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The problem of obtaining the matrix elements of Hartree-Fock Hamiltonians for alkanes using 
the EO method is considered. It has been shown that the data on the electronic structure of diamond 
together with tl/e splitting in the neopentane photoelectron spectrum are helpful to produce such 
EO method parameter scale which involves even "through space" interactions. In terms of the EO 
method the photoelectron spectra of propane, butane, isobutane, and ueopentane are interpreted. 
The valence band structure of polyethylene in analytical form is obtained. 

Key word: Semiempirical equivalent orbital method 

1. Introduction 

It has been shown in a previous paper (Part I) [1] that the experimental data 
on the electron structure of methane, ethane, and diamond permit us to determine 
the matrix elements of the nearest neighbour bond interactions. It was pointed out 
that the t i le splitting in neopentane photoelectron spectrum depends exclusively 
on "through space" [7] interactions, which we did not take into account in Part  1. 
It was shown that the data on the well known electronic structure of diamond are 
very useful for the calculation of the spectra of alkanes; in this paper we shall 
obtain the parameters of "through space" interactions//k, k, ]~w, w, ]~m, m. ]~p, p 
(Fig. 1) from diamond (because there is no reliable symmetry assignment available 
for the photoelectron spectra of large hydrocarbons except the spectrum of 
neopentane). We shall use the t l /e splitting in neopentane too. 

2. The Dispersion Law for Diamond 

Let us calculate the dispersion curves for the symmetry directions A = [100] 
and A = [111] of the first Brillouin zone using the equivalent orbital method. 
We shall take into account all the mentioned interactions and use the symmetry 
properties [2]. 

Let us divide formally all the atoms of the diamond lattice into two classes {A} 
and {B} so that each a tom of class {B} is surrounded by atoms of class {A} and 
each a tom of class {A} is surrounded by atoms of class {B}. We shall associate 
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Fig. 1 a and b. The matr ix elements of the various interactions. (a) The nearest ne ighbour  and the 
second neighbour  interactions:  a = (61~1 6),  b = (61~1 7),  c = (41~1 4) ,  d = (71o~1 4) ,  f = (7to~1 3),  
0 = (61~13), r = (21~-t 6), s = (21~1 7), fla = (l l~l 2), fl, = (ll~-I 5), /~= (21~1 5). (b) Through 
space interactions: w = (11~1 4), p= (21.~-I 5), k= (21~1 6), m = (2[~1 4), fl~ = (71o~1 10), 
/~= (81o~1 11), ~=(81~1 12), /~,,= (8t.~-I 10), 6,~ = (131~1 16), 6~= (141gl 17), 6k=(t41~l 18), 

6~ = (141~116) 

each bond  A - B  with the a tom B which takes part  in the bonding.  So we establish 
a one- to-one correspondence  between the a toms B and the bonds  > B < .  These 
bonds  form four classes of the parallel and equally directed bonds. Let us take for 
each bond  the cor responding  EO's  q~j. Then for each class of the EO's  we obtain 
the Bloch funct ion:  

1 
Ipj(k]r) = ~ elkRqjj(r--R)i j= 1 ..... 4. (2.1) 

The group  of the wave vector G(k) for the A direction is C4v. The group of  the 
wave vector G(k) for the A direction is C3v. Therefore, the symmetrized Bloch 
functions are: 

A = [100] direct ion;  G(k) = C4~ 

1 

1 

~'2- 1/2 {~2+~3} 
1 

1 

V z 

representat ion A 1 

representat ion A l (2.2) 

representat ion A5 

representat ion A 5, 
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A = [111] direction;  G(k) = C3~ 

1 = ~P~ representat ion Aa 

t 
~2 = ~ -  {~P2 + ~P3 + ~P,} representat ion A 1 (2.3) 

1 
7J3 = ~ -  {~P3 - ~P4} representat ion A3 

1 
7J4 = ] /~ {21p2 - ~P3 - tP4} representat ion A 3 . 

The dispersion curves in both  directions are the solutions of the secular equat ion:  

9~al-g(k) ~ 2  e ( k ) = O  
9~Zl ~ 2  - (2.4) 

and any of the following equat ions 

3 - e(k) = 0; ~44 - e(k) = 0 (2.5) 

where ~ j =  (7~l f f r  7~i>, and f f  is the Har t ree -Fock  operator.  Now, the matr ix 
elements in the symmetr ized Bloch function basis are: 

A-direction 

1 
~ 1  = 5- {/-/11 +/-/14 + ~4, +n4~} 

1 
Jt~2 = 7 {Hlz +/ /42  +H13 +/ /43} (2.6) 

1 
~ 2  = T {H= + H~3 + I-I3~ + H33} 

1 

A-direction 

Ni= Hll 
i 

~ 2  = ~ {H12 + H13 + H14} (2.7) 

1 
:~2 = T {H= + H3~ + H ~  + H~3 + H2~ + H ~  + Ha~ + U ~  + H4a} 

~33 = 1 ltar 

where// i~ = (~PlI~] tpj>. 
In this paper  we are going to obtain the matrix elements rio, fl,, fla, and tip, ilk, 

fl~, tim from the electronic structure of diamond,  therefore we have to take into 
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account  all these inieract ions in the formulae for Hij. Hence, (Fig. 2) 

//11 = c~ + 2fit{cos(q:` + qr) + cos(q:` + qz) + cos(q, + qz)} 

+ 2fp{cos(q:` - qr) + cos(q:` - q~) + cos(qy - q~)}; 

Hz2 = ~ + 2ft{cos(q:` + qy) + cos(q~ - qr) + cos(q~ - q:`)} 

+ 2fp{cos(q:` - q,) + cos(q~ + qy) + cos(q~ + q:`)} ; 

H33 = ~ + 2flt{cos(q ~ - q,) + cos(q:, - qy) + cos(q:` + q~)} 

+ 2 fp{cos (q r+  q~) + cos(q:` + qy) + cos(q:` - q~)}; 

//44 = a + 2fit{cos(q:` - qy) + cos(q~ + qr) + cos(q~ - q~)} 

+ 2fp{cos(q:` + qy) + cos(qz - q,) + cos(q:, + q~)}; 

/-/12 ---- f A{1 + e i(q'+qy)} + 2fq c o s  qz{e  iq* + e iqy} .+ f w e  -i(q~+qy) -q.- 2 f k  cos(q:` - qy) 

+ 2tim cos  qz {e- i ,~+ e- i . . }  + flwei(2q~+ 2~) + flk{e~2,~ + e~2~}; 
HI 3 = fl a { i -k- e i(qx + q~) } -]- 2 f o c o s  q y { e iq* + e iq~ } -}- f we-  i(qx + qz) JV 2ilk cos(q:` -- qz) 

+ 2fl,, cos qr{e- iq .  + e - !  q~} + tim ei(2qx+ 2q~) + fk{ei2q~ + eiZq.} ; (2.8) 

/ / 1 4  = f A{ I -]- e i(qy+q~) } -]- 2fo  c o s  q:`{e iqy --}- e iq~ } -}- f w  e-i(qy+q*) d- 2 f k  cos(q, - q~) 

+ 2fro COS q:`{e-iq~ + e -  ia.} + fwei(Zq, + 2q.) + fk{ei2q, + ei:q~}; 

H2 3 = f A {1 + e i(q" -qY)} + 2f10 cos q:` {e iq" + e-iq~} + fwei(qy-q.) + 2 f  k cos (qy  + q~) 

+ 2f.~ cos  q~ { e -  ~" + e ~ } + flwe " ~ -  2~.) + fl, { e i ~  + e-~:~}; 
H 2 4  = f la{1 + e i(q*-q~)} + 2fig c o s  qy{e- iqx  + eiq.} + fwei(q~-q.) + 2 f  k cos(qz + qx) 

+ 2fro cos qr{e -iq~ + e iq~} + fw  ei(2q~-zqx) + flk{e izq" + e-i2q~}; 

1134 = f A { 1 + e itq~ - q*)} + 2flo cos q~ {e- iq. + eiq~} + fl~ei(q~ - q~) + 2 fk  COS (qx + qr) 

+ 2tim COS q~{e ~ + e-iq~} + fwei(2q~ - 2q.) + flk{ei2q~ + e- i2q .} .  

For  symmetry  directions A = [ 1 0 0 ]  and A = [ l l l ]  the matr ix elements Hit can 
be simplified. We have for A = [ 1 0 0 ]  q r = q ~ = 0 ,  q:`=q and for A = [ l l l ]  
q:` = qy = qz--q.  Now,  we obtain for dispersion curves the following equat ions 

A = [100] direct ion 

el,2(q) = ~ 1  + 19r (2.9) 
where 

~ 1  = 3~22 =ct + Z {flA + flt + flp + flw + 2flk} + 4{flt + flo + flp + fl,,} cosq  
9 ~ a 2 = 2 { f l A + 2 f l o + 2 f l , , + f l k + ( f l A + 2 f l o )  e 'a+( f lw+2f l ,n)e- iq+2f lkCOS q (2.9) 

+ (flw + fk) e i~q} 
and 

ea,a(q) = a -- 2 { f  a -- flit -]- fw  q- 2 fk  -- flip} 
(2.10) 

-- 4{flo-- fit + f,,, -- flip} cos q 

A = [111] di rect ion 

el,2 (q) = �89 {5,Vxl + Jr22} • {1(3r 1 - ~22)2 + 3~12 ~2 ,  } ~ (2.11) 
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Fig. 2. Band structure of the diamond valence band and the orientation of the bonds in diamond 

w h e r e  

~ 1  1 = O~ "[- 6tip + 6fit cos  2q 

~ 2  = ~ + 2~p + 4{/L + B. + tt + ~w + tin} + 2{t, + 2/~. + 2 t .  + 2tin + 4t~} COS 2q 

~ 2 = ]//3 { t a  + 2ilk + 4 to  COS q e iq + (fla + 2tk)  e i2q + t w ( e -  i2q ~_ ei4q) _it_ 4 t  ~ co s q e -  iq} 

a n d  

e3,4(q) = e - 2 { t a  + to  - 2 t t  + tw  + t , ,  - tip} 
(2.12) 

--  2{fig - t t  + 2fig + t , ,  -- 2fly} COS 2q . 

T h e  va l ence  b a n d  of  d i a m o n d  is p l o t t e d  in Fig .  2. W i t h  the  n u m e r i c a l  d a t a  of  
H e r m a n  [3] ,  we have  (in eV):  

T h e  t o t a l  b a n d w i t h  of  the  v a l en ce  b a n d  E v = e(F~5) - e(F1) 

Ev = - 8 f l  a - -  1 6 f i g - - 8 f l ~ -  1 6 i l k -  16t,,, = 2 1 .  (2.13) 

T h e  b a n d w i t h  of  the  p - s u b b a n d  AEp = e(F~5 ) - e(X4) 

A Ep = - 8 to  + Stir + 8 f l y -  8tim = 5.5 .  (2.14) 

T h e  b a n d w i d t h  of  the  u p p e r  s p - s u b b a n d  A E1 = e ( F ~ 5 ) -  e(X1) 

A E  1 = -- 4 t A  + 8fit + 8tip -- 4 t w  -- 8fig = 12 (2.15) 

T h e  d i f ference  of  the  levels  6Ev = e(F~s ) - e ( L ; )  

6Ep = - 4 t o  + 4fit - 8 i lk--  4fl,,  + 8tip = 2 .  (2.16) 

T h e  di f ference  of  the  levels  A EL~ = e(F; s) -- e(L'O 

AEL,  = - 2 f l a - - 4 f l o  + l Z t t - - 2 f l ~ - - 4 f l k - - 4 f l , , =  12.5. (2.17) 

T h e  d i f ference  o f  the  levels  AELi  = e(F;s ) -- e(L'2) 

A E L ; =  - - 6 t a - - 4 f l o + 4 f l t + S f l p - - 6 t , ~ , + 4 t k - - 4 f l m = 1 5 .  (2.18) 
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3. Calculation of Parameters 

It should be noted that Eq. (2.18) follows from Eqs. (2.13)-(2.17). The solution 
of the Eqs. (2.13)-(2.17) is 

fit = 0.60 

tip= -0 .17  

fig= 0.02 (2.19) 

fl~ + fl,. = - 0.25 

flA + flw= -2 .17 .  

Let us use the LCAO form of the EO's (Pc-c and (PC-H for obtaining the 
matrix element of ( C - H ) - ( C - H )  interaction p from the (C - C)-(C-C) interaction 
fir (Fig. 1). 

' / 
(2.20) f 1 

{•ZA -[- ZH} [ 

where Zn is the hydrogen Is-orbital and )~A is the carbon spa-orbital. 
Now it should be noted that the matrix elements of the third neighbour bond 

interactions [so called "through space" interactions (Fig. 1)] include interactions 
between atoms which are separated by two, three, and four bonds. Below we 

Fig. 3. AOs interaction in tip configuration 

/ x ' '  / 
Fig. 4. The hybrid orbital orientation 
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use the following approximation. We take into account the AO's interactions of 
the atoms separated over two bonds only. Then we have (Fig. 3) 

tip = (XAI~I Z~).  (2.21) 

Using the LCAO form of ga and Z~ hybrid orbitals (Fig. 4) 

we obtain 

Here 

1 A 1 A 1 A 

1 1 1 A 

] s A  - 1 a l A 
Z I =  T T p~ - ~ P Y  

)~4 = @ sA 1 A 1 A 

1 
8p = 7 {8;s + 3fl;}. 

fl'~ = (sA]~J sA'> ; fl',~ = (P~I~J p=a') . 

(2.22) 

(2.23) 

By analogy, we can write 

1 
fik = ~- {fl;, - fl;} (2.24) 

and 
8',~ = - 0.04 eV, 8'~ = - 0.21 eV. 

It should be noted that the H-atoms in p-configuration (Fig. 1) are located 
at the same distance from each other as the carbon atoms (though from a formal 
viewpoint the H-atoms are separated over four bonds). 

Therefore we write 

,~2 ( l s n [ ~ l  is**') 
P = 4(1 + 22) {8',, + 38'=} + 1 + 22 (2.25) 

It is however obvious that the interaction between these H-atoms is weaker 
than that between the C atoms located at the same distance, because the distance 
(2.54 A) exceeds considerably the sum of Van-der-Waals radii for the H-atoms 
(2.34 A), but the distance 2.54 A is less than the sum of the carbon Van-der-Waals 
radii. Therefore the second term in Eq. (2.25) will be neglected and we obtain 
p,.~ -0 .1  eV. 

Let us now estimate the 80 and 8,, interactions. In our approximation we 
can write 

1 , 1 , 1 , 
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1 
Using numerical estimations for fl;s and fl'~ we have tim = 0.03 sp > 0.03 eV. 

It is not possible now to obtain an exact estimation for the value fl'~p but one can 
believe that the value fl;p is approximately fl'~s or fl;. Then we have tim -~ 0.1 eV and 
fig ~- - 0.35 eV. 

In order to calculate the other parameters we use the t i le  splitting in 
neopentane. (This splitting depends on "through space" interactions only.) 
Really, 

/3 e - -  e t l  = 4 m -  2 k -  2w. (2.26) 

Using the above mentioned approximation for "through space" interactions, 
we have 

- -  w a (2.27) flw= 2 ' 

l +22 
flk -- 2 k ,  (2.28) 

1 - t -22 
tim-- ~ m .  (2.29) 

Using the C - H  bond dipole moment 0.4 D we have 2 -- 0.924. According to the 
photoelectron spectroscopy data [-4] 

~e - etl = 1.35 eV. 

Then from the Eqs. (2.26)-(2.29) we obtain 

4 f l  m - -  2ilk -- 2flw = 1.47 eV 

and f l w = - 0 . 5 5 e V .  Now from Eq. (2.19) we derive 
(2.27 -(2.29) m = 0.09, w = - 0.51, and k = 0.02 eV. 

/ 3 A = -  1.62 and from 

4. Methane and Ethane 

It is obvious that all the parameters for the ( C - H ) - ( C - H )  interactions are 
to be obtained from the methane and ethane photoelectron spectra, because just 
these parameters determine the photoelectron spectra of these molecules (Part 1). 
It was pointed out  in Part 1, that because of the large (0.8 eV) Jahn-Teller splitting 
it is not reasonable to use the ionisation potential of the highest occupied level of 
methane. Therefore, for the al level of the methane spectrum we have (Part 1): 

a + 3 b =  - 2 3  eV. 

1 + 22Sc_H+ 22 
1 Actually, f lw-  W, but  the overlap integrals Sc-c ~ S o - n ~  0.6 and we obtain 

2 + 2 S c _ c  
the same numerical  estimations. 
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For  ethane we can write the following equat ions 

a - b + f - g =  - 12.0 

a - b - f  +o= - 15.2 

a + 2b - f - 29 = - 20.4 
and 

c - e  V~d e 
]/~d a + 2 b + f  + 2 9 -  = 0  

el = - 13.1; e 2=  - 2 4 . 2 .  

Direct application of these equat ions together with the a 1 level of the methane 
spectrum yields a = - 15.95, b = - 2 . 3 5 ,  f = 0.98, 9 = - 0 . 6 2  eV and 

C = e I + g2 - -  { a  + 2b + f + 29} = - 16.39 eV 

d = - 2.09 eV.  

For  t h e ( C - H ) - ( C - C )  interaction parameters  we have (Part  1): 

r = 2 { f  ~ / 1 + ~ 2  

* { g l + ;  
s=5-~ ~V~ 

1 {w 1/1 +~2 

1 { 1/1+~ 2 
a.=TP ~V 7 
Ok= l { k  V l + 2 z  

1{ l/l+X ~ 

+8, 1 / i 7 ~  =0.80 

2 = - 0.49 

1/~2 = - 0 . 5 3  +Pw 1/vr 
1/2 2 

+/~p 1 / '1+22 = 
~ O i l 4  

- -  + flk V I ~ T ~  ' =  0.02 

+~m ll/w+~ =o.1. 

We have summarized the results of the above considerat ion in Table !. 

Table 1. The matrix elements of the Hartree-Fock operator in the EO basis. The nearest neighbour, 
the second neighbour, and the through space interactions 

a b c d f 9 r s 

- 15.95 -2 .35  - 16.39 -2 .09  0.98 - 0 . 6 2  0.80 -0 .49  

fl, fig fla m fi,, k fig P tip 

0.60 --0.35 -- 1.62 0.09 0.1 0.02 0.02 -0 .1  --0.17 

6w a= w / ~  a~ ap 

- 0.53 0.1 - 0.51 -0 .55  0.02 - 0 . 1 4  
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Table 2. Comparison of the theoretical and experimental IPs of several saturated hydrocarbons 

C3H8 CH(CH3) 3 
Experiment Present Brailsford ab initio Experiment Present ab initio 

[4, 5] data and Ford [5] [4] [4] data [4] 

11.4 ~ 11.41 b 2 11.24 bz 11.83 b 1 11.2 c 11.17 a~ 11.58 e 
12.1 ~ 11.9 a i 12.08 ai 12.37 a 1 11.6 c 11.74 e 12.26 al 
12.6" 12.09 b i 12.40 bl 12.69 b z 12.8 12.81 a z 13.71 a2 
13.65 13.48 a z 13.44 a2 14.32 a z 13.4 13.59 e 14.37 e 
14.2 14.13 b 1 14.25 bl 14.67 b 1 14.9 15.13 e 15.8 e 
15.3 15.2 a I 15.19 al 15.99 a 1 16.0 15.91 a i 17.03 ai 
15.8 15.87 b 2 15.79 b2 17.01 b 2 18.5 18.47 a 1 20.52 al 
19.4 19.37 a 1 19.33 al 21.38 a i - -  22.24 e 24.65 e 
22.2 22.22 b 1 21.97 bi 24.49 b i - -  24.91 a i 28.18 ai 
24.3 24.65 a~ 24.32 ai 27.55 a i 

a This value seems to be unreliable, because it corresponds to a shoulder. 
b These values are taken from the experimental data. 
c The present ordering of the two highest occupied levels in propane and isobutane disagrees with 

ab initio data [4]. But Murrell and Schmidt assignment of the highest occupied levels of alkanes 
is not quite trustworthy, because even for the photoelectron spectrum of ethane their assignment 
disagrees with the experimental one. 

IP (ev) 
Fig. 5. The photoelectron spectrum of butane [5] 

5. Calculation of Vertical IP's of Saturated Hydrocarbons 

U s i n g  t h e  p a r a m e t e r s  of  T a b l e  1 we h a v e  c a l c u l a t e d  t he  p h o t o e l e c t r o n  s p e c t r a  

of  p r o p a n e ,  i s o b u t a n e ,  n e o p e n t a n e ,  a n d  b u t a n e .  T h e  r e su l t s  a r e  s h o w n  in T a b l e  2 

t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  d a t a  for  C 3 H  8, i s o b u t a n e ,  a n d  C ( C H 3 )  4 [4, 5]. A b  

i n i t i o  d a t a  [4] ,  a n d  t h e  r e s u l t s  o f  B r a i l s f o r d  a n d  F o r d  [5 ]  a r e  a l so  g i v e n  z. I t  is 

o b v i o u s  t h a t  t h e  t h e o r e t i c a l  d a t a  a g r e e  w i t h  t he  e x p e r i m e n t .  F o r  p r o p a n e  t h e  
d i s a g r e e m e n t  b e t w e e n  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  d a t a  is n o t  h i g h e r  t h a n  

0 . 1 - 0 . 2  eV (excep t  for  t he  b r o a d  b a n d  a b o u t  24.3 eV a n d  t he  u n r e s o l v e d  level  

a b o u t  12.6 eV). F o r  i s o b u t a n e  it  is o n l y  for  t h r e e  levels  t h a t  t he  d i s a g r e e m e n t  

b e t w e e n  t he  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  d a t a  is m o r e  t h a n  0.1 eV. A n  a n a l o g o u s  

a g r e e m e n t  we  h a v e  for  n e o p e n t a n e  too .  F o r  b u t a n e  t he  c o m p a r i s o n  w i t h  t h e  

2 Comparing the present data with those of Brailsford and Ford one has to take into account 
that the Brailsford-Ford parameter scale was obtained from the propane and butane spectra and gives 
the incorrect band structure of diamond [1]. 
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C(CH3)4  C 4 H l o  

E x p e r i m e n t  P r e sen t  Bra i l s fo rd  a b  i n i t i o  Presen t  
[4 ]  d a t a  a n d  F o r d  [5, 1] [4 ]  d a t a  

Bra i l s fo rd  
a n d  F o r d  [5 ]  

11.3 11.46 t 2 11.61 t z 11.40 t 2 
12.7 12.81 t 1 13.13 t 1 13.71 t l  
14.1 14.15 e 13.75 e 15.03 e 

15.4 15.62 t 2 15.22 t z 16.39 t z 

17.5 17.17 aa 17.95 a~ 19.49 a 1 

- -  22.26 t z 22.21 t 2 24.56 t 2 
- -  25.04 a 1 24.43 a~ 28.66 a I 

11.12 b o 10.96 b 
11.67  a 9 11 .60  b 

11.95 a o 12.38 
12.50 a .  12.63 

12.99 b .  13.51 

14.48 b o 13.66 
14.65 b .  14.38 

15.11 a 0 14.95 
16.3 a .  16.20 b 

19.17 b u 19.40 b 

20.82 a s 20.46 
23.09 b .  22.59 

24.89 a s 24.74 

experiment is more difficult because of the low resolution of levels in the ex- 
perimental photoelectron spectrum (Fig. 5) [-5]. One can see that the theoretical 
IP ~bu = - 19.2 eV coincides with the experimental value - 19.4 eV. The theoretical 
level eau= -16 .3  eV agrees with the experimental value - 1 6 . 2  eV. The single 
maximum between 15 and 16 eV is to be interpreted as the level eag = - 15.11 eV. 
The two theoretical levels ~ b = - 1 4 . 6 5  eV and e b = - 1 4 . 5  eV correspond to 
one maximum between 14 and 15 eV. The theoretical level ca, = - 12.5 eV agrees 
with the experimental value 12.8 eV, and the weak peak below 13 eV is to be 
interpreted as the level eb, = - 13.0 eV. 

The broad band with the two maxima - 10.95 eV and - 11.6 eV corresponds 
to the three levels eb~ = - 1t.1, ea~ = - 11.7, and ~ , =  - 11.95 eV. 

6. P o l y e t h y l e n e  

There are many calculations of the electronic structure of polyethylene, but 
even the structure of the valence band of this polymer is not established de- 
finitively [6]. We shall apply the EO method to the valence band of polyethylene 
using the parameters of Table 1. Therefore we hope our data for this molecule are 
correct with the same accuracy as for the other alkanes calculated above. It is to 
be noted that the EO method permits to obtain the dispersion curves for poly- 
ethylene in the analytical form. It is not possible to obtain such a form by the 
LCAO method. 

7.  T h e  D i s p e r s i o n  L a w  

Let us divide all the C atoms of the polyethylene chain into two classes {A} 
and {B} so that each a tom of class {B} is surrounded by atoms of class {A} and 
each a tom of class {A} by atoms of class {B}. We shall associate EO's for the C - C  
bonds with that a tom B which takes part  in the bonding. EO's for the C - H  bonds 
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. It 

H 

Fig. 6. The symmetry operations of the infinite polyethylene chain 

we shall associate with the hydrogen atoms which take part in the bonding�9 The 
corresponding denotations are shown in Fig. 6. Thus, all the bonds are divided 
into six classes of bonds. Then we can write: 

1 eiknROloa( r ~pa(k[r) = ~ -  ~ - nRo) 

1 
tPb(klr ) = ~ ~. eik"R~ -- nRo) 

~p~(klr) = 1 - ~  ~ eik"R~ -- nRo) 
V �9 , t t  

(2.30) 
1 eiknRoloa( r _ ~.(klr)= ~ -  Z .go) 

1 
~e(kl") = ~ -  Z e'k"~ r - ngo) 

1 
q;i(klr) -- ~ -  ~ e'k"R~ 

where 2N is the total number of C atoms, n = 0, _+ 1, _+ 2 .... R0 is the period of the 
one-dimensional lattice, and lo,, 10b... are corresponding EO's. 

Let us introduce Born-yon Kitrman cyclic conditions and obtain the sym- 
metrized combinations of the basic Bloch functions (2.30). Then the combinations 

1 
e l =  ~ { ~ . + ~ e )  

1 
~= 5-{~+~.+~.+~:} 

areinvariant under every symmetry operation. The function 

1 

V L 

(2.31) 

(2.32) 
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is ant isymmetr ic  under  the operat ions a' and C~ (Fig. 6). The  function 

1 
kv4 = ~-  {~Pc + ~Pd - tPe - 1p f} (2.33) 

is ant isymmetric  under  the opera t ion C 2. The  function 

1 
~ 5  = 2 {~)c - -  I/)d ~l_ l])e __ ~/)f} (2.34) 

is ant isymmetric  under  operat ions a and C~. And the function 

1 
I//6 = ~ -  {~0 c - -  lpd - -  Ipe -[- l ~ f }  (2.35) 

is antisymmetric under  operat ions a, C~, and C 2. Therefore  the dispersion law 
e = e(k) for identical representat ion (2.30) is to be obtained from secular equat ion 

9fl 1 - ~(q) ~12 
f z a  9fz 2 - e (q) = 0 (2.36) 

where ~ j = ( g J i l f f l  7~j) and q = k R .  Then from Eqs. (2.36), (2.31), and (2.30) 
we have 

1 = c + fla + {fla + 2fir + flw} cos q + flw cos 2q 

~ z = a + b + g +  f + {g+ f + 2k + 2p} cosq  (2.37) 

1 
9~12 = ~ -  {3d + s + 2(s + m) cos q + (d + s) e iq + me-iq + mei2q} 

%v) 

t0- 

t4 

t6 

2O 

22" 

26 

Fig. 7. Band structure of polyethylene valence band 
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The symmetrized Bloch functions (2.32)-(2.35) correspond to the different one 
dimensional representations, and therefore we obtain 

~33(q) = ~ 3 3 3  = C - -  f l A  "t- { 2 f i t  - -  f l A  - -  f l w }  COS q - f l w  c o s  2 q ,  (2.38)  

e 4 ( q )  = ~ 4  = a + b - g - f - {9 + f + 2k - 2p} cos q,  (2.39) 

t5(q) = 9~55 = a - b + g - f + {g - f + 2k - 2p} cos q, (2.40) 

~6(q) = J~66 : a -- b - # + f -  { g -  f -  2k + 2p} cos q. (2.41) 

Using the parameters of Table I we obtain the valence band structure of poly- 
ethylene. The corresponding dispersion curves are shown in Fig. 7. The calculated 
IP from the upper occupied level is 10.2 eV. This value agrees with the trend in 
series of linear alkanes. (The neglect of the work function makes the estimation 
8.6 eV [9] unreliable). The calculated total valence bandwidth Ev ~ 16 eV seems 
to be reasonable too. The photoelectron spectrum shape [,10] does not allow to 
obtain any definite value of Ev. (The approximate value (about 20 eV) given in [,-10] 
seems to be the upper limit, because this value corresponds to the total valence 
bandwidth in diamond [-8] with its much more branched bond system.) 

A c k n o w l e d g m e n t .  The authors are indebted to Dr. V. I. Nefedov for discussions of the photo- 
electron spectroscopy problems. 
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