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Pariser and Parr Type Calculations on Saturated Hydrocarbons I 
By 

S. KATA~IRI* and C. SANDOUFY 

A Pariser and Parr-type approximation is proposed for saturated paraffinie hydrocarbons 
and is applied to methane, ethane and propane. 

The choice of the integrals is discussed in detail. One center electron repulsion integrals 
are determined from atomic spectral data by deducing empirical Z numbers in BI~GeL'S 
manner. Two center electron repulsion integrals are obtained according to the procedure used 
by PAglSe~ and P ~ g .  l~esonance integrals are computed so that only the (p:pp) type core- 
integrals therein are adjusted empirically. 

A preliminary attempt is made to interpret the electronic spectra due to valence-shell tran- 
sitions. The trend toward lower energies with increasing chain length of both the first ioniza- 
tion potential and the first excitation energy is successfully interpreted. Diagrams of elec- 
tronic charge densities and bond orders are also given. 

Une approximation du type Pariser et Parr pour le caleul des propri6t6s des hydrocarbures 
satur6s es~ d6erite et appliqu6e au m6thane, l'6thane et le propane. 

Le ehoix des int6grales est diseut6 en d6tail. Les int6grales de r6pulsion 61eetronique gun  
centre out 6t6 tir6es des spectres atomiques en d~dui~ant des nombres Z empiriques ~ la 
mani6re de BI~O~L. Les int6grales de r6pnlsion s deux eentres out 6t6 obtenues par la proc6dure 
uti[is6e par PARISEg et PAgR. En ealeulant les int6grales de r6son~nee seules les int6grales du 
type (p:pp) 6talent ajust6es d'une mani6re empirique. 

On rapporte une tentative ~ l'interpr6tation du spectre 61eetrollique dfi aux transitions 
darts ]a eouohe de valence. Les r6snltats interpr6tent correetement le glissemeilt vers les 
grandes longueurs d'onde du premier potentie] d'ionlsation et de l'6nergie d'excitation de 
la premi6re transition singulet-singnlet avee l'al]ongement de la ehalne carbonlque. Des 
diagrammes des charges 61eetroniques et des indices de liaison sent 6galement pr6sent6s. 

Ffir gesEttigte Kohlenwasserstoffe wird ein Verfahren, analog dem yon PAglSEg und P~gR 
entwiekelten, vorgesehlagen nnd auf Methan, J~than und Propan angewendet. Dabei werden 
die Einzentren-Coulombintegrale naeh der Methode yon BIrchEn aus den Atomspektren er- 
reehnet, die Zweizentren-Conlombintegrale gemEB dem Verfahren you P~glSEg und PAg~ ge- 
sch~tzt, die l~esonanzintegrale bereehnet und die Rumpfintegrale als Justierungsparameter 
verwendet. 

In einem ersten Versuch werden die der Anregung yon Valenzelektroner~ zugeordneten 
Banden interpretiert. Ferner l~Bt sieh das Absinken yon Ionisierungs- nnd erster Anregungs- 
energie mit zunehmender Kettenl/~nge verstehen. SehlieBlich werden Diagramme ffir La- 
dungsdiehte der Elektronen sowie ffir die Bindungsordnung gegeben. 

Introduct ion 

Q u a n t u m  chemical l i terature related to larger molecules exhibits a ra ther  
pronounced preference for z-electronic systems and  much work should be done in 
order to do justice to sa tura ted  molecules. 

Ear ly  workes on sa tura ted  hydrocarbons used bond or group orbi~als. Their 
results have been reviewed by  various authors  [5,19, 37] and  will not  concern us here. 

* On leave of absence from Department of Chemistry, Tohoku University, Sendal, Japan. 
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An improved method of this type was recently given by  LoRQu]~T [28]. ])EL RE 
[7, 8] described a method for the calculation of a charges and a energies which is 
based on the idea tha t  the a bonds are normally fully localized and they interact 
with each other through inductive effects representable by changes in the value 
of the Coulomb integrals. 

The simple Hiickel molecular orbital method was first applied to saturated 
hydrocarbons and their substituted derivatives by SANDORFu and DAUDEI= [41] 
who based it uniquely on sp 3 hybrid orbitals bonding together carbon atoms (the 
"C" approximation) and by SA~DO~FY [42] who included all sp 3 hybrids whether 
they form C-C or C-H bonds and the hydrogen is orbitals (the "H" approxi- 
mation). 

These methods were improved by u [48] and were successfully used 
by  FuKvI, KATO, and YO~V=ZAWA [10, 11] for computing ionization potentials, 
heats of formation and certain quantities characterizing chemical reactivity. 

Subsequently KLO~A~ [19, 20, 21] obtained an even better  simultaneous fit 
of experimental values for heats of formation and ionization potentials, with a 
more suitable choice of parameters based on heats of formation. 

HOrF~A~r [13] used a parametrization based on valence-state ionization 
potentials, included overlap integrals and interactions between non-neighbors 
and was able to interprete many  conformational problems. A more complete 
t reatment  was given by  PorLE and S~_~T~Y [37] who studied the causes of the 
non-additivity of certain properties of the hydrocarbons treating the factors 
causing delocalization as a perturbation. 

The obvious next step in the evolution of t reatments  related to saturated 
molecules is to apply the semiempirical Pariser and Parr  method, either in its 
original form [31, 32] with or without configuration interaction or ~dth self- 
consistent orbitals as proposed by  POPLE [3, 37]. In  recent papers KLO~IA~ gave 
[18] a self-consistent semiempirical method of this sort applied to diatomic and 
some small polyatomie molecules where all integrals involved are directly deduced 
from atomic spectra or bond distances. Another self-consistent approach with 
complete neglect of differential overlap was given by  PorL~ et al. [36], and still 
another by  KAU]~MAI~ [17]*. 

In  the present paper a somewhat different method is outlined which is closer 
to the original Pariser and Parr  method. Our efforts were directed mostly toward 
the interpretation of ionization potentia]s and electronic spectra of saturated 
hydrocarbons, a problem what none of the previous authors have attacked. 
Electronic charge distribution will also be considered, however. 

Outline of the Method 

The procedure we have followed is essentially the same as the one originally 
introduced by  PA~IS~  and P A ~  [31: 32]. As it is well known in this method the 
wavefunctions are antisymmetrized products of molecular orbitals (i2) and we 
neglect differential overlap in electron repulsion integrals and t reat  the core 
integrals as parameters. In  the following we discuss in some detail the choice of 
the integrals we have made. 

* These papers appeared after our manuscript was submitted and are not considered in 
detail. 
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The basic atomic orbitals we used were carbon spa-tetrahedral hybr id  orbitals 
and hydrogen is  orbitals. Only the carbon Is  orbitals were included in the core. 

a)  Carbon One-Center Repuls ion  Integrals 

For  reasons given below we did not  use Pariser 's  (pp I PP) = I -- A formula 
where p stands for a carbon sp~-orbital and I and A are the valence state ioniza- 
t ion potential  and electron affinity respectively. Ins tead  we chose to adjust  the 
effective nuclear charges Z~s and Z ~  empirically in the following way. 

I n  Slater 's theory  of  a toms [~5] (one-center) Coulomb and exchange integrals 
involving no more than  two atomic orbitals are expressed, apar t  from a spin 
factor, as : 

J (nlm~; n'l'm~) = ~ a~ (Im~; l'm~) F~ (nl; n'l ') (i) 
k 

and 

K (nlm~; n~l'm;) = ~ b~ (Im~; t '~)  r (nl; n'l ') (2) 
k 

where F ~ and G ~ are expressions introduced into the integrals by  the radial parts  
of  the wave functions : 

F~ (nl; nil ~) = R~ (nl, n~l~ ; nl, n T )  (3) 

G ~ (nl; n T )  = R~ (nl, n~l'; n ' l  ~, nl) (4) 

and a ~ and b ~ by  their angular parts. The summat ion  is over the appropriate  
Legendre polynomials (4). For  a pair of  equivalent  electrons 

F ~ (nl, nl) = G ~ (nl, nl) . (5) 

The a ~ and b ~ were tabula ted  by  CO_~DO~ and SnOR~LEu (ref. [all, p. i78) for all 
possible sets of  quan tum numbers  for s, p, d and / orbitals. The F~ and G ~ are 
given in the extensive work of  BI~GEL [2] who used Slater orbitals to compute  
them. They  are expressed as functions of  the orbital exponent  ~ = Z/2. Since, on 
the other hand, the F ~ and G ~ can be determined from observed atomic spectra 
we have a means for deducing empirical Z values for given cases. 

For  the present work we need integrals over 2s and 2p orbita]s. F rom eq. (i) 
and (2) we obtain the following relations: 

(2s 2s I 2s 2s) = F ~ (2s, 2s) 

4 F2 (2p 2p [ 2p 2p) = F o (2p, 2p) § ~ (2p, 2p) (6) 

(2s 2s I 2p 2p) = F ~ (2s, 2p) 
(2s 2p ] 2s 2p) = �89 G ~ (2s, 2p) 

where all the p occuring in the same integral have the same index x or y or z and 
the equal i ty :  

F 2 (2p, 2p) = G 2 (2p, 2p) 

is taken into account.  Now, according to BI~GEL [2] and with the symbols used by  
him and previously by  P n I T C ~ D  and S~( I~En  [39, 4d], 

1 (2s. 2p) = 9 G~ (2p, 2p) = ~ G ~ �9 ~ ~2p a.u. = 0 .19i3t4  ~2p e.V. (7) 

G~ (2s, 2p) = �89 G ~ (2s, 2p) = ~ -  . . (8) 

~5" 



206 S. KaTAGmI and C. SX~DO~FY: 

where : 

~2~ = Z~p/2 and ~s  = Z2s/2 �9 

The experimental  values o fG I and G~ are given in Tab. l, expressed in electron 
volts. They  are taken from P~CHn~ and S K r ~ n ~  [35]. 

Table 1 

G 2 (2p, 2p) 
G 1 (2s, 2p) 

C+ 

0.2311 
2.8278 

C 

0.2138 
2,5868 

C -  

0.1810 
2.2204 

Substi tut ing these into eq. (7) yields empirical effective nuclear charges for the 
2p electrons of the neutral  carbon a tom and its positive and negative ions respec- 
tively. 

Z~ = 2.2306 for the neutral  C a tom 

Z ~  = 1.8922 = Z~ (i -- Sp) for the C- ion 

Z ;  = 2.4159 = Z~ (i + s +) for the C + ion 

with e~ = 0.t5341 and s + = 0.08092 . 

Similarly for 2s electrons we obtain, from eq. (8): 

Z~ = 2.2585 for the neutral  C a tom 

Z+28 = 2.446i Z~ (1 + s +) for the C + ion 

Z~ = 1.9t.70 Z~ (1 - sT) for the C- ion 

with s~ = 0.1512~ and s + = 0.08305. 

In  Tab. 2 we compare these empirical effective nuclear charges with those 
calculated previously by  BING~L [2] (who used spectral te rm values given by  
S x m ~  and P~ITC~A~D [44]) and by  KO~LRAUSCH [22]. The number  corres- 
ponding to Slater 's rules is also included. 

Table 2 

Z SZATER 

3.25 

Z BINGEL I Z ~OHLRAUSCH 

2.1 I I 2.03 

Z This work 

2.23 

I n  this work we used the theoretical one-center repulsion integrals obtained 
from equations (1) and (2) with these empirical Z values. They  are listed in Tab. 3 
in the columns headed by  C-, C, and C +. I n  the same table under "Theoretical,  
Z = 3.25", we give the theoretical integrals computed with the conventional  
Slater Z value. The values marked with an asterisk were computed with orthogo- 
nalized 2s functions. Under  P - P  are the Pariser and Par r  values obtained from 
the / -- A formula with valence state ionization potentials and electron affinities 
based on spectral terms found in [35]. Under  "Valence state me thod"  are values 
of  the integrals computed from data  given by  the same authors using methods due 
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(2p 2p t 2p 2p) 
(2s 2s [ 2s 2s) 

(2s 2s ] 2p 2p) 

(2p= 2p~ I 2pz 2p~) 
(2p~ 2p~ 1 2p~ 2p~) 
(2s 2p I 2s 2p) 
(tt ] tt) 

I 
] Theoretical  

Z = 3.25 

17.306 
16.063 
t5.661 * 
16.063 
15.837 * 
~5.441 
0.933 
3.550 

19.425 

C -  

10.076 
9.585 

9.4t0 

8.990 
0.543 
2.220 

11.46t 

Table 3 

7 
~ i 

J 

11.902 
1t.161 

~1.105 

~10.600 
0.641 
2.585 

13.497 

C § 

~2.865 
~2.090 

~2.0t4 

11.478 
0.693 
2.828 

14.618 

P-P 
) fe thod  

10.44 
11.89 

12.78 

Empirical  

Leroy 's  
5Iethod 

Valence Julg 's  
State Method 

Method 

10.44 9.21 
11.89 8.89 

1t.74 

9A8 
0.63 
2.59 

11 A3 

8.97 
8.31 

t0.81 

to MULLIKEN [ 3 0 ] .  For  comparison some integrals were also computed  from 
formulas deduced by  JULG [16] and by  L~RoY [26] using the valence state energies 
given in [35]. p~ and p~ are oriented in a bond direction and perpendicular to 
each other  and the integral over the te trahedral  orbitals is given by  

[(2s 2s i 2s 2s) + 12 (2s 2p i 2s 2p) + 9 (2p 2p [ 2p 2p) ( t t [ t t )  = ~  

+ 6 (2s 2s 12p 2p)] 

where 

t -  ~ (2s + ~ 2p).  
(see below) 

I t  now becomes apparent  why  we did not  choose the I - A method of  PA~IS~R 
and P A ~ .  I n  fact we cannot  obtain by  this procedure the impor tan t  (2s 2s I 2p2p) 
or (2p~ 2po ] 2p~ 2p~) integrals and others whose place was left vacant  in Tab. 3. 

Since one center Coulomb repulsion integrals originate - using the valence- 
bond language - from polar structures tha t  is, from negatively charged carbon 
atoms, we used the Z values related to C- to compute  them. 

b) Hydrogen one-center repulsion integrals 

For  the H -  ion the variat ional  method  gives Z~ = l l /16  = 0.69 [46]. This 
value, however, leads to a negative electron affinity which is contrary  to the 
result of  the exact  calculations of PEKn~IS [34]. W e  shall use P ~ K ~ I S '  electron 
affinity value in order to estimate (hh I hh) where h stands for an is orbital of  the 
hydrogen atom. 

The ionization potential  in atomic units is equal to : 

I = f h ( l ) ( - V  2 +  Vf) t ~ ( t ) d T l = ~ Z ~ - Z  h (9) 

with Zi~ -- 3.. 
The electron affinity A m a y  be expressed using GOEPrERT-M~Y~ and SKLAR'S 

[12] potential  involving the neutral  t tami l tonian:  

- A = ; h' (1) ( - -  V~ + V ~ 1~' (1) d~l (10) 
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where 

v~ = v + + f h' (2) h' (2) _ L  & 2 .  ( l l )  
r12 

Subs t i tu t ing  ( i i )  in to  (lO) we ob ta in  

- A = f ~t' (J~) ( - V I  q- V-~) h t (J_) d r  1 q- (h' h' ] h' h') 

_ �89 z~, - & ,  + (h' h' I h' h') .  (~2) 

Subs t rac t ing  (12) from (9) yields 

(a' h' I a' h') = i - A + 1 (Z~ - z~,  ) + (&,  - & ) .  (~3) 

This would be equal  to  I - -  A if  we had  Zh, = Zh. I f  we t ake  Za = 1 and  Zh, = 0.69 

w e  h a v e  : 

In t roduc ing  

and  

we ob ta in  t h a t  

( h ' h ' l h ' K ) =  I - - A + ( 0 . 6 9 - - 1 ) +  � 8 9  ~) 

= I --  A --  0.04805 a.u. 

-- I - A - i . 3 0 7 e V .  

I = 13.605 eV 

A = 0.755 eV 

(t4) 

(h' h'  I h'  h') = i i . 542  e V .  

The theore t ica l  value of  (hh I hh) with  

Z = 0.69 is i i . 7 3 4  e V .  

The Par iser  and  P a r r  value I - A is equal  to  13.605 - 0.755 = i2 .85 eV. 
W e  adop ted  i i . 542  eV. 
W e  did  not  use the  m e t h o d  appl ied  to carbon in the  previous  sect ion because  

of  lack  of  spect ra l  d a t a  on the  H -  ion. Also the  me thod  used in the  present  sect ion 
would be more  dangerous  to  a p p l y  to  carbon because of the  more compl ica ted  
charac te r  of  i ts  core. 

c) Two Center Electron Repulsion Integrals 

For  in te rnuc lea r  d is tances  larger  t h a n  2,8 A we used the  un i formly  charged  
sphere model  of  PAR~ [33] with  Z = 3.25 for carbon 2p orbi tals .  F o r  2s and  H i s  
orbi ta ls  we used the  po in t  charge model .  

F o r  d is tances  shor ter  t h a n  2.8 ~ we appl ied  the  well know formulas  given in  
P ~ I s ~  and P ~ R ' s  second pape r  ob ta ined  b y  ex t r apo la t ing  to  r = 0 the  equa-  
t ion : 

ar + br 2 = �89 [(pp l PP) + (qq I qq)] - (PP I qq) ( i5) 

af ter  de te rmin ing  the  cons tants  a and  b b y  f i t t ing (15) for r = 2.80 A and 
r = 3.80 A b y  the  values ob ta ined  from the  uni formly  charged sphere model.  

Then  we have  the  following types  of  two-center  electronic repuls ion in tegra ls  
for dis tances  shor ter  t h a n  2.8 A:  
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(hh I h' h ') = 11.542 - 2.9730 
(hh ] 8 ~ s') - 10.564 --  2.3660 
( h ~ l s  s  = t 0 . 8 0 9 -  2.1643 
(hh l P; s  = 10.809 - 2.6822 
(P~ P,~ I ~" P'~) = 10.0V6 - 2.3098 
(Po f~ I P; s ) = 10.076 - 1.1437 
(ss I s '  d )  = 9 .585- -  1.7590 
( s s ] s  = 9 . 4 1 0 -  1.8144 
(ss ]p'o p ; )  = 9.410 - 1.2777 
(p= p= ] p'~ p'~ ) = 8.990 --  t .2785 
(P=P- I P 2 P : )  = 8 .990- -  1.7275 

Here  h and  h' are hydrogen  t s  orbi ta ls  on two 

r + 0.2455 ~ 
r + 0.1535 "~ 
r + 0.0945 ,~ 
r + 0.2153 ,~ 
r + 0. t644 ,z 
r -  0 .1t24 ~ (i6) 
r 4- 0 .06i5  "~ 
r + 0.0839 ,2 
r --  0.0437 ,2 
r -- 0.0192 o2 

r + 0.0858 r ~ . 

different  hydrogen  nuclei, s ls a 
carbon 28 orb i ta l  on the  same nucleus as the  one to which ~he o ther  orb i ta l  involved  
wi th  the  given in tegra l  and  28' on a different  one ; 2po is an  orb i ta l  d i rec t ly  l inked 
to  the  o ther  o rb i ta l  in the  in tegra l  and  2p~ is a 2p orb i ta l  perpendicu la r  to 2p~; 
2p'~ is ly ing an ano ther  bond  axis and  2p'~ perpend icu la r  to  the  l a t t e r :  2p'~, is 
pe rpend icu la r  to 2p'~ and  2p'~. 

The C-H dis tance  was t a k e n  for t .09 A, the  C-C dis tance  for 1.54 A and  all 
angles for 109~ 

The over lap  integrals  be tween  hydrogen  and  carbon were ca lcula ted  numeri -  
cal ly while those be tween  carbon a toms  were ob ta ined  b y  in te rpo la t ing  from 
KOTANI'S tab les  [23]. 

d) Core Integrals 
For  the  resonance i n t e g r a l / ~ q  we took  MULLI~;E~'S defini t ion [29] as was done 

b y  PAalSEX and  PA~n [31, 32] which takes  account  of  over lap  integrals .  

fi>q = �89 (HCq + HCp) --  ~ (Hp c + H c)  where the  index C s tands  for " C o r e " .  (17) 

Here  

~xp = H c = - Ip - Z [(PP i qq) + (q:PP)] -- X [(PPi u) + (l:pp)] (18) 

and  

7pq = HCq = I p  S m - ~ [(pq ] qq) + (q:pg)] --  Z [(Pq Ill) + (l:pq)] (19) 
~P~q l~p ,q  

where Ip  is the  ion iza t ion  po ten t i a l  for o rb i ta l  p, (pp [ll) is a Coulomb repuls ion 
in tegra l  and  (l:pp) a Coulomb pene t r a t i on  in tegra l  and  p and  q are "chemica l ly"  
bonded  together .  

Subs t i t u t i on  of  (18) and  (19) in to  (17) yields : 

/)~q= ~ ~ -  [(ll [ pp) + (ll l qq) + (l:pp) + (l:qq)] - [(pq [ ll) + 

+ (t: p~)] + s ~  [2 (pp ] qq) + (p: q~) + (q: pp)] - �89 [(pp ] pq) + (~q [ pq) + 

4- (p:pq) + (q:pq)] (see SIM~m~S [43]) . (20) 

App l i ca t ion  of  MULLIKEN'S app rox ima t ions  [29] to  non-ne ighbour  in te rac t ions  
makes  the  first t e r m  zero and  fu r the r  app] iea t ion  of MULLIKE~'S a pp rox ima t ion  
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to the second term finally gives 

13Pq -- 2- I s [(t)19 I 1919) 4- (qq I qq) + (P:PP) + (q:qq)] -- (1)t) I qq) 

+ ~ - � 8 9  [(p:qq) 4- (q:pp)]. (2i) 

The second term in (21) is small since terms like (p:qq) are approximately 
proportional to the overlap integral and therefore the second term in (2t) may be 
taken as multiplied by the square of the overlap integral and we neglect it. Then 
we have 

~qpq 
firq = - ~ -  [Cpq + �89 (pp ] pp) 4- �89 (qq I qq) - (PP I qq)] (22) 

where 
=�89 Cpq [(p:pp) 4- (q:qq)] (23) 

6pq only contains one center penetration integrals whose values are difficult 
to estimate. For this reason and in order to remedy at least partially to the 
approximations made in the above deductions we prefer to keep 6pq as a para- 
meter. We kept (pp I qq) separate since this is expressed by formulas depending 
on the internuclear distance. 

Finally then we have from (22) and (15) 

with 

and 

flpq = - S~oq (Cpq + Ar  4- Br 2) 

Cpq = ~ [(p:pp) + (q:qq)] 

(24) 

a b 
A = ~ a n d  B - -  2 

I f  p = q then the last formula reduces to 

0~ = �89 (p :pp) 

and we may write for p r q that 

C~q = �89 (U~ + Oq) . (25) 

We choose the value of Ch so that /~ah, is equal to its value computed by 
MULLIKEN [29] for I ~  is -- is bonds for the related internuclear distance which 
in methane is equal to 1.78 A. We obtained 

Ca = 4.628 eV for this distance. 

Cat was chosen to fit the first singlet-singlet transition energy of methane 
taken to be equal to 10.2t eg  (approximate location of the 0 - 0  band). I t  turned 
out to be 

Cht = 8.35 eV. 

Using Ca and Cat we computed Ct from equation (25) obtaining: 

Ct = t2.07 eV. 

These values were used for computing resonance integrals. 
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e) Integrals over Hybrid Orbitals 

For  two te t rahedral  orbitals we obtain using equations (i6). 

[(ss ] ss) + 9 (pp I PP) + 6 (ss I PP) + i2 (sp I sp)] (t~ t~ ! tl t~) = 

= ~ (9.585 + 9 • ~0.076 + 6 • 9.410 + 12 • 2.220) = 1t.461 eV 

and 

with 

4 

(t~ t~ I t~ t~) = ~ [(s~ ~ i s~ s~) + 9 (p~ p.~ I po~ po~) + 6 (~ s~ I ~o~ p~)  

= 9.7956 - L2324 r - 0.0758 r 2 = 7.7i8 cV 

r = 1 . 5 +  A .  

Here we kept  the term (sp I sp) in comput ing (t 1 tl I t~ t~) though it contains 
differential overlap since wi thout  it the integral turned out  to be too low [close 
to (pp I PP)]" We only did this on comput ing mono-center  integrals, however, to 
which MULLIKEX'S approximations do not  apply. Differential overlap was neglect- 
ed in comput ing (t 1 t 1 I t2 t2)" 

We have to t reat  separately the fipq related to two hybrids on the same carbon 
atom. 

Starting from the definition 

~t,, = H~, - S . ,  H, c (26) 

we see tha t  the second term is zero since the two hybrids are mutua l ly  orthogonal.  
Then 

~tt, = He, = -- ~ (tt' i kk) -- ~ [(tt' l ll) + l:tt')] (27) 
l~ ~- t, t I ~ ~ t, t l , k  

where the first sum is extended to  the same a tom and the second one to the other 
atoms, both  carbon and hydrogen. Applying MVLLIKE~'S approximations makes 
the second sum vanish, however, and there remains 

~ t P  : - -  ~ (tt~ I k l c ) .  (28) 
[r t ~ 

Writ ing out  (28) in detail we have t ha t :  

~tt, = -- [(tl t 2 I t2 t2) + (tl t 2 I t3 t3) + (t~ t~ I ta t4) ] . (29) 

I n  this work, however, we preferred using an empirical value for this integral 
which is close to the one used by  PoPL~ and SA~T~Y [38] : 

]~tV = - -  L32 eV.  

/) The Minimization Process 

I f  differential overlap is neglected then the mat r ix  elements entering the 
secular determinant  can be wri t ten down in the manner  of POPLE [37], BtlICKSTOCK 
and POPLE [3] and K o ~  [24] and we have, for the diagonal ones : 

Fpp o~p + �89 Qp (pp ] pp) + ~ Qq (pp ] q/q) 
P ~ q  

= -- Ip + �89 Qp (pp I PP) + Z (Qq-  l) (pp ] qq) (a0) 
ko~:q 
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and for the non-diagonal ones 

Fpq = ~pq . �89 Ppq (pp l qq) (31) 

where Ppq and Qp are the bond order of  bond p - q and the electronic charge 
densi ty of  orbital p respectively. Then using Hfickel molecular orbitals the roots 
of the secular equation are 

e~ = ~ C~p Fp~ + 2 ~ Cip Ciq F~oq (32) 
2O Y~>q 

and we can use the following formulas [with notat ions by  JACOBS [15], for com- 
puting the total  energies, ionization potentials and excitation energies (see [6], 
p. 468 -- 486)] 

E = 2 ~ e~ + ~ (2 J~j - K~j) 
r r  

n - - 1  

2E -- E 0 = -- z~ -- ~, (2 Jtn -- K~n) - Jnn = -- sn (34) 
i = 1  

where the ionization potential  corresponds to the  removal  of  an electron from 
orbital ~n and it is supposed tha t  the same Z value can be used for the neutral  
molecule and for its positive ion*; 

1E~J -- Eo = e1 -- st -- J~  + 2 K~j (35) 
and 

a E ~ J - E  o = e J - e t - J i J = ( 1 E ~  j - E 0 ) - 2 K i J .  

We introduced the following further  approximations in comput ing the matr ix  
elements which seem to be justified due to the highly localized character  of the 
bonds in saturated hydrocarbons  : 

l. Q p =  i 
2. Ppq ~ I for neighbouring atoms 
3. Ppq = 0 for non-neighbours. 

Thus is our case, 

= [ - + -} ( v p  I p)] + 
p 

+ 2  ~ Cip Ctq [flpq - �89 (pp [ qq)] § ~ Cim Ciq flpq . (37) 
neigh  laon neigh 

(see eq. (5) of  the Appendix) 

We computed  our coefficients in this way  and used equations (34 - 36) for obtain- 
ing ionization potentials and excitation energies. No iterations were made at this 
stage. 

For  methane  and ethane we also computed these quantities wi thout  making the 
last approximations.  The differences are very  slight. The calculation of the correc- 
t ion terms is given in the Appendix.  

We recall t ha t  differencial overlap was neglected th roughout  this work bo th  
between pure atomic and hybr id  orbitals except in comput ing one center integrals. 
MVLLIK~N'S approximat ion was used to take care of non-neighbor interactions. 
Overlap integrals were neglected in solving the secular equation. 

Details of  the calculations are given in the Appendix.  

* For a discussion of this see I'ttxYA [14]. 
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Results and Discussion 

The ionization potentials obtained through equation (35) are compared with 
their experimental values [47, 9] in Tab. 4. The experimental values were deter- 
mined by electron impact measurements. 

As is seen the calculated values are about 2 eV higher than the experimental 
ones. This is a familiar situation known for z-electronic systems and it could be 
very probably remedied by using for 
the positive ion resulting from ioniza- 
tion a Z number different from the 
one used urith the neutral molecule. 

The lower electronic energy levels 
are shown in Fig. i and in Tab. 5. 
They are in electron volts with the 
energy of the ground state taken as 
z e r o .  

In  methane ( T a  symetry) the 
lowest energy transition is from the 
degenerate orbital s2, ~, 4 to the non- 
degenerate orbital e5 that  is, from an 
A~ ground state to an F 2 excited state 
and it is allowed according to all co- 
ordinates. The next highest transition, 
from ee, a, a to ~6, ~, g leads from an 
A~ ground state to a degenerate star 
which is expected to split according 
to F~•  F ~ = A ~ + E + F  I §  2 the 
transition to F~ being allowed and the 
others forbidden. The latter may be 
made allowed by non-totally symetri- 
cal vibrations of suitable symetry (F2) 
which are, of course, available. 

Transitions from e~ to e5 would be 
A 1 -, A 1 and forbidden and from el to 
% 7, s A1 -" F2 and allowed. Transi- 
tions from el would have much 
higher frequencies than those depar- 
ring from s2, ~, 4 as is seen from the 
data of Tab. 5. 

I t  is not intended here to give a 

T a b l e  4 

Calc. 

CH~ 15.85 
/ staggered 13.26 

C2Hs [eclipsed 13.t9 
Calls 12.62 

Obs. 

1 3 A 2  

11.65 

1 t . 2 1  

e l  / 

A2~ ( c : c )  A; (c-m 
70 [ 

i 
I 

9 - I A~'A~'s 
E-. I~,,~,,EH fMJ 

I 4 - A2 

i _  c3H  
Fig. 1. 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 absorp- 
tion) has a high population in the C-C bonds; 3[ (mixed), 
that it has a fairly large population in the C-C bonds. I f  
the state is unmarked then all the charge is in C-It bonds 

in the orbital of departure 

thorough discussion of the spectra of saturated hydrocarbons. This we should like 
to reserve to our next publication after introducing certain refinements into our 
calculations and extending them to some other molecules. I t  should be pointed out 
that, naturally, our calculations cover valenceshell transitions only and not Ryd- 
berg transitions and that  configuration interaction between levels of the same 
symmetry could change our energy scheme appreciably. 

In staggered ethane (Dae) the lowest frequency transition would be the one 
from s6, ~ (eg) to e 8 (a2~) and it would be Alg -+ Eu and allowed according to the 
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Table 5 

Singlet-triplet 
I I I  I pot. 

Methane 

Ethane 
(staggered) 

Ethane 
(eclipsed) 

Propane 
C~, 

SingleVsinglet 
I I I  

10.21 10.26 
10.45 10.48 

7.80 7.81 
8.70 8.78 
8.94 8.84 

10.07 10.15 
7.83 7.84 
8.44 8.51 
8.61 8.56 

10.04 10.12 
7.53 
8.22 
8.28 
8.49 
8.31 
8.91 
8.98 

9.26 
10.07 

7.36 
7.97 
8.11 
9.30 
7.25 
7.87 
7.89 
9.27 
7.00 
7.96 
7.79 
7.77 
7.79 
8.66 
8.61 

9.31 
10.11 

7.37 
8.05 
8.01 
9.38 
7.26 
7.95 
7.82 
9.35 

t5.93 15.85 

13.33 13.16 

t3.25 13.08 

12.68 

The lower t ransi t ion energies of methane,  e thane and propane. The values giver~ in col- 
umns indicated by I were obtained in making the approximations described in section F. The 
values given in eolumnus I I  were computed without  these approximations.  

x and y axes, z being taken along the C-C bond. The transitions of next higher 
energy would be the ones from ss, 7 (eg) to e9 (alg) that  is, Alg  ~ Eg  (forbidden); 
from s6, ~ (eg) to e~0 ' 11 (eu) whose excited state splits into Alu  -5 A~u § Eu of 
which the transition to Alu is forbidden, A~u is allowed according to z and Eu 
according to x and y. Then would follow transitions departing from s~ (a~g) to 
ss (a~u) which is A,g -, A2u and allowed for z, to e9 (alg) which is Alg -, Alg and 
forbidden, and to el0, 11 (eu) which is A ,  a -~ Eu  and allowed for x and y. 

For eclipsed (D~h) ethane the situation is similar with 

eg becomming e" 
t! 

a~u ,, a2 
! 

a l  g ,, a l  
and eu ,, e' . 

The selection rules are the same except for the ss, ~ (e") to el0, 11 (e') transition 
whose excited state splits into A~ § A'~ + E" with only the transition to A~ 
allowed (z). 

There would be, naturally many other transitions at shorter wavelengths. 
The difference between related transition energies of staggered and eclipsed 

ethane turns out to be somewhat larger than expected and varies between a few 
hundreds and 3 or 4 tenth of an electron volt. I f  this is correct there should be a 
detectable change in the spectrum of ethane when temperature is varied. 

Propane has a much lower symetry than either methane or ethane and only 
the results pertaining to all-trans propane C2v are included here. The first five tran- 
sitions are  el0 (bl) t o  s l l  (al)  w h i c h  is A 1 --- B 1 a n d  a l l owed  a c c o r d i n g  t o  t h e  x ax i s  

w h i c h  is p e r p e n d i c u l a r  t o  t h e  p l a n e  of  t h e  c a r b o n  a t o m s ,  e9 (a~) t o  e n  (al)  w h i c h  is 
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A 1 -* A a and allowed according to the z axis which lies in the molecular plane and 
bisects the CCC angle; el0 (bl) to ela (al) which is A 1 -+ B 1 and allowed for x; 
el0 (bl) to  e14 (hi) which is A 1 - ,  A 1 and el0 (b 0 to ele (be) which is A 1 -+ A 2 and 
forbidden. 

The following conclusions m a y  be drawn from this preliminary account. 
1. Except  for (perhaps) the lowest frequency band system the spectra, of  paraf- 

finic hydrocarbons  are likely to contain m a n y  overlapping band systems and are 
probably  much more complicated than  it is usually admitted,  even if Rydberg  
transit ions are disregarded. 

2. Spectral differences between conformers m a y  be significant. 
3. Singlet-triplet transit ions are usually to less than  1 eV at the low frequency 

side of  the related singlet-singlet transitions. 

+ o, o 5 9 o  - o, 06"9O 
I 

o,,997o § -~0523 
I 

§ 0, 0539 

--0,05~3 

-0, 00601§ 

--0,06"q3 

§ 0, 0539 

+ 0,o~96 

-0,0r162 

O/,;925 
4% 

0,9936 

+O'OS32~O"OS?3+0,090jPg7 o,9930 § o,,o5~;o ~o, o5~i 

+0,00o3 

0 , 9 9 3 6  

Fig. 2. Electronic charge densities and bond orders for methane, staggered and eclipsed ethane and propane 

4. Our Pariser-Parr type calculations interpret well the trend toward lower 
energies with increasing chain length of both the first imxization potentials and the 
first singlet-singlet transition. Actually we find a linear relationship between the 
two quantities and the variation of the ionization potential turns out to be about 
1.14 times that of the frst excitation energies. 

5. According to our calculations the first excitation in methane, ethane and 
propane is departing from an orbital where the electronic charge is in the C-I{ 
bonds, iLIowever, as shown in Fig. i, the lowest mainly C-C type transition shifts 
considerably to lower frequencies from ethane to propane and is likely to become 
the first band i~om n-butane on (In Fig. i C-C means that the electronic charge in 
the orbital of departure is essentially in the C-C bonds and M that it is divided 
between both C-C and C-I{ bonds.) 

This conclusion concerning the three first paraffines is contrary to the results 
obtained by SIMPsoN by his independent system method [g0]. We prefer delaying 
further discussion at this point too, however. 

Electronic charge densities calculated by the method described in this paper 
are shown in Fig. 2. It is seen that the hydrogen atoms loose negative charges 
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Table 6. Charge Densities 

M6thane 
Ethane 
Propane 

CHa- 

- -CH 2- 

Q (H) Q (C) 

This work HO~FMA~ Tlfis work t Io~F~A~ 

§ 0.0590 
+ 0.0532 

+ 0.0539 
+ 0.0508 
+ 0.0496 

+ 0.433 
+ 0.449 

+ 0.105 

- 0.2360 
- 0.4596 

- 0.4669 

- 0.0828 

- 0.532 
- 0.356 

- 0.373 

- 0.485 

amoun t ing  to  abou t  0.05 electronic charges. These are p icked up b y  the  Csp 8 
orbi ta ls  d i rec t ly  bonded  to the  hydrogens .  Hydrogens  on secondary  carbons loose 
s l ight ly  less charge t han  those on p r i m a r y  ones. 

Bond  orders  are close to  b u t  not  equal  to  u n i t y  bo th  for C-C and  C-H bonds.  
Tab.  6 compares  the  electronic charge densit ies  ob ta ined  in this  work  wi th  those  
computed  b y  HOFFMANN [13]. Our values  areu sual ly  abou t  two t imes  lower bu t  
the  signs and  t r ends  are the  same. The bond  orders  follow well the  expe r imen ta l  
bond  lengths  [1, 25, 27]. The differences are ve ry  slight,  however,  and  the  agree- 
mcn t  m a y  be coincidental  (Tab. 7). 

Table 7. Relation between Bond Orders and Bond Lengths o/C-It bonds 

Bond Order Bond Length (•) 

Methane 
Ethane 
Propane 

0.9970 
0.9930 
0.9934 
0.9936 
0.9893 

4.085 [1] 
i.092 [25] 
4.091 [27] 

4.096 [27] 

The au thors  in t end  to  present  some ref inements  and  appl ica t ions  to  fur ther  
molecules in subsequent  papers .  They  believe t h a t  the  usefulness and  va l i d i t y  of  
the  Pa r i se r -Pa r r  app rox ima t ion  will prove to be of the  same order  for s a t u r a t e d  
molecules as for ~-electronie  systems.  

We express our sincere thanks to the National Research Council of Canada for financial 
support and for granting a fellowship to one of us (S. K.). 

We thank the Centre de Calcul de l'Universit6 de Montr6al for computational help. 

A p p e n d i x  I 

The Correction Term Ki 

See Sect ion F 

W i t h i n  the  an t i symmet r i zed  MO a p p r o x i m a t i o n  the  t o t a l  electronic energy 
can be written as 

E o = 2  ~ s  c +  ~ ( 2 J i j - - K i j ) =  ~.(e c + s i )  ( i )  
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w h e r e  

ei = e c + ~ (2 Ji i  - Kii)  �9 (2) 
J 

The  M O ' s  q0i are  w r i t t e n  as a l inea r  c o m b i n a t i o n  o f  A 0 ' s :  

~i = ~. C ~  X~ . (3) 

T h e n  eq.  (2) is w r i t t e n  in  t e r m s  of  A O ' s  

e~ = ~ C~ F ~  + 2 ~ C~ C~l F ~  (4) 

w i t h  

F ~  = ~ + �89 Q~ ( ~  [ ~ )  + ~ (Q~ - ~) ( ~  I zl) 
l #k  

F~z = fi~z �89 P~z (l& Ill). 

H e r e  t h e  zero  d i f f e ren t i a l  o v e r l a p  a n d  t h e  G o e p p e r t - M a y e r  a n d  Sk la r  p o t e n t i a l  

a re  a s s u m e d  a n d  all t h e  p e n e t r a t i o n  i n t eg ra l s  are  neg lec t ed .  

E q .  (4) is f u r t h e r  r e w r i t t e n  as:  

~ - ~'~ + / Q .  (5) 
H e r e  

bond 

/~ /c>l 

a n d  

non bond 

+ 2 7 c~C~ (6) 
l~>m 

t ~  i ~ 2 1 = o~k[~ (Q~ - I)(~ i ~) + 5 (Qz - I)(~ I u)] + 
bond non bond 

+ ~ C / ~ C i l ( i - - P k t ) ( k k i l l ) -  Z C i ~ C ~ m P ~ m ( k k l m m ) .  
l~>l l<>m 

E q .  (6) c o r r e s p o n d s  to  one  o f  t h e  r o o t s  o f  our  secu la r  e q u a t i o n .  A c c o r d i n g l y  t h e  

t e r m  K i  r e p r e s e n t s  t h e  d e v i a t i o n  f i 'om t h e  A S M 0  ca l cu l a t i on  w h e r e  t h e  a p p r o x i -  

m a t i o n s  m e n t i o n e d  in  s ec t i on  F are  n o t  m a d e .  

Appendix I I  

a)  Two  center repulsion in tegral /ormulas  

(hh h ~h ~) = i i . 5 4 2 - 2 . 9 7 3 0 r + 0 . 2 4 5 5 r  2 

(hh ss) = 
(hh ~ )  = 
(hh (~(~) = 
( ~  ~' ~,) = 

(ss s' s ~) = 
(ss ! n '  n ' )  = 

(nn a' a') = 

t 0 .564  --  2.3660 r + 0 . i535  r 2 

10.609 --  2.6822 r + 0.2153 r 2 

10.609 --  2.1643 r + 0.0945 r 2 

10.076 --  1.1437 r - -  0 . 1 t 2 4  r 2 

i0 .076  --  2.3098 r + 0.1644 r 2 

9.585 --  1.7590 r + 0.0615 r ~ 

9.410 --  1 .8 i44  r + 0.0839 r ~ 

9.410 --  t .2777 r + 0.0437 r ~ 

8.990 --  i .2785 r + 0.0192 r 2 

8.990 --  1.7275 r + 0.0858 r 2 . 

H e r e  ~ "  r e p r e s e n t s  t h e  2 p ~  o rb i t a l  p e r p e n d i c u l a r  t o  ~ '  a n d  ( / .  
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b) Numerical integral values 

1. Methane (Ta). The  t e t r a h e d r a l ,  h y b r i d i z e d  a t o m i c  o rb i t a l s  of  c a r b o n  a t o m  
are  w r i t t e n  (Fig.  3):  

32 

t~ hq 

~3 

:Fig. 3 

,-g 

t 1 t 

j. 1 ~ t 

V3 X . 
Xt4 = �89 X2~ + 7 -  2:o~ 

O v e r l a p  i n t eg ra l s  

Sh, hj = 0.283 Sh, a = 0.688 

~ e s o n a n c e  in tegra l s .  

flh~ h~ = --  1.948 /~h~ t~ = --  6.53~ 

E l e c t r o n i c  r e p u l s i o n  in t eg ra l s .  

(hi he [ ht hi) = t l . 5 4 2  
( t i t i [ t i t i )  = 1 1 . 4 6 1  
(ti ti [tj t~.) = 8 .143 

S ~  tj = 0.150 St~ t~ = 0 .  

/~h, tj = --  1.445 fit, t~ = --  1.32 

(he hi I hj h~.) = 7.028 
(he he I ti tl) = 8,204 
(he he I tj tj) = 8.183 

2. Ethane (Fig.  4). The  i n t e g r a l  va lues  for  t h e  CH a g r o u p  are  t he  s ame  as t h o s e  
for  t he  m e t h a n e  molecu le .  F o r  t h e  i n t e r a c t i o n  b e t w e e n  t h e  t w o  m e t h y l  g roups  we 
h a v e  t h e  fo l lowing va lues .  

]21 } 6 6 

~z 

32 

te ~ 6 

32 

h~ 

:Fig. 4 

~ y  

~ y  
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Ethane (Fig. 4) 

Zr Z~ 

hi ho 
h i tt 
hi t5 
ta ta 
t I t 5 

ha ts 
tl t8 
t7 ts 

Overlap In tegra ls  

~ zJ 
Staggered  Ecl ipsed 

0.055 0. t57 
0.119 0.070 

- 0.028 0. t04 
0.07t 0.005 

- 0.120 0.134 
0.07t - 0.057 

0.221 
0. t08 
0.647 

Resonance  In tegra ls  

~g i gJ 
Staggered  Ecl ipsed 

- 0.441 - t .157 
- 0.901 - 0.553 

Elect ronic  
Repuls ion  In tegra ls  

Staggered Ecl ipsed 

0.298 - 1.106 
- 0.757 - 0.053 

t .618 - 1.806 
- 0.947 0.760 

- 2.45t 
- 1.420 

- 8.483 

4.705 
5.661 

6A77 
6.114 
6.858 
6.793 
6.379 
7.094 
7.718 

C.058 
4.982 

3. P r o p a n e .  (F ig .  5) T h e  a d d i t i o n a l  i n t e g r a l s  a r e :  

i 
i, X 

Fig. 5 

* g  

Propane (Fig. 5) 

Z~ ZI 

hi h, 
hi h5 
h2 ho 
h~ h 6 
h a ta 
hz to 
ha tl~ 
h2 q 
h~ t o 
h2 t6 
h2 ti2 
t~ t 4 
tl t5 
tl ti2 
t 2 t 5 
t 2 t 6 
t 5 t- 
t9 ti2 

Overlap In tegra ls  

'~Tfi gt 

0.009 
0.021 
0.115 
0.053 

- 0.009 
0.0i3 
0.026 

- 0.026 
0.059 
0.024 
0.074 
0.020 

- 0.025 
- 0.039 

0.044 
0.0t3 
0.050 
0.169 

Theoret. chim. Acta (Berl.) Vol. 4 

Resonance  In tegra ls  

0.079 
0. t78 
0.872 
0.427 
0.103 
0.15t 
0.299 
0.287 
0.658 
0.268 
0.818 
0.278 
0.350 
0.542 
0.654 
0.193 
0.700 
2.347 

Electronic  Repulsion 
In tegra ls  

(Z~ Z~ I Z5 ZJ) 

3.356 
3.860 
5.627 
4.660 
4.228 
4.t01 
4.228 
5.337 
5. t49 
5.149 
5.337 
5.874 
5.682 
5.874 
5.326 
5.326 
5.682 
5.874 

16 
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C) Molecular Orbitals and Orbital Energies 

1. Methane 

MO 

~ s = 0 . 3 6 8 8 4 ( h  1 - h  a -  h 5 + h  a ) - 0 . 3 3 7 5 7 ( t  a - t a - t S + t a )  
~v 7 = 0 .36884  (h~ - h a + h a - ha) - 0 .33757  (t a - t 2 + t a - ta) 
~s  = 0 .36884  (h a + ha - ha - ha) - 0 .33757  (t a + t2 - ta - ta) 
~o~ = 0 .34838 (h~ + h e + h a + ha) - 0 .35865 (t a + t 2 + t a + Q) 
q~a = 0 .33757 (h~ - h 5 - h 5 + ha) + 0 .36884  (tl  - t 2 - t a + ta) 
% = 0 . 3 3 7 5 7 ( h  a - h  2 + h  5 - h a )  + 0 . 3 6 8 8 4 ( t  1 - t  2 + t  5 - t  a) 
q~2 = 0 .33757 (h~ + h 2 - h 5 - ha) + 0 .36884  (t a + t 2 - t 5 - ta) 
~Ox = 0 .35865  (h~ + h~ + h 3 + ha) + 0 .34838 (t 1 + t 2 + t 3 + ta) 

S y m .  

a l  

/2 

a l  

E n e r g y  et 

+ 2.5231 

+ 1 .7313 

- 1 5 . 9 2 5 i  

- 28.2173  

a )  Staggered .  

S y m m e t r y  a2~ 

In.  O. 

~14 
~a 
~ 2  

ha+ ha + h 5 - h  a - h 5 - h 6 

0.15152  
0 .25689  
0 .27877 

2. Ethane 

t I + t 2 -~ t 5 - -  t 4 - -  t 5 - -  t a 

- 0 A 1 7 2 4  
- 0 . 2 5 3 7 4  

0 .29755  

t 7 - -  t s e~  

0.62441 
- 0 . 3 2 9 9 4  
- 0 . 0 3 5 3 4  

4 .1807  
1 .3770  

- 2 2 . 7 5 0 7  

S y m m e t r y  a lg  

m . o .  h~ + h  2 + h  5 + h a + h ~  + h  6 t l + t ~ + t  3 + t  a + t  5 + t  6 t 7 + t  5 e~ 

~0 9 0 .28152  
0 A 5 4 1 0  
0 .25222  

- 0 . 2 9 4 7 8  
0 A 7 1 8 8  
0 .22412  

- 0 . 0 3 7 4 0  
- 0 . 5 8 3 2 1  

0 .39808  

t . 9 7 2 1  
- 1 5 . 6 6 7 6  
- 3 3 . 2 1 9 4  

S y m m e t r y  e~ 

m . o .  2 h  1 - h  2 - h  a + 2 h  4 +  h 5+  h 6 2 t  1 - t  2 - t  a + 2 t  a +  t s +  t6 er 

qhl 0 .22168  - 0 . 1 8 4 9 i  2 .1983 
q~5 0A8491  0 .22168  - t 8 . 6 2 5 3  

m . o .  h a -  h a -  h 5 + h 6 t 2 -  t 5 -  t 5 + t 6 

cp1 o 0 .38395  - 0 .32028  2 .1983 
~a 0 .32028  0 .38395  - 1 8 . 6 2 5 3  

S y m m e t r y  eg 

m . o .  i 2 h  1 - h a - h a + 2 h  a -  h 5 - h ~  2 t  a - t a - t S + 2 t  a - t  5 - t  G e~ 

%2 0 .20 t  12 - 0 . 2 0 7 0 8  2 .9480  
~,% ! 0 .20708  0 .20112  - 1 3 . 3 2 5 0  

m . o .  I h2 - ha + h5 - h6 

~la 0 .34836  
~7 0 .35868  

t 2 - t a + t5 - t 6 

- 0 . 3 5 8 6 8  
0 .34836  

2 .9480 
- t 3 . 3 2 5 0  
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fl) Eclipsed 
S y m m e t r y  ~ 

m . o .  

q914 

98 
92 

I 
h 1 + h  a + h a - h ,  4 - h  a - h 6  I tl + t  a + t a - @ - t  a - t  o 

0.15230 -0 .11794 
0.25650 -0 .25335 
0.27871 0.29761 

! 
S y m m e t r y  al 

t~ - t 8 

0.62345 
-0 ,33176 
-0 .03535 

e~ 

4.t  852 
t .3919 

-22 .7400 

HI. O. 

99 
% 

91 

l h  1 + h a + h a + h a + h a + h 6 t l  + t 2 + t 3 + t 4 + t 5 + t 6 

0.28156 -0 .29483 
0A5406 0.17178 

[ 0.25230 0.22413 

S y m m e t r y  e~3 

t 7 + t 8 

-0 .03738 
-0 .58333 

0.39790 

61: 

t .9533 
-15 .6710 
-33 .2274 

m . o .  

9x3 
96 

9 4 2  
% 

2 h  1 - h  a - h  a - 2 h  a + h  a + h  6 

0.20203 
0.20620 

h2 - h3 - ha + h6 

0.34993 
0.35714 

S y m m e t r y d  

2 t  x -  t 2 -  t a -  2 t  a + t a + t 6 

--0.20620 
0.20203 

t 2 - -  t 3 - -  t 5 + t 6 

--0.35714 
0.34993 

8i 

3.0197 
-13 .2517 

3.0t97 
-13.2517 

i n .  O. 

911 
% 

94o 
94 

2 h  1 - h a - h 3 + 2 h  a - h  6 - h  6 

0.22105 
0.18566 

2 t  1 -  t 2 - t  a + 2 t t -  t a - t  6 

-0 .18566 
0.22105 

h. z - h  8 + h  a - h  6 t a - t  a + t  a - t  6 

i 
0.38287 
0.32157 

S y m m e t r y  b 1 

-0 .32157 
0.38287 

Propane 

2.1113 
- t 8 . 6 8 3 3  

2.1113 
-18.6833 

m . o .  ,,i 

! 
~ s  

914 
91o 
94 

h 1 - h 2 + ha - h o 

-0.23195 
-0.28037 

0.24832 

0.23650 

h 7 -- h 8 

0.34832 
-0 .38030 
-0 .38412 

0.29410 

t 1 - t 2 + t 5 - t 6 

0.25395 
0.23014 
0.22286 
0.28789 

t 7 - t s 

-0 .37696 
0.30370 

-0 .36027 
0.36862 

3A317 
2.0499 

- t 2 . 6 8 4 6  
-20.2070 

m , o .  

916 
97 

S y m m e t r y  a2 

h t - h 2 - h 5 + h 6 t 1 - t 2 - t 5 + t 6 

0.36935 -0 .33702 
0.33720 0.36935 

2.5869 
- t 5 . 0 8 2 9  

16" 
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