energy further increases, over a range of 
a few hundred electron volts. In contrast, the cross section for 
a spin-forbidden transition usually peaks within 5 eV of threshold, 
and by 50 eV above threshold has fallen by more than two orders 
of magnitude below its maximum value. 

The angle and impact energy dependence of the differential 
cross sections of different kinds of electronic transitions permits 
not only the detection but also the characterization of such 
transitions. In particular, spin-forbidden transitions can easily 
be distinguished from spin-allowed ones. At about 30 eV above 
threshold, the ratio of the intensity of a spin-forbidden transition 
to that of an optically allowed transition increases between one 
and three orders of magnitude as the scattering angle increases 
from 0’ to about 80’. Furthermore, only spin-forbidden transi- 
tions show this behavior. As a result, low-energy variable-angle 
electron-impact spectroscopy is an extremely useful tool for 
studying such spin-forbidden excitations. 

In concluding this section, we should mention another form 
of low-energy, electron-impact spectroscopy, the threshold 
excitation method, which probes transitions to states of both 
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Figure 2. Block diagram of variable-angle, low-energy, electron scat- 
tering spectrometer. The center of the circle inside the flexible collision 
chamber is the center of the scattering region. The part of the spec- 
trometer preceding this region along the electron beam path (indicated 
by arrows) can be rotated with respect to the rest of the spectrometer 
about the vertical axis which passes through the scattering region. 

short-lived negative ions as well as neutral molecules. This 
technique, which in many respects is complementary to the 
variable-angle method, has been reviewed by Walker.’ l 1  In 
addition, close to excitation threshold, resonances in the cor- 
responding integral cross sections can occur as a result of 
temporary negative ion formation. We shall not concern our- 
selves with this phenomenon in this paper but direct the inter- 
ested reader to appropriate reviews.l38l4 

Ill. Apparatus 
The equipment used in this form of spectroscopy is depicted 

in Figure 2. It consists of an electron gun, two hemispherical 
electrostatic energy analyzers, a flexible collision chamber, and 
a detector system.’*2 Electrons emitted by a cathode or filament 
are accelerated and collimated by an electron gun, and en- 
ergy-selected by the first electrostatic analyzer (the mono- 
chromator). After the electrons collide with sample molecules 
in the form of a gas at 1 to 10 mTorr pressure, their energy loss 
is determined by the second analyzer and they are detected by 
an electron multiplier and pulse-counting system. The basic 
design is that of Simpson and Kuyatt.15 

The angle between the incident and scattered electron beams 
can be changed owing to the flexible bellows construction of the 
scattering chamber. Further details of the apparatus are de- 
scribed elsewhere.’~2~11 The best energy resolution of the in- 
strument for clean gases such as hydrogen is about 50 meV. 
Most of the spectra displayed in this paper were taken at a res- 
olution between 100 and 150 meV. 

IV. Resulfs and Discussion 
In this section we review some of the spectroscopic infor- 

mation obtained by electron-impact investigations of a number 
of series of related molecules. These include (1) triatomics, ( 2 )  
methylated ethylenes, (3) fluoroethylenes, (4) alkynes, (5) 
polyenes, (6) fluorobenzenes, (7) five-membered heterocycles, 
(8) azo compounds, and (9) additional molecules. This discussion 
will focus on only a few selected features of the spectra. A 
complete list of the transition energies observed for the above 
compounds is given in Table I. In particular, we call attention to 
the column containing transition energies of superexcited states 
(SES), which lie above the lowest ionization potential (IP). Most 
of the SES listed in Table I were first detected by variable-angle, 
electron-impact spectroscopy. The assignments of all transitions 
as either spin-forbidden or spin-allowed were made on the basis 
of the angular and impact energy dependences of the differential 
cross sections (DCS) and DCS ratios, as discussed in section 
11. 
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A. Triatomics 
The electronic excitation spectra of carbon disulfide (CSp), 

carbonyl sulfide (OCS), and sulfur dioxide (S02) are considerably 
more complex than that of the related molecule carbon dioxide 
(C02) in the energy-loss range below 8 eV (Figure 3). In contrast 
to Con, in which no vertical excitations below 7 eV are known,16 
each of these sulfur-containing triatomics has at least one 
low-lying (Le., <5 eV) spin-forbidden tran~i t ion.~ These features 
are clearly caused by excitations out of relatively weakly bound 
T orbitals formed in part from sulfur 3p orbitals. 

In CS2, three separate features are observed between 3-eV 
and 4-eV energy loss, although some or all of these peaks may 
actually consist of excitations to several excited states of similar 
e r ~ e r g y . ’ ~ . ~ ~  The lowest feature, at 3.36 eV, exhibits predomi- 
nantly spin-forbidden behavior. This supports a previous sug- 
gestion,lg based on Zeeman splittings in the optical spectra,20 
that the band system corresponds to a singlet - triplet transition. 
Analysis of ultraviolet observations18 of this transition indicates 
that it is the XIZg+ - 3A2(13Au) excitation. The feature at 3.65 
eV also exhibits some of the characteristics of a spin-forbidden 
excitation, and it may represent transitions to one or more triplet 
states predicted to lie in this region, e.g., 3B2 (I3&+), 3B2 (13A,), 
and 3A,( 13Z,-).18 However, a weak optically observed transi- 
tion,18 X ’2  + - lA2(lA,), also occurs at 3.65 eV, and it may 
contribute some intensity to the feature we observe, particularly 
at low impact energies a_nd small scattering angles. A weak, 
electric dipole-forbidden X lZgf - 1B2(11A,) transition is ob- 
served with maximum at 3.91 eV, in agreement with optical 
observations. l7 

In OCS, the lowest observed f e a t ~ r e , ~ . ~ ’ . ~ ~  which consists 
of at least one singlet -+ triplet excitation,22 has a maximum 
intensity at 4.94-eV energy loss. The excited triplet state is be- 
lieved2’ to participate in mercury photosensitization experiments 
involving OCS. A definite assignment has not been made for this 
state, or for the weak, spin-allowed transition observed at 5.53 
eV, but it has been suggested, on the basis of optical data, that 
the latter feature is either a lZ f  - lZ- t r a n s i t i ~ n ~ ~ ~ ~ ~  or a 12+ - ’A t r a n s i t i ~ n . ’ ~ . ~ ~  Additional information on this assignment 
has been obtained by applying a rigorous electron-impact se- 
lection which states that l X +  - ’2- transitions are 
forbidden at scattering angles of 0’ and 180’. Since the 5.53-eV 
transition becomes increasingly strong as the scattering angle 
is lowered toward Oo,  it seems unlikely that the lZ+ - ‘2- 
assignment is correct. Instead, as with COP and CS2, the lowest 
lying singlet excited state of OCS is probably of l A  symme- 
try. 

In SO2, the only observed singlet - triplet transition occurs 
at 3.40 eV.5 On the basis of a rotational analysis28 of the optical 
data, it has been assigned to the X ’Al - B 3B1 transition. A good 
Franck-Condon band system profile has been determined for 
this transition (Figure 3), and this should be of use in the inter- 
pretation of electronic energy transfer  experiment^.^^^^^ There 
is no evidence in the electron-impact spectra for transitions to 
two other nearby triplet states which have been postulated to 
occur in the vicinity of the B state.26b-29 

These spectroscopic results for the triatomics demonstrate 
that the substitution of a sulfur atom for either a carbon atom or 
an oxygen atom in C02 results in a major perturbation of the 
electronic structure of the molecule. Although the energy-loss 
spectra of these four molecules are quite different from one 
another, a crude relationship can be discerned among the 
spectra of CO2, OCS, and CS2, which have isoelectronic valence 
shells. We first note that the lowest ionization potentials de- 
crease in the order CO2 (13.79 eV), OCS (1 1.19 eV), and CS2 
(10.07 eVL3O as would be expected both from the decrease in 
the atomic ionization potential from 0 to S, and from the de- 
crease in the R bond energy expected in this sequence. Although 
a similar decrease is expected to occur among the transition 
energies of corresponding Rydberg states3’ (vide infra), we 
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Figure 3. Energy-loss spectra of COz, CSz, OCS, and Sop. The values 
of €0 and 0 indicated represent the incident electron energy and scat- 
tering angle, respectively. The abscissa (A€) represents the energy 
loss of the incident electron and the ordinate represents the 6. tected 
scattered electron intensity. Scale factors indicated are numbers by 
which this intensity was multiplied before being plotted. 

would not expect valence states to scale with the ionization 
potential. Surprisingly, we find that the transition energy of the 
low-lying valence triplet state, 32uf or 32:f, displays a similar 
bathochromic shift, decreasing in the order 7.5 eV (C02),2‘ 4.94 
eV (OCS),5 and 3.65 eV (CS2).5 An analogous, rough correlation 
exists among the observed transition energies to the valence 
1 ’A, or 1 l A  state. This pattern presumably reflects the de- 
creasing R bond energy in these molecules. 
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TABLE 1. Excited State Transltion Energies Determined by Variable-Angle, Electron-Impact Spectroscopy 

transition energies (eV)= 
superexci ted 

molecule triplets singlets ionization * singlets 

carbon dioxide 

Carbon disulfide 

carbonyl sulfide 

sulfur dioxide 

ethylene 

propene 

isobutene 

cis-2-butene 

trans-2-butene 

trimethyiethylene 
tetramethyiethyiene 

fluoroethylene 

1, I-difluoroethylene 

cis-l,2-difluoroethylene 

trans- 1,2-difIuoroethylene 

trifluoromethylene 
tetrafluoroethylene 
chlorotrifluoroethylene 
chloroethylene 

acetylene 

1-butyne 

3,3,34rifluoropropyne 

1,3-butadiene 

1,3-pentadiene (trans) 

1,3-hexadiene (mixed isomers) 

cis-2- trans-4-hexadiene 

1,3,5-hexatriene (cis and trans) 

1,3-cyclohexadiene 

1 ,4-hexadiene (mixed isomers) 
1,5-hexadiene 
1,4-~yclohexadiene 
propadiene (aliene) 

3.36 
3.65= 

4.94 

3.40 

4.32 

4.28 

4.22 

4.21 

4.24 

4.16 
4.10 

4.40, 
6.4 

4.63 

4.43 

4.18 

4.43 
4.68 
4.43 
4.08 

5.2, 
6.0 

5.2, 
5.85 

5.2, 

5.0, 
5.85 

5.8 

3.22, 
4.91 

3.14, 

3.20. 

3.11, 

2.61, 

4.87 

4.93 

4.85 

4.07 

2.94 

4.25 
4.25 
4.29 
4.28, 

4.89 

8.6, 9.35, 11.04, 11.41, 11.62, 11.71, 
11.84, 12.01, 12.18, 12.31, 12.48, 
12.65, 12.99, 13.27, 13.47, 13.75 

13.79 

3.91, 6.27, 6.79, (7.12, 7.22, 7.331, 7.78, 10.07 
7.97, 8.23, 8.61, 8.78, 9.02, 9.24, 
9.53 

10.07, 10.36, 10.66 

10.98, 11.68 

5.53, 7.36, (8.02, 8.11), 8.88, 9.11,9.59, 

4.31, 6.20, 8.30, 8.8, (9.35, 9.441, 9.87, 

11.19 

12.50 

(7.11, 7.28, 7.45, 7.601, 7.6, 8.25, 8.60, 
(8.91, 9.08, 9.231, 9.36, (9.63, 9.701, 
10.09, 10.27 

6.6, 7.17, 7.61, 7.78, 7.97, 8.14, 8.36, 10.03 
8.49, 8.67, 8.87, 9.01, 9.41, 9.52 

6.15, (6.60, 6.71), 6.90, 7.08, 7.27, 7.45, 9.45 
7.59, 7.78, 7.96, 8.17, 8.37, 8.59 

(6.03, 6.201, 6.36, 7.10, 8.29, 8.45, 8.76, 9.36 
8.92, 9.16 

(6.14, 6.31, 6.95, (7.41, 7.551, 7.82, 8.00, 9.37 
8.22, 8.38, 8.57, 8.75 

5.76, 6.47, (6.84, 6.971, (7.31, 7.49) 8.86 
5.55, 6.57 8.44 

10.51 

7.02, 7.50, 8.08, 8.67, 8.87. 9.37, 9.72, 

6.95, 7.50, 8.23, 9.08, 9.26, 9.44, 9.81, 

6.52, 7.82, 8.38, 8.81, 9.01, 9.20, 9.55, 

6.44, 7.39, 7.88, 8.68, 8.80, 8.97, 9.53. 

6.56, 7.65, 7.98, 8.74, 8.91, 9.31, 9.53 
6.62, 8.28, 8.84, 9.04, 9.44, 9.65 
6.51, 7.80, 8.26, 8.50, 8.94, 9.60 
(6.72, 6.831, 7.63, (7.81, 7.97, 8.13), 

8.53,(9.12, 9.25, 9.38) 
7.1, (8.16, 8.37, 8.611, 9.02, (9.26, 9.47, 

9.661, 9.94, (10.29, 10.541, 10.74, 
10.96, 11.19 

6.7, (7.18, 7.381, 7.88, (8.06, 8.301, 8.47, 
(8.84, 9.08), (9.25, 9.44, 9.711, 9.36, 
9.96, 10.19, 10.28 

6.7,7.18(7.78,7.93, 8.11{,8.37,(8.57, 
8.781, 9.02, 9.20, 9.45, 9.70, 9.91 

7.01, 8.80, 9.60, 10.10, 10.88, 12.08 

9.84, 10.03, 10.22 

10.01, 10.11 

10.25 

10.2 

10.58 

10.72 

10.43 

10.38 

10.53 
10.52 
10.24 
10.18 

11.40 

10.37 

10.18 

12.12 

(5.76, 5.92, 6.051, (6.64, 6.80), (7.08, 
7.28, 7.481, 7.60, 8.00, 8.18, 8.54, 
8.69, 8.90 

9.07 

5.80, 6.87, 7.06, 7.69, 7.92 

5.77, 6.90, 7.09, 7.29, 7.69 

8.56d 

5.69, 6.78 8.23= 

(4.95, 5.13, 5.30, 5.5, 5.71, 6.06, 6.25, 
6.42, 6.57, 6.75, 6.93, 7.08, 7.48, 
7.77, 7.93, 8.06 

7.88, 8.05 

8.29(trans) 
8.32 (cis) 

4.94, (6.05, 6.20, 6.391, 7.21, 7.42, 7.73, 

6.84 
7.00, 8.3, 9.1 9.59 
6.15, 7.95 8.80 
5.0-6.2,e5.5-6.5,e6.74, 7.24, 8.07, 10.05 

8.25 

8.60 

14.59, 14.69, 14.83, 14.97, 15.11, 
15.25, 15.48, 15.89, 16.03, 
16.21. 16.49, 16.87, 17.07, 
17.49, 17.85, 18.50, 18.82, 
19.05, 19.19 

12.97, 13.32, 13.61, 13.82, 
13.94, 14.49, 14.99, 15.44 

11.6, 12.22, 13.30, 13.93, 14.38, 
14.82, 14.93, 15.08, 15.39 

13.0, 15.08 

10.61, 11.13, 11.40, 11.96, 12.52, 

11.25, 12.06, 14.4 

10.1, 10.86, 11.39, 12.54, 13.14, 

9.89, 11.10, 14.3 
14.3 

9.95, 11.51 

9.28, 10.95, 12.4 

8.9,9.60, 10.64, 11.1 
9.82, 10.98, 11.4 

11.1, 12.55, 15.2 

l l . 05 ,  12.2, 13.8, 14.2, 14.7 

10.9, 11.4, 11.9, 12.3, 13.0, 13.8, 
14.8 

15.2, 16.9 
10.9, 12.0, 12.45, 12.9, 13.2, 13.7, 

11.4, 12.0, 12.9, 13.8, 15.2 
13.3, 13.9, 15.0, 15.7 
11.4, 12.0, 12.7, 13.2, 14.3, 15.4 
10.06, 10.19, 10.31, 10.42, 10.54, 

10.77, 10.88, 11.55, 12.87 

10.57, 10.72, 12.7, 14.7 

10.24, 10.43, 10.68, 10.90, 12.3, 

13.66, 16.6 
14.7 

9.53, 11.04 

9.33, 11.6 

9.3 

9.13, 9.78, 10.85 

9.1, 9.7, 10.5 

9.4 

11.25 
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transition energies 
superexcited 

molecule triplets singlets ionizationb singlets 

benzene 

fiuorobenzene 

o-difiuorobenzene 

1,3,54rifiuorobenzene 

1,2,3,44etrafiuorobenzene 

1,2,4,54etrafiuorobenzene 

pentafiuorobenzene 

hexafiuorobenzene 

furan 

thiophene 

pyrrole 

azomethane 

azo-tert-butane 

nitromethane 

thiophosgene 
ammonia 

dimethyl ether 
hydrogen sulfide 

methylamine 
nitric oxideh 

acetonitrile 

pyridine 
1,3-cyciopentadiene 

3.90, 
5.59 

3.90, 
5.72 

3.92, 

3.95, 

3.95 

5.67 

5.62 

4.0 

3.90 

3.86 

3.99, 

(3.66, 3.821, 

4.21 

5.22 

4.62 

2.75, 
4.84 

2.67, 
4.9 

3.8 

3.1 
5.9' 

9 . . .  

5.8 

5.60, 
6.29 

5.5-7.5' 

3.95 
3.1 

4.80, 6.25, 6.95, 8.14, 8.41, 6.72, 8.88 

4.78, 6.23, 6.99, 8.87 

4.76, 6.22, 7.02, 8.46 

4.87, 6.20, 6.94, 8.20, 6.56, 8.73, 9.43, 

4.85, 6.43, 7.21, 8.13, 8.43, 9.05 
9.56 

4.69, 6.3, 7.25, 8.07, 8.26, 8.59, 9.14 

4.79, 5.85, 6.36, 7.12, 9.91 

4.60, 5.32, 6.36, 7.10. 9.82 

6.06, (6.44, 6.61), 7.42, 7.82, 8.05, 8.52 

5.48, 5.93, 7.05, 8.21, 8.39 

5.22, 5.89, 5.98, 6.2-6.5, (6.80, 6.93), 
7.26, 7.43, 7.54, (7.69, 7.86) 

3.50, 6.01, 6.71, 7.8 

3.37, 6.1, 7.35 8.1 

4.45, 6.23. 7.8, 8.3, 8.85, 9.43, 10.35, 
10.91 

2.61, 4.89 
(5.7, 5.82, 5.95, 6.06, 6.16, 6.27, 6.39, 
6.51, 6.62, 6.72, 6.83, 6.97,7.11, 
,7.22) 

6.74, 7.36, 7.64, 8.52, 9.19, 9.34 
6.27, 7.14, 7.34, 7.89, 8.01, 8.21, 8.52, 

5.78, 7.05 
(5.47, 5.75, 6.04. 6.33), 16.48, 6.761, 

6.59 
8.0, 8.5, 9.0, (9.60, 9.72, 9.831, 10.30, 

10.54, (10.76, 10.93),{11.26, 11.47, 
11.69, 11.93/ 

4.91, 6.45, 7.21 
5.26, (5.58, 5.75, 5.93), 6.28, 6.41, 6.80, 

8.65, 8.81, 8.89 

7.05. 7.61. 7.84. 8.03. 8.19 

9.25 

9.40 

9.51 

9.81 

9.80 

9.56 

10.1 

10.11 

8.89 

8.87 

8.21 

8.98 

1 1.34 

10.85 

10.04 
10.48 

9.7 
9.54 

12.20 

9.67 
8.57 

9.50, 9.76, 9.90, 10.01, 10.51, 
1 1.08, 1 1.61, 12.15, 13.08, 
13.96, 14.26, 15.21, 15.81, 
17.45 

9.73, 10.75, 11.38, 11.72, 12.33, 
12.73, 13.93, 14.63, 15.27, 
16.97 

9.60, 9.93, 10.73, 11.39, 12.13, 
12.99, 14.09 

10.40, 11.33, 12.51, 13.08, 13.55, 
13.96, 15.16 

9.90, 10.40, 10.90, 11.91, 12.58, 
13.06, 13.58, 14.33, 15.50, 
16.31, 17.21 

13.96, 14.49, 15.62 

15.58, 16.40 

12.49, 12.79, 13.46, 13.89, 
15.81, 18.32 

10.16, 11.06, 12.39, 13.26, 13.64, 

11 . 1 1 ,  11.61, 12.35, 13.41, 14.25, 

10.26, 10.99, 11.14, 11.39, 11.72, 

1 1  .O, 11.95 

9.08, 9.65, 10.20, 10.7, 11.1, 12.1, 

9.63, 10.18, 11.06, 11.76 
13.9 

9.5 

8.20 

11.73 

9.68 

10.31, 11.40, 12.67 

10.2 
9.2, 10.4, 11.6, 14.0 

a Values correspond to maximum intensity of a transition. The estimated uncertainty of most transition energies is 0.05 eV. Some of the transition energies 
of weak or broad features have uncertainties of 0.1 eV. Values in brackets represent vibronic bands of a single band system. Vertical ionization energies 
are listed, unless otherwise noted. These values were obtained from the literature, and most are based upon photoelectron spectroscopic studies. The 
assignment of this transition as spin-forbidden is tentative. Adiabatic ionization potential. e Two transitions overlap In this energy-loss range, and, as 
a result, the observed maximum intensity varies considerably with impact energy and scattering angle. The values listed correspond to estimated 
Franck-Condon limits for each transition. 'Reference 120. Q Two features have been observed in energy-loss spectra with peaks at 3.95 and 4.8 eV. 
The existence and identity of these features are uncertain. They may be analogous to the weak feature in H20 at 4.5 eV energy loss, which is also of unknown 
identity.lZ3 Since the ground state of NO is a doublet state, the excited states are doublets and quartets, rather than singlets and triplets. Reference 
122. 

6. Ethylene and Methylated Ethylenes methylethylene. This feature is commonly referred to as the N - V, T - ir' t r a n ~ i t i o n . ~ ~  The V state appears to be interme- 
diate in character between a pure valence and a pure Rydberg 
~ t a t e , ~ ~ , ~ ~  but this conclusion is still controversial. A second band 
s y ~ t e m , ~ ~ , ~ ~  consisting of sharp peaks superimposed on the N - V continuum, begins at 7.1 1 eV in ethylene, rapidly shifts to 
lower energies with methyl substitution, and peaks at 5.55 eV 
in tetramethylethylene. This band system, known as N - R, has 

The o p t i ~ a l ~ ~ ? ~ ~  and e le~ t ron - impac t~~-~ '  excitation spectra 
of ethylene and its six methyl-substituted derivatives are well 
known in the transition energy range from 5 to 9 eV. The most 
intense feature (Figure 4) is a transition with maximum intensity 
at 7.60 eV in ethylene, which shifts to lower energy loss with 
increasing methyl substitution, and occurs at 6.57 eV in tetra- 
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Figure 4. Electron energy-loss spectra for ethylene and six methylated 
derivatives. Symbols have same meaning as in Figure 3. 

been with reasonable certainty to a singlet -+ 

singlet R - 3so Rydberg excitation. No weak low-lying singlet - singlet Rydberg transitions (N - R') or singlet - triplet 
Rydberg excitations (N - TR) have been observed in variable- 
angle, electron-impact studies of these molecules, although such 
transitions may have been detected with other  method^.^^^^^ We 
also do not observe either of the Rydberg states, (n, 3pa) lBpg 
and (T, 3p,) lBlg, believed to occur in the 7 to 8 eV transition 
energy region. Excitations to both of these states are produced 
by electric dipole-forbidden transitions and may have been ob- 
served recently in magnetic circular dichroism spectral l2 (lBpg) 
and threshold electron impact spectra113 (lBlg) of ethylene. 

The N - T singlet - triplet transition is observed in the 
electron energy-loss spectra37 of all members of the series 
(Figure 4) with maximum intensity between 4.32 eV (ethylene) 
and 4.10 eV (tetramethylethylene). Each additional methyl 
substituent added to ethylene lowers the peak maximum by about 
0.06 eV. The small size of this bathochromic shift validates the 
theoretical description of the T state as a valence 3 ( ~ , ~ * )  state 
with a charge density similar to that of the ground state. This 
behavior contrasts with that of the V state and even more so with 
that of the R state. The strong dependence of the N - V and N - R transition energies upon the number of substituents indi- 
cates that the relatively diffuse n-electron cloud in these states 
interacts differently with the methyl substituents than do the 
ground-state R electrons. This differentiation of valence exci- 
tations from diffuse or Rydberg excitations presupposes that 
highly substituted members of a series have a first ionization 
potential substantially different from that of the "parent" com- 
pound. This is clearly the case with methyl group substitution 
of ethylene, since the first IP drops from 10.51 eV in ethylene 
to 8.44 eV in te t rameth~ lene.~~ If no such shift occurs, the de- 
pendence of transition energies on substitution may yield no 
information about the spatial spread of the excited states. 

An alternative explanation for the effect of methyl substituents 
upon the alkene transition energies is based upon the valence 

bond theory, in which the N and T states are covalent, while the 
V and R states are ionic or ion-like. In this model, the V and R 
states will be stabilized by hyperconjugation with alkyl substit- 
uents, but the N and T states will not be similarly affected. 

C. Fluoroethylenes 
In contrast with the methylated ethylenes, the fluoroethylenes 

have received, until recently, relatively little attention from 
spectroscopists. However, systematic studies of both the optical 
absorption spectra41 and the electron-impact spectra42 of these 
molecules are now available. While the basic olefinic pattern 
of N - T, N - R, and N - V transitions is present in the fluo- 
roethylenes, there are some interesting differences between 
the effects of fluorine substitution and those of methyl group 
substitution on the electronic spectrum of ethylene. 

One such difference involves the N - T transition energy. 
In contrast with the results for the methylated ethylenes,37 there 
appears to be no systematic correlation between the number 
of fluorine substituents and the location of the N - T maximum 
intensity transition energy (Figure 5).  Nevertheless, all the N -+ 

T peak values are within the range 4.42 f 0.25 eV.42 Although 
the N - T transition in the fluoroethylenes is undoubtedly an 
intravalence excitation, we cannot use the independence of its 
transition energy from fluorine substitution as corroboration of 
this assertion. This is due to the fact that fluorine substitution has 
little effect on the lowest molecular ionization potential, since 
the first IP of CpF4 (10.52 eV) is essentially indistinguishable from 
that of ethylene (10.51 eV). We would expect, therefore, that 
all transitions below the first IP, both valence and Rydberg, would 
show relatively little energy dependence on fluorine substitution. 
With one exception, which is discussed below, this is indeed the 
case. 

In one molecule of this series, vinyl fluoride, a second, weaker 
singlet - triplet transition is observed at about 6.4 eV.42 This 
could be the N - TR transition to the triplet Rydberg state as- 
sociated with the singlet R state at 7.0 eV. We have detected no 
analogous N - TR transitions in the other f lu~roe thy lenes ,~~ 
presumably due to overlapping of stronger nearby transitions. 

The N - V transition e n e r g i e ~ ~ l , ~ ~  of the first five members 
of the fluoroethylene series vary much less than they do in the 
analogous methylated ethylenes,32 ranging nonmonotonically 
from 7.39 eV in frans-1,2-difluoroethylene to 7.82 eV in cis- 
1,2-difluoroethylene. This relatively small nonmonotonic shift 
is analogous to what is observed for the N - T transition. 
However, in tetrafluoroethylene, the N - V maximum intensity 
transition energy occurs near 8.84 eV.41,42 This large shift was 
ascribed to an increased barrier to torsional rotation in the ex- 
cited state of tetraf l~oroethylene.~~ Nevertheless, no similar 
hypsochromic shift is observed in chlorotrifluoroethylene, which 
has an N - V maximum at 7.80 eV.42b,43 This result casts doubt 
on the torsional barrier explanation, since chlorine should provide 
an even larger resistance to torsion than does fluorine. A more 
likely explanation takes into account the relative effects of 
configuration mixing involving C-C-H, C-C-CI, and C-C-F a 
orbitals.44 

Transitions to many superexcited states have been observed 
in the fluoroethylenes (Figure 6). Using the term value ap- 
p r o a ~ h , ~ ' , ~ ~ , ~ ~  we have assigned a majority of these features 
as members of Rydberg series converging to the second or third 
ionization potential.42b The remaining transitions to SES are most 
probably intravalence excitations of electrons which are more 
strongly bound than the R electrons. 

D. Alkynes 
The electronic structure of alkynes is expected to be more 

complex than that of the corresponding alkenes, and, in fact, the 
alkyne spectra are among the least understood of the systems 
frequently studied by molecular spectroscopists.47 Transitions 
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Figure 5. Low-energy-loss part of energy-loss spectra of ethylene, the fluoroethylenes and chlorotrifluoroethylene at large scattering angle. Symbols 
have same meaning as in Figure 3. 

to two weak features in acetylene at about 5.2 and 6.0 eV energy 
loss (Figure 7) were first detected by variable-angle electron- 
impact s p e c t r o ~ c o p y , ~ ~  and the corresponding excited states 
were identified as triplet states. In both propyne and 1-butyne, l 4  

two singlet-triplet transitions, analogous to those in acetylene, 
are observed (Figure 8). No transitions with maxima below 5 eV 
energy loss are detected in either of these molecules or in 
acetylene. This contradicts earlier  report^^^,^^ which had pos- 
tulated a low-lying triplet in this region. However, these negative 
results are in agreement with ab initio theoretical  calculation^^^ 
gn acetylene, which identify thedowest vertical excitations as 
X '2,' - 1 32uf (5.02 eV) and X 'zg+ - 1 3& (5.87 eV), and 
ascribe them to K - R *  valence excitations. This assignment 
is supported both by the experimental peak locations in acety- 
lene, and their relative insensitivity to substitution in the 0 bond 
framework of the molecule. 

E. Polyenes 
The electronic excitation spectra of a number of conjugated 

polyenes have been studied by variable-angle electron-impact 

spectroscopy. These include the prototype of this group, 1,3- 
butadiene, as well as l-trans-3-pentadiene, isomerically mixed 
1,3-hexadiene, and cis-2-trans-4-hexadiene. The spectra of 
three of these molecules are displayed in Figure 9. 

The lowest energy-loss feature (N - T1) in these molecules 
is a singlet - triplet transition, which peaks between 3.11 and 
3.22 eV (Figure 9). For 1,3-butadiene the excited state of this 
feature has been assigned as 1 3Bu.52353 One of the mosJ ac- 
curate ab initio on this molecule places the X 'A, 
-+ 1 3Bu vertical transition energy at 3.24 eV, in excellent 
agreement with the experimental value, 3.22 eV.54 Another 
feature (N - T2) in the spectra of Figure 9 has a peak between 
4.85 and 4.93 ev. In 1,3-butadiene, this transition has been 
identified as the X lA, -* 1 3A, e x c i t a t i ~ n , ~ ~ . ~ ~  and, again, its 
calculated transition energy of 4.95 e V Z a  agrees very well with 
the measured value, 4.91 eV.54 The strongest feature in these 
molecules is the transition which peaks between 5.69 eV (cis- 
2-trans-4-hexadiene) and 5.92 eV (1 ,%butadiene). This transition 
is well known from ultraviolet absorption spectra of 1,3-buta- 
diene55 and is usually assigned as the opically allowed X 'A, -- 
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1 'B, (N -+ V,) t r a n ~ i t i o n . ~ ~ * ~ ~ - ~ ~  
It can be seen that the transition energies of the three lowest 

features observed in these noncylic conjugated dienes are nearly 
invariant with respect to limited alkyl substitution. Since the first 
ionization potential of a methyl-substltuted butadiene55 is con- 
siderably lower than that of the unsubstituted molecule, we would 
expect the Rydberg transitions to be red-shifted. The relative 
constancy of the N - T1, N -+ T2, and N - V1 transition ener- 

gies suggests that all three transitions are valence ?r - ?r* 

excitations. This description is consistent with the ab initio 
 calculation^^^^^^ of the two triplet states, but differs from the 
corresponding characterization of the 1 lBU state as a diffuse 
state. This difference in descriptions, together with the fact that 
the calculated X 'Ag - 1 lBU transition is at least 
0.7 eV greater than the observed value, indicates that the the- 
oretical characterization of the V1 state must be further im- 
proved. Recent progress toward this goal has been made by 
Nascimento and G~ddard,~' who find that the N -+ V1 transition 
represents a "nonvertical" excitation to a relatively diffuse or 
"non-valence" state. 

A feature of particular interest in the conjugated polyenes 
occurs between 7.0 and 7.8 eV in 1,3-butadiene (Figures 9 and 
IO). The nature of the spin-allowed transitions producing this 
feature remains uncertain, despite considerable experimen- 
ta154~55~58-so,1 l5 and discussion. Suggested 
assignments for the excited states in the 7.0-7.8 eV transition 
energy range of 1,3-butadiene include one or more parity-for- 
bidden 'A  states (V.7, V3),60r61 a diffuse optically allowed 'B, 
state,52ab59 one or more n = 3 Rydberg  state^,^^,^^ a d - R* 

transition,60 or absorption due to s -c i s -b~ tad iene .~~~  It seems 
likely that, in fact, there are several overlapping transitions in 
this region, with the band structure representing vibronic 
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Figure 8. Energy-loss spectra of propyne and 1-butyne at large scat- 
tering angles. Symbols have same meaning as in Figure 3. 

members of at least two Rydberg  transition^,^'*^^ which are 
superimposed upon the continuous absorption of underlying 
valence transitions (N - V2, V3).60 

Figure 11 shows the electron-impact spectra of two other 
polyenes, 1,3,5-hexatriene and 1,3-cyclohexadiene, which are 
photochemically i n t e r c o n ~ e r t i b l e . ~ ~ ~ ~ ~  This system has been 
extensively studied because of its relationship to the vitamin 
D2-steroid s y ~ t e m . ~ ~ , ~ ~  The low-energy-loss hexatriene spec- 
t r ~ m ~ ~ ~ ~ ~ ~ ~ ~ ~  is similar to those of the 1,3-dienes discussed 
earlier, although the corresponding hexatriene transition energies 
are 0.6-0.8 eV lower. Theoretically, a double excitation X'A, - 2 'A, transition is predicted65@ to occur in the immediate 
vicinity of the X 'A, - 1 'B, excitation, whose first band has a 
peak at 4.95 eV (Figure 1 la). Post, Hetherington, and Hudsons7 
found slight indications of the presence of such a state in the 
neighborhood of 4.4-eV energy loss. However, a more extensive 
high-sensitivity investigations8 at higher resolution and over a 
range of impact energies failed to confirm that such a state exists 
in the 4.2-4.6 eV transition energy range. This negative result 
is also supported by opticals9 and threshold e lec t r~n - impac t~~  
studies of hexatriene as well as by recent ab initio  calculation^.^^ 
In contrast, optical studies of diphenylhexatrienel l7 and larger 
 polyene^^^,^^ indicate the presence of the X lAg - 2 'A, tran- 
sition below the X 'A, - 1 'B, transition. The 2 lA, state may 
be an intermediate in the visual p ro~ess , '~  which involves the 
photoisomerization of 1 1-cis-retinal, a large polyene. 

The spectrum of 1,3-~yclohexadiene (Figure 11 b) is also of 
interest because it is a polyene which is locked into an s-cis 
conformation. It is interesting to cote that the lowest energy 
transition in 1,3-cyclohexadiene, X 'A1 - 1 3B2, produces a 
peak at 2.94 eV, in excellent agreement with the calculated 

(2.95 eV) for the analogous transition in a molecule with 
a similar geometric arrangement of the double bonds, s-cis- 
1,3-butadiene. 

Several spectra of nonconjugated polyenes are displayed in 
Figure 12. The transition energies for the low-lying features in 
1 ,Chexadiene (Figure 12a) and 1,5-hexadiene (Figure 12b) are 
quite similar to those of ethylenic molecules such as propene, 
and cis- and trans-2-butene. In 1,4-~yclohexadiene (Figure 12c), 
the singlet - triplet transition also occurs at roughly the same 

AE (eV)  
Figure 9. Energy-loss spectra of several 1,3-dienes at large scattering 
angle. Symbols have same meaning as in Figure 3. 
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Figure 10. High-energy-loss part of energy-loss spectrum of 1,3-bu- 
tadiene at high incident energy and in the forward direction. Symbols 
have same meaning as in Figure 3. 

energy (4.29 eV) as in the ethylenic molecules and the non- 
conjugated dienes. However, in contrast to the monoolefin cy- 
clohexene, in which the N - V transition energy is 6.97 eV, the 
strongest feature in 1,4-~yclohexadiene peaks at 7.95 eV. This 
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Figure 11. Energy-loss spectra of 1,3,5-hexatriene and 1,3-cyclohex- 
adiene. The peak near 6.9 eV in the 1,3-cyclohexadiene spectrum is 
probably due to a benzene impurity. Symbols have same meaning as 
in Figure 3. 

hypsochromic shift may be due to interaction of the two a or- 
bitals by hyperconjugation with the UCH orbitals.75 Such a 
“through-bond” interaction would be expected because the 
geometry of 1 ,4-cyclohexadiene is favorable to spatial overlap 
of the TCC and CTCH orbitals.76 Theoretical of this 
interaction predict that the lowest a + T *  transition (N - VI) 
is forbidden, whereas higher ones (N - V1, V,) are allowed. It 
seems likely, therefore, that the strong 7.95-eV feature corre- 
sponds to the N - V2 and/or N - V3 transition and is not 
analogous to the strong transitions in 1,Chexadiene and 1,5- 
hexadiene. Since the interaction between ethylenic units in 
1 ,4-cyclohexadiene is most probably of the “through-bond’’ type, 
the U,T separability approximation, so useful in modeling the 
electronic structure of polyenes, does not appear to be valid for 
this system. 

As a final example of a polyene, we show the energy-loss 
spectrum (Figure 13) of the simplest cumulene, propadiene 
(allene). The two low-lying features with maxima at 4.28 and 4.89 
eV are identified as singlet - triplet transitions.” The magnitude 
(0.61 eV) of the splitting between these transitions is a measure 
of the interaction between the two adjacent, but perpendicular, 
T molecular orbitals. It is substantially less than than 1.69-eV 
separation in 1,3-b~tadiene,~~ even though the orbitals in allene 
are not physically separated by a C-C single bond, as in 1,3- 
butadiene. This implies that the interaction of the T MO’s in al- 
lene is small, despite their physical proximity. 

F. Benzene and Fluorobenzenes 
Benzene has been the subject of many t h e o r e t i ~ a l ~ ~ - ~ ~  and 

e~per imenta l~* -~~. ’  1811 l9 studies, but considerably controversy 
still surrounds the nature of certain transitions in this molecule. 
The three lowest triplet states have their maximum intensities 
at about 3.9, 4.85, and 5.7 eV.87b These states have been de- 
tected by investigators using oxygen-induced optical absorp- 
tion,82v83 threshold electron impact,85 and variable-angle elec- 
t r o n - i m p a ~ t ~ ~ , ~ ~  techniques. The first and third singlet - triplet 
transitions can be seen in Figure 14, but the second spin-for- 
bidden e x ~ i t a t i o n ~ ~ ~ ~ ~ ~ ~ ~  is obscured by the lowest singlet - 
singlet feature, which has a maximum intensity at 4.90 eV.84-86 
The spectra in Figure 14 and the transition energies listed in 

A €  (ev) 
Figure 12. Energy-loss spectra of nonconjugated dienes. The peak at 
6.93 eV in Figure 12c is not due to a transition in 1.4-cyclohexadiene, 
but rather a benzene impurity in the sample. Symbols have same 
meaning as in Figure 3. 
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Figure 13. Energy-loss spectrum of propadiene (allene) at low incident 
energy and large scattering angle. Symbols have same meaning as in 
Figure 3. 
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Table I show that the positions of the first and third triplet states 
are relatively independent of the number of fluorine substituents. 
This behavior is consistent with the theoretical descriptions1 of 
the low-lying triplet states in benzene as valence-type n - n* 
excitations. The lowest energy n-electron promotion (le,, - 
lezu) produces 3Blu, 3Elu, and 3B2u triplet states. Extensive ab 
initio calculations80~81 indicate that the energy ordering of these 
states, from lowest to highest, is that just given. 

In contrast to the triplet excited states, the assignments of 
most of the singlet excited states are less certain. The lowest 
singlet - singlet transition in benzene, at 4.90 eV, bas been 
identified by vibronic and rotational analysiss4 as the X 'A, - 

1 lBpU excitation, while the intecse transition at 6.96 eV is un- 
doubtedly the optically allowed X IA, - 1 'Elu t r a n ~ i t i o n . ~ ~ - ~ '  
Both transitions, as well as the one at 6.25 eV, are observed at 
approximately the same energy loss in all the fluorobenzenes 
that have been studied. Since complete fluorine substitution 
causes a modest 0.88 eV increase in the lowest ionization po- 
tential of benzene,94 the comparative constancy of these three 
singlet - singlet transition energies suggests that the excited 
states are valence states. This agrees with the theoretical de- 
scriptions' of the state; however, the 'E1, state is predict- 
eds:to be considerably more diffuse, or Rydberg-like. In fact, 
the X lA, - lE lu  transition energy does show somewhat greater, 
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nonmonotonic fluctuation with increasing substitution than does 
the X IA, - 1 lBpu transition energy, but the overall behavior 
is clearly more like that of a valence transition than a Rydberg 
one. The assignment of the excitation at 6.25 eV in benzene is 
not completely certain, but on the basis of a-vibronic analysis 
of the optical  band^,^^,^^ it is most likely the X lA, - 1 lBlU (Y - T * )  transition. However, alternative assignments of this 
feature as the X A, - 1 ' E p g -  or as even a u - r* excita- 
tionso cannot yet be eliminated. 

One of the most interesting results of recent studies of ben- 
zene is the presence of an additional singlet - singlet transition 
at an energy of about 5.8 eV in high-resolution, low-temperature 
optical  investigation^.^^^^^ It has been suggested that the upper 
state of this transition is lEZgg1 or 1E2g-,92 in the "alternant" 
symmetry notation. This assignment disagrees with the inter- 
pretation by K a r w o ~ s k i ~ ~  of flash photolysis studies of ben- 
~ e n e . ~ ~  In addition, several theoretical c a l ~ u l a t i o n s ~ ~ ~ ~ ~  place 
this state above the 'Elu state. The electron-impact spectra in 
Figure 14 provide no evidence for this transition in benzene or 
in those fluorobenzenes with fewer than four subs t i t~ ten ts .~~ 
However, in the tetrafluorobenzenes, there is a distinct broad- 

ening of the 6.5-eV transition on the low-energy-loss tail. In 
pentafluorobenzene, a definite shoulder is observed at about 
5.85 eV. In hexafluorobenzene, a completely separated, fourth 
singlet - singlet transition is observed with a maximum intensity 
at 5.32 eV.96 Nevertheless, because of the magnitude of the 
hypsochromic shift with increasing fluorine substitution, it seems 
unlikely that this new feature is analogous to the 5.8-eV transition 
in benzene. For a similar reason, it is doubtful that the 5.32-eV 
transition represents excitation of a low-lying Rydberg state.96 
An alternative assignment is that the new feature is related to 
the transition detected in benzene in higher resolution elec- 
tron-impact studies87b of the 6.0-6.5 eV energy loss region. A 
new feature has also been observed in benzene between 6.23 
and 6.68 eV with the technique of multiphoton ionization spec- 
t r o s ~ o p y . ~ ~  It seems possible that both techniques have detected 
the same transition, and that it Fay be the elusive X lAg - lE2, 
excitation or, more likely, the X 'A, - 1 'E,, Rydberg transi- 
ti or^.^^^ Other possibilities are that the new transition in the flu- 
orobenzenes may involve either a charge-transfer F,, - Cp,. 
excitation or an F,, - C-F,. transition, in a manner similar to 
that which has been postulatedg7 for a low-lying transition in 
hexachlorobenzene. Clearly, there is need for further study of 
this transition by experimental and theoretical techniques. 

G. Five-Membered Heterocycles 
Electron-impact i n v e s t i g a t i ~ n ~ ~ ~ ~ ~  of the five-membered 

heterocycles furan (C4H40), thiophene (C4H4S), and pyrrole 
(C4H4NH) has clarified greatly the transition energy region below 
6 eV. Singlet - triplet transitions are observed in all three 
molecules (Figure 15). The locations of these transitions support 
the inferencesloO that these molecules have considerable aro- 
matic character, and that their low-energy-loss spectra cannot 
be satisfactorily interpreted as being due to the s-cis diene 
chromophore formally contained in the canonical electronic 
structure diagrams. 

The lowest singlet - triplet r - K* transition occurs at 3.75 
eV energy loss in thiophene, 3.99 eV in furan, and 4.20 eV in 
pyrrole. For comparison, the lowest singlet ---* triplet transition 
in benzene occurs at 3.9 eV. The second singlet - triplet ex- 
citation peaks at 4.62 eV in t h i ~ p h e n e , ~ ~  5.1 eV in pyrrole,99 and 
5.21 eV in furan.98 Although the 5.1-eV feature in pyrrole was 
originally assigned to a T - T *  transition, Butscher and 
Thunemann'O' recently suggested this is actually a Rydberg 
singlet - triplet transition. Nevertheless, it seems possible that 
this transition energy region may contain two singlet -triplet 
transitions, one Rydberg and one K - T * .  In benzene, the 
second singlet - triplet transition occurs in the same energy- 
loss region, at 4.85 eV.87b If these singlet - triplet transitions 
in the heterocycles only involved the two conjugated double 
bonds, as in s-cis-l,3-butadiene, the lowest state would be 
predicted to occur at a much lower excitation energy (2.9 eV)52 
than is observed in the heterocycles. In addition, the energy 
splitting expected between the first two triplet states in an s-cis 
diene (-2 eV)52 is considerably greater than that which is ob- 
served in furan, thiophene, and pyrrole. 

These results provide spectroscopic evidence that two for- 
mally nonbonding electrons on the heteroatom in these three 
molecules are delocalized into the r-electron ring system. In 
confirmation of this interpretation, the lowest singlet -+ triplet 
excitation in 1,3-~yclopentadiene, which has no heteroatoms, 
is observed with a maximum at 3.1 eV.98 The energy splitting 
between the two lowest triplet states could not be determined, 
presumably because the lowest singlet - singlet transition 
overlaps the second singlet - triplet feature. However, we can 
conclude that the splitting between the first two triplet states in 
1,3-~yclopentadiene is no less than 1.7 eV. These data indicate 
that, unlike the heteroatomic cyclic dienes, the triplet states of 
this system are dienic, rather than aromatic in nature. 
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Despite the presence of a second pair of formally nonbonding 
electrons in both furan and thiophene, no evidence has been 
found for singlet - singlet n - x' transitions, in agreement with 
earlier UV absorption studies.loO High-quality ab initio calcula- 
tions on the n - K *  transitions in these molecules would be 
most useful in indicating the appropriate excitation energy ranges 
in which to search most intensively for these features. 
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H. Azo Compounds 
The electron energy-loss spectraio2 of both azomethane and 

azo-tert-butane are quite similar at energy losses below 5.5 eV 
(Figure 16). Both contain three transitions, two spin-forbidden 
and one spin-allowed in this region. The lowest lying triplet state 
in each molecule, occurring near 2.7-eV energy loss, is pre- 
sumably the 1 3Bg state. It is produced by excitation of an elec- 
tron from a nonbonding orbital (n+), formed from the lone pair 
orbitals on the two nitrogens, to a 7r* orbital.lo2 The transition 
to the corresponding singlet state (1 lBg), peaks at 3.50 eV in 
azomethane and 3.37 eV in azo-tert-butane. A weak feature 
peaking between 4.8 and 4.9 eV in these molecules is identified 
as a 7r -+ 7r* singlet - triplet transition. 

It has recently been suggestedlo3 on the basis of self-con- 
sistent nonempirical calculations that the 2.7-eV transition may, 
in fact, be the second singlet - triplet transition, and that the 
X 'Ag - 1 3Bg excitation was not detected in electron-impact 
studies, either because it is weak or because such studies did 
not extend to low enough excitation energies. However, un- 
published variable-angle electron-impact spectralozb which 
extend to 0-eV energy loss gave no evidence of lower transitions, 
which, if they do exist, must be at least a factor of 5 weaker than 
the 2.7-eV transition. 

The energies of the three lowest-lying transitions are relatively 
insensitive to alkyl substitution. This suggests that these tran- 
sitions involve only electrons on the diimide diradical group 
(-N=N-) and should be observed at approximately the same 
transition energy in other nonaromatic acyclic azo compounds. 
The transitions in azomethane and azo-tert-butane above 5.5 
eV, however, are not similar in transition energy or intensity, and 
therefore presumably involve the alkyl group, or Rydberg or- 
bitals. 

I. Additional Molecules 
A number of other interesting molecules and series of com- 

pounds have been investigated by variable-angle, electron- 
impact spectroscopy, and discussions of these systems have 
been published recently or will be published in forthcoming ar- 
ticles. Among these molecules are nitric oxide,lo4 ammonia, lZo 

water, lZ3 nitromethane,121 ketene,12 thiophosgene,lo5 sulfur 
hexa f lu~ r ide , '~~  norbornene, lo6 norbornadiene, lo6 acetoni- 
trile,122 and uranium h e x a f l ~ o r i d e . ' ~ ~  Transition energies for 
some of these systems are listed in Table I. 

V. Conclusion 
The examination of the energies of singlet - triplet and of 

singlet - singlet transitions permitted by variable-angle, low- 
energy electron-impact spectroscopy has helped elucidate the 
electronic structure of many 7r-electron systems. Variation of 
these transition energies with chemical substitution has helped 
clarify their valence or Rydberg character: for polyenes, the 
magnitude of the separation between the triplet states has given 
information about 7r-electron interactions. The knowledge ob- 
tained has been useful in checking the accuracy of ab initio 
calculations of the electronically excited states of interesting 
molecules and has provided useful guidance and suggestions 
for future calculations. The positions and shapes of singlet - 
triplet band systems are useful for the prediction and interpre- 
tation of the magnitude of phosphorescence yields and life- 

Figure 16. Energy-loss spectra of azomethane and azo-terf-butane. 
Symbols have same meaning as in Figure 3. 

timeslo8 and for the interpretation of photosensitization exper- 
iments. log 

The wide range of transition energies which can easily be 
detected (1 to >20 eV), corresponding to an optical wavelength 
of 1236 nm to below 62 nm, permits easy extension of the in- 
vestigation of many molecules into the far-vacuum ultraviolet 
region of their spectra. This capability has permitted the de- 
tection of many previously unobserved transitions to superex- 
cited states which lie in the ionization continuum and which 
undoubtedly play an important role in radiation chemistry and 
physics.' lo The relatively low sample pressures required by this 
technique, of the order of 1-10 mTorr, and its wide dynamic 
range, allowing detection of transitions differing by as much as 
four orders of magnitude in intensity, contribute to make this 
method useful for the investigation of a wide variety of sub- 
stances and of quite weak transitions. The use of molecular 
beam targets and heated sample inlet systems should permit the 
study of free radicals and of relatively high molecular weight 
substances in the near future. The main shortcoming of the 
electron-impact technique is its energy resolution, typically of 
the order of 0.05-0.15 eV. This is very low resolution when 
compared with that common in many optical spectra ( eV). 
However, the other advantages of variable-angle, low-energy, 
electron-impact spectroscopy outlined above, and especially 
its ability to detect and assign low-lying triplet states, make it a 
very useful spectroscopic tool, which nicely complements op- 
tical spectroscopy. 

Acknowledgment. We are very grateful to Dr. Robert P. 
Frueholz for his assistance in the preparation of this manuscript. 
Dr. Frueholz and Dr. Michael J. Coggiola obtained and analyzed 
many of the spectra reported in this paper, and we appreciate 
their assistance. We also wish to thank Professor William A. 
Goddard 111 for many valuable discussions and a critical appraisal 
of the manuscript. 

VI. References and Notes 
(1) A. Kuppermann, J. K. Rice, and S. Trajmar, J. Phys. Chem., 72, 3894 

(2) S. Trajmar, J. K. Rice, and A. Kuppermann, Adv. Chem. Phys., 18, 15 

(3) N. F. Mott and H. S. W. Massey, "The Theory of Atomic Collisions", 3rd 

(4) M. R. H. Rudge in "Advances in Atomic and Molecular Physics", Vol. 9, 

(1968). 

(1970). 

ed, Oxford University Press, London, 1965. 

D. R. Bates, Ed., Academic Press, New York, 1973. 



Chemical Reviews, 1979, Vol. 79, No. 1 Kuppermann, Fllcker, and Mosher 

W. M. Flicker, 0. A .  Mosher, and A. Kuppermann, J. Chem. Phys., 69, 

E. N. Lassettre and M. E. Krasnow, J. Chem. Phys., 40, 1248 (1964). 
J. R. Oppenheimer, Phys. Rev., 32, 361 (1928). 
J. K. Rice, D. G. Truhlar, D. C. Cartwright, and S. Trajmar, Phys. Rev. A, 
5, 762 (1972). 
S. Trajmar, Phys. Rev. A, 8, 191 (1973). 
D. C. Cartwright, W. J. Hunt, W. Williams, S. Trajmar, and W. A. Goddard 
111, Phys. Rev. A, 6, 2436 (1973). 
0. A. Mosher, W. M. Flicker, and A. Kuppermann, J. Chem. Phys., 62, 
2600 (1975). 
R. P. Frueholz, W. M. Flicker, and A. Kuppermann, Chem. Phys. Lett., 38, 
57 (1976). 
G. J. Schulz, Rev. Mod. Phys., 45, 378 (1973). 
G. J. Schulz, Rev. Mod. Phys., 45, 423 (1973). 
(a) J. A .  Simpson, Rev. Sci. instrum., 35, 1698 (1964); (b) C. A. Kuyati 
and J. A. Simpson, ibid., 38, 103 (1967). 
R. I. Hall, A. Chutjian, and S. Trajmar, J. Phys. 5, 6, L264 (1973). 
J. W. Rabaiais, J. M. McDonald. V. Scherr, and S. P. McGlynn, Chem. Rev., 

(a) Ch. Jungen. D. N. Malm, and A. J. Merer, Chem. Phys. Lett., 16,302 
(1972); (b) Can. J. Phys., 51, 1471 (1973). 
R. S. Muiliken, Can. J. Chem., 36, 10 (1958). 
A. E. Douglas, Can. J. Phys., 36, 147 (1958). 
(a) M.J. Hubin-Franskin and J. E. Collin, Bull. SOC. R. Sci. Liege, 40, 361 
(1971); (b) J. Electron Spectrosc., 7, 139 (1975). 
D. F. Dance, G. A. Keenan, and I. C. Walker, J. Chem. Soc., Faraday Trans. 
2, 74, 440 (1978). 
K. K. Innes, J. Mol. Spectrosc., 42, 575 (1972). 
W. H. Breckenridge and H. Taube, J. Chem. Phys., 52, 1713 (1970). 
W. A. Goddard 111, D. L. Huestis, D. C. Cartwright, and S. Trajmar, Chem. 
Phys. Lett., 11, 329 (1971). 
(a) J. C. D. Brand, V. T. Jones, and C. di Lauro, J. Mol. Spectrosc., 40, 616 
(1971); (b) ibid., 45, 404 (1973). 
F. B. Wampler, K. Otsuka. J. G. Calvert, and E. K. Damon. int. J. Chem. 

3910 (1978). 

71, 73 (1971). 

Kinet., 5, 669 (1973). 
A. M. Fatta, E. Mathias, J. Heicklen, L. Stockburger 111, and S. Braslavsky, 
J. Photochem., 2, 119 (1973/1974). 
F. C. James, J. A. Kerr, and J. P. Simons, Chem. Phys. Lett.. 25, 431 
119741. 
b. W. Turner, C. Baker, A. D. Baker, and C. R. Brundle, "Molecular Pho- 
toelectron Spectroscopy", Wiley-lnterscience, London, 1970. 
M. B. Robin, int. J. Quant. Chem., Symp.. 6, 257 (1972). 
(a) A. J. Merer and R. S. Mulliken, Chem. Rev., 69,639 (1969); (b) R. S. 
Mulliken, J. Chem. Phys., 66, 2448 (1977). 
F. H. Watson, Jr., and S. P. McGlynn, Theor. Chim. Acta, 21, 309 
(1971). 
K. J. Ross and E. N. Lassettre, J. Chem. Phys., 44, 4633 (1966). 
J. P. Doering, J. Chem. Phys., 46, 1194 (1967). 
D. F. Dance and I. C. Walker, Proc. R. SOC. London, Ser. A. 334, 259 
(1973). 
W. M. Flicker, 0. A. Mosher, and A. Kuppermann, Chem. Phys. Lett., 36, 
56 (1975). 
(a) R. J. Buenker and S. D. Peyerimhoff, Chem. phys. Lett., 38,415 (1975); 
(b) R. J. Buenker, S. D. Peyerimhoff, and S.-K. Shih, J. Chem. Phys., 69, 
3882 (1978). 
B. R. Brooks and H. F. Schaefer 111, J. Chem. Phys., 68, 4839 (1978). 
E. P. Carr and H. Stucklen, J. Chem. Phys., 7, 631 (1939). 
G. Belanger m d  C. Sandorfy, J. Chem. Phys., 55, 2055 (1971). 
(a) M. J. Coggiola, 0. A. Mosher, W. M. Flicker, and A. Kuppermann, Chem. 
Phys. Lett., 27, 14 (1974); (b) M. J. Coggiola, W. M. Flicker, 0. A. Mosher, 
and A. KuDDermann. J. Chem. Phvs.. 65.2655 11976). 

(43) J. D. Scott and 8. R.'Russell, J. Ak'Chem. soc,  94,'2634 (1972). 
(44) (a) D. R. Salahub, Theor. Chim. Acta, 22, 330 (1971); (b) Ph.D. Thesis, 

(45) W. R. Harshbarger, M. B. Robin, and E. N. Lassettre, J. Electron. Spec- 
Universite de Montreal, Montreal, Canada, 1970. 

trosc., I, 319 (i972/1973). 
(48) W. R. Harshbarger, N. A. Kuebler, and M. B. Robin, J. Chem. Phys., 80, 

345 119741. . .. 
(47) M. B: Rob;;, "Higher Excited States of Polyatomic Molecules", Vol. 11, 

(48) S. Trajmar, J. K. Rice, P. S. P. Wei, and A. Kuppermann, Chem. Phys. Lett., 

(49) C. R. Bowman and W. D. Miller, J. Chem. Phys., 42, 681 (1965). 
(50) C. S. Burton and H. E. Hunziker, J. Chem. Phys., 57, 339 (1972). 
(51) D. Demoulin and M. Jungen, Theor. Chim. Acta, 34, 1 (1974). 
(52) (a) S. Shih, R. J. Buenker. and S. D. Peyerimhoff, Chem. Phys. Lett., 16, 

244 (1972); (b) R. J. Buenker. S. Shih, and S. D. Peyerimhoff, ibid., 44, 
385 (1976). 

(53) (a) T. H. Dunning, Jr., R. P. Hosteny, and I. Shavitt, J. Am. Chem. SOC., 
95, 5067 (1973); (b) R. P. Hosteny, T. H. Dunning, Jr., R. R. Gilman, A. 
Pipano, and I. Shavitt. J. Chem. Phys., 62, 4764 (1975). 

(54) 0. A. Mosher, W. M. Flicker, and A. Kuppermann, J. Chem. Phys. 59,6502 
(1973). 

(55) W. C. Price and A .  D. Walsh, Proc. R. SOC. London, Ser. A, 174, 220 
(1 940). 

(56) (a) R. S. Mulliken, J. Chem. Phys., 7, 121 (1939); (b) ibid., 7, 364 
f1939). 

Academic Press, New York, 1975, p 106. 

1, 703 (1968). 

(57) M. A. C .  Nascimento and W. A .  Goddard Ill, private communication. 
(58) R. McDiarmid, J. Chem. Phys., 64, 514 (1976). 
(59) P. M. Johnson, J. Chem. Phys., 64, 4638 (1976). 
(60) Reference 47, pp 168-173. 
(61) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 767 (1953). 
(62) R. Srinivasan, J. Am. Chem. SOC., 83, 2806 (1961). 
(63) R. J. DeKock, N. G. Minnaard, and E. Havinga, Red. Trav. Chim. Pays-Bas, 

79, 922 (1960). 

(64) E. Havinga and J. L. M. A. Schlattnann, Tetrahedron, 16, 146 (1961). 
(65) K. Schulten and M. Karplus, Chem. Phys. Lett., 14, 305 (1972). 
(66) K. Schulten, I. Ohmine, and M. Karplus, J. Chem. Phys., 64, 4422 

(67) D. E. Post, Jr., W. M. Hetherinaton Ill, and B. Hudson, Chem. Phys., Lett., 
(1976). 

35, 259 (1975). 

492 119771 
(68) W. M. Flicker, 0. A. Mosher, and A. Kuppermann. Chem. Phys. Lett., 45, 

(69) R:M:Gavi& Jr., S. Risemberg, and S. A. Rice, J. Chem. Phys., 58,3160 

(70) F. W. E. Knoop and L. J. Oosterhoff, Chem. Phys. Lett., 22, 247 

(71) 8. S. Hudson and B. E. Kohler, J. Chem. Phys., 59, 4984 (1973). 
(72) R. L. Swofford and W. M. McClain, J. Chem. Phys., 59, 5740 (1973). 
(73) (a) M. A. C. Nascimento and W. A. Goddard 111, Chem. Phys., Lett., 60, 197 

(74) R. Hubbard and A. Kropf, Proc. Natl. Acad Sci. U.S.A., 44, 130 

(75) R. Hoffmann. Acc. Chem. Res., 4, l(1971). 
(76) H. Oberhammer and S. H. Bauer. J. Am. Chem. Soc., 91, 10 (1969). 
(77) C. F. Wilcox, Jr., S. Winstein, and W. G. McMillan, J. Am. Chem. SOC., 

(1973). 

(1973). 

(1979); (b) Chem. Phys., in press. 

(1958). 

82, 5450 (1960). 
(78) Reference 47, p 177. 
(79) (a) J. Karwowski, Acta Phys. Poi. A, 42, 647 (1972); (b) J. Mol. Struct., 

19, 143 (1973). 

(1974). 
(80) J. B. Rose, T.4. Shibuya and V. McKoy, J. Chem. Phys., 60, 2700 

(81) P. J. Hay and I. Shavitt, J. Chem. Phys., 60, 2865 (1974). 
(82) (a) D. F. Evans, J. Chem. SOC., 1351 (1957); (b) ibid., 3885 (1957). 
(83) S. D. Colson and E. R. Bernstein. J. Chem. Phys., 43, 2661 (1965). 
(84) J. H. Callomon. T. M. Dunn. and I. M. Mills, Phil. Trans. R. SOC. London, 

Ser. A, 259, 499 (1966). 
(85) R. N. Compton, R. H. Huebner, P. W. Reinhardt, and L. G. Christophorou. 

J. Chem. Phys., 48, 901 (1968). 

48.5066 (19681 
(86) E. N. Lassettre, A. Skerbele, M. A. Dillon, and K. J. Ross, J. Chem. Phys., - - .  - - - -  \ - - - ,  
(87) (a) J. P. Doering, J. Chem. Phys., 51, 2866 (1969); (b) ibid.. 67, 4065 

(88) B. Katz, M. Brith, B. Sharf, and J. Jortner, J. Chem. Phys., 52, 88 

(89) M. Brith, R. Lubart, and I. T. Steinberger, J. Chem. Phys., 54, 5104 

(90) A. Brillante. C. Taliani, and C. Zauli, Mol. Phys., 25, 1263 (1973). 
(91) G. C. Morris and J. G. Angus, J. Mol. Spectrosc., 45, 271 (1973). 
(92) A. M. Taleb. I. H. Munro, and J. B. Birks, Chem. Phys. Lett., 21, 454 

(93) P. M. Johnson, J. Chem. Phys., 62, 4562 (1975). 
(94) C. R. Brundle, M. B. Robin, and N. A. Kuebler, J. Am. Chem. SOC., 94, 1466 

(95) R. Boneau, J. Joussot-Dubien, and R. Bensasson, Chem. Phys. Lett., 3, 

(96) (a) R. P. Frueholz, W. M. Flicker, 0. A. Mosher, and A. Kuppermann, Chem. 
Phys. Lett., 52, 86 (1977); (b) J. Chem. Phys., in press. 

(97) Reference 47, p 230. 
(98) (a) W. M. Flicker, 0. A. Mosher, and A. Kuppermann, J. Chem. Phys., 64, 

1315 (1976); (b) Chem. Phys. Lett., 38, 489 (1976). 
(99) E. H. van Veen, Chem. Phys. Lett., 41, 535 (1976). 
(100) S. F. Mason in "Physical Methods in Heterocyclic Chemistry", Vol. 11. A. 

8. Katritsky, Ed.. Academic Press, New York, 1963, p 59. 
(101) W. Butscher and K.-H. Thunemann, Chem. Phys. Lett., 57, 224 (1978). 
(102) (a) 0. A. Mosher, M. S. Foster, W. M. Flicker, J. L. Beauchamp, and A. 

Kuppermann, J. Chem. Phys., 62,3424 (1975); (b) 0. A. Mosher, W. M. 
Flicker, and A. Kuppermann, unpublished results. 

(103) R. N. Camp, I. R. Epstein, and C. Steel, J. Am. Chem. SOC., 99, 2453 
(1977). 

(104) (a) R. P. Frueholz, R. Rianda, and A. Kuppermann, J. Chem. Phys., 68, 
775 (1978); (b) Chem. Phys., 30, 315 (1978). 

(105) W. M. Flicker, 0. A. Mosher, and A. Kuppermann, Chem. Phys. Lett., 57, 
183 (1978). 

(106) R. P. Frueholz, W. M. Flicker, 0. A. Mosher, and A. Kuppermann, J. Chem. 
Phys.,'in press. 

(107) R. Rianda, R. P. Frueholz, and A. Kuppermann, J. Chem. Phys., in 
press. 

(108) K. F. Freed, Fortschr. Chem. Forsch., 31, 105 (1972). 
(109) D. L, Dexter, J. Chem. Phys., 21, 836 (1953). 
(1 10) V. I. Makarov and L. S. Polak, High Energy Chem. (USSR), 4, 1 (1970). 
(111) I. C. Walker, Chem. SOC. Rev., 3, 467 (1974). 
(1 12) M. Brith-Lindner and S.  D. Allen, Chem. Phys. Lett., 47, 32 (1977). 
(113) E. H. van Veen, Chem. Phys. Lett., 41, 540 (1976). 
(1 14) W. M. Flicker, 0. A. Mosher, and A. Kuppermann, J. Chem. Phys., 69, 

(1 15) W. M. Flicker, 0. A. Mosher, and A. Kuppermann. Chem. Phys., 30,307 

(1 16) R. P. Frueholz and A. Kuppermann, J. Chem. Phys., 69, 3433 (1978). 
(1 17) H. L.-B. Fang, R. J. Thrash, and G. E. Leroi. Chem. Phys. Lett., 57, 59 

(1 18) J. Metcalfe. M. G. Rockley, and D. Phillips, J. Chem. SOC., Faraday Trans. 

(1 19) A. J. Twarowski and D. S. Kliger, Chem. Phys., 20, 259 (1977). 
(120) K. E. Johnson and S. Lipsky, J. Chem. Phys., 66, 4719 (1977). 
(121) (a) W. M. Flicker, 0. A .  Mosher, and A. Kuppermann, Chem. Phys. Lett., 

in press: (b) J. Chem. Phys., submitted for publication. 
(122) R. Rianda, R.  P. Frueholz. and A. Kuppermann, unpublished results. 
(123) D. A. Edmonson, J. S. Lee, and J. P. Doering, J. Chem. Phys., 69, 1445 

(124) S. Troymar and A. Chutjian, J. Phys. 8, 10, 2943 (1977). 

(1977). 

(1970). 

(1970). 

(1973). 

(1972). 

353 (1969). 

3311 (!978). 

(1978). 

(1978). 

2, 70, 1660 (1974). 

(1978). 


