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CNDO, INDO and RCNDO (CNDO including higher (Rydberg) atomic orbitals in the basis) 
calculations completed by first order configuration interaction were performed on straight chain and 
branched chain paraffins. 

The results interpret reasonably the main characteristics of the observed electronic spectra. The 
importance of outer atomic orbitals is stressed and it is found that the first singlet-singlet transition 
of highly branched paraffins leads to an excited state with considerable Rydberg character. 

Rechnungen vom Typ CNDO, INDO und RCNDO (CNDO mit h6heren (Rydberg) Atom- 
orbitalen in der Basis) unter EinschluB von Konfigurationswechselwirkung 1. Ordnung wurden fiir 
unverzweigte und verzweigte gesiittigte Kohlenwasserstoffe durchgeftihrt. 

Die Resultate lassen eine Deutung der Hauptcharakteristika der beobachteten Elektronen- 
spektren zu. Die Wichtigkeit der ~iuBeren Atomorbitale ist zu betonen. Die ersten Singulett-Singulett- 
Obergiinge der stark verzweigten Paraffine f'tihren zu angeregten Zust~inden mit betriichtlichem 
,,Rydbergcharakter". 

Des calculs CNDO, INDO et RCNDO (ayant des orbitales atomiques sup6rieures dans la base) 
ont 6t6 effectu6s sur les paraffines normales et ramifi6es tenant compte de l'int6raction de configuration 
de premier ordre jusqu'h 30 configurations. 

Les r6sultats interpr&ent d'une mani~re raisonnable les spectres 61ectroniques mesur6s. 
L'importance des orbitales atomiques sup6rieures apparalt clairement. La premiere bande observ6e 
des hydrocarbures hautement ramifi6s comme le n6opentane ou l'isobutane est attribu6e /t une 
transition dont l'6tat excit6 poss~de un fort caract6re Rydberg. 

Introduction 

The first Pariser-Parr-Pople-type calculations on the electronic spectra of 
paraffins (methane, ethane and propane) were carried out by Katagiri and 
Sandorfy [1]. This was a simple PPP aproach based on H l s  and C sp 3 orbitals 
only. It interpreted correctly, however, the symmetry of the first singlet excited 
state of methane (T2 under T d symmetry) and that of ethane (E) showing that the 
first singlet transition in ethane is a perpendicular transition in agreement with 
experiment [2]. It reflected also the bathochromic shift observed in the series 
methane ~ ethane ~ propane [3, 4], predicted the location of the first singlet- 
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triplet transitions and the differences that can be expected between the electronic 
spectra of conformational isomers. Brown and Krishna [5] applied a somewhat 
different PPP-type method to cyclopropane and Imamura, Kodama, Tagashira 
and Nagata [6] still another to the peptide link. Several papers were devoted to 
the electronic spectra of molecules containing both a and n-electrons. We shall 
not enumerate these but we mention the works of Del Bene and Jaff6 [7-9] who 
adapted the CNDO method of Pople, Santry and Segal [10-12] to the calculation 
of the energy levels of certain conjugated molecules with the principal aim of 
gaining information on the effect of the a electrons on the energy levels of the 
n-electrons. 

All of these methods used a minimum basis set of valence-shell AO, and thus 
could not account for transitions which involve a change in principal quantum 
number. The use of extended basis sets in semi-empirical methods has received 
little attention. Kato, Konishi and Yonezawa [13], included outer orbitals in 
extended Htickel [14] calculations on ethylene, methyl chloride and some related 
molecules. Watson, Armstrong and Mc Glynn [15] studied valence and Rydberg 
transitions in mono-olefinic hydrocarbons also using Mulliken-Wolfsberg- 
Helmholtz [16, 17] parametrization, including C 3s orbitals in the basis. 

Outline of the Work 

The following molecules were studied: CH4, C2H6, C3H8, C4Hlo, C5H12, 
i-C4Hlo , i-CsH12 , neo-CsH12. Only the planar, all-trans conformers were 
studied except for ethane for which both the staggered and eclipsed forms were 
considered. All angles were taken as tetrahedral, C-H bond lengths as 1.09/~, 
and C-C bond lengths as 1.54 A. 

Three separate calculations were made for each molecule; a CNDO 
calculation, an INDO [18, 19] calculation and an RCNDO calculation where 
R stands for Rydberg and excited atomic orbitals were included in the basis. 
These methods are described below. 

1. The CNDO method is a variant of that of Del Bene and Jaff6 [7]. 
Preliminary calculations showed that their parameters which were aimed at the 
r~ levels had to be modified to interpret correctly a-electronic spectra. In [7] the 
resonance integrals were taken to be 

= 1/2 + #g) 

for all except n-re interactions for which 

fl.v = 1/2 (rio + rio) KS.~ 

was used where flo was adjusted for each atom. Instead of this we used 

fl.v = 1/2 fl~ B S.v 
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with a separate /~~ B for each atom pair. The values of /~~ B used were 
/~~ = - 9 . 5  eV,/~~ n = - 11.0 eV, and/~c~ = - 15.0 eV. 

2. In the I N D O  calculations the same parameters were used and the one 
center exchange integrals were taken from [18]. 

3. In the R C N D O  method 1 we added to the basis H 2s, H 2p, C 3s, and C 3p 
Slater atomic orbitals. The approximations described below ensure that the 
method is invariant to the choice of internal axes. 

Besides the neglect of differential overlap we make the following approxi- 
mations (the notation is as close as possible to that of Pople, Santry, and Segal): 

The electron repulsion integrals y~ depend only on the atoms to which 
and v belong and on their principal quantum numbers. 

A B  

where # is an AO on a tom A with principal quantum number nl, and v is on 
a tom B and has principal quantum number  n 2. 

Core integrals are taken as 

fluv is chosen as: 

n. .  = v . . -  y~ (#1 VBI~) 
B:~A 

Hu~=Uu~- ~ (#[VBIv) /t, v o n A  
B:~A 

= / ~  otherwise. 

_ O 

[~Itv -- ~nln2 Sp.v" 
A B  

The terms (~l VBI~) are taken equal for all orbitals on the same atom with the 
same principal quantum number. 

@1 VBl#)= v.1. 
AB 

1 Excited states are often derived from molecular orbital calculations based on a minimum set 
of atomic orbitals, that is atomic orbitals corresponding to the atomic ground states of the respective 
atoms. 

As Mulliken pointed out a long time ago (see, for example, J. chem. Physics 3, 517 (1935)) excited 
orbitals, especially in the case of a orbitals, can be approximated - for short internuclear distances - 
by Rydberg orbitals of the corresponding united atom. This assumption is justified by the appli- 
cability of formulas for Rydberg series to the interpretation of the spectra and it is useful in many 
respects. (Applicability of approximate atomic selection rules, the obtention of characteristic values 
of the quantum defects, etc.) It is widely used by both theoretical and experimental spectroscopists. 

In the present paper this concept of united atom Rydberg states is not used. Rather we base our 
molecular orbitals on sets of atomic orbitals which include a certain number of atomically excited 
orbitals and take the weight of these atomic Rydberg orbitals in a given molecular orbital (averaged 
over all the participating configurations) as the measure of the Rydberg character of that state. 
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With this the elements of the Hartree-Fock (HF) matrix become: 

Fuu = U~, u - ~" V.~ + (P.~ . ,  - 1 /2puu)  y . , .~  
B ~ A  AB A A  A A  

A B 

"]'- 2 Pnznz]~nln2 -'1- Z Z Pnzn2~n,n2 
n2~nl A A  A A  B:~A n2 B B  A B  

F~v o 1 = f l .~ .2S~  - Pltv~nln2 
A B  A B  

The terms V.I represent the attraction of an electron in orbital ~b.1 for the core 
AB A 

(nucleus and inner shell) B. We approximate this by a valence-shell electron 
distribution multiplied by the nuclear charge. 

AB A B 

where nv is the principal quantum number of the valence-shell of atom B. 
The terms U~ are treated in a manner similar to that of Pople and 

Segal [11] giving. 

u.~ = - 1/2(1. + A~) - (ZA -- 1) ~.~.o -- 1/2 ~.~.,. 
A A  A A  

Thus the HF matrix elements become 
A 

F.u = - 1/2(1, + A~) + Z P.2.2~.~.~ - 1/2(Pu~, + 1) ~.1.x 
"2 A A  A A  A A  

B 

+~.~,o + E E P . 2 . 2 ~ . , . ~ -  E z ~ . , . o  
A A  B:~A n2 B B  A B  B A B  

F~v- -  o 1 - fl.~..~Su~ - ~ p ~ y . ~ . ~ .  
A B  A B  

The integrals were evaluated in the following way. 
a) Overlap integrals were calculated with the formulas of Mulliken, Rieke, 

Orloff, and Orloff [20], using Slater exponents: except for H, where ~ls= 1.2 
and ~2s = ~2p = 0.6. 

T a b l e  1. "Avera#e" ionization potentials and electron affinities (eV) for carbon and hydro#en orbitals 
(0.0 values were assumed) 

A t o m  Orbi ta l  I A 

H 

C 

l s  13.605 0.747 
2s 3.399 0.0 
2p 3.399 0.0 

2s 19.44 8.662 
2p 10.67 0.474 
3s 3.735 0.0 
3p 2.509 0.0 
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b) Ionization potentials and electron affinities for valence orbitals were 
taken from Pople and Segal [11]. For the outer orbitals average ionization 
potentials were calculated from atomic spectral data in a similar manner. The 
values are shown in Table 1. Electron affinities for these were neglected. They 
are expected to be small. 

c) Two-electron integrals were chosen as follows. 
i) One-orbital integrals: 

(#/~ I/~/z) = ?,1,~ = 1.1 - A.~. 
AA A A 

The values for p electrons were taken, as Del Bene and Jaff6 [7] did. 
ii) Two-center integrals V.I.2 were calculated using Pariser and Parr's [21, 22] 

AB 

uniformly charged sphere extrapolation technique. 
iii) One-center, two orbital integrals: 

~.,,2 = �89 (7.1,~ + ?.2,2). 
AA AA AA 

d) Resonance Integrals. 
Bccause of the size of the secular equations to be solved we did not vary these 

independently but rather used the expression 

fl~ +1. 2) 
AB A B 

where I., is the average of nls and nip ionization potentials. ~/was taken as 0.4 
A 

for valence-valence interactions and as 0.05 for all others. This was necessary to 
keep the Rydberg orbitals from entering too strongly into the ground state. 

In all the calculations the energy of the ground state was first minimized in 
the usual way. Then configuration interaction was applied including the lowest 
thirty singly excited configurations for both singlets and triplets. 

The three methods described above were programmed in Fortran IV for the 
CDC 6400. The CNDO program was a slightly modified version of the program 
of De1 Bene and Jaff6 [71. The INDO and RCNDO programs retained parts of 
this program and were written in a similar manner. Jacobi diagonalization 
iterations were continued until all off-diagonal elements were smaller than 
10 -4 a.u. and the SCF procedure was terminated when all eigenvalues agreed 
within 10 -3 a.u. between succesive iterations. 

Results 

Table 22 contains the lower singlet-singlet excitation energies in electron 
volts, oscillator strengths and symmetries of the excited states as computed in the 
three different approximations described above. Experimental values are given 
in the first columns. These were taken from Lombos, Sauvageau, and Sandorfy [41. 

2 In the program of Del Beye and Jaff6 the oscillator strengths were calculated with simple 
product  wave-functions. The values given here should, therefore, be multiplied by 2 in order to corre- 
spond to determinantal  wave-functions. 
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The last columns of Table 2 con- 
tain the percentage Rydberg charac- 
ter of the states, defined as (% Ryd- 

2 for berg character), = E C2, E c~ 
p r 

state i where the first summation is 
over all configurations, C~p is the 
contribution of the pth configuration 
to the i tu state; the second summa- 
tion is over all Rydberg atomic 
orbitals and c,~ is the LCAO co- 
efficient for the upper molecular 
orbital in the pth configuration. 
Table 3 shows transition energies, 
symmetries and percentage Rydberg 
characters of the three lowest singlet- 
triplet transitions of each molecule. 
Not all of the molecules were 
treated by the RCNDO method in 
this case. 

Fig. 1 and Table 4 contain results 
relating to ground state properties. 
The diagrams of Fig. 1 contain the 
"atomic charges", that is the sum of 
the orbital charges on any given 
atom minus the nuclear charges. 
Table 4 gives the Koopmans theo- 
rem [23-1 ionization potentials and 
the corresponding orbital symme- 
tries. The experimental values are 
the photoionization ionization po- 
tentials listed by Watanabe [24]. 

Discussion 

The normal paraffins show gen- 
erally diffuse bands which undergo a 
bathochromic shift and an increase 
in intensity as the length of the chain 
increases [3, 4]. The ethane spectrum 
is the only one to show vibrational 
fine structure at the resolution used. 

Isopentane has a spectrum very 
similar to that of normal pentane 
except that it is shifted slightly 
to the red and is more intense. Iso- 
butane and neo-pentane both show 
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Table 3. The three lowest singlet-triplet transitions in alkanes. All energies are in eV 

Molecule CNDO INDO RCNDO %Rydberg 

(symmetry) Transition Split Sym. of Transition Split Sym. of Transition Split Sym. of Character 

energy ext. energy exc. energy exe. H C Tot. 

state state state 

CH4(T~) 9.10 0.85 T2 8.46 1.95 T2 9.49 0.75 T2 2 6 8 
10.99 3.50 A 1 10.33 3.94 A 1 12.88 0.25 T 1 28 14 42 
11.53 2.47 T 2 11.49 2.04 T 2 13.07 0.01 T 2 45 47 92 

C2H6(D3a ) 7.94 0.74 E. 7.37 1.39 E. 7.61 1.24 A2. 2 1 3 
8.34 0.72 Eg 8.00 1.27 Eg 7.75 0.34 E. 2 1 3 
9.45 0.57 A2. 8.63 1.51 A2. 9.20 0.23 Alg 20 15 35 

C2H6(Dah ) 7.88 0.79 E' 7.32 1.44 E' 7.63 1.26 A~ 2 2 4 
8.22 0.74 E" 7.89 1.27 E" 7.68 0.34 E' 2 2 4 
9.40 0.63 A~ 8.65 1.49 A~ 9.11 0.40 E" 21 15 36 

CaHa(C2v ) 7.80 0,70 B 1 7.24 1.18 B a 6.68 0.83 B 2 3 2 5 
8.40 0.49 A 2 7.68 1.05 B 2 7.10 0.41 B 1 3 2 5 
8.44 0.48 B 2 7.70 1.20 A 2 7.16 0.61 A 1 3 2 5 

C4HIo(D2h ) 7.76 0.80 A. 7.23 1.18 A. 
8.09 0.43 B. 7.25 1.01 B. 
8.28 0.60 Bg 7.80 1.08 B. 

CsH12(C2~ ) 7.83 0.79 B 1 7.04 0.90 B 2 
8.00 0.27 B 2 7.29 1.15 B 1 
8.08 0.69 A2 7.60 1.04 A 2 

i-C4Hlo(C3v) 8.03 0.68 A x 7.31 1.06 E 6.23 0.74 E 14 17 31 
8.16 0.48 E 7.46 0.97 A 1 6.67 0.50 A 1 14 17 31 
8.69 0.52 A 2 8.12 0.82 A 2 7.80 0.55 A 2 23 28 51 

i-C5H12(C1) 7.86 0.44 A 6.99 1.03 A 5.83 0.74 A 8 7 15 
7.88 0.64 A 7.21 1.01 A 6.20 0.60 A 9 7 16 
8.21 0.44 A 7.42 1.51 A 6.68 0.47 A 8 8 16 

neo-CsH12(Ta) 7.93 0.47 T2 7.01 1.04 T 2 
8.73 0.27 AI 8.10 0.70 A1 
8.90 0.12 T2 8.24 0.55 T2 

b a n d s  to  t he  l o n g  w a v e l e n g t h  s ide  o f  t he  first  b a n d  of  t he  c o r r e s p o n d i n g  s t r a igh t -  

c h a i n  i somer .  
T h e  b a t h o c h r o m i c  t r e n d  of  t he  n o r m a l - a l k a n e s  has  been  successful ly  in te r -  

p r e t e d  by  b o t h  R a y m o n d a  a n d  S i m p s o n  [-31 w h o  used  a b o n d  e x c i t o n  i n d e p e n d e n t  
sys tems  m o d e l  a n d  by  the  P P P  c a l c u l a t i o n s  o f  K a t a g i r i  a n d  S a n d o r f y  [1].  As to  
t he  ex t r a  b a n d s  o f  i s o - b u t a n e  a n d  n e o - p e n t a n e  R a y m o n d a  and  S i m p s o n  
ass igned  t h e m  to  c h a r g e - t r a n s f e r  a r o u n d  a C - C - C  b r a n c h  po in t .  W e  will  g ive  a 
d i f ferent  i n t e r p r e t a t i o n  to  these  bands .  

W e  m a y  s u m m a r i z e  o u r  o b s e r v a t i o n s  as fo l lows.  
1. T h e  b a t h o c h r o m i c  shift  in t he  ser ies  o f  the  n o r m a l  a l kanes  is co r r ec t l y  

i n t e r p r e t e d  in all t h ree  o f  t he  a p p r o x i m a t i o n s  we used.  

2. T h e  R C N D O  resu l t s  i nd i ca t e  t ha t  the  first s ing le t - s ing le t  a n d  s ingle t -  
t r ip le t  t r a n s i t i o n  for  the  n - a l k a n e s  is a l m o s t  en t i r e ly  a va l ence - she l l  t r ans i t ion .  
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Table 4. The five lowest ionization potentials o f  alkanes (in eV).  The experimental values are from Ref. 1-24] 

Molecule Experimental  

(symmetry) ionization 

potential  

Calculated values 

C N D O  I N D O  R C N D O  

I.P. Sym. of I.P. Sym. of I.P. Sym. of 
orbital orbital  orbital 

CH4(Te) 13.12 

C2H6(Dad ) 11.65 

C2H6(D3h) 

C3Ha(C2v ) 11.21 

C,~Hlo(C2~ ) 10.63 

C5Hx2(C2,) 10.35 

i-C4Hao(C3~) 10.57 

i-C5H12(C0 10.32 

neo-CsH12(Ta) 10.35 

15.81 t2 15.58 t 2 16.04 t 2 
28.86 a l  29.34 aa 29.82 al  

13.33 e o 13.21 e o 13.70 eg 
15.04 alg 14.67 alg 14.13 alg 
18.62 e u 18.37 e. 18.57 e u 
24.21 a2u 24.56 a2. 24.82 a2~ 
33.13 axg 33.67 alo 33.11 aag 

13.26 e" 13.14 e" 13.61 e" 
' 1 4 . 1 3  ' 15.04 a] 14.68 a 1 a l  

18.66 e' 18.42 e' 18.63 e' 
" 24.79 " 24.18 a~ 24.54 a2 a2 

33.13 a~ 33.67 a] 33.12 a] 

12.72 bl 12.65 b 1 12.75 b2 
13.10 b2 12.83 b 2 13.13 bl 
13.38 a~ 13.20 a 1 13.19 a a 
15.22 a2 15.05 a 2 15.40 a 2 
16.49 b2 16.21 b 2 16.13 b2 

12.39 a o 12.09 a 0 12.01 a o 
12.54 bg 12.50 ba 12.94 a o 
13.34 ag 13.14 ag 12.96 bg 
13.72 au 13.60 au 14.03 au 
14.67 b. 14.50 b. 14.64 b. 

11.97 b2 11.61 b 2 11.51 b 2 
12.48 bl 12.46 b 1 12.82 a 1 
13.07 a2 12.98 a 2 12.90 bl 
13.13 al  12.99 a 1 13.42 a z 
14.16 bz 13.94 b2 13.87 b2 

12.66 a l  12.44 e 12.38 e 
12.68 e 12.59 a 1 12.80 a 1 
14.28 a2 14.15 a 2 14.53 a 2 
15.41 e 15.25 e 15.54 e 
18.22 e 18.01 e 17.88 e 

12.12 a 11.86 a 11.80 a 
12.32 a 12.12 a 12.11 a 
12.64 a 12.57 a 12.72 a 
13.69 a 13.56 a 13.85 a 
14.39 a 14.23 a 14.30 a 

12.39 t 2 12.18 t 2 12.14 t2 
14.31 t 1 14.20 t 1 14.57 t 1 
16.26 e 16.10 e 16.37 e 
19.13 t z 18.98 t z 18.80 t 2 
21.17 a~ 21.37 a x 20.61 a 1 

16" 
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The contribution of Rydberg orbitals to the next lowest excited states is 
moderate but much stronger Rydberg contributions come into play at higher 
energies. (Methane is a special case, the second and third calculated transitions 
having high Rydberg character.) The first transitions with a high Rydberg character 
also show a bathochromic shift which is more rapid than the corresponding 
shifting of the first bands (see Table 2). 

3. The first singlet-triplet transition is predicted to lie at about 0.5 to 2.0 eV 
at the low frequency side of the first singlet-singlet band. As expected, the INDO 
method gives usually the higher values. These bands have not been observed as 
yet in absorption or emission but they were measured recently by Brongersma 
and Oosterhoff [-25] with a low energy electron impact method for methane, 
ethane and a few cyclic paraffins and were found to be about 1 eV below the 
corresponding singlet-singlet transitions. 

4. On examination of the wave functions we can see that the orbital of 
departure for the first singlet-singlet transition is mainly populated in the C-H 
bands for methane, ethane and propane but mainly in the C-C bonds for 
n-butane and n-pentane. This is in agreement with the calculations of Katagiri 
and Sandorfy and the experimental results of Pearson and Innes [2] on ethane 
but it is in contradiction with Raymonda and Simpson's assumption that the first 
transition in ethane is essentially C-C. The first singlet-triplet transition departs 
from a mainly C-H bonding orbital for all the normal alkanes. For the branched 
compounds the orbital of departure is of mixed C-C and C-H character. 

5. In ethane (both staggered and eclipsed) the first singlet-singlet transition 
is allowed and polarized perpendicularly to the C-C bond axis. In propane it is 
polarized perpendicularly to the plane defined by the plane of the carbon atoms 
and in n-butane and n-pentane in that plane. In the case of ethane this has been 
confirmed by the high resolution work of Pearson and Innes [2]. 

The first singlet-triplet transitions are polarized perpendicular to the skeletal 
plane. (Except for n-pentane in the INDO method.) 

6. The density of states is very great except for the smallest molecules. This is 
usually accentuated by the intervention of the Rydberg orbltals. We believe that 
this is a very important characteristic of the spectra of o--electron systems and 
it is likely to be one of the causes of the diffuse character of the bands. Since many 
of these states are expected to be repulsive the opportunities for predissociation 
must be very frequent. The crowding is less for the first singlet-singlet transition 
in the smaller molecules and this is in line with the observed vibrational fine 
structure of ethane [2-4]. The same is, in general, true of the singlet-triplet bands. 

7. The differences between corresponding transition energies of staggered 
and eclipsed ethane are of the order of 0.1 eV or less. This may be one of the 
reasons for the apparent broadening of the bands. It should become move im- 
portant for the larger molecules. 

8. Concerning the first band of the highly branched paraffins isobutane and 
neopentane, these could not be accounted for in any of the calculations using 
only valence shell atomic orbitals. The inclusion of Rydberg AO, however, shows 
that the corresponding first excited states have a high Rydberg character, about 
30% for iso-butane and 50% for neo-pentane. No such state comes in for the 
straight chain molecules. This is linked to the fact that combinations of Rydberg 



Electronic Spectra of Saturated Hydrocarbons 241 

atomic orbitals have lower energies for the branched geometries than for the 
straight chain or slightly branched molecules. (If we make a simple Hiickel 
calculation taking one AO on each carbon the lowest M O  energies are: 1.618 fl 
for n-butane, 1.732 for iso-butane; 1.732 for n-pentane, 1.848 for iso-pentane and 
2.000 for neopentane.) 

9. Hydrogen Rydberg AO play as important  a part  in the molecular wave 
functions as do the carbon Rydberg AO. 

10. As to ground state properties, as usual, ionization potentials turn out to 
be about 2 eV too high in all three approximations. The decreasing trend with 
increasing chain length in the case of the n-paraffins is well accounted for by the 
calculations. The branched chain molecules also show the correct ordering among 
themselves but are slightly displaced with respect to the n-paraffins. As for the 
first singlet-singlet transitions the departing electron is taken from a molecular 
orbital mainly populated in the C - H  bonds for methane, ethane and propane 
(except for propane in the R C N D O  method, where the orbital of departure is 
predicted to be mainly in the C - C  bonds) but from mainly C - C  populated ones 
for n-butane and the longer chains. For  the branched isomers, the orbital of 
departure is of mixed C - C  and C - H  character. 

As to the charges the C N D O  and R C N D O  methods give values in conformity 
with chemical intuition while the I N D O  method puts small negative charges on 
the hydrogens and positive charges on the carbons. All methods predict the 
relative positive charge on various carbons in the order CH 4 < pr imary < sec- 
ondary < tertiary < quaternary. 

Conclusions 

The authors of this paper  have no delusions as to the approximate character 
of their calculations. This concerns especially the inclusion of the large Rydberg 
orbitals in the AO basis. Theoretical justification for this is clearly needed. The 
results of these calculations seem to be in agreement with and interpret correctly 
so many experimental facts, however, that we feel that this deeper justification 
will be forthcoming. There is a great need of theoretical investigations of the 
Rydberg states of polyatomic molecules. 
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