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Reeent  advances  in  the  theories of sa tu ra ted  hydrocarbons  ate brief ly reviewed. The 
problem of the  non-add i t iv i ty  of certain ground s ta te  properties of these moleeulr is diseussed 
as well as the i r  electronic absorpt ion spectra.  

Introduction 

The interest of quantum chemists in the properties of larger saturated 
organic molecules is relatively recent. The approximate addit ivity of certain 
physieo-chemical quantities in the case of paraffins seemed to tender calcula- 
tions on these of no great interest. First at tempts to treat  a-electron systems 
by  approximative wave mechanical methods were based on group - -  of bond 
orbitals. These have been reviewed [1,2] and we shall refrain from doing this 
again. We prefer to take the at t i tude that  localizability of addit ivity relation- 
ships, ir these apply, should be a result of the calculations and not their starting 
point. 

There ate at least two properties of saturated molecules which exhibir 
a clear departure of addit ivity of loealizability. 

1) The heats of formation show a slight but  well established default of 
additivity (Table I). 

2) The first ionization potentials of normal-paraffins show an outspoken 
diminishing trend with increasing chain length (Table II).  They drop from 13.17 
ev for methane to 10.19 for n-decane. 

Table I 

Observed hea ts  of fo rmat ion  of paraff ins in  un i t s  of resonanee in tegral  fl ~ - -  38.866 kcal-M 
after  sub t rac t ing  the  cont r ibut ions  of the  C - - H  bonds. After  KLOPMAN [6] 

Methane  0 
E t h a n e  2 
Propane  4.06 
I sobu tane  6.20 
Neopentane  8.34 
Cyclohexane 12.43 

* Dedicated to Prof.  P. GOMB~S on his 60th b i r thday.  The au thor  wishes to express 
his deep appreeia t ioa  of the  lifetimv scieatific work of Professor P. Go~BŸ s from whom 
he received his f i rs t  t r a i a ing  in theoret ical  physics in the  early forties. 
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Table II 

Observed ionization potentials of paraffins in ev. After FuKuI, K&TO and YONEZAWA [5] 
and KLOPMAN [6] 

Methane 13.17 
Ethane 11.76 
Propane 11.21 
n-Butane 10.80 
n-Pentane 10.55 
n-Hexane 10.43 
n-Heptane 10.35 
n-Octane 10.24 
n-Decane 10.19 
Isobutane 10.40 
Neopentane 10.30 
Cyclohexane 10.40 

Any theory concerned with single bonded systems should be able to 
interpret these facts. 

The first "individual electron" calculations on saturated hydrocarbons 
were made in 1954 by S~Ÿ and DAUDEL [3] and by SANDORr'Y [4]. These 
works explored the possibility of applying the simple Hª molecular orbi- 
tal method in all-valence electron calculations. 

Hª methods similar to the above mentioned were extensively 
used and improved by FUK~I, K~.TO and YON~ZAWX [5] and by KLOPMAN 
[6] with the main purpose of explaining the behavior of the ionization poten- 
tials and heats of formation in series of normal and branched paraffins. This 
was successfully achieved by these authors with a suitable choice of parameters. 
A number of problems relating to chemical reactivity have also been treated 
[7]. Then HOFFMAN [8] introduced the very simple WOLFSBERC--HELMrIOLTZ 
[9] parametrization into a-Hª calculations thus providing them with the 
flexibility necessary to treat  stereochemical problems. POPLE and SAr~TRY 
[10], in a more elaborate treatment,  examined the causes of delocalization and 
non-additivity in paraffins. 

The next stage in the evolution started in 1964 when the Pariser - P a r r - -  
Pople method was adapted to a-electron problems. This has been done by se- 
veral authors at almost the same time: KLOPMAN [11], POHL, REIN and APPEL 
[12], POPLE, SANTRY and SE6AL [13], KAUFMAN [14], KATAGIRI and S�93 
[15], SKANCKE [16], YONEZAWA, YAMAGUCHI and KATO [17]. 

These mcthods use either the zero differential overlap approximation 
of MULLIKEN'S approximation and differ mainly in the way of handling the 
interactions between electrons in orbitals on the same atom and by the extent 
in which atomie spectral data are used for obtaining parameters. 

In the writer's opinion,the Hª and Pa r i se r - -Pa r r -  Pople methods 
have now attained the same degrec of usefulness in a-electron problems as they 
have in ~-electron problems. 
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Delocalization and ground state properties 

In  the empirieal  methods,  if hybr id  orbitals are used, the  in teract ion 
between eleetrons on the same a tom bu t  in different  orbitals is represented  by  
the resonance in tegral  m E where m is a number  chosen to  be much less t han  
un i ty  and/~ is the  resonanee integral  for a C--C bond.  I t  is immedia te ly  clear 
(Fig. 1) t h a t  the  degree of delocalizat ion depends on the value of  m and tha t  
for  m = 0 we obta in  complete ly  localized bonds. 

H H H 

. : ~ ~  o---W o 
H H H 

Fig.  1. Carbon hybridized sp 3 orbitals in n-butane 

I t  is in teres t ing in this respect  to compare  a chain of C--C bonds l inked 
b y  s p  3 hybr id  orbitals and a conjugated ehain in which we consider the ~ - - ~  
bonds only. 

I f  all the  ~ were equal in the ~ calculat ion every  ~r orbi ta l  would have  two 
equivalent  neighbors and ir is this s i tua t ion which we call " con juga t ion" ,  
(benzene, for example) .  In  an open chain conjugated  molecule like butadiene  
large ~ a h e r n a t e  with small ones. In  sa tu ra ted  molecules the m value deter- 
mined by  YosmzuMi  [18] is about  0.35. 

Thus we can see t h a t  the difference between sa tu ra t ed  and conjugated 
chains is less fundamen ta l  t han  it might  appear  at  f irst  sight. Propane ,  for 
example,  becomes similar to butadiene .  (SIMrSON [19] [20] was able to t r ea t  
the electronie speet ra  of bo th  by  an excitonic approach t h a t  is, supposing 
localization in individual  bonds in the ground s ta te  and forming combinat ions 
of  wave funct ions exei ted in anyone  bond for the exci ted states).  

KLOrMA~ has shown [21] by  examining the secular de terminants  t ha t  
the int rodueing of  the  2 - -3  in te rac t ion  in the Hª  type  t r e a t m e n t  is equi- 
valent  to in t roducing  the nonneighbor  1 - -4  in terac t ion  (Fig. 1). This can be 
exploited in the  t r e a t m e n t  of s tereochemical  problems [22]. 

I f  we use pure  a tomic orbitals instead of hybr id ized  ones in the a-bond 
problem (like HOFF~ANN [8] or P o r t e  and SANTRY [10] the relat ion between 
delocalization and in terac t ions  be tween orbitals on the  same a tom is no more 
evident.  

PoPnE and SANTRY w h o  used pe r tu rba t ion  calculations to establish the 
causes of delocalizat ion in s a tu ra ted  hydrocarbons  found t h a t  there  are three 
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of these: the energy differenee between 2s and 2p orbitals; the resonance in- 
tegrals between chemieally non-bonded atoms and the interactions between 
the 2pz ( ~  Jt) orbitals. Ir is intere3ting to note tha t  if the axes of the latter 
ate parallel - -  as in the all-tran~ isomers - -  every ~ eleetron has two equiva- 
lent neighbors although, naturally, the distanees between neighbors ate 
now about 1.54 A. 

These considerations m~y help in the understanding of the behavior of 
ionization potentials and heats of formation in the paraffin series (cE Tables 
I and II). 

~~176 0,9930 0,9935 

Fig.  2. Effective orbital charges and bond charges in methane, staggered and eclipsed ethane 
and in propane 

The following diagram~ (Fig. 2) represent the distribution of electronie 
charge den~ities in methane, ethane and propane computed by the PPP-type 
approximation of KATAGIRt and S~Ÿ [15]. The hydrogen atoms are seen 
to loose negative charges amounting to about 0.05 electronic charges. These 
are picked up essentially by the Csp 3 orbitals linked directly to the hydrogens. 
Hydrogens on seeondary carbons loo~e slightly less charge than those on pri- 
m~ry one~. Bond orcler3 in both C--C and C--I-I bonds are close to 0.99. This 
distribution as well as the C--I I  bond dipole are seen to be in conformity with 
general chemical knowledge. 

Ir is interesting to note tha t  while deloealization causes an appreciable 
amount of non-additivity in ionization potentials and heats of formation it 
affects charge distribution only slightly. 

The eleetronie speetra of a-eleetron systems 

The electronic spectra of saturated hydrocarbons are located in the far 
ultraviolet and this is probably the reason why, until recently, they received 
so little attention. Methane seems to be the only exception. The most complete 

Acta Physica Ar Seientiarura H~ng=ricae 27, 1969 



ON THE STRUCTURE A1ND SPECTRA OF tt-ELECTRON SYSTEMS 155  

works relating to this molecule are those of DITCHBURN [23] and SuN and 
WEISSLER [24], who also summarized the previous literature. More general 
works on aliphatic hydrocarbons started appearing four or five years ago. 
Among these wc have to mention those of OKABE and BECKER [25], PARTRIDGE 
[26], SCHOEN [27] and RAYMONDA and SIMPSON [20]. The ab3orption spectra 
of a number of gaseous normal and branched paraffins were measured in the 
author's laboratory on a McPherson model 225 vacuum ultraviolet  monochro- 
mator  under approximately 0.2 A resolution from 2000 to 1150 .& using a 
double beam at tachment ,  a hydrogen light-source and photoelectric record- 
ing. Our discussion will be based on these spcctra [28] [29]. 

~15 C~ 

o 

uJ 5 el 

1575 1470 1379 1299 127.7 1163A 

Fig. 3. Far ultravio]et absorption spectra of methane, ethane, propane and n-butane. Molecu- 
lar extinction coefficients -- against wavenumbers 

Although a number of theoretical works are now available on ground 
state properties of saturated hydrocarbons we know only four concerning 
their electronic spectra. These are: MULLIKEN'S united atom t rea tment  [30] 
[31], the P a r i s e r - - P a r r - P o p l e  type calculations of KATAr and SXNDORFY 
[15] and of BROWN and KaISHNA [32] and the excitonic approach of RAY- 
MONDA and SrMPSON [20]. 

The following observations can be madc. 
a) The bands are usually diffusc and no vibrational s tructure is observ- 

cd. Ethane is a significant exception to this. 
b) There seem to be one of two weak bands, or at least a pronounced 

inflection betwecn 1630 and 1575 A, in all the spectra except tha t  of mcthane. 
These shift gradually to longer wavclengths. 

c) At shorter wavelengths strong bands follow with molecular extinction 
coefficicnts in the 103--104 range. The bands exhibit much larger shifts toward 
lower frequencies, amounting to 4200 cm -1 from cthanc to propane for the 
first strong band, then becoming gradually less and reaching an approximate 
limit of about 1420 A for n-pentane. At the same time the intensities increase 
graaual]y (Table III) ,  (Fig. 3). 
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Table III 

The  w a v e l e n g t h s  and molecular extinction coef f ic ients  o f  the  f irs t  two  s trong  b a n d s  o f  normal 
paraffins 

I II 
Compound 

), (]k) ] ~(1. mole-rem-l) X (~) e(1. mole-acre-') 

Methane 
Ethane 
Propane 

n-Butano  

n-Pentanc 
n-Hexanc 

n-Heptane 

n-Octane 

1277 I 5 839 
1318 8 751 

1395 11 240 
1410 15 420 

1415 17 330 

1425 19 560 

1430 20 950 
1415 24 550 

1285 
1335 

1345 

1335 
1340 

1340 

13 010 

17 950 
20 360 
24 080 

25 980 
28 960 

According to MgLLIKEr~, the united a tom configurat ion of CH 4 is, omit- 
t ing carbon ls orbitals:  

[saJ ~-[pfz] o ~A~, 

where a t and f2 are the usual  group theoret ical  symbols  under  Ta symmet ry .  
The lowest excited orbitals then would be Rydberg - type ,  large atomic orbitals 

3s, 3p, 3 d . . .  with 3s lowest. MVLrIXEr~ pointed out,  however,  tha t  ant i -bonding 
localized C - - H  orbitals are qua]i tat ively very  similar to those of  3s and 3p 

orbitals of ah atom. Thus in this united a tom approach  the first excited state  
of methane  would have configurat ion [sal] 2 [pf2] 5 [3sa l ] lF2  and the corres- 
ponding  transi t ion would be of type  

1F z ~ lyI 1 and a l lowed.  

The observed intensi ty  (~ = 5800, oscillator s t rength  f = 0.26) seems to justi-  
fy  this ass ignment  a l though the possibility t h a t  the  band  is a forbidden one 
borrowing intensi ty  f rom a s t ronger  t ransi t ion at  higher frequencies is not  

ruled out.  In  fact  we know from SCHOE~'S [27] work tha t  the 1277 A band  of 
methane  is followed by  even stronger bands.  

In  KXTXGIRI and S�93 scheme (Fig. 4) which is based on the 
C2s, C2p and H l s  orbitals only, the molecular orbitals are, in order of increas- 

ing energy,  a l, f2, al, fz so tha t  the transi t ion of  lowest energy is a 1 +- fz, t ha t  
is again 1F 2 ~-- lA 1. The sequence of the excited orbitals, however,  depends in 

a delicate way  on the choice of certain parameters .  I f  the order was al, f2, f2, 

a I the first  t ransi t ion would be f2 +- f2 yielding F 2 X F 2 = A1 + E A- F1 -}- 
F 2 the t ransi t ion to F 2 being allowed and the others forbidden. The ]a t ter  could 
be made  allowed by  vibronic interactions and the band we observed m a y  be 
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Fig. 4. Energies of the lower singlet--singlet electronic levels of methane, ethane and propane, 
C--C means that the orbital from which the transition departs (in absorption) has a high 
population in the C-C bonds; M (mixed) that it has a fairly large population in the C-C bonds. 
Ir the state is unmarked then all the charge is in C--H bonds in the orbital of departure. 

After KATAGIRX and S)Ÿ 

due to these. I t  is also possible t ha t  the shoulder at  1425 _& represents a sepa- 

ta te  electronic band  due to one of these forbidden transit ions.  We have no 

means of checking upon these t en ta t ive  assignments,  however.  

The ground s ta te  of ethane in MULLIKEN'S united a tom t r ea tmen t  had the 
following conf igurat ion:  

[sal]2 [sal]2 [~e]4 [~e]4 [~ + ~]21A1 

CH 3 CH 3 CH 3 CH 3 C - - C  

Here the two me thy l  groups are t rea ted  as two separate uni ted a toms except  
t ha t  a C--C molecular  orbi tal  is formed for the two 2p~ electrons forming t h a t  

bond. This yields [~d-~] the plus sign applying to the orbital  of lower energy. 
For  the lowest excited s ta te  an electron would go to ah orbital  formed b y  the 

two earbon 3s a tomic  orbitals, [3s ~t- 3s]. Then we obtain  the configurat ion 
[sal] 2 [sal] 2 [Ÿ 4 [~re] 4 [ir ~- o] [3s ~- 3s] 1~4 1 if the electron is t aken  from the 

C- -C  bond.  The t rans i t ion  to this s ta te  would be lA 1 +- lA 1 and forbidden. 
F r o m  considerations based on ionization potentials MULLIKEN predicted t h a t  
the eorresponding band  should be at about  1600 ~.  No such band  was known 

at the t ime bu t  we ate now making  the ten ta t ive  suggestion t h a t  the weak 
band  we f ind in the  spec t rum of e thane corresponds to this t ransi t ion.  
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The first strong band would then be due to the transition of an electron 
in a C - - H  bond to the same excited orbital: 

[sal] 2 [sa~] 2 [~e]' [~e] 3 [a + ~]2 [3s + 3s] ~E. 

The lE +- lA transition is allowed. 
In  KATAGIRI and S�93 Pariser and Parr  type calculations the 

first transit ion is of the lE  *-- ZA type but  we find no equivalent for MULLZ- 
KEr~'S Iow lying lA 1 *--XA 1 transition. 

More extended 3s ~- 3s + 3s + . . .  type orbitals may account for the 
bathochromic shift which is observed when the number of carbon atoms in- 

creases. 
More elaborate calculations using a basis of atomie orbitals including 

excited ones will probably be needed before we can pass the speculative stage 
in the interpretat ion of these spectra. 

Ir is a mat ter  of some interest to know if the first ionization leaves the 
"hole"  in the C--C bonds or in the C- -H  bonds or ir it is distributed over both. 
In MULLIKEN'S united atom scheme the highest orbital filled in the ground 
state is of C--C eharaeter in ethane. The Hª calculations of FUKUZ, 
KATO and ~ITONEZAWA [7], KLOPMAN [6] [21] and HO~'FMANN [8] all seem to 
favor the C--C. 

RAYMOI~DA and SIMPSON [20] assume that ,  in first approximation, the 
C--C eleetrons can be t reated separately (like the ~ electrons in conjugated 
systems but  with less justifieation) so that  the first ionization is again C--C in 
their method. However, the P a r i s e r - - P a r r - - P o p l e  type  calculations of KATACI•I 
and S�93 [15] yield electron densities mainly coneentrated in the C- -H  
bonds in the uppermost  occupied orbitals, for at least ethane and propane. 

From their photoeleetron spectra AL-JOBoURY and TURNER [33] also 
eoncluded to the involvement of C - - H  rather  than C--C bonds. Their bands 
were broad, howevcr, and they  have allowed for the possibility tha t  they  result 
from ionization from more than one close-lying orbital. 

The mat ter  does not  seem to be definitely settled. Changes from C - - H  to 
C--C might occur in going from one paraffin molecule to the other and, in 
particular,  between isomers with different degrees of branching. 

The diffuse charaeter of the bands in the spectra of the saturated hydro- 
carbons is usually a t t r ibuted to dissoeiation or predissociation in the excited 
states which ate indeed very  probable in view of the high excitation energies 
whieh ate involved. In relatively small moleeules where the states are not very  
crowded the chances for predissociation ate expected to be lower and this may 
be the reason why ethane [6] exhibits some vibrational fine structure. 

Despite of the impor tant  tole plaid by  dissociation we should be cautious 
in at t r ibut ing all the diffuseness what is observed to these phenomena. We have 
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to remember in this respect tha t  because of rotational isomerism our spectra 
a t e  actually spectra of mixtures and tha t  the number of rotational isomers as 
well as the number of totally symmetricalvibrations increase rapidly with the 
increase in the number of atoms in the molecules. 

There are some significant differences between the spectra of the branehed 
chain paraffins, especially those of the highly branehed ones, and those of the 
normal paraffins. 

A typical  example is shown in Fig. 5. The first bands are much stronger 
than in the spectra of the normal paraffin and they ate followed by a fairly 

35 
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_i " 
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'2000 

N pentone(1} {2) 
Neopen~~le (2) 

54,5 5 0 6 5 68,0 '72,5 7�91 81,5 86,0 cm- x 10 -3 
1835 16~5 15 '75  1 4 7 0  137~ 1299 lr2r 1163 

Fig. 5. Far ultraviolet absorption spectra of n-pentane and neopentane. Molecular extinetion 
coefficients against wavenumbers 

deep minimum toward higher frequencies. We have no quantum chemical 
calculations available to help in the interpretation of these spectra. I t  is pos- 
sible tha t  in this case the first bands correlate to the first strong bands of the 
normal paraffins. This would again mean tha t  there has been a ehange in the 
order of the highest occupied molecular orbitals in the ground state. 

All electronic transitions mentioned in this communication were singlet-- 
singlet. The first s i ng l e t - t r i p l e t  transitions were p red ic tedby  KATAr and 
SXNDORFY [15] to lie by  about l ey  to lower frequencies from the first singlet-- 
singlet bands. None of them has been found up to the present time. 

We conclude by  saying tha t  much remains to be done. The solid theore- 
tieal basis for the discussion of a-electron spectra is yet  to be created. 
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0 CTPYKTYPE H CHEKTPE tr-3J'IEKTPOHHblX CHCTEM 

LI. IIIAH~OP~H 

Pe3~oMe 

B nepBofi qaCTH pa6oTt~ naeTcfl KpaTKH~ 0630p HOBefimHX HCCJIeRoBaHHiŸ nO Te0peTH- 
qeCKofi XHMHH, Kaca~~HXC~ HaCblII~eHHblX yrJ~eBoRopoRoB. BO BTOpO~ qaCTH paccMaTpH- 
BaIOTC~I pacxo>K~eHHe HeKoT0pblX OTH0CflII~Hecfl K OCHOBHOMy COCTO~IHHIO q~H3HKO-XHMHqeCKHX 
CB0,~CTB OT a~J~HTIIBHOCTH H nepexo~u ~-a~eKTp0HOB (~ta~eKH/Ÿ yYlbTpaqbHoJIeTOBb/~ cIIeKTp). 
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