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JiBS T RACT 

It is suggestt,d that the term, a , describing the difference 

between gas phase and solid state XPS data is related to the 

molar polarizability P by the general expression 

From previously obtained values of the parameters b and c 

( b= 8.30 eV cm mol-113 and c= 4.15 eV ) we can derive the 

binding energy of gaseous carbon atoms, Eb = 296.4 eV. The close 

agreement with the experimentally found Eb = 296.2 eV is regarded 

as a validification of the above-mentioned formula and also of 

the concept of atomic charge. 

By using literature data of core electron binding energies for a 

series of alkanes and their corresponding polarizabilities we 

have derived parameters of the above-mentioned relation , 
b = 8.1 eV cm mol-1/3 and c = 3.34 eV . The fair agreement is 
regarded as favouring the model used. 

a = b P-113 t c 
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672 LARSSON, FOLKESSON, AND SADLEJ 

I n  o r d e r  t o  per form t h e s e  l a t t e r  o p e r a t i o n s  w e  have made ab 

i n i t i o  c a l c u l a t i o n s  of t h e  mean atomic cha rges  o f  t h e  a lkanes .  

I" 
For many y e a r s  w e  have advoca ted  t h e  i d e a  1-3 t h a t  it i s  

p o s s i b l e  t o  describe, c o r e  e l e c t r o n  b i n d i n g  e n e r g i e s  a s  a l i n e a r  

r e l a t i o n  of t h e  a tomic  charge ,  q , of t h e  atom i n v e s t i g a t e d .  

Th i s  i d e a  deve loped  a f t e r  w e  had c o n s t r u c t e d  a good c a l i b r a t i o n  

system, r e l a t i n g  t o  t h e  mean b i n d i n g  ene rgy  o f  t h e  ca rbons  of a 

phenyl  group.  Th i s  method o f  c a l i b r a t i o n  has  been d e s c r i b e d  i n  

d e t a i l 4  . 
I n  o r d e r  t o  d i s c u s s ,  u s e  and compare d a t a  t h a t  a r e  no t  

c a l i b r a t e d  i n  t h i s  way w e  have i n t r o d u c e d  a c o r r e c t i o n  te rm "a" 

s o  t h a t  it describes t h e  d i f f e r e n c e  between t h e  i n v e s t i g a t e d  

sys tem and t h e  s t a n d a r d  l e v e l  of ou r  c a l i b r a t i o n  method. 

T h i s  means t h a t  i f  t h e  i n v e s t i g a t i o n  under d i c u s s i o n  had g iven  a 

c e r t a i n  b i n d i n g  energy ,  Eb ' ,  w e  s a y  t h a t  

where Eb i s  t h e  v a l u e  t h a t  w e  shou ld  r e a d  from our  c a l i b r a t i o n  

sys tem ( d e f i n e d  f o r  t h e  s o l i d  s t a t e  ) 

A s  mentioned above it ho lds  t h a t  

Eb = k q -t EbO 

Hence it must a l s o  ho ld  t h a t  

Eb' = k g + EbO + a 

By combining an a p p r o p r i a t e  number of such r e l a t i o n s  f o r  a 

g iven  molecule  and u s i n g  t h e  c o n d i t i o n  of e l e c t r o n e u t r a l i t y ,  w e  

can  s o l v e  f o r  t h e  q-va lues  of t h e  atoms i n  t h e  molecule  and t h e  

t e r m  " a " .  

It i s  observed, t h a t  "a" f o r  s o l i d  subs t ances  v a r i e s  w i t h i n  about 

k 1 e V ,  r ea sonab le  v a r i a t i o n s  in t h e  t e c h n i q u e s  of c a l i b r a t i o n .  

For gaseous  samples,  however, t h e  "a"- v a l u e s  a r e  l a r g e r  , 
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CORE ELECTRON BINDING ENERGIES AND ATOMIC CHARGE 67 3 

ca 6 - 8 eV. This difference between gas phase and solid state 
binding energies has been discussed ever since the birth of the 

ESCA technique. The variation seemed to depend on the size of the 

molecule. 

In a recent paper3 it was suggested that the term "a" is 

related to the polarizability of the molecule that is under 

scrutiny. 

Actually we obtained - in an empirical way - a simple relation 
between "a" and P, the molar polarizability of the molecule. 

The purpose of this paper is now to strengthen the validity of 

this relation by indicating its strength of prognosis and also 

its power of covering other substances, quite different from 

those that were used to establish it. It follows that if this 

relation can be shown to be a good one in the pragmatic sense of 

the word, the relations between Eb and the atomic charge should 

also be valid and useful. This in its turn implies that the use 

of the concept atomic charge is meaningful. 

The first example relates to the investigation of Bisgaard 

et a1.5 reporting a binding energy value of 296.2 eV for gaseous 

carbon. 

The molar polarizability P of free carbon is given6 as 

2.591 cm3/mol. This quantity is derived from carbon containing 

substances from the assumption of additivity of atomic 

refractions to build up the molar one. This assumption works very 

well as is generally accepted 7 .  One can also compare the molar 
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674 LARSSON, FOLKESSON, AND SADLEJ 

p o l a r i z a b i l i t i e s  o b t a i n e d  f r o m  d a t a  f o r  diamond a n d  g r a p h i t e ,  

r e s p e c t i v e l y a .  

o r  2 . 2 9  cm3/mol ( t h e  l a t t e r  v a l u e  a l o n g  t h e  c a x i s  ) 

T h i s  q u a n t i t y  c a n  be i n t r o d u c e d  i n  r e l a t i o n  ( 4 )  a n d  w e  o b t a i n  

Thus P diamond = 2 . 1 0  Cm3/mOl; P g r a p h i t e  = 2.90  

The r e l a t i o n  f o r  t h e  b i n d i n g  e n e r g y  o f  C l s  i s 3 ,  however ,  

E b ( C 1 s )  = 4 . 6 8  qc f 286.2 ( 2 a )  

when u s e d  f o r  s u b s t a n c e s  ca l ib ra t ed  a c c o r d i n g  t o  o u r  a d o p t e d  

method a n d  

E b ( C 1 s )  = 4 . 6 8  qc + 2 8 6 . 2  + a ( 3 a )  

when u s e d  o t h e r w i s e .  F o r  t h e  case o f  gas p h a s e  s p e c t r a  , t h e  "a"  

t e r m  i s  g i v e n  b y  ( 5 ) .  F o r  s o l i d  s t a t e  s p e c t r a ,  "a" may v a r y  

be tween ca -1 a n d  +1 e V .  

Hence w e  a r r i v e  a t  a b i n d i n g  e n e r g y  f o r  g a s e o u s  c a r b o n  ( qc = 0 ) 

E b ( C 1 S )  = 2 8 6 . 2  + 1 0 . 1 9  = 296.39  ev. (6) 

T h i s  v a l u e  s h o u l d  be compared t o  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  

one  5, E b ( C 1 s )  = 2 9 6 . 2  ev .  

The a g r e e m e n t  i s  good . T h i s  i s  t h e  s u p p o r t  a l l u d e d  t o  i n  t h e  

i n t r o d u c t i o n  . 

W e  now want to t es t  t h e  v a l i d i t y  of r e l a t i o n  ( 4 )  f o r  

s u b s t a n c e s  of q u i t e  a n o t h e r  c o m p o s i t i o n  t h a n  t h o s e  f o r  which it 

w a s  e m p i r i c a l l y  d e r i v e d  3 .  The a l k a n e s  f o r m  a s u i t a b l e  series of  
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CORE ELECTRON BINDING ENERGIES AND ATOMIC CHARGE 675 

TABLE 1 

XPS Data for Alkanes9f10 and the Carbon Mean Charges from the 

Compound 

Methane 

Ethane 

Propane 

n-Butane 

n-Pentane 

n-Hexane 

cyclo-Hexane 

n-Decane 

Present Calculations 

Eb (CIS) / eV Mean Carbon Charge a / eV 

290.90 

290.79 

290.66 

290.59 

290.51 

290.45 

290.3 

290.33 

-0.665 

-0.475 

-0.426 

-0.399 

-0.385 

-0.376 

-0.342 

-0.358 

7.81 

6.81 

6.45 

6.26 

6.11 

6.01 

5.70 

5.80 

related molecules. The fact that they contain hydrogen atoms 

which are not meaningfully investigated by XPS makes us to rely 

only on the relation (2) for carbon 

Pireaux et a1 9 have measured Cls binding energies for a series 

of alkanes. The binding energies are given relative to that of 

methane. 

By accepting Eb(Cl3) = 290.9 eV for methane10 absolute values 

were obtained for all the compounds investigated by Pireaux et 

a1.9. The results are given in Table 1 together with the 

additional data for cyclohexane taken from the collation of data 

by Jolly et al.lO. 

Introducing the parameter "a" in the sense described above, 

we can write: 
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676 LARSSON, FOLKESSON, AND SADLEJ 

.Gila- 

I n  o r d e r  t o  c a l c u l a t e  "a" w e  need t o  know qc f o r  a l l  t h e  

hydrocarbons .  W e  have no t  found any good a b  i n i t i o  c a l c u l a t i o n ,  

t h a t  cove r s  a l l  t h e  seven molecules .  A r e c e n t  pape r  by 

C i o s l o w s k i l l ,  however, g i v e s  a good su rvey  of  Mul l iken  popu la t ion  

d a t a  f o r  CH4 and C 2 H 6 .  

A s  w e  needed cha rge  d a t a  f o r  a l l  t h e  compounds i n  Table  1 w e  

have performed an  a b  i n i t i o  c a l c u l a t i o n  u s i n g  t h e  MOLCAS program 

package12 The main problem i s  t o  choose  an adequa te  A 0  b a s i s  set  

f o r  t h e  c a l c u l a t i o n .  W e  have chosen  t h e  b a s i s  se t  of Du i jneve ld t  

e t  a1.13 which i s  based  on a p r i m i t i v e  set c o n s i s t i n g  of 12 

s - type  and 8 p- type  g a u s s i a n  f u n c t i o n s  f o r  t h e  C atoms and 6 

s - type  ones f o r  t h e  H atoms. These a r e  c o n t r a c t e d  t o  4 s and 3 p 

f o r  carbon and 2 s f o r  hydrogen, r e s p e c t i v e l y .  

The geometry of each  of t h e  a l k a n e  molecules  was d e f i n e d  from an 

energy  minimiz ing  procedure  acco rd ing  t o  t h e  "Molecular 

Mechanics 2"  program 14r15 .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s ,  

t o  be d e s c r i b e d  i n  l a r g e r  d e t a i l  i n  a f o l l o w i n g  c o m u n i c a t i o n ~ 6 ,  

a r e  i n c l u d e d  i n  Table  1 . Obviously t h e  a c t u a l  v a l u e s  o b t a i n e d  

f o r  t h e  cha rges  a r e  s t r o n g l y  dependent on t h e  c h o i c e  of t h e  b a s i s  

se t .  Our p r e s e n t  d a t a  compare w e l l  w i th  t h e  extreme ones  of 

C i o s l o w s k i l l ,  e.g. q C ( C H 4 )  = - 0 . 6 1  and q c ( C 2 H g )  = -0.45 from STO 

4-31G . They show, however, a h i g h e r  C-H p o l a r i t y  t h a n  t h o s e  

d e r i v e d  by Boulanger e t  a 1 . I 7 .  

As a m a t t e r  of i n t e r e s t  one can  mention t h a t  t h e  cha rge  of 

t h e  hydrogen atoms a r e ,  e .g . ,  +0.17 cha rge  u n i t s  f o r  methane, 

+ 0 . 1 6  f o r  e t h a n e  and +0.17 f o r  cyclo-hexane. Theses v a l u e s  a r e  

q u i t e  c l o s e  t o  ou r  p rev ious  "exper imenta l"  d e t e r m i n a t i o n  f o r  q H  

i n  CH3 groups18 i . e .  qH ii: + 0 . 1 2  . These l a t t e r  v a l u e s  were 

o b t a i n e d  from XPS d a t a  f o r  much h e a v i e r  e lements  combined wi th  

t h e  r e q u i r e d  e l e c t r o n e u t r a l i t y  of t h e  molecules  i n  q u e s t i o n .  The 

p r e s e n t  c h o i c e  of b a s i s  se ts  i s  t h e r e f o r e  w e l l  a d a p t e d  t o  

t r e a t i n g  XPS d a t a .  
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CORE ELECTRON BINDING ENERGIES AND ATOMIC CHARGE 677 

TABLE 2 

Polarizability Data for Alkanes using the Mean Values of Data 

given by Miller19 

Compound a /A3 P / cm3moi-l ~ - 1 1 3  / moll/3cm-l 

Methane 

Ethane 

Propane 

n-But ane 

n-Pentane 

n-Hexane 

cyclo-Hexane 

n-Decane 

8 

7.5 

6.5 

6 

2 . 6 0  

4.47 

6.29 

8 .12  

9 .99  

11.81 

1 0 . 9 9  

1 9 . 1 5  

6.560 

11 .28  

15.87 

2 0 . 4 9  

2 5 . 2 1  

29 .80  

2 7 , 7 3  

48 .32  

0.534 

0 .446  

0 .398  

0 .366  

0 . 3 4 1  

0 .323  

0 .330  

0 .275  

0.25 0.3 0.35 0.4 0.45 0.5 0.55 

P ’3 / r n o ~ ” ~ c r n ~ ’  

F I G  . 1 The “a” data from Table 1 as a function of the 
polarizabilities of Table 2. The correlation coefficient = 0.967 
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The molecu la r  p o l a r i z a b i l i t i e s  a (A3) f o r  t h e  hydrocarbons i n  

q u e s t i o n  w e r e  o b t a i n e d  from t h e  r e c e n t  c o l l a t i o n  of M i l l e r l g .  

These d a t a  w e r e  t r ans fo rmed  t o  molar  p o l a r i z a b i l i t i e s  P (cm3 

mol-1) ( v i d e ,  Table  2 ) by t h e  r e l a t i o n  

P = 4/3  XN a = 2.523 a (8) 

I n  F igu re  1 w e  have p l o t t e d  "a" from Table  1 v e r s u s  P - 1 / 3  from 

Table  2. . 

It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p o i n t s  f i t  a l i n e  wi th  t h e  

s l o p e  of 8 . 0 6  e V  cm mol-1/3. ( C o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 6 7  ) 

a = 8 . 1  ~ - 1 1 3  + 3 .34  ( 4 a )  

Thus t h e  s l o p e  i s  i n  good agreement w i t h  t h e  "expe r imen ta l "  va lue  

t h a t  w e  o b t a i n e d  i n  o u r  p r e v i o u s  paper3 ,  v i z . ,  8 . 3  e V  c m  mol-1/3. 

W e  a r e  , however, t r o u b l e d  by t h e  low v a l u e  of  t h e  i n t e r c e p t  of 

t h e  l i n e ,  3.34 e V  a s  compared wi th  4 .15  a s  found b e f o r e 3 .  

Perhaps  t h e  t e r m  c i n  t h e  g e n e r a l  e x p r e s s i o n  

i s  v a r y i n g  wi th  t h e  s t r u c t u r e  and composi t ion  of  t h e  molecule  . 

The a l k a n e s  a r e  e x c e p t i o n a l  i n  t h e  s e n s e  t h a t  t h e  molecules  

c o n t a i n  a l o t  of hydrogen atoms. A s  hydrogen t a k e s  a v e r y  extreme 

p o s i t i o n  among t h e  e l emen t s  it may n o t  be unexpec ted  t h a t  ou r  

p r e s e n t  r e s u l t  d i f f e r s  s l i g h t l y  from t h a t 3  f o r  compounds of  t h e  

h e a v i e r  e l e m e n t s .  All i n  a l l  t h e r e  i s  a s t r i k i n g  agreement 

between t h e  two sets of d a t a ,  o r  i n  a n o t h e r  way between t h e  

r e l a t i o n  (4a  ) found h e r e  and t h e  one ( 4 j  found p r e v i o u s l y 3 .  W e  

t h i n k  t h a t  t h i s  v a l i d i f i e s  t h e  concept  of  l i n e a r  r e l a t i o n s  

between c o r e  e l e c t r o n  b i n d i n g  e n e r g i e s  and  a tomic  c h a r g e s .  
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