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1. lntroduction 

The ultraviolet spectra of ethylene and its simple alkyl deriva- 
tives should in principle be a good source of information about 
the properties of the olefinic double bond. Unfortunately these 
spectra are not always very easy to interpret, because the 
bands are all diffuse, and some of the information content is 
thereby lost. The interpretation of these spectra is not made 
easier by the apparent contradictions in some of the experi- 
mental results, and many instances of confusion have arisen. 
In this review we summarize the available experimental re- 
sults and give an account of the theory needed for an under- 
standing of the spectra. 

11. N, T, V ,  Z, and Rydberg States 

The electronic states of ethylene bear a formal similarity to 
those of the hydrogen molecule, Hz, since analogs of the well- 
known states of Hi! occur also in ethylene. We have drawn the 
potential curves1-8 for some of the low-lying states of HZ in 
Figure 1. These illustrate certain types of states, called N, 
T, V, Z ,  and Rydberg states. N is the normal state (the elec- 
tronic ground state), T is the lowest triplet state, and V is the 
lowest excited singlet state. In terms of molecular orbitals 
(MO’s) the N state may be represented as (lug)*XIZg+, while 

T (species and V (lZ,+) both have the same electron 
configuration (lo,)(lau); the Z state is another lZg+ state, with 
configuration (lau)*. N, T, V, and Z are valence-shell states, 
in the sense that their MO’s in LCAO approximation are con- 
structed from valence-shell 1s atomic orbitals.*” 

la, 
la ,  

ag1s = Is, f 1sb 
(Tuls = Is, - 1sb 

Above these come the Rydberg states, with configuration 
(la,)(Ry), where (Ry) stands for any one of an infinite number 
of Rydberg MO’s; each configuration gives one singlet and 
one triplet Rydberg state. Because the Rydberg MO’s are 
much larger than the core (which here is just Hz+), they can 
be described rather accurately in terms of united atom orbitals 
(UAO’s) for the He atom. In order of increasing energy these 
are 2s, 3pu, 3s, 3da, 3dn, 3d6, etc. The T, V, and Z states take 
on the character of Rydberg states for small internuclear 
distance R, since la, becomes 2pa; they may therefore be 
called semi-Rydberg or near-Rydberg states, because at R 
values near the equilibrium distance Re of state N the UAO 
description 2pa is already rather good. 

A hydrogen molecule in state N or T dissociates into two 
normal atoms. The wave function for the V state behaves at 
intermediate R values as if the molecule had to dissociate into 
two ions, H+ + H-, but in fact its nature changes at larger R 
values, and a molecule in the V state actually dissociates into 
a normal atom (Is) and an excited atom (2p). Yet at small R 
values both T and V states approach (ls)(2pu) in structure. 
The Z-state wave function again has an ion-pair structure, but 
because of an avoided crossing with the (lag)(2s) lZgf state 
near R = 3 au, it also dissociates into a normal atom and an 
excited a tomg  V states characteristically have a large equi- 
librium internuclear distance and a small vibration frequency, 
which are explicable in terms of their ionic nature. At the 
same time they have a relatively larger dissociation energy 
than do the Rydberg states which have the same dissociation 
asymptotes. 

111. MO Description of Zthylene 
__ - 
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The molecular orbitals Of planar ethylene can be classified ac- 
cording to their behavior under the symmetry operations of 
the point group DZh,  for which the character table is given as 
Table I. There is an ambiguity for this point group in the 
assignment of the labels for the B irreducible representations, 
and much confusion exists in the literature as a result of dif- 

(6) G .  H. Dieke and Cunningham, J .  Mol. SlJectrY., 18,288 (1965). (ga), ThF figure 1 in log is a number indicating that this is the first u~ 
orbital In order of energy; in ugls it means that the principal quantum 
number n is 1 in 1s. 
(9) R. S. Mulliken, J .  Am. Chem. SOC., 88, 1849 (1966). 
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pigure 1. Potential curves for some low-lying electronic states of Ha 
and H2+. Following ref 6 we have not drawn avoided crossings be- 
tweenthe ~Z~+state~d~vedfromtheeonfigurations(lu~*and (1.3- 
(2s) since the homogeneous perturbation viewpoint seems to be more 
appropriate. Note: The captious 1ua2s8Z,+ and 1~7~2pd& have 
been interchanged in the drawing. 

ferent choices of the appropriate labels made by Werent 
authors. The species B,, a, and Ba (both u and g) are char- 
acterized by their behavior for 180' rotations about theprinci- 
pal twofold axes of symmeUy z, y ,  and x, but there are six 
possible ways of assigning the labels z, y ,  and x to the three 
axes. The choice recommended for ethylene by the Joint 
Commission on Spectroscopy of the IAU and the IUPAP'O 
is that the x axis be taken as that perpendicular to the plane 
of the molecule, and the z axis as that through the two carbon 
atoms. Another possible method of designation would be to 
label the species B,, By, and B, (each either g or u). In any 
event, it is obviously imperative to state how the labels x, y ,  
and z are being assigned to the three axes! 

Figure 2 shows the MO's of planar ethylene plotted accord- 
ing to  the ionization potentials obtained" from photoelectron 
spectroscopy. The shapes of the MO's are roughly indicated 
by the small diagrams of the charge distributions, and the 
major bonding character is also indicated. The first two orbi- 
tals, la. and lblu, which correspond to the K-shell electrons of 
the carbon atoms, have been omitted because they lie very 

(IO) R. S. Mulliken, J.  Chcm. Phys., 23, 1997 (1955). 
(11) A. D. Baker, C. Baker, C. R. Brundle, and D. W. Tumer, In/. J. 
Mass Spectry.,, 1. 285 (1968). The IP forzag of CxH, is from work of 
W. C. Price, private communication. 

FIgure 2. Molecular orbitals for the ethylene molecule. The MO's 
are drawn to an energy scale given by the IP's of ref 11 and are 
labeled according to their descriptions in LCAO and semi-united 
atom approximation. Small diagrams indicate the charge distribu- 
tions and the positions of the nodes. 

far down on the energy scale and we are not concerned with 
them. The photoelectron spectra are interesting sine, by 
Koopmans' theorem, the orbital energies obtained from self- 
consistent-field MO calculations should be rather approxi- 
mately equal to the ionization energies for removal of an 
electron from the respective MO's. The results from machine 
calculations of the orbital energies of ethylene agree quite well 
with those from photoelectron spectra (see, for example, ref 
12-16). 

Table 
Character Table fa the Point Group Deb 

d x y )  4 x 2 )  .(A i Cdz) C ~ Y )  Cdx) 

A. + I  + I  +1 +I  +1 + I  + I  + I  
A. +I  -1 -1  - 1  -1 +1 +1 + I  
B,. + I  + I  -1 -1 + I  +I -1 -1 
BU + I  - 1  +I +1 - 1  + I  -1 -1 
Ens + I  -1 +I  -1 +1 - 1  +I -1 
B, +I +I -1  + I  - 1  -1  +l -1 
Bz. + I  - 1  -1 + I  +1 -1 -1 +I 
Bsu +1 +1 + I  -1  -1 -1 - 1  +I  

- 
(12) H. Berthod, Compt. Rend., 249, 1354 (1959): J.  Chem. Phw., 45, 
I859 (1966). 
(13) J. W. Moskowitz and M. C. Harrison, ibid., 42,1726 (1965). 
(14) M. 8. Robin, R. R. Hart, and N. A. ICuebler, i6id,, 44, 1803 
(1966). 
(14a) M. B. Robin, H. Basch, N. A. Kucbler, B. E. Kaplan, and J. 
Meinwald, ibid., 48,5037 (1968). 
(15) I. M. Schulman, J. W. Moskowitz, and C. Hollister, Ed. ,  46, 2759 
(1967). 
(16) U. KaIdorandLShavitt, ibid.,48, 191 (1968). 
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In  the electronic ground state of ethylene all the MO's up 
to and including the lbs, orbital are occupied by two elec- 
trons. As can be seen from Figure 2, this orbital, which is 
constructed from the in-phase overlap of 2p, orbitals on the 
carbon atoms, has a node in the plane of the molecule, and 
the electrons in it form the carbon-carbon a bond; it is 
ordinarily called the a orbital. The unoccupied lbz, orbital, 
made from the out-of-phase overlap of the carbon 2p, AO's, 
is ordinarily called a*. 

If we write the electron configuration for the N state of 
ethylene as . . . (T)~, excitation of an electron from the x MO 
gives T and V stales of configuration (a)(a*), a Z state of con- 
figuration (a*)2, and Rydberg states (a)(Ry). In the LCAO 
approximation the x and x* orbitals are 2pn, + 2pab (where 
a and b refer to the two carbon atoms), and in the UAO ap- 
proximation they become 2pn and 3da, respectively. The 
core, . . . (a), is of course much more complicated than in Hz, 
and excitation of core electrons gives rise to a much greater 
variety of excited states than in Hz. There will also be T, V, 
Z, and Rydberg states of ethylene derived from excitation of 
core electrons, but the most important states of these types 
are derived from excitation of an electron out of the a orbital. 

The ethylene molecule in its ground state belongs to the 
point group D z h ;  partially twisted ethylene belongs to the point 
group Dz, and 90" twisted ethylene to D z ~ .  The group theory 
symbols for the MO's change with the angle of twisting as 
given in the second, third, and fourth columns of Table 11. 
This table shows how the electron configuration of the N state 
changes on twisting the molecule.17 The subscripts u and g for 
the planar mdecule become meaningless for partly twisted 
ethylene since there is no longer a center of symmetry. Also, 
when the molecule is twisted by go", the energies of the lbz 
and lba  MO's become equal, and the two orbitals come to- 
gether to form a degenerate MO, which transforms like the 
representation e of the point group D 2 d ;  similarly 2bz and 2b3 
become another degenerate MO. Next, starting from planar 
or 90" twisted ethylene, we can imagine the H atoms pushed 
into the C atoms to form 0 atoms, so that the C2H4 molecule 
is converted into the UM (united molecule) 0 2 .  The corre- 
sponding MO symbols, which are given in the first and fifth 
columns of the table, are now classified according to the point 
group Dmh; it will be noted that twisted (DZd) ethylene is much 
more closely correlated with 0 2  than is planar ethylene. 
Finally, regarding all but the carbon K-shell electrons like 
those of a single atom, we obtain the semi-united atom18,19 Si. 
The sixth column shows the corresponding AO's of the Si 
atom; although there is an "octet" of electrons 2s22puz2pa4, 
like the L shell of Si, the four outer electrons (instead of being 
in 3s and 3p AO's as in the actual Si atom) are in orbitals with 
the forms of 3du and 3da AO's, but greatly shrunken in size 
as compared to 3d AO's of a real Si atom. 

Let us now consider what happens to the N, T, V, and Z 
states of ethylene when the molecule is twisted.20 In the N 
state there are no electrons in the 1 ba orbital, but on twisting 
the molecule by 90" we find that the lbru  and lbz, MO's have 
come together to form the 2e MO; although lblu and lbz, 
are respectively strongly bonding and strongly antibonding in 
planar ethylene, they both become nonbonding for 90' 

(17) R. S. Mulliken and C. C. J. Roothaan, Chem. Rev., 41,219 (1947). 
(18) R. S. Mulliken, I n t .  J.  Quantum Chem., 1,103 (1967). 
(19) S. Huzinaga, Mem. Fuc. Sci., Kyushu Unio., 3,57 (1963). (Reprinted 
in LMSS Technical Report, 1962-3, Part I.) 
(20) R. S. Mulliken, Phys. Reu., 43,279 (1933). 

Table I I  
Orbital Correlations for the States of Ethylene0 

0 2  ---GHd-------. 0 2  Si 
D z ~  Dmk, (UM) Semi-UA D,h (UM)  D p h  Dz 

(2u )'- (2h1 L)2-( 2hlY - (?[I-)' -( ?u )' ( 2 p r )  
(20,)'- (2a,)2-(2a)1 - (2al)--(2uJ (~su)? 

0 The second, third, and fourth columns refer to planar, partly 
twisted, and 90" twisted ethylene, respectively. The first and fifth 
columns refer to the united molecule (Ol), and the sixth refers to the 
semi-united atom (Si). 

twisted ethylene. Thus one part of the carbon-carbon double 
bond, the H bond, has apparently been abolished. However, 
in its place there is some marked hyperconjugation, so that 
twisted ethylene is not as unstable as one would otherwise 
have thought: what happensz0 is roughly that the orbital 
2p, + [ls(H.) - Is(&)] associated with one CHz group in the 
lb2 member of the l e  MO mixes with the 2p, orbital asso- 
ciated with the carbon atom of the other CH2 group in the 
lb s  member of l e  to give some C-C bonding; similarly 2p, + 
[Is(H,) - ls(Hb)] of the other CH2 group mixes with 2p, 
of the first. 

Now if, for planar ethylene, one electron is excited from 
the lbo, to the lb2, MO (a to H*),  the T state (species 3B1,) or 
the V state (species IBlU) results. If two electrons are excited 
from ?T to a*, the Z state (IA& results. Just as in HZ there is 
considerable interaction between the MO configurations of 
the N and Z states, corresponding in valence bond terms to 
ionic-covalent resonance. On twisting the ethylene the N- and 
Z-state configurations mix more and more, until for 90' 
twisted ethylene they are fully mixed; the "A, and ZIA, 
states have given rise to the 'A1 and lB1 states of perpendicular 
ethylene, whose wave functions are each 50 :50 mixtures of the 
wave functions for the N and Z states of planar ethylene. Thus, 
writing the part of the wave function associated with the H 

electrons as a Slater-type determinant,20 the N and Z states of 
planar ethylene may be represented by 

where (x z!= x) stands for [2p7rz(a) Zt 2paz(b)]. These functions 
both transform according to the representation A, of the point 
group D 2 h .  For perpendicular ethylene the (x + x) and (x - 
x) orbitals become degenerate, and these functions do not 
transform according to any representation of the point group 
DM; one has to take linear combinations (with equal absolute 
weights) to get the two pure states of perpendicular ethylene, 
Nt1B1 and Z''A1. 
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Torsional angle 

Figure 3. Potential energies of some important electronic states of 
ethylene as functions of the torsional angle (between the planes of the 
two CH2 groups). The curves are drawn from the best available ex- 
perimental data and are quantitatively correct (as far as can be 
achieved) for the states N, T, V, R, and I. The curves for states R' 
and I' are less accurate, and the curve for the unseen state Z repre- 
sents only an estimate. 

Table III 
Correlation of the States of Planar and Perpendicular 

Ethylene with Those of the United Molecule, 0 2  

y - - C z H a -  0 2  
D z h  Dzd D,h ( U M )  

At the same time the V state (lBlU) of planar ethylene goes 
smoothly over into the V state of perpendicular ethylene 
(1B2), and the T state (3B1u) goes smoothly into the T state 
(3Az), which for twisted ethylene should be the lowest state. 
These correlations are illustrated in Table 111. 

The correlation with the states of the lowest electron con- 
figuration of 0 2  is also included in Table 111. The configuration 
(2e)2 of perpendicular ethylene becomes ( 1 ~ ~ ) ~  of the O2 mole- 
cule, and there is a simple correlation between the resulting 
electronic states: note how the degenerate lAS state of the O2 
molecule splits into the 'B1 (N') and 'Bz 0 states of per- 
pendicular ethylene as the symmetry is lowered. Perpendicular 
ethylene is much more like oxygen than planar ethylene which, 
among other things, is diamagnetic and has a singlet ground 
state. Perpendicular ethylene, like oxygen, should have a 
triplet ground state. 

Both planar and perpendicular ethylene molecules in their 
N or T states should dissociate into two CHZ radicals in their 
TZ,- ground states.21 This behavior parallels that of Hz. The 
V and Z states of ethylene on dissociation should give CH2 
radicals in excited electronic states; although the V state be- 
haves as if it should dissociate into CHZ+(~II,,, or 2A1 + 2BJ + 

(21) R. S. Mulliken, Phys. Rev., 41.751 (1932). 

CHz- (QU, or 2B1 + 2Al), in fact it probably dissociates to 
CH2 (& 'Al) + CH2 (EIAl) because of avoided crossings. 

Figure 3 shows how the potential energies of the states N, 
T, V, and Z change with the angle of twisting. We have also 
included the first Rydberg state (R), the ground state of the 
C&+ ion (I), and the states R '  and I' which are the doubly 
excited states where one electron is in the lbz, MO rather than 
the lbsu MO. The curves shown in Figure 3 are quantitaticely 
correct (except for the states R', I f ,  and Z, for which experi- 
mental data are lacking) and have been drawn from the best 
available data; this figure therefore supersedes Figure 1 of 
ref 17. Both experimentally and theoretically it is clear that 
the equilibrium configuration of the normal state is planar, 
so that the potential energy must go up on twisting, and must 
have a maximum which (theoretically at least) is at the per- 
pendicular configuration. Experimentally, 2, 2a the barrier 
to internal rotation in the N state may be taken as the activa- 
tion energy for thermal cis-trans isomerization of CHDCHD, 
and is about 65 kcal/mole. On the other hand, for the T and 
V states, it is clear from the theory that, on twisting, the po- 
tential energy must go down, giving curves like those shown, 
which have minima for the perpendicular configuration. The 
reason for this situation21is roughly that the energy differences 
between planar and perpendicular ethylene depend only on 
that part of the energy of formation of C2H4 which is provided 
by the interaction of the two 2p, electrons of the two CHz 
groups. In perpendicular GH4 this energy is small (hypercon- 
jugation energy only), and the V1B2 state lies probably 1 eV 
or so above the N'lB1 state only because of Coulomb repulsion 
in the configuration (2e)2. In planar c2H4 in its ground state, 
. . . (x + x)~, this energy is that of the T bond, which gives a 
stabilization energy of 2.8 eV. In excited planar C&14, . . . 
(x + x) (x - x), we expect the antibonding effect of ( x  - x) 
to exceed considerably the bonding effect of ( x  + x ) ,  thus 
raising the energy by 2 eV or so above that for perpendicular 
ethylene. Walsh23 considers the problem for the ground state 
as one of two opposing effects: a CHZ-CHZ antibonding effect 
of the two electrons in the filled lb3, (2p, - 2p,) MO, which 
tends to twist the molecule, and an effect of electrons in the 
T MO which tends to keep the molecule planar. In the T or 
V state the first effect is predominant since there is only one 
T electron, and it is already more than outweighed by the T* 

electron. The possibility that the -CH2 groups themselves are 
nonplanar in the T and V states has also been considered by 
Walsh; arguing that the lb2, MO of C&I4 should have max- 
imum binding energy when the H-C-H angle is 90°, like the 
T* MO of formaldehyde, he has suggested that the arrange- 
ment of the bonds in the two CH2 groups of excited C&14 
could be pyramidal, giving a structure like that of hydrazine. 
Calculations by Burnelle and Litt 2 4 3  25  have taken this possi- 
bility into account, though the results suggest that this dis- 
tortion does not occur. 25s 

The nonplanarity of the first Rydberg state of C2H4 and of 
the ground state of C2H4+ in Figure 3 is surprising at first 
sight. One might suppose that, since the presence of two T 

electrons in the state N is responsible for keeping ethylene 
stable in the planar form, the removal of just one of these in 

(22) J. E. Douglas, B. S. Rabinovitch, and F. S. Looney, J .  Chem. 
Phys., 23,315 (1955). 
(22a) B. S. Rabinovitch and F. S. Looney, ibid., 23,2439 (1955). 
(23) A. D. Walsh, J.  Chem. SOC., 2325 (1953). 
(24) L. Burnelle, J .  Chem. Phys., 43, S29 (1965). 
(25) L. Burnelle and C. Litt, Mol. Phys., 9,433 (1965). 
(25a) L. Burnelle, private communication. 
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in Propylene 

and Ethylene 

C2H4+ would still leave this ion planar, but perhaps halve the 
barrier to internal rotation. However, as we shall see, the in- 
terpretation of the spectra leaves no doubt that in the Ryd- 
berg state and the ionic state the molecule is nonplanar. (These 
two states are shown here with similar curves, as is expected 
because the presence of an electron in the large MO of the 
Rydberg state should not affect the geometry very much.) This 
result was predicted for the CzH4+ ion by R o o t h a ~ n ~ ~ ~ ~ ~  in 
1947 on the basis of calculations made by an extension of the 
Hiickel method, which gives useful results for ground states. 
The results of his calculations for the ground states of C2H4 
and C2H4+ using three different sets of empirical parametersz6 
are shown in Figure 4. The full-line curves correspond to what 
are the most reasonable parameters as judged by calculations 
on other molecules. For the ion (state I) there is a maximum at 
90" as expected,z6a but the stable form is not the planar form; 
the energy is a minimum for a twist of about i30". Thus this 
early calculation gives good reason to think that the ethylene 
ion and the Rydberg state (which should have a similar con- 
figuration) would have equilibrium configurations which are 
slightly twisted. For state N the calculated energy maximum of 
about 3 eV at 90' twist agrees quite well with the experimental 
value.22 Robin, Hart, and Kuebler14 have also calculated that 
the R state should be twisted by about 30°, and Lorquet and 
Lorquet2? have reached a similar conclusion for the positive 
ion in a recent theoretical computation. 

The reason for the twisting of the R and I states at equi- 
librium is in terms of a mixing, on twisting, of the MO's lb2, 
and lbzg, and of the MO's lb, and lbau, of planar ethylene. 
These respective MO's become lbz and 2b2, and lb3, 2b3 in 
twisted ethylene, and at 90" of twist, lb2 and lb3 become de- 
generate as le, and 2b2 and 2b3 as 2e (see Figure 2). This mix- 
ing results in MO's of the forms a[a(2pu)A + /3(ls1 - l s~ ) ]  + 
b(2pz)B and a[~2(2pv)B + P(1s3 - 1sJ1 + b(2pz)A for le, and 

+ /3(ls3 - 1s$] for 2e, where Is1 and 1s2, 1sg and 1s4, are AO's 
of the H atoms attached respectively to the two carbon atoms 
(A and B), and where a > b ;  a and /3 have unequal values 
which are such that each of the expressions in brackets is 
normalized.20 As a result, the four electrons in l e  contribute 
a very appreciable amount of C-C bonding which outweighs 
the corresponding antibonding of the two electrons in 2e. (If 
a were equal to b, and the 1 s ~  terms were absent, the l e  and 
2e MO's would be just like the r and r* MO's of the oxygen 
molecule.) This net C-C bonding effect in the e-type MO's for 
90" twisted ethylene may be described as isovalent hypercon- 
jugation. 26 Roothaan's 1947 calculationsz6 took this into ac- 
count. It appears that the occurrence of minima away from 
the planar configuration can then be described as resulting 
from incipient isovalent hyperconjugation. 

The simplest instance of hyperconjugation is the mild de- 
localization that occurs when a CH2 or CH3 group is con- 
jugated to a multiple bondz8 as, for example, in ethylene or 
propylene. This type of weak hyperconjugation is called sac- 
rificial hyperconjugation, and is illustrated in Figure 5 for 
ethylene and propylene. Two resonance structures for each 
molecule are shown, using a valence bond type of descrip- 

(26) See R. S. Mulliken, Tetrahedron, 5,253 (1959). 
(26a) However, this maximum should nor be flat as shown in the full- 
line curve in Figure 4 but should have a cusp as in the dot-dash curve, 
as shown in Figure 3.  This requirement was first pointed out by 
Kaldor and Shavitt." 
(27) A.  J. Lorquet and J. C. Lorquet, J .  Chem. Phys., 49,4955 (1968). 
(28) R. S. Mulliken, J .  Chem. Phys., 7,339 (1939). 

a(2pz)B - b[a(zpy)A + - and a(2pz)A - b[a2Pv)B 
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Figure 4. Hiickel-method theoretically computed orbital energies 
(in eV) of the ground states of CZH~ (below) and C2H4+ (above), as 
functions of the torsional angle. Full-line curves are for what are 
believed to be the best parameter values used (p*  = 2p, 6 = 0, p = 
-3 eV); dot-dash curves are for the case of no hyperconjugation; 
dashed curves are for p* = 1.5p, 6 = p ,  p = -3 eV (from unpub- 
lished work of Mulliken and Roothaan (see ref 26). 

I \ j, 
~ z f l  \ ......____, 
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C & C  
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Sacrificial 

(2nd order) 

HCJ 

Figure 5. Resonance structures in hyperconjugation ( z  axes along o 
or quasi-u bonds; for ?r or quash  bonds x axes are perpendicular to 
plane, y axes in plane). 

tion:28a on the left the principal structure, on the right the 
modified structure whose presence in small amount accounts 
for sacrificial hyperconjugation. Each H2 or Ha group is treated 
as if it were an atom forming two or three bonds, respectively: 
Hz forms the the equivalent of a double bond consisting of u 
and rz bonds, and Ha forms the equivalent of a triple bond 
consisting of u, rz, and ru bonds. In Figure 5 the letters x and 
y refer to rz and rv AO's, or to the equivalent hyperconju- 
gation rz and rv MO's; a pair of symbols such as x x  or y y  
refers to a r electron-pair bond or to the hyperconjugation 
equivalent of a r bond. Only a formal "long bond" is present 
in the sacrificial structures, between odd electrons some dis- 
tance apart. 

Figure 6 shows the different, stronger, kind of hypercon- 
jugation present in perpendicular CZH4 and C&I4+, called 

(28a) For descriptive purposes, the use of valence bond resonance 
structures is a helpful alternative to the otherwise preferable MO 
formulation, used above for the 1 s and 2e MO's. 
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Figure 6. lsovalent (first order) hyperconjugation in perpendicular 
C2H4 and CZHI+. 

isooalent hyperconjugution. The principal structure for G H 4  

(upper left) is supplemented and considerably stabilized by two 
isovalent resonance structures (that is, structures where there 
is no sacrifice in the total number of effective bonds). Mulliken 
has estimated the stabilization energy as almost 1 eV, but we 
may look forward to seeing before long what a machine cal- 
culation will give for this quantity. The structure for C Z H ~ +  
(lower two lines) is similar, except that there is a twofold de- 
generacy since the 1b3, and 1ba MO's have come together to 
form an e MO, and the single e electron now gives a 2E elec- 
tronic state. The degeneracy must in principle be removed by a 
Jahn-Teller distortion, but this point will be discussed later. 

IV. The N State (XlA,) of Ethylene 

We come now to a description of the various electronic states 
and transitions of ethylene, and will begin with a discussion of 
some relevant details of the ground state. 

Ethylene of course has no microwave spectrum since it has 
a center of symmetry; however, its structure has been accu- 
rately determined by high-resolution infrared29-3 and Raman32 
spectroscopy, and by electron diffraction. 3 3  The infrared and 
Raman results give the structure 

ro(C-C) = 1 . 3 3 8  i 0.0031i& 

ro(H-H) = 1.086 5 0.002 A 
LCCH = 121.3 f 0.5" 

for the zero-point level, though K u c h i t ~ u , ~ ~  averaging the 
electron diffraction and spectroscopic data, obtains a s1igh:ly 
shorter C-C bond (1.335 A) and longer C-H bonds (1.090 A). 
The symmetrical structure of the molecule is nicely confirmed 
by the intensity alternations observed in the rotational struc- 
tures of the infrared bands, which arise from the nuclear spins 
of the equivalent hydrogen atoms.30g31 

The fundamental vibrations of C2H4 and C2D4 have been 
extensively studied by infraredzg-31? 35-38 and Raman39-42 

(29) W. S. Gallaway and E. F. Barker, J. Chem. Phys., 10, 88 (1942). 
(30) H. C. Allen and E. K. Plyler, J. Am. Chem. Soc., 80,2675 (1958). 
(31) W. L. Smith and I. M. Mills, J. Chem. Phys., 40,2095 (1964). 
(32) J. M. Dowlina and B. P. Stoicheff, Can. J. Phvs., 37,703 (1959). . ,  . .  
(33) L. S. Bartel1,k A. Roth, C. D.Hollowel1, K. Kuchitsu, and J. E. 
Young, J .  Chem. Phys., 42,2683 (1963). 
(34) K. Kuchitsu, ibid., 44,906 (1966). 
(35) R. L. Arnett and B. L. Crawford, ibid., 18,118 (1950). 
(36) B. L. Crawford, J. E. Lancaster, and R. Inskeep, ibid., 21, 678 
(1953). 
(37) D. A. Dows, ibid., 36,2833 (1962). 
(38) M. E. Jacox, ibid., 36, 140 (1962). 
(39) D. H. Rank, E. R. Schull, and D. W. E. Axford, ibid., 18, 116 
(1950). 
(40) B. P. Stoicheff, ibid., 21, 755 (1953). 
(41) J. Romanko, T. Feldman, E. J. Stansbury, and A. McKellar, Can, 
J. Phys., 32, 735 (1954). 
(42) T. Feldman, J. Romanko, and H. L. Welsh, ibid., 34,737 (1956). 

Table IV 
Ground-State Vibration Frequencies 

(cm-l) of CZH4 and QD4" 
c2H4 C d  4 

a, V I  C-H stretch 3026.4 225 1 
v2 C-C stretch 1622.9 1515 
Va L HCH bend 1342.2 981 

au v4 Torsion 1023 (726) 
blu v.5 C-H stretch 2988.7 2201.0 

u6 L HCH bend 1443.5 1077.9 
bzg V l  CHZ wagging 943 (780) 
bz" V 8  C-H stretch 3105.5 2345 

v9 CH2 rocking 826.0 (593) 
bar V I 0  C-H stretch 3102.5 2304 

VI1 CH2 rocking (1222) (1006) 
bau v12 CH2 wagging 949.3 720.0 
a The g vibrations are Raman active, and the u vibrations infrared 

active, except v4 (au), which is inactive. Values in parentheses are 
calculated, or doubtful experimental, values. 

spectroscopy. The currently accepted values of the vibration 
frequencies of these molecules are given in Table IV. The as- 
signment of the vibrations has been complicated by the pres- 
ence of strong Coriolis (vibration-rotation) interaction be- 
tween the fundamentals v g  and V ~ Z  of C a d ,  and the compar- 
ative weakness of some of the bands; further work on CZD4 is 
still needed. From the point of view of the electronic spectrum, 
the important frequencies are the C-C stretching frequency, 
VZ, and the twisting frequency, v4. The twisting vibration is 
inactive according to the selection rules, 4 3  and therefore can- 
not be directly observed in gas-phase infrared or Raman spec- 
tra of C2H4 and CzD4. In partially deuterated isotopic mol- 
ecules with lower symmetry it is not forbidden by the selection 
rules, and Arnett and Crawford3j were able to calculate the 
frequencies for C a 4  and C2D4 using the theoretical relations 
between the frequencies of isotopic molecules. These 
values have been confirmed by the absorption spectrum 
of matrix-isolated ethylene, 37, 38 for which the matrix en- 
vironment relaxes the strict selection rules. Another value 
of v 4  was derived by Smith and Mills,31 from an analysis of 
the Coriolis interactions affecting the fundamental vo  in C2H4. 

An interesting conclusion17 is that the potential function 
for the twisting motion cannot be exactly sinusoidal: accord- 
ing to the relation43 w = 4.\/V3 between the twisting fre- 
quency, w ,  the rotational constant, A,  and the height of the 
internal rotation barrier, Yo, for a sinusoidal function, the ob- 
served frequency of 1023 cm-' in CZH4 would correspond to a 
barrier of 14,000 cm-l (40 kcal), which is considerably lower 
than the experimental valuea2~44 of 65 kcal. In part this is be- 
cause the C-C bond in 90" twisted ethylene must be longer 
than in planar ethylene since the T bond has been largely abol- 
ished (as we saw in the last section). Therefore, in order to 
twist the molecule energy must also be supplied to stretch the 
C-C bond. This is equivalent to saying that there is a strong 
coupling between the twisting and the stretching motions: it 
has the effect of reducing the spacing of the twisting levels, so 
that, according to the relation above, the barrier to internal 
rotation is apparently lower. However, the results of this cou- 

(43) G. Herzberg, "Infra-red and Raman Spectra," D. Van Nostrand 
Co., Inc., Princeton, N. J., 1945. 
(44) A. Lifshitz, S. H. Bauer, and E. L. Resler, Jr., J .  Chem. Phys., 38, 
2056 (1963). 
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Figure 7. Densitometer trace from a photographic plate ofpart ofthe 
T-N system of C2H4; 1.4 m of liquid at 120°K (C. Reid, J. Chem. 
Phys., 18, 1299 (1950)). 

pling cannot account for the entire difference, and one must 
assume that the barrier is not exactly sinusoidal. 

The height of the ground-state barrier to internal rotation 
is of interest in studies of thermal cistrans isomerization in 
the gas phase. Originally, Magee, Shand, and E ~ r i n g ' ~  con- 
sidered two mechanisms for thermal isomerization in order to 
account for the experimental results. In their first mechanism, 
isomerization occurs as the molecule surmounts the ground- 
state potential barrier, without change of electronic state. In 
the second mechanism isomerization occurs via the T-state 
potential surface, with a lower activation energy; as can be 
seen in Figure 3 this mechanism is possible if there is inter- 
action between the potential surfaces of the N and T states 
where they cross. However, recent studiesz2* 44, 46-6 have 
shown that the singlet mechanism is the only important ther- 
mal mechanism for pure simple olefins in the gas phase, though 
isomerizations with low activation energy can occur under 
certain circumstances in solution. On the other hand, the 
triplet mechanism is important for catalytic and photosensi- 
tized cistrans isomerizations ; these will be discussed in the 
next section. 

V. The V(Al6, )  and T(a3A,) States 
The first ultraviolet absorption of ethylene is an exceedingly 
weak progression of diffuse bands in the region 2700-3500 A, 
which was discovered in 1950 by Reid,52 using a 1.4-m path of 
liquid ethylene. Reid's spectrum is shown in Figure 7. The 

(45) J. L. Magee, W. Shand, Jr., and H. Eyring, J. Am. Chem. Soc., 63, 
677 (1941). 
(46) B. S. Rabinovitch and M. J. Hulatt, J. Chem. Phys., 27, 592 
(19571. 
(47) W. F. Anderson, J. A. Bell, J. M. Diamond, and K. R. Wilson 
J .  Am.  Chern. SOC., 80,2384 (1958). 
(48) B. S. Rabinovitch and K. W. Michel, ibid., 81, 5065 (1959). 
(49) C. Steel,J. Phys. Chem., 64,1588 (1960). 
(50) R. B. Cundall and T. F. Palmer, Trans. Faraday SOC., 57, 1936 
(1961). 
(51) R. B. Cundall, Progr. Reaction Kinetics, 2,167 (1964). 
(52) C. Reid, J. Chem. Phys., 18,1299 (1950). 

2600 3000 ZSCO 

Wavelength (2; ) 
Figure 8. Absorption spectrum of 50 atm of ethylene + 25 atm of 
oxygen: (A) GHI, (B) frns-CHDCHD, (C)  CZDI. The optical den- 
sity scale is shifted for (B) and (C) (D. F. Evans, J.  Chem. SOC., 1735 
(1960)). 

same bands were later observed in the gas phase by Evans,s3 
using the technique of intensification by added oxygen. Evans 
boldly put 50 atm of ethylene (C2He, trans-CzHzDz, or CnD4) 
in a cell with 25 atm of 02. The apparatus subsequently blew 
up, but luckily not before he had obtained the spectra shown 
in Figure 8. 

This system of bands may be identified as T-N bands, that 
is, representing the transition from the ground state to the 
first triplet state T(sA~) of ethylene. The intervals in the band 
progression are about 990 cm-1 and appear to change very 
little on deuteration; thus it would seem that the bands may 
represent a progression in the upper-state C-C stretching vi- 
bration v2. According to the rule ro2*88uo = constant (which 
fits the B3Z; and X3&- states of 02), the observed frequency 
implies54 a C-C bond length of about 1.58 A. However, as we 
shall see when we discuss the V-N system, the bands are 
probably composite, each consisting of overlapping stretch- 
ing and twisting bands. Since the T state is expected to have a 
perpendicular equilibrium configuration, the observed bands 
are probably just the strongest bands of an extensive system. 
The remaining bands would then be too weak to be seen, being 
doubly forbidden on account of the spin selection rule and the 
unfavorable Franck-Condon factors. 

This is unfortunate, because the position of the (0,O) band 
would have given the energy of the T-state potential minimum, 
which is an important quantity in consideration of catalytic 
and photosensitized cis trans isomerizations. It appeared at 
first that the triplet mechanism (with electron spin as the 
essential factor) is the only important mechanism in catalytic 
isomerizations, where, for example, halogen atoms and the 
ground-state triplet molecules 02, S2 ,  and Se, are very effective 
catalysts, and also nitric oxide has a very pronounced effect 
on the isomerizations of tran~-dideuterioethylene22* and bu- 
tene-2.60 Taking the case of oxygen, the reasoning is that Os 

(53) D. F. Evans,J. Chem. Soc., 1735 (1960). 
(54) P. G. Wilkinson and R.  S. Mulliken, J. Chem. Phys., 23, 1895 
(1 9 5 5 ) .  
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Figure 9. Absorption coefficients for C2Hd and CZD~ from 1550 to 
2050 A. The dashed and solid curves correspond to the R-N and 
V-N transitions, respectively (P. G. Wilkinson and R. S. Mulliken, 
J.  Chem.Phys.,23,1895(1955)). 

plus singlet ethylene represents a triplet state, which should 
be able to go over easily to the triplet state derived from O2 
plus triplet ethylene. In photosensitized isomerizations a 
sensitizing molecule which has been excited to its lowest 
triplet state (by light absorption to a singlet state and subse- 
quent internal conversion) causes the isomerization; this is 
presumably just another instance of the same effect. However, 
in the case of catalysis by NO the activation energy drops to 
27.5 kcal/mole, and it appears that the isomerization must 
occur via a chemical intermediate. Hence the triplet mechanism 
is suspect in the catalytic cases, but there seems no reason to 
doubt it in the case of photosensitized isomerizations. 

Much of the early experimental work on cis-trans isomer- 
ization seems to be suspect.61 Thus, Kistiakowsky and Smith's 
value55 of 0.8-0.9 eV for the activation energy for the cis-trans 
isomerization of butene-2, which is frequently quoted for the 
difference between the minima of the T and N states, has not 
been substantiated by later work. Similarly, Eyring's 46*66167 

value of 1.0-1.2 eV (from the activation energy of the triplet 
mechanism of thermal cis-trans isomerization) was obtained 
from large conjugated molecules where the reaction may be 
quite different from that in simple olefins. Recent evidence 
suggests61 that the triplet states of simple olefins may actually 
lie as much as 60 kcal/mole above the (planar) ground states, 
that is, close to the tops of the potential barriers of the ground 
states. For example, photosensitized isomerization of butene-2 
occurs only if the photosensitizing species has a triplet energy 
in excess of 65 k~al/mole:~8,5~ styrene and biacetyl (with trip- 
let energies of 62 and 56 kcal/mole, respectively) do not cause 
isomerization. With 3-methylpentene-2, the ?r* + n triplet 
states of benzaldehyde and benzophenone (71.5 and 68.0 k d /  
mole, respectively) are very efficient in causing isomerization, 
while the ?r* + ?r triplet state of triphenylene (66.5 kcal/mole) 
is completely ineffective.69" However, the authors of ref 59a 

( 5 5 )  G. B. Kistiakowsky and W. R. Smith, J.  Am. Chem. SOC., 58,766 
(1936). 
( 5 6 )  R. A. Harman and H. Eyring, J.  Chem. Phys., 10,557 (1942). 
( 5 7 j  H. M. Hulbert? R. A. Harman, A. V. Tobolsky, and H. Eyring, 
Ann. N .  Y .  Acad. Scz., 44,371 (1943). 
(58) R. B. Cundall, F. J. Fletcher, and D. G. Milne, J .  Chem. Phys., 
39,3536 (1963). 
(59) R. B. Cundall, F. J. Fletcher, and D. G. Milne, Trans. Faraday 
SOC., 60, 1146 (1964). 

suggest that the effectiveness of the former in overcoming the 
severe Franck-Condon inhibition toward converting planar 
into twisted ethylene is due to a strong polarizing action of the 
?r* + n state with its partially vacant n orbital, an action 
which cannot occur with the ?r* + n triplet state of triphe- 
nylene. Thusan energyless than 66 kcal/mole for the 90' twisted 
olefin may still be possible. Applying these considerations to 
butene-2, the ineffectiveness of the ?r* - ?r triplet state of 
styrene as a photosensitizer with butene-2 may not exclude an 
olefin triplet energy lower than 62 kcal/mole, while the inef- 
fectiveness of the ?r* + n triplet state of biacetyl probably does 
indicate that the triplet state of butene-2 is higher than 56 
kcal/mole. Further evidence is the fact5O that the ?r* ?r ben- 
zene triplet state at 84 kcal/mole photosensitizes cis-trans 
isomerization. As suggested by N. C. Yang in conversation, 
the energy is so high here that the olefin could still be nearly 
planar during the energy transfer, thus not encountering a 
severe Franck-Condon inhibition. 

In the spectrum of ethylene the separation of the (0,O) band 
and the strongest band of the T-N system should be a little 
less than the corresponding separation in the V-N system, 
since the C-C bond length is not as great in the T state of 
planar ethylene as it must be in the V state. With the assump- 
tion that the barriers to internal rotation in the T and V states 
are similar, the spectroscopic evidence suggests that the (0,O) 
band of the T-N system may lie somewhere near 20,000 cm-1 
(-57 kcal/mole). If the -CH2 groups themselves are non- 
planar, the (0,O) band may lie even lower than this. 

Comparison of Figures 7 and 8 shows the considerable in- 
tensification of the T-N bands by 02. Reid62 used 250 times as 
great an absorbing path of ethylene as Evans,53 yet the spec- 
tra look much alike. In connection with Reid's Figure 7, one 
may wondeF if the presence of small amounts of oxygen from 
exposure to air could have caused the appearance of the T-N 
bands there. 

The steeply rising absorption near 2650 A in these T-N 
spectra is ap~a ren t ly~~b  the beginning of the V-N ~ y s t e m . ~ ~ * ~ ~ - ~ '  
Figure 9 shows a tracing of this system as observed at lower 
pressures in the gas phase;54 it consists of a long progression 
of broad diffuse bands, startinge6 at 2150 A, and rising rapidly 
in intensity with decreasing wavelength. In C2H4 the banded 
region at the long wavelength end of the transition appears to 
consist of a single rather irregular progression of bands spaced 
about 800 cm-1 apart, but in CzD4 the spectrum is much more 
complicated. At 1744 A the V-N bands disappear under the 
intense bands of the first Rydberg transition, but the V-N 
system obviously continues: and finally reaches a broad flat 
maximum64 at about 1620 A. At yet shorter wavelengths the 
absorption decreases fairly steadily, down toethe next strong 
Rydberg t r a n ~ i t i o n ~ ~ p ~ ~  which begins at 1393 A. 

(59a) N. C. Yang, J. I. Cohen, and A. Shani, J.  Am. Chem. SOC., 90. 
3264 (1968). 
(59b) It is not clear why this steeply rising absorption should occur at 
almost the same wavelength in the two spectra. I t  seems probable that 
in Evans' spectrum this absorption is after all not the beginning of the 
V-N system, but rather represents a contact charge-transfer system in- 
volving C2H4 and 02, since it is far stronger than expected for the V-N 
system at this wavelength. 
(60) J.  Stark and P. Lipp, Z .  Physik. Chem., 8 6 3 6  (1913). 
(61) G. Scheibe and H. Grieneisen, ibid., 25B, 52 (1934). 
(62) C. P. Snow and C. B. Allsopp, Trans. Faraday SOC., 30,93 (1934). 
(63) W. C. Price, Phys. Rev., 47, 444 (1935); W. C. Price and W. T. 
Tutte, Proc. Roy.  SOC. (London), A174,207 (1940). 
(64) M. Zelikoff and I<. Watanabe, J .  Opt. SOC. Am., 43,756 (1953). 
(65) L. C. Jones, Jr., and L. W. Taylor, Anal. Chem., 27,228 (1955). 
(66) R. McDiarmid and E. Charney, J .  Chem. Phys., 47, 1517 (1967); 
R. McDiarmid, ibid., 50,2328 (1969). d *'.A 
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In general, V-N transitions are expected theoretically and 
known experimentally to be of high intensity.m8 In agreement 
with this rule, the oscillator strength f for the V-N transition 
of ethylene64 is about 0.34. The superimposed Rydberg bands 
are also rather intense (totalfperhaps about 0.04). 

Although Snow and Allsopp asserP2 that there is a distinct 
shoulder in the V-N absorption curve near 2100 A, which 
might be a triplet-singlet transition, this shoulder has not 
been confirmed by later work, either in the gas phase63~6‘es 
or in single crystals of ethylene,6* so that it must be ascribed to 
impurities in the ethylene sample they used. Unfortunately, 
early electron-impact spectra !f ethylene showed a peak in 
this region69-7’ at 6.5 eV (1940 A), which has led to some spec- 
ulation: again, this peak has not been confirmed by later 
w0rk7~-78 and seems to have been caused by “some unusual 
experimental circumstances.”16 We must conclude that there is 
definitely no evidenct for any other transition of ethylene in 
the region near 2000 A except the V-N transition, even though 
other predicted (very weak) transitions remain to be found, as 
we shall see. 

The vibrational analysis of the V-N system is a problem 
which has not been solved yet. However, the qualitative ap- 
proach that should be taken is clear from the theory. As we 
have already said, there should be strong isovalent hypercon- 
jugation26 in the T and V states of 90’ twisted ethylene, which 
should tend to reduce the C-C bond length considerably below 
that expected for a tfigonal-trigonal u bond. This last quantity 
must be about 1.50 A, so that we may expect perhaps 1.44 A 
for the resulting C-C bond length in the V state of perpen- 
dicular ethylene. On the other hand, this hyperconjugation 
cannot occur in the V state of planar ethylene: we now have 
an antibonding and a bonding ?r electron, and it is known that 
in such cases the antibonding effect predominates, so that the 
equilibrium C-C bond length should be much greater than in 
the ground state. The left-hand side of Table I1 tells us that 
there must be a close analogy between the V-N system of 
planar ethylene and the Schumann-Runge (B 32,--X32.,-) 
system79 of 0 2 ,  since the electron configuration of planar eth- 
ylene, . . .(lb8,)(1bz8), becomes the configuration . , . ( l ~ ” ) ~ -  
( 1 ~ ~ ) ~  of the united molecule, 02, and this gives rise to 
the B32.,- state. In the Schumann-Runge bands of 02 
the bond length  increase^'^ from 1.207 A in the ground 
state to  1.604 A, so that we can expect the C-C bond length in 
the V state of planar ethylene to have increased798 to perhaps 
1.80 A. But of course we cannot get away from the twisting, 

(67) P. G. Wilkinson, Can. J .  Phys., 34,643 (1956). 
(67a) R. S .  Mulliken, J .  Chem. Phys., 7,20 (1939). 
(68) A. Lubezky and R. Kopelman, ibid., 45,2526 (1966). 
(69) A. Kuppermann and L. M. Raff, ibid., 37,2497 (1962). 
(70) A. Kuppermann and L. M. Raff, Discussions Faraday Soc., 35,30 
(1963). 
(71) A. Kuppermann and L. M. Raff, J .  Chem. Phys., 39,1607 (1963). 
(72) J. A. Simpson and S .  R. Mielczarek, ibid., 39,1606 (1963). 
(73) E. N. Lassettre and S .  A. Francis, ibid., 40, 1208 (1964). 
(74) C. P. Bowman and W. D. Miller, ibid., 42,681 (1965). 
(75) J. Geiger and K. Wittmaack, 2. Naturforsch., UIA, 628 (1965). 
(76) K. J. Ross and E. N. Lassettre, J .  Chem. Phys., 44,4633 (1966). 
(77) J. P. Doering, ibid., 46,1194 (1967). 
(78) J. P. Doering and A. J. Williams, ibid., 47, 4180 (1967l. 
(79) G. Herzberg, “Spectra of Diatomic Molecules,” 2nd ed, D. Van 
Nostrand Co., Inc., Princeton, N. J., 1950. 
(79a) G. H. Kirby and K. Miller, Chem. Phys.  Letters, in press, have 
made calculations of the orbital energies by the CNDO method, and do 
not confirm the large change of C-C bond length with twisting angle 
in the V state, We find this rathersurprising, since a bonding r electron 
has been excited to an antibonding a* MO m the V state of planar 
ethylene, and in other molecules it is known that considerable changes 
of bond length occur in the corres ponding transitions . 

since it is clear from the theory that the V state has a potential 
minimum for the perpendicular configuration. It now appears 
that the strongest vibrational bands according to the Franck- 
Condon principle should go to upper state levels lying at the 
top of the barrier to internal rotation (where the wave function 
of the twisting motion has largest amplitude at the planar con- 
figuration), but within addition so many quanta of the C-C 
stretching vibration excited that the C-C bond length at the 
turning point of this vibration is the same as in the ground 
state. The (0,O) band, in contrast, would correspond to a 90’ 
twisted upper state with the C-C bond only a little longer than 
in the ground state. We thus expect a relation between the 
stretching vibration, V Z ‘ ,  and the twisting vibration, vq’, such 
that the strongest band in the spectrum associated with a 
given torsional level vq’, has relatively few quanta of v2 ex- 
cited if u4 is small, but many quanta of v2 if u4 is large. 

As in the ground state, we do not expect the vibrational 
energy levels to behave as if the barrier tointernal rotationwere 
sinusoidal, since when we twist the molecule from perpendic- 
ular to planar, we have to stretch the C-C bond from about 
1.44 to about 1.80 8. This must again result in a coupling of 
the twisting and stretching motions, changing the apparent 
shape of the barrier to internal rotation. 

With the aid of a computer it is possible to calculate the 
Franck-Condon overlap integrals of all the bands, and hence 
predict the detailed appearance of the V-N transition. It now 
appears that the analysis of the V-N system given by Wilkin- 
son and Mullikens4 cannot be right: they have assigned the 
long progression of bands in terms of the C-C stretching vi- 
bration only, but calculations show that the twisting vibration 
must figure prominently in the spectrum as we1L80 Quite re- 
cently McDiarmid and Charnep  have studied the spectra of 
CzH4 and CDd at -78” and have shown that an interval be- 
tween bands of about 550 cm-’ is prominent in the C2D4 spec- 
trum. The spacing of the bands in the CzH4 spectrum is about 
800 cm-I, so that the isotope ratio of these frequencies, 1.45 : 1, 
is very close to the ratio, d?:l, expected for the twisting fre- 
quency. However, their vibrational analysis places all the 
prominent bands in a single regular twisting progression for 
each isotope. We cannot accept this, for one thing because the 
observed progressions are not really very regular (the intervals 
for C a d  varying from 696 to 958 cm-I according to  their re- 
sults), also because the potential function they derive from the 
seeming regularity of the progressions has cusps at the planar 
configuration, which is a highly unlikely situation, and finally, 
because they have neglected the expected pronounced stretch- 
ing of the C-C bond. 

The answer probably lies somewhere between these two 
interpretations,80a since Merer, Mulliken, and WatsonSO have 
been able to  reproduce many features of the spectra using a 
simple model of coupled twisting and stretching. In particular, 
this model suggests the reason for the observed difference be- 
tween the simple CzH4 spectrum and the complex CD4 spec- 
trum: the CzH4 “bands” each consist of a number of over- 
lapping bands with the same value of up’  + v4’, because the 
twisting and stretching frequencies are similar, but this over- 
lapping effect does not occur for since the twisting fre- 
quency drops sharply on deuteration. The calculations also 

(SO) A. J. Merer, R. S. Mulliken, and J. K. G. Watson, 1969, to be pub- 
lished. 
(80a) A recent suggestion by J. F. Ogilvie, J.  Chem. Phys., 49,. 474 
(1968), that the structure is due to excitation of the CHZ wagging vibra- 
tion YIZ’ (!.e. ,  disregarding both the stretching of the C-C bond, and the 
twisting) cannot be taken seriously. 
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Figure 10. Absorption spectra of Cn& and CEDI in the region from 
loo0 to 1800 A at various gas pressure (W. C. Price and W. T. Tutte 
Proc. Roy. SOC. (London), A174,207 (1940)). 

show that the strongest bands of the transition must be more 
than 1012 times as intense as the (0,O) band. 

Although a definitive vibrational analysis of the V-N sys- 
tem bas not been achieved yet, it seems likely that the (0,O) 
band lies near 2650 8, (38,500 cm-*), and that the barrier to  
internal rotation in the V'B? upper state is 16,000 * 3000 cn-I 
(46 j: 9 kcal)30 The Franck-Condon maximum of the tran- 
sition lies at 16208, (61,730 cm-l). There is no direct evidence 
in the spectrum for the direction of polarization of the tran- 
sition because the bands are very diffuse and exhibit no ro- 
tational structure; however, on theoretical grounds tbe bands 
must be type A (parallel) bands. 

Beyond the Franck-Condon maximum the V-N transition 
does not have banded structure, and one is led to ask what 
happens when radiation is absorbed in the transition to the V 
state of ethylene at frequencies high enough to permit dis- 
sociation into two CH2 radicals. Here spontaneous twisting 
competes with dissociation, but also Franckcondon factors 
are involved because the H-C-H angle in the CH, groups of 
ethylene must change in going to the product states of the CH1 
radical. Just what happens is a very interesting question about 
which no one.knows much, although we do know that the 
somewhat analogous photodissociation of 0% gives one oxy- 
gen atom in the 3P state and one in the 'D state. Experimen- 
tally it is known81-83 that photolysis of ethylene with radiation 
in the vacuum ultraviolet causes elimination of Hn and the for- 
mation of acetylene. The reactions occurring93 are probably 
quite complex, since more acetylene than Hz is formed, and 
considerable amounts of n-butane also occur. Evidence from 
the photolysis of partially deuterated ethylenes indicates that 
terminal elimination of hydrogen (producing CCHl radicals, 
which then rearrange to give C a t )  is an important process 
predominating over 1,2 elimination. It seems that any H atoms 
formed are scavenged by GH4 to form CHs radicals, which 
disappear by association to give n-butane. Another reaction 
path involving very short-lived excited GHa radicals must 
also be invokedg1 in order to account for the excess of acetylene 
formed. 

The formation of some H2 and Dz in the pbotolysis of trans- 
CHDCHD is evidences* that the excited state of the ethylene 

-. 
181) M.C.Snucr,Jr.,andL.M.Dorfm~o,J.Chem.Ph.is.,35,497(1961). 
(82) H. Okshc and J. K. McNesby, ibid., 36,601 (19621. 
(831 1. K. MrUCsby and H. Vksbe Adoon.Photoehcm., 3,157 (1964). 

molecule is capable of free internal rotation, since both ter- 
minal and 1,2 elimination would otherwise give H D  as the 
only product. This finding agrees with the spectroscopic evi- 
dence, since at these wavelengths strong absorption occurs to 
levels near the top of the barrier to internal rotation of the V 
state, and also to levels of the Rydberg states, where the bar- 
rier to internal rotation is only about 8 kcal. One might expect 
that cistrans isomerizations could be brought about by ab- 
sorption of light near the maxima of the V-N systems, but 
this effect does not seem to have been demonstrated yet; instead 
it i s  found that dissociation of the molecule nredominnt-.88. 

VI. Rydberg States of C,H, ai 
Ground State of C2W,+ 

Figure 10 shows the vacuum ultraviolet absorption spectra of 
GH, and G D 4  in the region 180&1000 8. as obtained by Price 
and Tutte.#' The spectra are from a series of photographs with 
successively increasing gas pressures. In the higher pressure 
pictures, the broadwhite area corresponds to the strongabsorp- 
tion of the V-N system. Standing out on top of this continuous 
or pseudo-continuous absorption is a series of pairs of bands, 
starting at 1744 A, which Price identified as belonging to  the 
lowest energy Rydberg electronic transition (see also Figure 9). 
Successive pairs are separated by intervals of about 1350 cm-', 
which can be identified with the C-C stretching frequency of 
the upper state, VI'. Since ethylene is unlikely to have a totally 
symmetric vibration with a very small frequency, Price and 
Tutte63 suggested that the second member of each pair cor- 
responds to excitation of the upper-state twisting vibration. 
However, according to  the Franc!+Condon principle, the 
twisting vibration would not be expected to appear in the 
spectrum unless there is a large change in its frequency in the 
transition. Even then it should only appear weakly and, ac- 
cording to rigorous selection rules, must be excited by even 
numbers of quanta. Hence we must interpret the first and sec- 
ond members of each pair as (0,O) and (2,O) torsional tran- 
siti0ns.64~~ 

At 1393 A the pattern is repeated in another succession of 
pairs, corresponding to the second member of a Rydberg 
series of electronic transitions, while higher members of the 
series follow at still shorter wavelengths.88~m The patterns of 
bands overlap confusingly for the higher members, but Price 
and Tutte68 have found them to converge to a limit at 84,750 
cm-1, which gives the first (T) ionization potential of GH, as 
10.51 eV. The Rydherg MO's involved in the upper electronic 
states of this series have been identifieda6 as ns in UAO de- 
scription, starting with 3s for the first member of the series at 
1744 8,; for planar ethylene the electronic states should then 
be of species 'Ba, derived from the electron configuration , . . 
(lbdns).  

In Figure 1 I, we givemicrophotometer tracings of the 1744- 
8, transition at higher dispersion34 Considerable differences 
may be seen in comparing the twisting doublets for GH4 and 
CD4. For example, the relative intensities of the doublet bands 
are different for the two isotopes: for G H 4  the first band is 

(83a) Dissociation of the molecule is extensive during cistrons iso- 
merization of partly deuteratec ethylenes photosensitized by the 2537-h 
Hg line, but is not significant when the corresponding Cd lme (3261 h) 
is Bed  (H. E. Hunziker, J.  Chem. Phys., 50, 1288 (1969)). These obser- 
vations may allow an estimate of the dissociation energy of C X .  - 
GHa + H. 
(84) R. S. MulUren, Reo. Mod.Php., 14,65 (1942). 
(85) G. Herzberg, "Electronic Spectra of Polyatomic Molecules," D. 
Van Nostrand Ca., lac., Wnceton, N.  J., 1966. 
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Table V 
Twisting Potential and Torsional Energy Levels in the 

First Rydberg State of Ethylene 
7 C 2 H 4 - y  r C C z D 4 -  
Exptl Ccilcda Exptl Calcda 

Band intervals 4 ~ 4 ’ 4  (1084) 1139 715 715 

2 ~ 4 ’ 4  468 464 256 287 
V4‘-0 96b 114 41b 43 

(cm -l) 3 ~ 4 ’ - ~ 4 ‘  . . . 670 427 433 

Relative intensities Zz,~/lo,o 0.73 0.67 1.25 1.36 
Ia,i/Ii,i . . . 0.80 - 1 . 5  1.28 

. I4,o/Io.o 0.09 0.12 0.23 0.30 

a V (cm-1) = 3149(1 - cos a)  - 188(1 - cos 401) - 19q1 - 
cos 601); Vmin = -290 cm-l at a = 3~25’; V = 0 at a = 0; V = 
3050 cm-’(0.38 eV) at a! = i ir /2 .  b Based on v4” = 1023 cm-l 
for C2H4, 726 cm-1 for C Z D ~  (ref 31, 33, and positions of (1,l) 
bands. 

much stronger than the second, but the situation is completely 
reversed in C2D4. Also the band positions are irregular: theo- 
retically the twisting frequencies of these two isotopes should 
be in the ratio 42 : 1 ,  but the observed ratio is actually 1.67 : 1. 
At higher frequencies there is a shoulder in C2H4 that can be 
identified as a (4,O) band, but the spacings from (0,O) to (2,O) 
and from (2,O) to (4,O) are quite different, so that the vibra- 
tional motion must bevery anharmonic. The(4,O) band of C2D4 
is much more clearly defined. 

The interpretation of these peculiar vibrational features is 
that the twisting vibration has a double minimum potential 
function in the upper state. Following Mulliken and Rooth- 
aan’s c o n c l ~ ~ i o n ~ 7 ~ ~ 6  that the ground state of the C2H4+ ion 
should be twisted by about 30’ at equilibrium, Merer and 
S c h o o n ~ e l d ~ ~ ~ ~ ~  set LIP a machine program to calculate the en- 
erg; levels and band intensities resulting from a potential func- 
tion of this type, and with it tried out various expressions for 
the potential energy as a function of the angle of twisting. 

In Table V the experimental energy levels for the twisting 
vibration are compared with their “best” calculated set. The 
experimental data for levels c4‘ = 2 and 4 are taken from ref 
54, while those for 04’ = 1 and 3 are based on high-temper- 
ature ethylene spectra in which Merer and Schoonveld ob- 
~ e r v e d ~ ~ ~ * ~  the (1,l) and (3,l) “hot” bands of CzD4 and the 
(1,l) band of CzH4. It is seen that the experimental data, in- 
cluding intensities, agree as well as could reasonably be ex- 
pected with the calculated. The potential function has minima 
for an out-of-plane angle of 2 5 O ,  which is quite close to Rooth- 
aan’s original calculated value for state I ;  the depth of the 
minima is 290 cm-’(0.036 eV). 

The bands of the 1744-A transition are not sharp enough for 
rotational analysis, but under high r e s o l ~ t i o i i ~ ~ ~ ~ ~ ~ ~ ~  the 
strongest bands show two distinct heads, one in the center of 
the band and one at the short-wavelength edge. They are there- 
fgre type C (perpendicular) bands, which is in agreement with 
the predicted lBBu upper state. The degradation of the bands 
to the red shows that the hydrogen atoms in the upper state lie 
a little further from the z axis (through the C-C bond) than 
they do in the ground state.87 The difference is probably enough 
for us to expect to see the bands vl’ or v3’, according to the 
Franck-Condon principle, if the change of shape involved 
only stretching of the C-H bonds or only a change of HCE 

* I  

Wavelength Cz) 
Figure 11. Microphotometer tracings of (a) C2Hl and (b) C2Dl 
spectra taken on a 21-ft vacuum spectrograph, using xenon con- 
tinuum as background (P. G .  Wilkinson and R. S .  Mulliken, J.  Chern. 
Phys.,23,1895(1955)). 

angle; since neither band has been found, the change of shape 
probably involves both parameters. From the intensity dis- 
tribution in the C-C stretching progression, we can deduce 
that the C-C bond length is 1.41 f 0.01 A in the upper state; 
estimated values for the other structural parameters are 
r(C-H) = 1.11 f 0.03 A, and LHCH = 120 f 2’. As given 
above, a m i n  = 25 f lo. 

The Rydberg MO in state R is almost certainly the CH anti- 
bonding orbital 4ag, and, as we have said, almost certainly 
corresponds to the UAO 3s. The reasoning is as follows. From 
what we know from SCF MO calculations made with large 
digital computers, 2a, in Table I1 corresponds to 2s of the 
“semi-united atom”(semi-UA), 3a, to 3da of the semi-UA.19 
From our knowledge of the MO’s of Nz where 2ug corre- 
sponds to 2s, and 30, to 3du of the semi-UA, it is safe to con- 
clude that 4a, in Nz and 4a, in C2Ha correspond to the UAO 
3s, and must be the most tightly bound Rydberg MO, since in 
first-row atoms 3s is the most tightly bound excited AO. 

Before discussing Rydberg states further it is instructive to 
consider a simple formulass giving the position of the maxi- 
mum radial density of the outermost loop of a Rydberg AO, 
rm,, = a,yz*2/Z; in this formula a0 is 0.529 A, the radius of the 
11 = 1 orbit of the hydrogen atom according to the Bohr 
theory, Z is the charge on the atomic core in units of the elec- 
tron charge, and n* is the effective principal quantum num- 
ber. Because of their large size, all true Rydberg MO’s are 
approximately UAO’s except for their innermost loops, so 
that, within certain limitations, we can apply this formula to 
Rydberg MO’s as well. The MO occupied in the first Rydberg 
state of ethylene is 3s in UAO approximation. To allow for 

(86) A.  J. Rlerer and L. Schoonve!d, J .  Chem. Phys.,  48,522 (1968). 
(87) A. J. Mercer and L. Schoonveld, Carz.J.Phys., in press. (88)  R. S. Mulliken,;. Am. Chem. Soc., 86,3183 (1964). 
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Figure 12. Scale drawing of the ethylene molecule in the R state, 
showing the radius of maximum radial electron density rmsl for the 
3s Rydberg MO. 
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Figure 13. High-resolution photoelectron spectrum of GH, (D. W. 
Turner, private communication). 

the quantum defect of the s electron we define the effective 
principal quantum number, n* = Z(R/T)''a, where R is the 
Rydberg constant (109,678 crn-') and T is the difference be- 
tween the ionization limit and the energy of the Rydberg 
state (in this case 27,400 cm-l). With 2 = 1 for a neutral mol- 
ecule, this last formula gives n* = 2.00 for the first Rydberg 
state of ethylene. Substituting into the previous formula with 
n* = 2.0, we obtain rmax = 2.1 A. 

When this radius is laid out from the center of a diagram 
showing the nuclear skeleton of ethylene, as in Figure 12, it is 
seen to lie outside the H nuclei of the skeleton, as it should for 
a Rydberg MO. Still, rmar is small enough so that the electron 
even in the outer loop should be distinctly affected by the core; 
for higher energy Rydberg MO's (n* > 2), rmax is always very 
much larger than the core. 

Figure 13 shows a photoelectron spectrum of CZH4 com- 
piled from spectra taken by Turner, et a1.11p89 Photoelectron 
spectra show the distribution of the residual energies of photo- 
electrons after absorption by ethylene of quanta of monochro- 
matic radiation. The ionization energy corresponding to any 
peak in the spectrum is obtained by subtracting the observed 

(89) D. W. Turner, private communication; see also M. I. Al-Joboury 
and D. W. Turner, J .  Chem. SOC., 4434 (1964). 

photoelectron energy from the energy of the incident radia- 
tion (in this case the Heline at 584 A, or 21.21 eV). Each major 
peak shows vibrational substructure, from which it is possible 
to tell whether the electron involved is bonding, nonbonding, 
or antibonding. The position of the first peak, at 10.51 eV, 
agrees well with the spectroscopic value for the first ionization 
potential (IP). Especially interesting is the fa$ that it shows a 
doublet pattern similar to that in the 1744-A Rydberg tran- 
sition (Figure lo). As we have seen, the electron in a Rydberg 
transition goes to an MO so large that one may expect the 
nuclear configuration and the pattern of vibration frequencies 
to be similar to those for the positive ion. The fact that the 
spectra are so similar for the Rydberg transitions and for 
photoionization confirms that these transitions are definitely 
Rydberg transitions, and also shows that the ground state of 
C2H4+ must be twisted by about 25' at equilibrium (in agree- 
ment with Roothaan's early computations,26 and the recent 
computations by Lorquet and Lorquet n). The H-C-H angle 
in the ground state of is probably not the same as in the 
R state of GH4, since the photoelectron spectrum shows addi- 
tional peaks which may be attributed" to v3'; the photoelec- 
tron spectrum in fact corresponds more clofely to the 1393-A 
system of ethylene11*6S than to the 1744-A system, as one 
would expect from the arguments of the previous paragraph. 

So far we have discussed the Rydberg states derived from 
ns UAO's almost exclusively. The next Rydberg MO's in order 
of energy are expected to be 3blu (3po in UAO) and 2b2, 
( 3 ~ ~ 3 ,  but these should not give strong Rydberg series leading 
to the first IP because the resulting electronic states are g, and 
therefore transitions to them are forbidden by the electric 
dipole selection rules. Four of the five possible Rydberg series 
involving nd UAO's are allowed by the electric dipole selec- 
tion rules, though for n = 3 only the two transitions to 3d6 
orbitals can occur, because the UAO's 3du, 3d7r,, and 3d7r, 
correspond to the occupied valence shell MO's 3a,, lbQ, and 
lbe. Further Rydberg transitions arising by excitation of an 
electron from the lbo MO, and leading to the second IP at 
12.50 eV, should also occur near 1000 A, but these have not yet 
been identified. 

Indications that one of the excited g electronic states lies at 
7.45 eV have been found by Ross and LassettreB6 in the elec- 
tron impact spectrum of ethylene. In electron-scattering ex- 
periments the spectra are obtained by counting the number of 
electrons that reach a detector after exciting a gas molecule 
and losing the corresponding excitation energy. When the elec- 
trons counted are those that continue to travel in the direction 
of the incident beam, by far the more prominent transitions 
are those that are optically allowed by the electric dipole 
selection rules. However, their scattering cross sections are 
proportional to the excess kinetic energy, after impact, of the 
impinging electrons, whereas the cross sections for electric 
dipole-forbidden optical transitions (e.g., quadrupole-allowed 
transitions) are independent of this kinetic energy. Hence 
for low excess kinetic energy the relative cross sections of 
optically forbidden transitions may become large enough so 
that they can be detected. Ross and Lassettre have discovered76 
one of these forbidden transitions in ethylene at 7.45 eV and 
have interpreted it as a quadrupole transition, although they 
have not assigned the MO's involved. The transition is 
probably from the lbau (a) MO to the 2bzu Rydberg MO 
(3prv) or the 3blu MO (3po); absorption to the resulting 
lB1, or lBz, electronic state is forbidden for electric dipole 
radiation but allowed for electric quadrupole radiation. 
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A few of the lowest energy observed and predicted elec- 
tronic levels of ethylene are illustrated in Figure 14. On the 
left are the V and T states, shown at their respective vertical 
excitation energies of 7.6 and 4.6 eV above the N state. The R 
state is at 7.15 eV, and the estimated position of the corre- 
sponding triplet Rydberg state (TR) whose existence is theoreti- 
cally necessary, even though it has not been found experimen- 
tally, is given as 6.15 eV. Because the Rydberg MO extends 
further out from the core than the a* MO, the estimated 
singlet-triplet separation R-TR has been shown as smaller 
than the V-T separation. This separation corresponds approx- 
imately to 2K, where K is an exchange integral which should 
be smaller when the overlap with the core is smaller. The ap- 
proximate positions of other Rydberg levels can be predicted; 
some of the predicted Big and B2* states are included at the 
right-hand side of Figure 14. 

One final point needs discussion before we leave the elec- 
tronic states of ethylene itself. The ns Rydberg states of C2H4 
(and the ground state of C2H4+) are particularly clear cases of 
Jahn-Teller distortiong0 of a degenerate electronic state of a 
symmetric top molecule. The Rydberg states of perpendicular 
ethylene arise from the electron configuration . . . (2e) (Ry), so 
that a degenerate lE electronic state is expected for excitation 
to an ns Rydberg orbital: the ground state of perpendicular 
C2H4+ is a *E state. The degeneracy is removed by distortion 
of the molecule, since, by the Jahn-Teller theorem,g0 there is 
always at least one nontotally symmetric normal coordinate 
that causes a splitting of the potential function for a degenerate 
electronic state of a nonlinear molecule, such that the poten- 
tial minima are not at the symmetrical position. 

The Jahn-Teller effect in molecules with a fourfold axis of 
symmetry is an interesting case which has been considered by 
Hougen. g1 Unlike the situation in molecules with a threefold 
symmetry axis, the Jahn-Teller active vibrations in the point 
group D2d are the nondegenerate bl and bz vibrations. The 
twisting vibration belongs to the representation bl and is thus 
active. This means that there are linear terms in its coordinate 
Q4 in the potential energy expression for a degenerate elec- 
tronic state. Figure 15 illustrates92 increasing distortions of the 
potential function of a 'E state of perpendicular ethylene by 
the twisting coordinate Q4. For small distortion it does not 
matter that the twisting coordinate is actually periodic, and 
the potential function is merely split into two parabolic poten- 
tials side by side. With larger distortion, or larger amplitude 
of vibrational motion, the periodic nature of the twisting co- 
ordinate becomes important, and the potential function be- 
comes a periodic double minimum function. It is then obvious 
that the double minimum in the R state of ethylene is an in- 
stance of a large static Jahn-Teller distortion of an E state of a 
D2d molecule, treated in periodic In the 
limit, the 'E state is split into two electronic states with 
maxima and minima, respectively, at the planar configuration. 
More detailed examination shows that if the twisting vibra- 
tion is associated (as in the R state) with large Jahn-Teller 

- 2  

(90) H. A. Jahn and 
(1937). 

E. Teller, Proc. Roy. SOC. (London), A161, 220 .-- - ,- 
(91) J. T. Hougen,J. Mol. Specfry., 13,149 (1964). 
(92) J. K. G .  Watson and A. J. Merer, to be published. 
(92a) The Jahn-Teller effect is not the reason for the,double minima in 
the R and I states; that has already been discussed in terms of hyper- 
conjugation. The Jahn-Teller theorem states that perpendcular 
ethylene is unstable in an E state and lists the ways in which it can dis- 
tort itself to remove the degeneracy; it makes no prediction about the 
form and magnitude of the actual distortion that occurs. 
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Figure 15. Potential energy curves for a 'E electronic state of ethyl- 
ene for small, medium, and large Jahn-Teller distortions induced by 
the torsional vibration. 

distortions of the potential curves of an E electronic state, and 
the bz vibrations are not, the problem of the coupling between 
the electronic and vibrational motions becomes approximately 
separable, and the energy levels are those of a potential func- 
tion with period 2a. In other words, we have a large static 
Jahn-Teller effect but no dynamic effect. In agreement with 
this, the observed vibrational levels of the RIBau electronic 
state can be fitted a d e q ~ a t e l y ~ ~ * ~ ~  by a simple periodic double 
minimum potential (see Table V), showing that they lie in a 
part of the potential curve which is quite far from the perpen- 
dicular configuration. 

The Jahn-Teller effect is still important in considerations of 
cis-trans isomerization of ethylene in the R state, even though 
there can be no degenerate electronic states for the partly 
deuterated molecules, which have lower symmetry. There are 
still two separate electronic functions (belonging to the repre- 
sentations A and B of the point group C,) which have essen- 
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Figure 16. Far-ultraviolet spectra of some selected olefins (after 
Jones and Taylola6). 
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Figure 17. Composite absorption spectrum of 2-methylbutene-2 
(trimethylethylene). 

tially the same form as those for c z H 4  and -4. However, 
there will be strong interaction between the potential curves 
near the point where they cross at the perpendicular config- 
uration, which allows isomerization to occur. The potential 
barrier to isomerization in the R state is probably about 8 h 
2 kcal. 
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Figure 18. Composite absorption spectrum of 2,3-dimethylbutene-2 
(tetramethylethylene). 
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Figure 19. IP's and R-N system origins for ethylene, butene-l, and 
the methyl-substituted ethylenes. 

VI / .  Spectra of the 
Alkyl-Substituted Ethylenes 

A. SIMPLE ALKYL DERIVATIVES 
We have so far considered only the spectrum of ethylene itself 
but can now apply some of the conclusions to the spectra of the 
alkyl-substituted derivatives of ethylene. The spectra of these 
molecules have been studied fairly fully in the last 35 years; 
for example, at least seven published spectra of tetramethyl- 
ethylene (2,3-dimethylbutene-2) may be found in the litera- 
ture. All the same, confusions have arisen over the interpre- 
tation of the electronic transitions observed, and we feel that a 
detailed discussion of the evidence is needed. 

The vapor spectra of some selected alkylethylenes are 
shown in Figure 16; these spectra, taken from the extensive 
compilation of Jones and Taylor,65 show the strongest bands 
of these molecules in the region 1600-2400 A. These spectra 
are not at such high resolution as the previous ethylene spectra 
of Figures 9 and 11, but still show the essential characteristics 
of the transitions. For ethylene itself (top line), the twisting 
doublets of the R-N transition and some of the small peaks 
belonging to the V-N transition are visible. In the substituted 
ethylenes, the complications introduced by the alkyl groups 
can be held accountable for the much smoother profiles. How- 
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ever, if we follow how the positions of the bands change with 
the number of substituents, we can see that what is observed 
is in all cases roughly the same:ga-lOO there is a strong V-N 
transition, with a broad maximum of absorption (where the 
molar absorptivity emax is about lO,OOO), falling rapidly in in- 
tensity toward longer wavelengths, plus a superposed R-N 
transition, which is fairly intense, with a maximum B of about 
500-1000, but which stops abruptly at its long wavelength end, 
just as in ethylene itself. 

To the red of the R-N systems the absorption coefficient 
drops rapidly, but, in the liquid or solution, the heavier alkyl- 
ethylenes show very weak absorption in the region 2400- 
2800 A. This is probably genuine, since various authors have 
reported it, although in view of its weakness one cannot en- 
tirely rule out the possibility that it is due to impurities. Fig- 
ures 17 and 18 show composite spectra of two typical com- 
pounds, trimethylethylene62~65~g 4,Q5,96-101 and tetramethylethyl- 
ene,14~6A93-g5~101 drawn from the various available sources; the 
room-temperature vapor and solution spectra are shown, to- 
gether with spectra taken in a rigid hydrocarbon glasslo’ at 
77°K which we shall discuss later. 

The position of the V-N maximum moves slightly to the rea 
with increasing numbers of substituents on the ethylenic car- 
bons; thus in the 1-alkenes the V-N maxima lie near 1750 A, 
but in tetramethylethylene the maximum is at 1875 A. The 
0,O band of the R-N bands moves much more rapidly to the 
red with increasing numbers of substituents. As a result, the 
R-N bands, which in G H 4  occur fairly close to the V-N peak, 
move relatively further out until in tetramethylethylene they 
stand out clearly beyond the red end of the V-N system 
(Figure 18). In ethylene itself the R-N bands are only seen at 
all because of their relatively simple vibrational structure, a 
simplicity which is lost in the alkylated ethylenes. 

There is general agreement about the identity of the V-N 
(n* + n) transitions in the alkylated ethylenes, but the evi- 
dence that the upper states of the R-N transitions are really 
Rydberg in nature needs to be reiterated. 

(i) The first line of evidence is that the first ionization po- 
tentialslO** lo3  of the alkylethylenes drop, with increasing 
numbers of substituents, at almost exactly the same rate as the 
R-N systems are shifted to the red.84 Figure 19, which illus- 
trates this for the methylethylenes, makes this clear. 

The almost linear dependence of the positions of the first 
bands of the R-N systems on the number of alkyl substituents 
had first been noted by Carr and S t i i ~ k l e n ; ~ ~  arguing from this 
dependence, and from the fact that the system in ethylene itself 
wasknownto be Rydberg, they proposed a Rydberg assignment 
for the bands of the alkylethylenes.104-106 Since the first IP’s 
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have subsequently been found to show the same dependence on 
the number of substituents, we can now be certain of the Ryd- 
berg assignment. This is because, provided that the effective 
principal quantum number n* for the Rydberg MO is not 
changed by alkyl substitutions, the difference between the 
ionization limit and the energies of the Rydberg states must 
always be the same. 

Of course, by the arguments of Figure 12, we expect 
that n* will be slightly different in an alkyl derivative from 
what it is in ethylene itself, since, with the increased size of the 
molecule, the Rydberg MO must be modified to some extent 
by the presence of the alkyl groups; actually, however, the IP 
of ethylene lies only just off the line for the derivatives in 
Figure 19, so that this difference in n* is small. Exactly why it 
is so small is an interesting theoretical question which deserves 
further study. The reason for the steady decrease of the IP with 
increasing number of substituent groups can be understood 
partly in terms of hyperconjugation and partly of charge 
transfer from the alkyl groups to the double-bond carbon 
atoms. lo& 

(ii) A second line of evidence is that the vibrational struc- 
tures of the R-N systems of ethylene1& and the alkylethyl- 
enes lo 1, lo’ are very sensitive to pressure. Because the Rydberg 
MO is so large we must expect it to be very considerably 
squeezed and distorted when the molecule is placed in a con- 
densed phase or in a gas at high pressure. Robin, et 
have demonstrated clearly how the sharp vibrational structure 
of the first Rydberg transition of ethylene is smeared out in 
spectra taken with 150 atm of added Nz, and Evansla7 has 
shown that the same effect occurs for the R-N bands of tetra- 
methylethylene and cyclohexene. Figure 20 gives the actual 
spectra observed: what happens is that on adding a high 
pressure of nitrogen the vibrational structure is pretty much 
washed out, and the whole transition moves to shorter wave- 
lengths. On the other hand, the V-N transition is not affected 
by the presence of added nitrogen. Much the same effect has 
been noticed1* in spectra of a low-temperature thin film of 
tetramethylethylene. As before, the R-N system is flattened 
out (see Figure 21), but the V-N system is less affected. 

The R-N bands disappear altogether when the alkylethyl- 
enes are dissolved in a rigid glass of isopentane and 3-methyl- 
pentane at 77OK.lo1 Figures 17 and 18 show the comparison 
between the room-temperature spectra of the solution and the 
spectra of the cold glass for trimethylethylene and tetramethyl- 
ethylene. The cold glass is 2 2 z  denser than the solution at 
room temperature,108 so that this seems to be another instance 
of the effect described by Evans: it is probable that the Ryd- 
berg transition moves a long way toward higher frequencies in 
a condensed phase, so that it becomes hidden under the V-N 
transition. In its place are seen some much weaker bands, with 
molar absorptivity B around 0.3 to 3, which may be a triplet 
transition (see below); these can be identified with the very 
weak bands which are seen to the red of the R-N system at 
room temperature (see above), but shifted like the R-N bands 
to shorter wavelengths. 

(iii) Where the vibrational structures of the R-N systems of 
alkylethylenes can be arranged into regular progressions, it is 
found that the frequency occurring is usually about 1400 cm-1, 
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first members of Rydberg series leading to the first IP’s. 
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Figure 20. (a) Absorption spectrum of ethylene at room temperature (A) and in the gas phase (B) on adding 150 atm of nitrogen (spectrum 
displaced upwards for clarity), after Robin, et ~ 1 . ~ 4 8  (b) Absorption spectra of (A) tetramethylethylene vapor, (B) tetramethylethylene 
vapor + 133 atm of nitrogen, (C) cyclohexene vapor, (D) cyclohexene vapor + 133 atm of nitrogen (D. F. Evans, Proc. Chem. Soc., 378 
(1963)). 
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Figure 21. (Upper) The spectrum of tetramethylethylene vapor at 
298 OK. (Lower) The spectrum of a thinfilmof tetramethylenethylene 
at 23 OK (M. B. Robin, R. R. Hart, and N. A. Kuebler, J. Chem. 
Phys., 44,803 (1966)). 

which is close to the observed value of 1370 cm-l for the C-C 
stretching vibration in the R-N system of ethylene itself. This 
presumably means that the ethylenic double bond stretches 
approximately the same amount in the R-N transition irre- 
spective of whether the substituents on the ethylenic carbon 
atoms are alkyl groups or hydrogen atoms. The R-N system 

of tetramethylethylene (Figure 18) shows particularly clear 
vibrational structure,gb with intervals of 1340 and 1370 cm-l, 
though in trimethylethylene the bands are less well resolved. 

Having presented the evidence for the Rydberg nature of the 
R-N systems, we must now consider the assignments for the 
very weak longer wavelength portions of the spectra. The 
R-N systems are fairly intense (E 500-1000), and, as we have 
already noted, the absorption drops very rapidly to the red of 
the 0,O band. The next absorption is the very weak structure- 
less system found in liquide3 or solution l01 spectra, which in 
the low-temperature glass spectra probably appears as the 
weak banded system a little further to the violet (see, for 
example, Figure 18). Although there is the danger that con- 
tamination by impurities is the reason for the appearance of 
such weak bands, it is likely that these bands revealed in the 
low-temperature glass spectra may represent transitions to the 
triplet Rydberg states TR; these must exist (though they are not 
seen in ethylene itself), and should lie less than 1 eV below the 
singlet Rydberg states.lo9 There are two reasons for this assign- 
ment. In the low-temperature glass spectra the weak continua 
near 35,000-40,000 cm-1 have moved to shorter wavelengths, 
which is the behavior found for the singlet Rydberg systems, 
and also they show vibrational structure not unlike the singlet 
Rydberg systems (Figure 18). However, the observed inten- 
sities, although very low, are rather stronger than one might 
have expected for triplet Rydberg transitions. 

There is now the problem of where the T-N (triplet ?r* + n) 
systems of the alkylethylenes are. Itoh110 has recently investi- 
gated the spectra of various alkylethylenes in the presence of 
added oxygen, in an attempt to clarify the situation, and has 
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succeeded in finding the T-N bands of propene, 2-methyl- 
propene, and trans-butene-2, with faint indications of vibra- 
tional structure similar to that seen for ethylene in Figures 7 
and 8. He has not obtained any further information about the 
possible triplet Rydberg bands, because of a structureless 
oxygen-induced contact charge-transfer absorption which 
masks this region. 

In 1963 33erry,111 noting that the first absorption system in 
the isoelectronic molecule formaldehyde is the intravalency 
shell s* + n transition, supposed that the corresponding 
transition r* +- CH in the alkylethylenes is responsible for 
these very weak bands. The principal experimental founda- 
tions on which this suggestion was based were Snow and A!- 
sopp’s “shoulder” in the ethylene spectraa2 at 2000-2200 A, 
and the supposed electron-impact peaksg-71 at 6.5 eV (1910 A), 
but, as we saw in the discussion of ethylene, both these have 
been shown to be erroneous by more recent work. The main 
support for Berry’s assignment has come from theoretical 
calculations of orbital energies’l l 3  rather than experimental 
studies. In ethylene this particular transition is forbidden by 
the electric dipole selection rules, being 

. . . (lb~g)’(lb~u)*(lb~g)’ ‘Bjg + . . . (lb3g)2(lb3,)2 ’A, 

It should therefore also be forbidden in tetramethylethylene, 
but not in trimethylethylene, where with the lower symmetry 
all transitions are allowed. Yet, as we can see in Figures 17 and 
18, there is little difference between the bands of these two 
molecues. 

Berry1Ii was referring to the bands with E about 0.1 to 1.0, 
but Robin, Hart, and KueblerI4 seemed to think he was dis- 
cussing the R-N systems, and unfortunately clouded the issue 
by referring to the R-N bands as “mystery bands.” It seems 
that they have mistaken the weakness of the R-N bands com- 
pared to the V-N bands ( a  500 compared to E 10,000) for the in- 
trinsic weakness of the bands with a 0.1-1. In addition they 
failed to realize that the Rydberg 3s MO (4ag) is the same MO 
as the first CH antibonding MO (though, in a later paper,14* 
Robin, et a[., have corrected this error). This reference to CH* 
and 3s as if they were two different actual MO’s is a confusion 
that often arises in a discussion of Rydberg states.a8 For ex- 
ample, as we have explained in connection with Figure 1, the 
T and V states of Hz have the valence-shell configuration 
(lug)(luu) = (u,ls)(u,ls) at medium R values, but at small R 
values the la, MO goes over to the UAO form 2pu, so that the 
T and V states become Rydberg states.Ii1” We use the 3s Ryd- 
berg description for the 4a, MO rather than CH*, since the 
photoelectron  result^^^^^^ indicate the predominance of the for- 
mer so clearly. Robin, et aLL4 have therefore merely re- 
affirmed the Rydberg character of the R-N systems. 

Table VI summarizes the spectroscopic and photoioniza- 
tion data for ethylene and the methyl-substituted ethylenes. 
The spectroscopic frequencies given are all for the Franck- 
Condon maxima, corresponding to “vertical transitions”; the 
IP data are from the photoionization work of Bralsford, 
Harris, and Price.1oz We have already remarked that the IP’s 
drop quite quickly with increasing numbers of alkyl substitu- 

(1 11) R. S. Berry, J .  Chem. Phys., 38,1934 (1963). 
( l l l a )  Qualitatively, u,ls and 2pu are similar but not identical. luu 
can be expressed as a linear combinaton of these (and small amounts of 
other) expressions, in which the uuls component disappears as the inter- 
nuclear distance approaches zero, and is already small at the equilibrium 
distance of state N and even of state V. Similarly 4ag in ethylene can be 
expressed as a linear combination of CH* and 3s (and small amount of 
other) forms. 
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Figure 22. Vapor-phase absorption spectra of (A) cyclopentene and 
(B) cyclohexene, after Pickett, et 

Table VI 
Observed Vertical Frequencies and Term Values for the 

V-N and R-N Systems of CnH4 and Its 
Methyl-Substituted Derivatives” 

No. of 
methyl IP of Observed system maxima 
SOUPS x M O  V-N R-N TR-N 

0 10.51 7.58 7.15 
1 9.73 7.15 6.72 (5.49) 

2 (191) 9.23 6.68 6.19 

2 (1,Ztrans) 9.13 6.97 6.09 
2 ( 1 , 2 - ~ i ~ )  9.13 7.10 6.03 (5.30) 

3 8.68 6.75 5.74 (4.88) 
4 8.30 6.61 5.40 (4.57) 

Orbital term 
values 

lb,(x*) 4aX3s) 

2.93 3.36 
2.58 3.01 
2.55 3.04 
2.03 3.10 
2.16 3.04 
1.93 2.94 
1.69 2.90 

Values in electron volts. 

ents, and that the R-N system energies, which are tied to the 
Ips ,  in consequence drop faster than the V-N system ener- 
gies. The term values of the V and R states (which are the 
differences between the IP and the V-N and R-N system en- 
ergies, respectively) show this quite well. The term values of the 
R states are nearly constant, though that of ethylene itself is 
larger than the others, but the term values of the V states de- 
crease rather strongly with increasing substitution. Although 
the TR-N spectra are uncertain, some tentative values are in- 
cluded in Table VI for completeness. 

B. CYCLIC MOLECULES 
When the substitution of the ethylene molecule is more elab- 
orate than simply putting in an alkyl group, the spectra of the 
resulting compounds show approximately the same general 
features, but some quite big modifications in the details often 
occur. Cyclopentene and cyclohexene are essentially disub- 
stituted ethylenes (though, to be sure, in the form of rings), 
and their spectra should be similarBb*i12~118 to that of cis-bu- 
tene-2. Figure 22 shows the spectra of these molecules. The 
R-N systems, in the region 2000-2200 A, are readily recog- 
nized, and it is seen that the vibrational structure is quite well 
resolved. In cyclohexene this structure is clearly the expected 
progression in the C-C stretching vibration, with a frequency 
of about 1485 cm-’, but in cyclopentene it takes the form of 
20 narrow bands, separated from one another112 by about 

(112) E. P. Carr and H. Stiicklen, ibid., 6,55 (1938). 
(113) L. W. Pickett, M. Muntz, and E. M. McPherson, J. Am. Chem. 
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Figure 23. Absorption spectrum of norbornene vapor (M. B. Robin 
and N. A. Kuebler, J .  Clzern. Phys., 44,2664 (1966)). 

130 cm-1. Some discussion of these is required. In the ground 
state of cyclopentene the five carbon atoms are not all co- 
planar; the double bond holds four of them in a plane, but the 
fifth lies out of the plane at equilibrium, and there is a double 
minimum potential function in the ring-puckering vibra- 
tion.114-116 The first 12 levels of this vibration have been ob- 
served in the far-infrared and are found to  be very 
closely spaced. This feature must complicate the electronic 
spectrum enormously, because there must be strong sequence 
bands arising from several ground-state vibrational levels. In 
addition, the torsional frequency (386 cm-I in the ground 
~tate'~'9118) must be considerably lower in the excited state, 
rather as in ethylene, and there is also the possibility of a 
double minimum in its coordinate. The detailed analysis will 
obviously be an extremely difficult problem. In view of the ob- 
served band intervals of 130 cm-', it is interesting that the sep- 
aration of the zero-point level and the level u = 2 of the puck- 
ering vibration in the ground state is 128.0 cm-', since this 
interval is expected to be prominent in the electronic spectrum. 
There is no sign in the cyclopentene spectrum of band inter- 
vals corresponding to the C-C stretching vibration, and they 
are probably disguised by structure due to the torsion and ring 
puckering vibrations. The R-N bands of cyclohexene behave 
like those of tetramethylethylene in the presence of high pres- 
sures of nitrogenlw or in a low-temperature glass. 

It is difficult to make constructive comments about the more 
complicated molecules, since the spectra are very different 
from those of the simple olefins and are mainly quite poorly 
resolved. In norbof;nene,llO*lzO for example, strong absorption 
starts near 2100 A (as in cis-butene-2), but the maximum 
molar absorptivity of the first system is about 4000, compared 
to 500-1000 for the R-N system and 10,000 for the V-N 
system of a simple olefin. The first sharp peaks, at 48,000 cm-', 
probably represent the beginning of a Rydberg transition, and 
the peaks at 57,000 cm-' are possibly part of another. 
The norbornene spectrum120 is shown in Figure 23. 
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Three Rydberg transitions have been identilied in the elec- 
tronic spectrum of tricycl0[3.3.0.0~~~]oct-3-ene. 

The ultraviolet spectra of cyclopropene121 and cyclobu- 
tenelz2 are anomalous, as one might expect from the consid- 
erable strains in these molecules. The spectra are weaker than 
those of the simple dialkylethylenes and are shifted to  shorter 
wavelengths. Spectra of 1-methylcyclobutene and methylene- 
cyclobutane have also been observed.122 None of these shows 
much vibrational structure. 

When the compounds considered are optically active, there 
are further possibilities. Attempting to  determine the nature 
of the first strong absorption systems, Robin, et af.,14 have 
measured the optical rotatory dispersion (ORD) of (Y-D- 
pinene, and Mason and VanelZ3 have studied the circular di- 
chroism (CD) of 1-isopropylene-3-methylcyclopentane. ORD 
is the variation of the angle of rotation of plane polarized light 
across an absorption system of an optically active compound, 
and CD is the difference between its absorption spectra mea- 
sured in left- and right-handed circularly polarized light. Both 
experimental methods determine the relative sizes of the elec- 
tric dipole and magnetic dipole contributions to the strength 
of an absorption transition; the results are quoted in terms of 
the dissymmetry parameter, g, defined as four times the mag- 
netic dipole strength divided by the electric dipole strength for 
the transition. If there is a considerable magnetic dipole con- 
tribution to the intensity, as in the 3000-A bands of formal- 
dehyde, the parameter g can be as high as 0.3, but if the elec- 
tric dipole contribution is strongly predominant, g is very 
small.124 In both the olefins studied the first strong absorption 
transition turns out to have a very small value of g, thus con- 
firming its primarily electric dipole character. The compound 
studied by Mason and Vane128 is essentially a tetraalkyl- 
ethylene; the first transition, which lies at 44,000 cm-l, with E 
400, is a typical R-N system (see Figure 18). The spectrum of 
a-D-pinene is peculiar14 but bears some resemblance to  that of 
norbornene. 

In a recent paper, Yaris, Moskowitz, and Berry1% have con- 
cluded from examination of ORD and CD for the twisted 
cyclic olefin trans-cyclooctene that the data give evidence not 
only for V c- N and R c N transitions, but also for a low- 
lying electric-quadrupole-allowed transition to a state corre- 
sponding to the 'BI, state at 7.45 eV shown for ethylene in 
Figure 14. 
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