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XATURALLY, spectra in the visible region (roughly 7000-4000 A.) were the 
first to be observed. The development of photography enabled spectra in 
the " near " ultra-violet (roughly 4000-2000 A.) to be observed, merely 
by the substitution of a photographic plate for the human eye. Further 
extension of the spectrum to short wave-lengths met certain difficulties. 
Historically, therefore, the near ultra-violet region was studied before the 
far ultra-violet region (roughly 2000-1 A. ,  meeting the region of soft X-rays). 
Though inevitable, this was in a sense unfortunate, for it is now known 
that the simplest molecules have their main absorption bands in the far 
ultra-violet. Henco the great importance of the study of spectra in that 
region. It is relatively complex molecules that absorb strongly in the near 
ultra-violet or visible. Consequently, the interpretation of such spectra 
made little progress until the last two decades, L e . ,  until after the develop- 
ment of the far ultra-violet region : previous workers were in the position of 
having to try to interpret relatively complex spectra without the knowledge 
of simpler spectra which alone could lay the foundations of successful theory. 

The Development of Far Ultra-violet Spectroscopy 
The development of the far ultra-violet region began with Schumann 

in the eighteen nineties. Schumann realised that three factors set a limit 
of cu. 2000 A. to the then practice of spectrography. The first was that the 
oxygen present in the air absorbs strongly a t  wave-lengths below 2000 A. 

It was therefore necessary to apply the technique of high vacuum work : 
the whole spectrograph must be enclosed and evacuated. The second 
limiting factor was absorption by the material of the prism commonly used 
to secure dispersion. Schumann partly overcame this by the use of fluorite 
(Cap,) for his prisms, and with them he was able to photograph wave- 
lengths well into the far ultra-violet-in fact as far as 1200 A.,  although he 
did not know the wave-lengths he was observing because he had no standards. 
The third limiting factor was absorption by the gelatine universally used 
in photographic plates to bind the silver halide. Schumann overcame this 
by employing plates with a film of pure silver bromide on them or with 
only a very small quantity of gelatine. Such plates are difficult to use 
because the sensitised film is so readily washed away from the plate surface. 
Later workers used a normal emulsion with a film of fluorescent oil on the 
outside : the oil absorbed the short wave-lengths and passed on the energy 
as longer-wave-length radiation to the silver halide particles-a case of 
photochemical sensitisation. Still later a process of depositing the silver 
bromide particles largely on the surface (so that light does not have to 
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traverse the gelatine layer to reach them) has been perfected by Ilford and 
yields very satisfactory plates. 

After Schumann, the next great advance was made by T. Lyman in 
1906." Lyman substituted a concave reflection grating for the prism. That 
had a double advantage. In  the  first place, i t  enabled him to observe 
wave-lengths far beyond the limit set by the absorption of fluorite at 
1200 A. ; and secondly, i t  enabled the calculation by optical theory of the 
wave-lengths he was observing. Lyman reached 500 A. (he was of course 
the first to  observe the well-known series t,hat bears his name in the spectrum 
of atomic hydrogen) and, since his time, mainly by the use of more powerful 
sources, the gap between far ultra-violet and soft X-ray spectra has been 
entirely closed. 

Ultra-violet spectra are well known to result from transitions of electrons 
from one orbital to another. In  order to  appreciate the different types of 
ultra-violet spectra, it is therefore necessary to  have some acquaintance with 
the theory of what electronic orbitals are possible. The next section of 
this article attempts in very generad and simple terms to  provide an approach 
to such a theory, A more detailed account of molecular orbital theory has 
already appeared in these pages and the present review should be read in 
conjunction with it. 

An Approach to a Theory of Orbitals 
Experiment has shown that 

electrons behave as though they had associated with them a wave-length. 
This wave-length (A) is given by the formula A = h/mv, where h is Planck's 

constant, m is the mass of the electron, and w is 
the velocity, The amplitude of the wave motion 
associated with the electrons being denoted by y, 
since the square of the amplitude of a wave motion 
is a measure of the intensity of that  wave motion, 
yz is interpreted as a, measure of the probability 
of finding the electrons : y and y2 are, of course, 
functions of the co-ordinates. 

Now suppose we have electrons confined within 
a one-dimensional space of length I and of uniform 
potential, What are the possible orbitals they can 
occupy 1 By the terms of the problem, no electrons 
must at any Lime be outside the space 1. Hence ya 
must be zero at all points outside each boundary, 
i.e., y is zero at all points outside each boundary. 
The possible wave forms with which the electrons may 
be associated are thus of the types shown in Fig. 1. 

The '' Fitting-in " of Half Wave-lengths. 

8 + 

FIG. 1 

1 C. A. Coulson, Quurt. Reviews, 1947, 1, 144. Chapter I11 of E. J. Bowen, " The 
Chemical Aspects of Light ", 2nd edtn., Oxford, 1946, will also be found a helpful genoral 
reference. 

* See his book, " The Spectroscopy of the Extreme Ultra-Violet ", Longmans Green 
& Co., 2nd edition, 1928. 
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Obviously, the possible wave forms, or orbitals, are obtained by fitting-in 
half wave-lengths to the available space. This conclusion is quite general. 

There are mathematical ways 
of carrying out the fitting-in process which are particularly useful in more 
complex cases. But it is important to realise that what the mathematics 
is doing is always fitting-in half wave-lengths to the available space. 
Obviously, a whole number of half wave-lengths must just equal the length 
of the available space, i.e., n1/2 = I ,  where n == 1,  2, 3. . . . Each wave- 
length must always be related to the momentum by the relation 1 = h/mv. 
Consequently, the kinetic energy 

We need not always draw a diagram. 

1 1 1 ha naha 
= --mu2 = 2,(mv)l -- - - 

2m' 3La - 8nzP 
and the total energy is this quantity added to the uniform potential energy. 
Thus the energy has only one of a set of values, i.e., is " quantised ", and 
n is a " quantum number ". This simple case shows that n defines the 
number of nodes in the wave form of a particular orbital. The result is 
general-quantum numbers are always to be interpreted as defining in some 
way the number of nodes in the available space : clearly there will be one 
for each co-ordinate. Notice that E increases as the quantum number 
increases and decreases rapidly as the available space increases. I n  the 
latter fact lies the fundamental reason for the homopolar bond; e.g. ,  as 
two H atoms are brought together the available space for each electron is 
almost doubled, 

Application of Fitting-in Principle to Atoms.-The possible orbitals for 
atoms will be obtained by fitting-in half wave-lengths to a spherical available 
space. There may be nodes in radius and also in each of two angles (corres- 
ponding to  latitude and longitude). Three quantum numbers are thus 
required. The Pauli principle then allows the electrons to be fed in, two 
to each possible orbital, starting with those of lowest energy. Such a 
fitting-in of half wave-lengths to a sphere has been excellently described by 
W. H. Mills in a review to which the reader is referred. 

Certain series of atomic transitions all starting from the same orbital 
and passing to upper orbitals with successively extra nodes are known as 
Rydberg series. 

v;f = A - B / ( n  -t m)2 
where A and m are specific constants (m < l), B is a universal constant, 
and n takes integral values. The series found by Lyman in the far ultra- 
violet spectrum of atomic hydrogen is a special case of such a series. 

On a frequency basis, the formula for such a series is 

Jfoleculur Spectra 
We may divide molecular electronic spectra into intra- and extra- 

The first are those involving the lower energy 

Any writer on 
molecular spectra is so heavily indebted to the work of R. S. Mulliken that it is almost 
impossible to give a full list of a,cknowledgments. In  the selected references given 
here will be found details of the many other important papers he has published. 

valency shell transitions.3 
2 Presidential Address, J. ,  1942, 457. 

R. S. Mulliken and C. A. Rieke, Rep. I'rog. Physic,r, 1941, 8, 231. 
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and can be considered as taking place largely within the nuclear framework. 
In order to  discuss tlhem we shall use the " fitting-in principle " to determine 
the possible orbitals between which transitions may take place. In  general, 
the available space is simply the region between and slightly to either sido 
of the nuclei a t  the ends of a bond. It is formed by the overlap of just 
two atomic probability pictures. In conjugated compounds, however, a 
so-called 2p atomic orbital [see ref. (l)] on a particular carbon atom overlaps 
as much with its neighbour on one side as with its neighbour on the other : 
consequently the " 2p " available space is inevitabEy not localised around 
one inter-nuclear distance but extends over the whole conjugated chain. 
On excitation, t'he ava'ilable space for any electron increases ; but for the 
purposes of a conceptual scheme, for low excitation energy, we shall usually 
neglect this. 

Extra-valency shell transitions comprise those transitions taking place 
between orbitals whose dimensions are considerably greater than those of 
the nuclear framework. In  terms of the Bohr theory, these a.re orbitals 
only reached from the ground state by absorption of high energy. In  
considering them, particularly for very highly excited orbitals, we may 
consider the nuclear framework it9 approximating to a point. In  other 
words, we shall expect to find the same relations between tramitions to these 
high-energy orbitals as are found between atomic transitions. The upper 
orbitals may again be considered by applying the fitting-in principle to a 
spherical available space. In  particular, we shall expect to find series of 
transitions fitting the above Rydberg series formula, for atoms. 

Obviously, such a series of transitions converges, as n increases, to a 
limit given by I$ = A ,  which limit is the ionisation potential. Three such 
series 4 for acetaldehyde are shown in Fig. 2. Their convergence, all to the 
same limit, can be clearly seen; and a t  t,ho limit, continuous absorption 
can be seen to commence, corresponding to the fact that there is no restric- 
tion on the kinetic energy with which the electron is ejected. Since spectro- 
scopic measurements can be made with considerable precision, extrapolation 
to the limit may give a very accurate value for the ionisation potential. 
In  this case for acetaldehyde it ia 10.2265 &- 0.0007 v.* The stated limits 
of error always represent the maximum divergence of the measurements 
from the Rydberg formula, the first few bands (which are expected not to  
fit) being neglected for this purpose. 

Application of Fitting-in Principle to OZe$ns.-Olefins have two orbitals 
normally occupied in the C=C bond. Intuitively one feels that if an 
orbital is such that electrons in it tend to  concentrate in the bond, it is 
bonding. Conversely, if they tend to avoid the bond centre it is anti- 
bonding. Since the available space for the C=C orbitals must extend a 
little to either side of the C atoms, possible orbitals are (a) ,  (b ) ,  etc. These 

A. D. U'alsh, Proc. Roy .  SOC., 1946, A ,  185, 176. 

* Values of ionisation potentials given in this review differ from the previously 
published values because they have been recalculated with the me of the most recent 
value of the electronic charge. 



FIG. 2 
TJae spectrum of acetaldehyde. 

(Reproduced by permission from Proceedings of the Royal Society, 1946, A, 185, 176.) 
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represent graphs of y plotted in a direction parallel to the CC axis. Since 
y2 gives the probability-of-finding picture, clearly (a) is a bonding orbital 

and ( b )  is an anti-bonding orbital. The high strength of the C=C bond 
implies that both the normally occupied orbitals are of the bonding type, 
ie., type (a).  Considering the available space in a direction a t  90" to the 
CC axis the two lowest energy orbitals are (i) and (ii). The first of these 

c ). C O C  

(ii) 

is called a 0 orbital and the second a n orbital. The first is axially sym- 
metrical, the second has a node along the CC axis and is not axially sym- 
metrical.* Clearly, the two orbitals we shall expect to be normally occupied 
in the C=C bond will be (a)(i) and (u)(ii). 

Since the second of these is an overtone of the first, it will be of higher 
energy, i.e., the electrons in the TC orbital will be more weakly bound than 
those in the CT orbital. Consequently, the first ionisation potential of the 
C=C bond will be n-1 in type and the lowest energy transition d l  be of 
an electron from (ii)(a) to (ii)(b). A transition in which an electron passes 
from one orbital to another of precisely similar type except that it has one 
or more extra nodes in the direction along the chain of nuclei is called an 
N + V transition.6 N stands for the normal or ground state, V for the 
upper state. Clearly, V has a greater anti-bonding nature relative to N . t  

6 R. S. hlulliken, J .  Cham. Physics, 1939, 7, 20. 
* Ref. (1) will make this point clearer. 
t For R single bond comprised by the overlap of two atomic orbitals whose amplitude 

functions are and #*, the bonding orbital may be described as i,hA + i,hB and the upper 
orbital as #A - t,bB, The V state has one electron in each, their spins being opposed. 
In  a treatment of molecular structure initiated by Heitler and London, two electrons 
intoract to give either attraction (with their spins opposed) or repulsion (when their 
spins are parallel). Tho first corresponds to two electrons in the orbital I / J ~  j- I / ~ ,  the 
second to one electron in t,bA + #*, and one (of parallel spin) in - t,bB : i . e . ,  the 
V state has no counterpart in the Heitler-London theory. However, tlie simple 
Hoitler-London theory is known to  neglect the influence of ionic states.' Consiequently, 
the V state is interpreted on that thoory as ionic in nature. 

F 
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For a single bond, therefore, the length should be greater in state V than 
in N ; so that, by the Franck-Condon principle, the transition should cover 
a broad wave-length region with ct slow rise to maximum intensity. 

We are now in a position to interpret the main features of the electronic 
spectrum of ethylene. This occurs in the far ultra-violet and ha3 been 
photographed by W. C. Price and W. T. Tutte.6 It begins with a region of 
absorption stretching from 2000 A. to beyond 1600 A. (maximum, 1630 A.). 
This is identified as the N --+ V transition (ii>(a) to fii)(b). In  the ground 
state the lack of axial symmetry of the n bond holds the molecule rigid, 
so that cis- and trans-disubst,ituted ethylenes are possible. In  the V state 
one n electron is in an antibonding orbital and one remains in the bonding 
orbital. Consequently, their effect largely cancels and the C=C bond is 
free to twist. Probably it takes up a most stable position when the two 
CH, groups are at 90" to each other 8-perhaps as the two CH, groups 
of ethane probably adopt a staggered configuration. It is not therefore 
surprising that cis-trans-conversions may be brought about by absorption 
of light of wave-length below 2 0 0 0 ~ .  

At - 1700 A.,  and especially in the high-energy region beyond 1400 A.,  
bands occur which can be fitted into Rydberg series and lead to the first 
ionisation potential of 10.50 & 0.03 V. Discrete absorption is possible 
because, whatever excited state the n electrons enter, there is always a 
strong, unchanged, CT bond holding the molecule together-if dissociation 
occurred, the spectrum would be ContinUous, since there is no restriction 
on the kinetic energy with which the products of dissociation separate. 
With CH, substitution, the n-l ionisation potential decreases. The reason 
for this [cf. ref. (€9, p. 2681 probably lies, at least partly, in the electron- 
releasing properties of CH, causing increase of electron density in the C=C 
bond, with consequent increase of electron repulsion. 

AppEicution to AcetyZene,o.-For a particular CC available space, clearly 
there are two orbitals of type (ii) above, since there are two mutually per- 
pendicular directions both at 90" to the bond axis. In the normal state of 
the acetylene molecule, in addition to the CT bonding orbital, both these 
IG bonding orbitals are filled. The two 7~ orbitals combine to  give a proba- 
bility picture that is axially symmetrical about the CC line. This is a point 
not generally appreciated-that, in distinction to the old idea of the &C 
bond as containing three rigid " rods ", according to wave-mechanical 
theory, free rotation is possible in the ground state about the E C  bond.* 

Proc. Roy. Soc., 1940, A, 174, 207. 
See A. Maccoll, Quart. Reviews, 1947, 1, 36. 
R. S. Mulliken, Rev. Mod. Physics, 1942, 14, 265. 

* Thus it has been given as an argument against " hyperconjugation " [for the 
meaning of this term, see ref. (1) ]I between the electrons of the CH, groups and the CGC 
bond in CH,-CEC-CH, that it ought to cause " double-bond character ", whereas 
the G C  bonds actually show less resistance to twisting than in ethane. This particular 
argument is not valid, because the effect of the hyperconjugation would be to cause 
what should be called, not " slight double bond ", but " slight triple bond " character, 
L e . ,  to c a w  the slight occupation of extra, orbitals in the C-C that, added together, are 
axially symmetrical. 
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The spectrum of acetylene was photographed by W. C. Price.Q It has a 
wide region of absorption between 2000 A. and 1550 A. which is probably 
to be interpreted as N --+ V in type like the ethylene absorption in a similar 
region. At shorter wave-lengths, bands so sharp as to resemble the lines 
of atomic transitions can be fitted into two Rydberg series proceeding to 
the n-l ionisation potential of 11-41 & 0.01 v. The n electrons of acetylene 
are thus more tightly bound than those of ethylene. This again is a point 
not generally appreciated. Re- 
placement of two CH bonds in C2H, by a CC z bond to give C2H, means that 
strongly-bound electrons are replaced by weakly-bound ones. Consequently, 
the electron density at each carbon atom is decreased and a stronger hold 
is permitted by each atom on its other valency electrons. There is always 
a balance between the strengths of the various bonds attached to an atom, 
as a result of the repulsion between the various pairs of electrons. In other 
words, the CH bonds of C2H4 are stronger than those of CH,, while the 
0 CC bond of C,H4 should be stronger than the CI CC bond of C,H,. Replace- 
ment of a further pair of CH bonds in C2H, to give thr second n bond of 
C2H, must mean that the CH and original 3t bonds become stronger than the 
corresponding bonds of ethylene : i.e., the electrons in each n bond of C2H2 
are held more tightly than those in the z bond of C,N4. 

Application to Open, Conjugated Chains.-In buta-l:3-diene [see ref. (1) ] 
the a electrons are all regarded as occupying orbitals localised in a particular 
CC or CH bond. The n-type electrons are regarded as occupying orbitals 
extending over the whole carbon chain. The length of the available space 
being taken as somewhat greater than the length of the whole carbon chain, 
possible n orbitals are (a’), fb’), (c ’ ) ,  and (d’): (a’) is bonding in all 

It can be simply interpreted as follows. 

(a‘, 

the bonds, (b’) is apti-bonding in the central CC bond, (c ’ )  is anti- 
bonding in the two outer CC bonds, (d’) is anti-bonding in all the CC bonds. 
There are four n electrons in the molecule (one from each atom), so that the 
occupied orbitals are (af)  and (V) .  Of course the diagrams are to be taken 
as representing orbital types only-y would ~ n l y  have the smooth form 

*Physical Rev., 1935, 47, 4-44, 



N--+ 

A 

N--+ v, 

transition for butadiene 
involves much less energy 
than that for ethylene, and 
( b )  that the reason for this 
is the increase in available 
space for the 3t electrons of 
butadiene relative to those 
of ethylene. As we pass 
to hexatriene it is easily 
shown that the first N -+ V 
transition needs even less 
energy. The energy level 
diagram is now as Fig. 4 
and the various n-type 
orbitals are readily drawn. 

A A the symbol 1 representing a pair of 
electrons in the normal state. Clearly, 

N--+ v, tions as shown. If we apply the formula 

vz 
.E there are four possible N -+ V transi- 

N--+ Vd i 

II 

N--+ 
II 

N-/+ v, I N- 

for the energy levels, E = n2h2/8mZ2, 
which we deduced above, for the N -+ Vl 
( i . e . ,  the longest wave-length) transition 

V ,  

II 

II 

FIG. 4 

These results -are general. The greater the available space, i.e., the 
greater the length of the conjugated chain, the further to long wave-lengths 
lies the first N -+ V absorption. Obviously, this explains the connection 
of colour with extensive conjugation. Moreover, thinking on classical lines, 
the greater the possible amplitude of the electrons set into oscillation by 
the absorption of light energy, the more intense the absorption-so that, 
as the available space increases for the n electrons, not only does N -+ Vl 
move to longer wave-lengths, but it also increases in intensity. One has 
here the twin bases for it theory of colour in dyes. 
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In  butadiene lo the first N - +  ‘V absorption occurs around 2100 A. 

Short vibrational progressions show the increased anti-bonding nature of 
the upper state.* Short 
vibrational progressions are again present. The second region of absorption 
in butadiene around 1750-1700 A. is identified as N -+ V,. At shorter 
wave-lengths Rydberg series are found, leading to a first ionisation potential 
(9.07 v.) which, as we should expect, is lower than that for ethylene. For 
hexatriene the first z-1 ionisation potential has the still lower value 8.26 v. 
The changes of energy level of the occupied orbitals are shown in Fig. 5.11a 
The mean energy per z electron decreases as conjugation increases, ie., the 
whole system becomes more stable, although the most weakly bound electrons 
are ever higher in energy. A consequence is that if conjugation can occur 
it will. With increase in the number of -C==& units, a process of division 
of energy levels takes place. The same process occurs when two H atoms 
are brought together and the original “ 1s  ” level splits into bonding and 
anti-bonding levels [“ a(ls), ” and 
“ ~ ( l s ) , ”  : see ref. (l)]. If the It 
number of -C=C- units is large, 
there results a large number of 
levels very close together : i.e., 

In  hexatriene l1 the first absorption is at 2 5 0 0 ~ .  

It 

the original sharp n energy level 
of C,H, becomes a 7c energy band. 
This enables us to see why the n 

energy band. Similarly, metals 11 

because of the repetition of many 

II 

ti 

II 
electrons of graphite occupy an 

have electronic energy bands Ethylene. Butadiene. Hexat riene. 

F I G .  5 
identical units. 

The same consequences of conjugation occur as one passes from acetylene 
to diacetylene. But the tighter binding of the z electrons in acetylene 
means that we shall expect them to conjugate less completely, i .e.,  remain 
more localised in their original CZEC bond than do the x electrons of 
C-C.  In  agreew-ent, the decrease in first ionisation potential from ethylene 
to butadiene (10.50 to 9.07 v.) is much more than the corresponding 
decrease from acetylene to diacetylene ( 1 1 4 1  to 10.79 v.12). 

1 O W .  C. Price and A. D. Walsh, Proc. Roy.  SOC., 1940, A ,  174, 220. 
11Idern, ibid. ,  1946, 185, 182. 
11. E. Huckel, Paper a t  International Conference on Physics, London, 1934. 
12W. C. Price and A. D. Walsh, Trans. Faraduy SOC., 1946, 41, 381. 

*At  first sight, one might expect the higher V states to show lower vibrational 
frequencies than the V ,  state : they are more “ anti-bonding ”. To expect this, how- 
ever, is to forget that, in practice, as excitation increases, the “available space’’ 
increases, i . e . ,  though the higher states have more nodes they are more attenuated. 
What is important is t,he number of nodes in relation to the compactness of the orbital. 
A cr anti-bonding orbital is more anti-bonding than a IT if the two have much the same 
excitation energy ; but if the former lies far above the latter-as is commonly true- 
then in practice it may produce less bond weakening than the latter : an example occurs 
with acetaldehyde. Similarly, the experimental fact is that the vibrational frequencies 
for butadiene actually increase as one passea from V ,  to higher V states. 
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Of the two occupied 7t orbitals in butadiene, (a’) has an anti-node in the 
central CC bond, while (b’) has a node ; (b’), however, is the higher-energy 
orbital and therefore to be thought of as occupying a greater available 
space, i.e., to be more diffuse, so that the repulsion represented by the node 
is somewhat attenuated. Consequently, (b’) only partly cancels the effect 
of (a’) in the central C-C and there is some residual double-bond character. 
The result is that forms cis- and trans- with respect to the conventional 
single bond should be possible. To distinguish these forms from the more 
usual geometrical isomers, R. S. Mulliken has called them s-cis- and s-trans- 
forms. He has shown 13 that selection rules make the N -+ V ,  transition 
for the s-trans-form allowed but the X -+ V ,  forbidden ; whereas for the 
s-cis-form both are allowed. Now the region identified as N -+ V ,  in 
butadiene is considerably stronger than that identified as N + V,. In  
consequence, butadiene gas a t  room temperature is believed to be pre- 
dominantly s-trans with a smaller proportion of s-cis-molecules. The strong 
Rydberg series leading to 9.07 v. are naturally identified as belonging to 
the s-trans-molecules. Is there any trace of the expected weaker series 
converging to the first ionisation limit of s-cis-butadiene 1 It was difficult 
to answer this until electron-impact data indicated the existence of another 
ionisation potential a t  - 8.7 v. Careful search in the spectrum 1 4  then made 
it possible to pick out a weak, but definite, Rydberg series converging to 
a limit of 8.75 v. The spectroscopic observations thus provide strong 
evidence for the existence of two forms of butadiene gas a t  room temperature. 
Confirmatory evidence comes from thermodynamic studies. l5 

For hexatriene, cis- and trans-forms as well as s-cis- and s-trans-forms 
should be possible. The spectroscopic observations give evidence of their 
existence,ll but the problem of their identification is too complex to be 
solved with certainty at present. 

Application to Cyclic Molecubs 

(a) Cyclic Dienes : cycloPentndiene, cycloHexadiene.-These two dienes 
are examples of dienes that are, perforce, s-cis. Their spectra illustrate 
very well the differences of s-cis- from s-truns-dienes. In  s-trans-butadiene 
the N + V ,  is considerably stronger than the N -+ V ,  absorption. In  
cyclopentadiene and cyclohexadiene, however, the first region of absorption 
( N - +  V , )  is decidedly weaker than the second ( N  --+ V z ) ,  in agreement 
with the theoretical selection rules. Also, both regions of absorption occur 
a t  considerably longer wave-lengths than in s-trans-butadiene. This shift 
to lower energy is paralleled by the lowered ionisation potentials found l6 
(8.4 v. for cycbhexadiene, 8.62 v. for cyclopentadiene: cf. 9.07 V. for 
s-truns-butadiene). Obviously, a large part of the ionisation potential 

l a  J .  Chem. Physics, 1939, 7, 121. 
l 4  T. M. Sugden and A. D. Walsh, Trans. Faraday SOC., 1945, 41, 76. 
15 J. G. Aston, G. Szasz, 11. W. Woolley, and F. G. Brickwedcle, J. Chena. Phys.icS, 

946, 14, 67. 
W. C. Price and A. D. Walsh, Proc. Roy. Soc., 1941, A ,  179, 201. 
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lowering is due to the s-cis-arrangement of the double bonds, since it occurs 
also in s-cis-butadiene. It is probably due to the fact that the repulsion 
represented by the node in (b‘) (p. 79) must be more intense in an 8 4 s -  
than in an s-trans-form, since the two outer CC bonds [in which the electrons 
of (b’) Eipend nearly all their time] are closer together in the former than 
in the latter. Consequently, the energy level (x2) corresponding to (b’) lies 
higher in energy in the 6-&-form, so that its ionisation potential is reduced 
and the N --+ V ,  and N --+ V 2  transitions are shifted to long wave-lengths. 
The energy level (xl) of the other occupied orbital (a’) should not be much 
changed between the two forms ; * and, indeed, electron-impact data, 
which clearly indicated the existence of two x2 ionisation potentials for 
ordinary butadiene gas, gave no indication of two x1 ionisation potentials 
differing markedly. The result is that the total n electronic energy in s-cis- 
must be greater than in s-trans-butadiene; so that, if, as is probable, the 
other electrons have much the same energy in both forms, s-cis must be the 
higher in energy.1’ This conclusion fits pleasingly with the thermodynamic 
studies.lS At low temperatures butadiene is entirely s-trans. As the 
temperature rises, the proportion of s-cis increases. Similarly, glyoxal 
prefers to exist in the s-truns-form.l8* lQ 

Probably the weak N -* V1 absorption expected for s-cis-butadiene in 
ordinary butadiene gas lies a t  rather longer wave-lengths than that 
(.u 2100 A.) for s-trans ; but the strength of the latter plus its spread to long 
wave-lengths with increasing pressure make it difficult to observe the 
former. However, the weak absorption in the 2400-2200 A. region has 
been found to be strongly temperature-dependent ,20 increasing with tem- 
perature. This is evidence that the s-cis N -+ ‘v, transition is located 
in the region 2400-2200 A. as compared with 2200-2000 A. for s-trans, 
2400-2200 A. for cyclopentadiene, and 2600-2300 A. for cyclohexadiene. 
These locations fit nicely with the observed sequence of first ionisation 
potentials. 

(b) Cyclic Trienes .- Benzene.-In benzene the z electrons occupy orbitals 
that extend over the whole hexagon. The possible 7t orbitals are obtained 

1 7  A .  D. Walsh, Ndure ,  1946, 157, 768. 
181dem, Trans. Paraday SOC., 1945, 42, 66.  
18 J.  E. LuValle and V. Schomaker, J .  Amer. Chem. Soc., 1939, 61, 3520. 
Zo R. S .  Rasmussen, D. D. Tunnicliff, and R. B. Brattain, J. Chem. PhysiCe, 1943, 

21 R. S. Mulliken, J .  Chem. Physics, 1939, 7, 339. 
9, 432. 

* An effect that may be important here is that, in the u-ci~-form, the Zp atomio 
orbitals on the ond C atoms will overlap slightly (corresponding to part of the idea of 
Dewar-type structures), so that the available space partakes slightly of the nature of 
an endless (circular) chain. 

cycZoPentadiene and cyclohexadiene should also show the phenomenon of “ hyper- 
conjugation ”, i.e., continuation to  some extent of the conjugated chain through the 
CH, groups just as through the 0 atom in furan. A CH, group electronically resembles 
an oxygen atom, from which it can be regarded as arising by pulling out protons from 
the nucleus. There is no doubt that this effect must occur, but it is probably less 
important than was earlier thought.81 

F *  
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by fitting-in half wave-lengths to the two-dimensional available space.* The 
lowest orbital (xl) has no nodes in the available space. The next has a 
nodal line passing through the ring centre. There are in fact two such 
orbitals (xz and x3) of equal energy, their nodal lines being a t  90". The 
second arises from the need not to favour any particular atom in the 
symmetrical ring : it has a node, as we proceed round the ring, where the 
first has an anti-node and vice versa. These orbitals are the analogues of 
thep orbitals that arise for a spherical available space, and together they com- 
bine to give a probability picture that has hexagonal symmetry. The next 
orbital (x4) has two nodal lines a t  go", i.e., four amplitude regions of alter- 
nating sign. By itself this would not give an even probability round the 
ring ; but by taking a second such orbital (x5) with its nodal lines rotated 
through 45" relative to x4 (i.e.,  giving a node, as we proceed round the ring, 
where x4 had an anti-node and vice zlerm), it  is possible-taking the two in 
combination-to preserve the hexagonal symmetry : xa and x 5  are thus of 
equal energy. They are the two-dimensional analogues of the d orbitals 
that are possible for a spherical available space. The next orbital has 
three nodal lines all passing through the ring centre and with angles of 60" 
between them : this affects all the bonds equally and is thus the only one 
of its kind. 

There are aix n electrons in benzene, so the normal state has the con- 
figuration x12 x3, 34 ; N -+ V transitions are possible by taking an electron 
from x2,  There are clearly four such transitions 22 

(assuming no change of multiplicity), according to whether we take an 
electron from xz or x3 and whether we put it in x4 or x5. At first sight these 
would be of equal energy, but interaction of the electrons results in three 
transitions of different energy appearing, one being twofold. The first is 
responsible for the well-known 2600 A. absorption system, the second for 
bands between 2000 and 1800 A., and the third (the twofold one) for intense 
absorption a t  1790 A . ~ ~  An empirical fact is that the 2000-1800 A. 
transition in benzene moves much further to long wave-lengths when a side 
chain is conjugated with the ring than does the transition a t  1790 A. in 
benzene.24 Rydberg series 2B for both the xz, (limit 9.240 & 0.005 v.) and 
the x1 electrons (limit 11.7 & 0-3 v.) have been observed. 

(c) Pyrrole, Thiophen, and Furun.--In molecules such as pyrrole, thiophen, 
and furan, a 2p atomic orbital is present on the N, S, or 0 atom and has an 
axis parallel to that of the 2p orbitals on the carbon atoms. In addition, 
two electrons from the N, S, or 0 have to be accommodated in the orbitals 
constructed from the hetero-atom 2p orbital. The degree to which this 
2p orbital completes the ring for the 7c available space muat depend upon the 

and putting it in x ~ , . ~ .  

2 2  R. S .  Mulliken, J .  Chem. Physics, 1939, 7, 353 ; cf. ref. (7), pp. 38, 39. 

2 4  A. D. WulBh, ibid., p. 32 ; Trans Paraduy SOC., 1946, 42, 62. 
2 6  W. C. Price and R.  W. Wood, J .  Chern. Physics, 1935, 3, 439. 

* "Two-dimensional ", because, aB long as we are dealing with n electrons, the 
Hence we speak of nodal 

W. C. Price and A. I). Walsh, Proc. Roy.  SOC., 1947, A ,  191, 22.  

fitting-in process concerm essentially only two directions. 
" linea " instead of nodal " planes ". These terrns should caum no confusion. 
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electronegativity of the atom. If the electronegativity is very high, the 2p 
orbital may be thought of as very contracted relative to the carbon 2p 
orbitals, i.e., little conjugation of the hetero-atom electrons with the CC n 
electrons takes place, the former remain as a lone pair, and the latter are 
much as in s-cis-dienes. If the electronegativity is much lower, i.e., close 
to that of carbon, full conjugation will take place and the ring available 
space will be completed for the n electrons. The system will be very much 
like benzene, the hetero-atom with its pair of electrons replacing one of the 
C=C groups with its pair of n electrons. Such a case is known as '' homo- 
cyclic " conjugation. 21 

Of N, S, and 0, S has the lowest electronegativity and 0 the greatest. 
The lone pair of S, indeed, resembles closely the n electrons in ethylene. 
Thus their ionisation potential in hydrogen aulphide is 10-47 v. as compared 
with 10.50 v. for the c1 ionisation potential in ethylene. Consequently, 
S can replace a group -CH=CH-, without fundamental alteration of 
molecular orbitals. It is found, for example, in fungicides and other highly 
specific biological reagents that this replacement can be made without loss 
of activity.2s Consequently, we expect thiophen to have a strong resem- 
blance to benzene. It is well known that, chemically, this is so true that 
they can only be separated with difficulty. Thiophen then might be 
expected to be a case of nearly homocyclic conjugation : it has a sextet 
of n electrons and its orbitals and transitions should be very similar to 
those of benzene. It has a region of absorption from 2600 to 2 2 0 0 ~ .  
which, according to G .  1Milazzo,27 probably corresponds to the benzene 
2600 A. region, a second possibly corresponding to the benzene 
2000-1800~. region, and a third, intense region of absorption around 
1800-1750 A . ~ ~  as has benzene. In  pyrrole the occurrence of conjugation 
between the C-C and N electrons is evidenced by the only feebly basic 
character of the substance : but this conjugation is likely to be less than 
in thiophen. Indeed, no system corresponding to the benzene 2 6 0 0 ~ .  
region has yet been discovered with pyrrole. On the other hand, in 
N-methylpyrrole the well-known electron-releasing properties of a methyl 
group make the N atom effectively less electronegative, so that approach 
should be made towards the benzene and thiophen spectra. G. Milazzo 28 

has obtained the spectrum of N-methylpyrrole at wave-lengths above 
2000 A. and shown the appearance of a region between 2600 and 2250 A. 
probably corresponding to the benzene 2600 A. transition. 

However, the interpretation of the spectra of pyrrole, thiophen, and furan 
is still very uncertain and incomplete. One would expect, for example, 
furan to show least tendency to  homocyclic conjugation, but some of its 
spectroscopic features 16 agree surprisingly with the theoretical character- 
istics that have been deduced for homocyclic conj ugation.21 

In it, 
we must regard the C atom as like the C atoms in acetylene, i e . ,  forming 

Application to Triatomic Molecules.-The molecule CO, is linear. 

a a  J. C. McGowan, private communication ; H. Erlenmeyer, E. Berger, and M. Lao, 

3' Private communication. ae Qazzetla, 1944, 74, 152. 
Helv. Chim. Acta, 1933, 16, 733. 
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two hybrid valencies in line and having two pure Zp valencies mutually a t  
go", and a t  90" to the line of the hybrid valencies. The 2p valencies overlap 
sideways with corresponding valencies on the 0 atoms. z bonds in each 
of two planes a t  90" result, and the 3t available space is taken as the whole 
length of the molecule [cf. the description given in ref. (l), p. 1691. Funda- 
mental and first overtone z orbitals, as (a") and (b"), are then possible. 

The anti-bonding orbital (6") will be largely localised round the oxygen 
atoms, since its amplitude at the C atom is zero. The distance apart of 
the 0 atoms makes it only weakly anti-bonding, almost non-bonding. Eight 
electrons have to be fed into the possible n orbitals. Four go into two 
orbitals as (a"), mutually a t  90". Pour go into two orbitals as (b"), also at 
90'. I n  addition there are eight other " outer " electrons-a 2s lone pair 
on each 0 atom and two electrons in each of the two, localised, 0, G O  
bonds. 

Therefore 
the minimum ionisation potential (at 13.79 & 0.01 v . ,~ )  corresponds to the 
removal of an electron from an orbital largely localised round the oxygen 
atoms, The first overtone 3t orbitals are fully occupied, and the lowest 
empty orbital is an anti-bonding one of cr type. The longest wave-length 
absorption bands (- 1600 A.) are therefore interpreted on these views as 
due to a transition of one of the n electrons localised round the oxygen 
atoms to an anti-bonding 0 orbital. 

The molecule SO, is bent. Localised 0 bonds are formed by endwise 
overlap of S and 0 2p valencies. The bent configuration means that side- 
ways overlap of the 2p orbitals on the 0 atoms not only takes place with 
an S Zp orbital but also with each other. That is, the 3t available space may 
be regarded as a closed ring and the possible 3t orbitals are similar to those 
in benzene-one with no nodes as we pass round the ring and two (not 
actually of equal energy, since SO, is not completely symmetrical) each with 
two nodes in the ring. Six electrons can thus be accommodated in the low- 
lying 7r, orbitals. In  addition to these and to  the cr bond orbitak, there are 
29 lone pairs on each atom and 223 lone pair orbitals (with axes in the ring 
plane) on each 0 atom. A total of twenty electrons can be accommodated. 
A linear triatomic molecule of similar atoms, as we have seen, can only 
accommodate easily sixteen electrons. This is the basis of the rule which 
states that triatomic molecules not containing hydrogen are linear if they 
contain sixteen or less " valency" electrons, and bent if more. Up to 
sixteen electrons, a linear molecule is more stable because it can provide 
orbitals with not more than one node in the atomic chain, whereas a bent 

The most weakly bound electrons are those in orbitals (b"). 

* @  W. C. Price and D. M. Simpson, Proc. Roy. SOC., 1939, A ,  169, 501. 
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configuration uses n orbitals with two nodes in the (ring) atomic chain. 
Beyond sixteen electrons, the bent molecule is the more stable because it 
can still provide low-lying TC orbitals whereas the linear form has only highly 
anti-bonding 0 orbitals available. 

Since OSO is obtuse, the z orbital jzr) with a nodal line through the 
S atom is clearly less anti-bonding than that (ni) with a nodal line a t  90" 
to this. The latter is vacant, for SO, has only eighteen electrons. The 
long wave-length bands shown by SO, can be naturally interpreted as due 
to a transition of an electron from TC; (weakly 0 f3 0 anti-bonding and 
localised round the oxygen atoms) to  ni (S ++ 0 anti-bonding). That the 
transition shows wide vibrational structure and results in a decrease of the 

angle OSO 30 fits well with this. 
Application to Curbmyl Jlolecules.-The oxygen atom of a carbonyl 

group possesses a lone pair of 2p electrons. These take no part in the bond 
and may be called non-bonding electrons. The bond has, normally, an 
occupied 0 and an occupied ~ " t  orbital. An ti-bonding excited orbitals-either 
CI or n-having a node between the C and 0 are, of course, possible. An 
N -+ V transition of, say, the z electrons is thus possible, just as in C,R,. 
We may also have, bowever, a tramition of one of the lone pair, non-bonding, 
electrons to the TC or cr anti-bonding orbitals. A transition of such an 
electron to an anti-bonding z upper level is known as an N -+ A transition,31 
whereas a, transition of such an electron to a cr anti-bonding upper level is 
called N -+B in type. Now the first ionisation potential of carbonyl 
molecules is known (e.g. ,  from the Rydberg bands having very little vibra- 
tional structure) to correspond to the removal of one of the oxygen lone 
pair electrons. Consequently the sequence of decreasing binding energy 
for the electrons in a carbonyl group is 

A 

A 

t~ bonding electrons, 7~ bonding electrons, non-bonding electrons 

and the N -+A transition is expected to cause the longest wave-length 
spectrum. The selection rules require this transition (in contrast to N --f V 
and N + B)  to be of low probability. 

For simple carbonyl compounds such as aldehydes and ketones the 
longest-wave-length absorption takes the form of weak bands situated near 
2900 A. The 2900 A. systems are therefore interpreted as .N -j A in type. 
As an example, the light emitted by formaldehyde molecules in the so-called 
cool flames of hydrocarbon combustion is due to  the reverse of such a transi- 
tion, viz., A -+ N .  

How are we to distinguish the N ---+ B and z AT -+ V transitions 1 In 
order to answer this question, consider an energy-level diagram for a simple 
carbonyl group as shown in Fig. 6. C-0 group is conjugated 
with another unsaturated group, our discussion above shows that the most 
weakly bound n occupied orbital will be raised, and the lowest empty n: orbital 

If the ) 

30 Idem, ibid., 1938, 165, 272. 
s l H .  L, McMlrrry and R.  S. Mulliken, Proc. Nat.  Aced. Sci., 1940, 26, 312. 
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N-1- A 

A 

N - + B  at 1560 A. in formaldehyde 
and 1650 A. in acetaldehyde 
apparentIy corresponds to 
the region at 1935 A. in 

- n Anti-bonding orbital 
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e .g . ,  the C-0 valence vibration has a frequency of 1187 cm.-l in the 
formaldehyde 2900 A. bands as against 1750 cm.-l in the ground state. 

Bond Polarity in Carbonyl Molecules, especially CO, and CO .-An im- 
portant factor that will affect the location of AT + A ,  N ---+ B, and N + V 
transitions is the magnitude of the polarity in the \C=O bond. Obviously, 

as the C=O bond polarity increases there will be increasing repulsion between 
the electrons of the bond and the non-bonding oxygen electrons, i . e . ,  both 
the lone-pair and the bonding electrons will become more weakly bound. 
This means that all three transitions, N -+ A ,  N --+ B, and N --+ V ,  move 
to longer wave-lengths (it being assumed, as is reasonable, that the outlying 
upper orbital is less subject to the repulsion). Reversing the argument, 
by studying one of these transitions in simple molecules we can arrange 
the molecules in an order of ascending carbonyl polarity.35 

By arranging carbonyl molecules in order of decreasing lone-pair orbital 
ionisation potential we have another way of establishing a broad order of 
carbonyl-bond polarity. This has been attempted for a fairly extensive list 
of  molecule^.^^^ 36 A particularly interesting point is the way in which 
CO, fits into this list as a carbonyl molecule of very low bond polarity. 
The very low bond polarity is not surprising, for the linearity of the molecule 
means we must regard its C atom as in a similar valency cmdition to those 
of acetylene 379 38 and the strong electron-attracting powers of an acetylenic 
C atom are indicated by the tendency of acetylene to act like an acid or by 
the high dissociation constant of CHiC*CO,H relative to CH,:CH*CO,H. 
The competition of two oxygen atoms for the electrons of one carbon atom 
in CO, must also reduce the bond polarities. 

The continuity of CO, with carbonyl compounds in the usual sense, 
however, is a t  first sight surprising, in view of the molecular orbital picture 
given above. Apart 
from the bond properties (length, energy and force constant) of CO, fitting 
very well with those expected for it carbonyl bond of the polarity indicated 
by its ionisation potential, the term values (i.e., the energy differences of 
the electronic states from the ionisation limit) are closely similar to those 
for formaldehyde, acetone, etc. (see table in ref. 39). This must mean that 
the electron being excited in all these molecules has closely similar character- 
istics. In  formaldehyde and acetone it is accepted to be one of a pn lone 
pair on the 0 atom, with a C-0 double bond as neighbour. Hence CO, 
must presumably contain a lone pair with such a bond as a neighbour. 

This can be understood at once if we say CO, is well represented by the 
valence-bond picture O=C=Q. It is not so obvious if we adopt the molecular 
orbital picture of p. 86. The two pictures are not so different, however, as 
appears a t  first sight [cf. ref. (40)l. Thus, on the valence-bond picture, the 
n orbital localised in one C-0 distance is a t  90" to the n orbital localised in the 

/ Y+ a- 

Yet the continuity seems to be the experimental fact. 

saA.  D. Walsh, Trans. Parnday SOC., 1947, 43, 158, 
38 Idem, ibid. ,  1946, 42, 56. 

s8 Idem, Faraday Society Symposium, '' The Labile Molecule ", September, 1947. 
I d e m ,  J .  Amer. Chem. Soc. ,  1946, 68, 2408. 
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other : but each 37: bond has tt pn lone pair, of axis in the same plane, on 
the 0 atom not actually concerned in that TC bond. Now it is a general 
rule dl that such a situation means repulsion between the n electrons and 
those in the parallel lone-pair orbital. Repulsion in both planes is thus 
involved. The weakly anti-bonding orbitals of the molecular orbital picture 
are the analogue of the repulsion in the valence-bond picture. Moreover, 
the anti-bonding electrons of the former ajre largely localised round the 
0 atoms-they are " lone-pair " electrons although they have a probability 
of being found on either of the 0 atoms, Still again, each of the two bonding 
TC orbitals in the molecular-orbital picture has two electrons giving bonding 
in each of the two bonds, i.e., they can be regarded as two half bonds in each 
G O  distance. Each UQ bond is thus a doub!e bond-one 0 and two half 
n bonds, with weak repulsion superimposed. Thils is just the picture on 
the valence-bond model. 

Nevertheless, on the above molecular-orbital picture, it is rather surpris- 
ing that CO, should fit so well into the carbony1 series. If the molecular- 
orbital picture has to be modified it will. almost certainly be because of 
neglect of repulsion between the electrons in the different orbitals. There 
must be repulsion between the electrons in the two perpendicular n orbitals, 
for instance. It may be that this is sufficiently great to cause the wave 
forms of p. 86 to be modified to  ioealised orbitals and reconciled with the 
valence-bond model. In particular, it is more than probable that the 
anti-bonding z orbitals should be mcdified to atomic orbitals localised 
round a particular 0 atorn.*O Rlulliken has pointed out that the peculiarities 
of the mathematical formulation of these orbitals make this change less 
important than it appears a t  first sightado 

The compilation of an order of carbonyl-bond polarity revealed some 
significant correlations. As the bond polarity increased, so the bond- 
Stretching force constant arid the bond energy decreased, while the bond 
length increased. The total variation in these quantities is large and the 
bond polarity appears the most important parameter determining them. 
though other factors no doubt play a part also, 

Carbon monoxide also fits the carbonyl series arranged in order of bond 
p0larity.3~ It comes right a t  the top of the series, i.e., on the basis of its 
ionisation-potential at 14-55 v. it has almost zero bond polarity. This agrees 
with the very low observed dipole muomentl. Its properties are just about 
those we should expect for an almost non-polar carbonyl bofid; and the 
term values of the Rydberg transitions leading to  the 14.55 V. ionisation 
potential are closely similar to  those for CQ2, H-CMO, CH,*CHO, etc. Car- 
bon monoxide therefore appears to have a carbonyl double bond with a lone 
pair of oxygen electrons, rather than the triple-bond structure that has often 
been suggested. A clue to  the structure is probably to be found in the 
fact that as the carbomyl-bond polarity decreases so the bond strengthens. 
Carbon monoxide therefore naturally adjusts itself to have as low. 8 dipole 
moment as possible. This it can do by virtue of the flexibility of C atom 

7~~ L. H. Long and A. D. Walsh, Trans. Faraduy Soc., 1947, 43, 342. 
40 R. S. Mdiken, J .  Ghern. Phpsics, 1936, 3, 720. 
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valencies that comes from the possibility of various degrees of hybridisation 
of 2s and 2p atomic orbitals.38 Probably the C atom is near the acetylenic 
condition. It has a lone pair in a hybrid orbital, it forms a 0 C--0 bond 
with an electron in the other hybrid orbital, and it forms a C-0 bond 
with an electron in a pure 2p orbital. It does not seem unreasonable that 
the oxygen lone-pair electrons prefer to remain largely in an 0 2p orbital 
rather than to occupy to any great extent the C 2p orbital. The low polarity 
is due partly to the hybrid C orbital having a high electronegativity and 
partly to this being so tightly bound that it permits the C to hold its p 
orbitals more tightly, as explained before (p. 79). The low dipole moment, 
high bond energy, low bond length, and high stretching-force constant may 
thus all be naturally connected. 

The reasons for the weakening of carbonyl bonds witlh increasing polarity 
have been discussed elsewhere.41 The polarity weakening may be traced 
in many other classes of b0nds,~2 though it is often overlaid by other effects. 

Ionimtion Potential Data in General 

The ionisation potentials of lone-pair electrons are much the most 
extensively known. Such electrons may be referred to as " atomic " rather 
than " molecular ". Their transitions frequently appear line-like in type, 
enabling precise measurement and comparatively easy fit into Rydberg 
series. In contrast, excitation of strongly bonding (e.g., 0 )  electrons in- 
evitably tends to cause dissociation with consequent diffuseness of absorp- 
tion. Many ionisation potentials of non-bonding orbitals are thus known 
with precision, a smaller number known for weakly bonding (e.g., n) orbitals, 
and comparatively few known for strongly bonding orbitals ; 43 the values 
in the last case coming usually from electron-impact, rather than spectro- 
scopic work. 

The advent of this new body of knowledge about electrons in molecules, 
being both extensive and precise, should have an important relevance for 
many aspects of molecular structure theory. Some beginnings in applying 
the data to chemical problems have been reviewed else~vhere.~~ Applica- 
tions to  spectroscopic problems will be found scattered through the papera 
by R. S. Mulliken. 

41A. D. Walsh, J . ,  in the press. 

48 For a list of ionisation potentials so far determined, see T. M. Sugden, A. D. Walsh, 

44 A. D. Walsh, Victor Henri Memorial Vol., Desoer, Liege, in the press ; see also 

Idem, Trans. Faraday SOC., 1947, 43, 60. 

and W. C. Price, Nature, 1941, 148, 372 ; W. 6. Price, Chem. Reviews, 1947, 41, 257. 

A. D. Walsh, Ann. Reports, 1947, in process of publication. 


