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LARGE MOLECUS IN CARBON VAPOR 

Kenneth S .  Pitzer and Enrico Clementi 
Lawrence Radiation Laboratory and College of Chemistry 

University of California, Berkeley 4, California 

March 19 59 

The molecular orbitai theory is used in appropriate semi-empirical forms 

to predict the properties of carbon vapor. The results indicate that linear 

po1yatorni.c molecules :C = C = C - - - C = C: are the important species. 

Experimental results from the literature for C are combined with the calculated 
3 

conjugation' or resoqance energies ,and vith .the heats' of .formation of allene and 

ethylene to predict heats of formation for all larger carbon molecules. It is 

found that the odd species have. closed shell structures and lower energies 

than the even species but that the even species should show greater electron 

affinity. Both of these results are consistent with the mass spectrometric 

results of Honig and of Chupka and Inghsamo Molecular spectroscopic data on 

C 0 are used to estimate the free energy func'tion increments. for the species 
3 2 
above C 

3 ' 
The calculated partial vapor pressures predict C, to be the most abundant 

0 J 

species in the saturated vapor even at 2000 K with C becoming comparably 
. , .7 

abundant in the 2500 to 3000'~ rar~ge o At higher temperatures even larger 

molecules should become important. The results are shown to be generally 

consistent with all reliable vaporization data provided the evaporation 

coefficients decrease rapidly for increasing molecular size and vary for 

different crystal surfaces of graphite. 

The calculated electronic energy levels for C and C agree satisfactorily 
2 3 

with the observed spectra and trends are predicted for both even and odd larger 

species. It is proposed that liquid carbon consists of essentially infinite 

linear .chains of this type. Both entropy and energy considerations lead to 
0 .  

predicted heats of fusion of about 10 kcal/gm atom at 4000 K; the agreement 

between the two values indicates at least the absence of any serious 

inconsistency. 
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Mass spectrometric studies1-) have clgrified the previously confused situation 

(1) H. A, Chupka and M. Go Inghram, J e  chkmo Physo - 22, 1472 (1954) 

(2) R o  E. Honig, Jo Chem. Phys. - 22, 126 (1954). 
(3) HO Ab Chupka and M o  Go Inghram, Jo Phys. Chem. - 59, 100 (1955). 

with respect to the heat of sublimation of graphite to monatomic carbon and.have 

established the presence of C C and probably C in the vapor. The effusion 
2' 3 5 

measurements of Thorn and winslow4 are plausibly interpreted on the basis of Cl, 

(4) R. J. Thorn and Go H. Winslow, J. Chem. Phys. - 26, 186 (1957). 

and C wf th heats of vaporization of approximately 170, 194, and 184 kcal/mole, 
3 

respectivelye There remains, however, the evidence of the effusion experiments of 
5 Doehaerd, Goldfinger' and Waelbroeck with very small hole-to-interior surface 

",.,- 

(5) To Doehaerd, Po Goldfinger and Fo ~aelbroeck, Bull* Soc. Chim. Belgo - 62, 

ratios which 

pressure but 

2500-2700'~ 

indicates some.additiona1 vapor species with higher equilibrium 

an evaporation coefficient about loe3 in the temperature range 
6 

In addition, the measurements of B ~ ~ u &  and   asset^ indicate vapor 

(6) J. ~dwk, Thesis, Paris, 1945; (6b) discussion by P. (;oldfinger and 
F. Waelbroeck, Bullo Soio Chim. Belg. - 62, 545 (1953). 

(7) J. Basset, Chemie. & industrie - 45, 36, 7 (1941); 
J. Basset, Brennstoff-Chemo - 23, 127 (1942); 

J. Basset,. JO physo radium - 10, 217 (1939). 



pressures reaching 1 atmosphere substantially below 4000~~ which likewise 
, . I  

require additional vapor species besides C 1 ' C2, @nd Cj. 
In seeking an explanation for these. latter ob&&ations, we ,were led to 

a general consideration of the bi-coordinate state of carbon. A long chain of 

localized double bonds, alternately in the x and y planes, i s  quite unstable 

as compared to graphite. However, complete resonance or conJugation such that 
\ 

each bond is axially symmetric yields a large stabilization. Carbon dioxide 

provides the most familiar example of this type of binding. Carbon suboxide 

O=C=C==C=O provides a better example and use will be made of data on this ' 

compound below. The simplest form of molecular orbital theory is first applTed 

to the linear Cn species and qualitative conclusions drawn. Then qumt3.tat%v-e 

~alculaLi~ns are nkde and the results compared with the experimental data, Ring 

molecules are also considered and found to be unimportant under most conditions. 

COrbltal First we consider the general pattern of 
orbital energies in order to determine which orbitals are occupied in'the stable 

states of the various molecules. Orbital energies were calculated by the methods 
8 

of Mulliken and his collaborators in which the overlap integral is used as a 

, . 

(8) Ro So Mulliken, Jo Phys. Chem. - 56, 295 (1953); R. So Mulliken, C..Ao Rieke, 
Do Orloff, and He Orloff, Jo Chemo Phys. - 17, 1248 (1949). 

measure of 'bond strengkh, Since we seek only a semi-quantitative estimate of 

orbital energies, no attempt was made to refine the empirical paramete~s~ FOP 

sigma orbitals $ = - 8 0 0 , S  and for p i  orbitals $ = -10.05 S j  where S is the overlap - - - 
.integral and the unj:ti are e.v,; the promotion energy from 2s to 2p atomic , 

orbitals was taken as Boo e.vo Overlap integrals are taken for Slater orbitals 

with Z = 3.25. The resulting energy levels for C2 and C are shown in Figs. 1 - 3 
and 2, respectively- In Figo 4 is the band pattern for a very long linear ' 

carbon chain. The reduced bond distance p = Z R / 2 % has a value near 4 for - - 
. . 

'the 'low ,energy states 'we are consideringo 
9 The situation for C, has been admirably discussed by Mulliken but it ' 

. . L 

(9) R o  S o  Mulliken, Phys. Revo - 56, 778 (1939). 

seems desirable to review it briefly for comparison with the larger.~moleculeso 

There are 8 valence electrons which fill the lowest u i d '  uu levels and leave 
g 



4 electrons t o  be placed i n  the n and the u ' orbi ta l s .  Since the-nu  l eve l  i s  . 
U g 

doubly degenerate with respect t o  o r b i t a l  angular momentum as  well  as spin, it 

can accommodate electrons.. A t  the equilibrium C. - C distance of approximately 

1.3 A o r  P = 4.0, the calculated energies of the nu  and o ' levels  a re  nearly 
I C g 

the same and we expect several low lying electronic s t a t e s  as fo11ow.s: 

%I s t a t e  i s  lowest with the  It i s  now qui te  weli established tha t  the. 

3~ - s t a t e ,  observed a t  5656 cm-I ( 0 ~ 7 0  ev, or 16.2 kcal/mole) by Bal l ik  and 
Q 

~ a m s a ~ l O  and the  'Z + state , ,  based upon n (4.1, a t  8 + 4 kcal/Aole (0.35 ev) a s  
65 u . - 

(10)' E A. . Ballik .and D o  A .  pansay, J.  hem. Phys. -- 29, 1418 (1958). 

observed by ~ i c k s . ~ ~  The other stages a re  a t  higher energies. 

(11) W. To Hicks, Ph. Do Dissertation, University of California, 1957. 

Since the t r i p l e t  s t a t e s  allow somewhat ' b e t t e r  electron correlation i n  

the complete wave function, the  observed s t a t e s  a re  consistent,with an o r b i t a l  

diagram l i k e  Fig. 1 i n  which the n l eve l  i s  a l i t t l e  lower than the o ' l eve l  
. U g 

a t  the observed distance. The separation a t  p = 4.0 i n  Fig. 1 i s  probab1y.a 

b i t  too large,  howevere One nay a l so  note tha t  the  slope of the n l e v e l  i s  
u 

posi t ive and tha t  of the a ' negative near p = Consequently, one may 
Q 

predict ,  a s  Mulliken did, t h a t  the  C - C distance w i l l .  be l e a s t  i n  the '2 ' - €5 
s t a t e , '  intermediate i n  the  s 3 1 1  s t a t e ,  and longest i n  the 3~ s t a t e .  

Ll Q 
With t h i s  confirmation of the method of calculation we-turn now t o  the 

&iagram fo r  Cii, .Fig. 2 ., The 12 valence electrons completely f i l l  the o rb i t a l s  
. .  . 

/ 

as  follows: o (2) ,  uU (2 ) )  o ?; (2)) nu ( 4 ) )  oU1 (2) .  Thus one predicts a 
65 g 

'Z + ground s t a t e .  Two configurations should yield excited s t a t e s  a t  energies 



- 6 -  UCRL- 8675 

Fig. 1. E l e c t r o n  rjrbital energy  p a t t e r n  for C 
2 ' 



Fig. 2.  E l e c t r o n  o r b i t a l  e n e r g y  p a t t e r n  f o r  Cg. 



in,the vicinity of 3 ev as follows: 

The energies of these various states for C ' were obtained from the orbital 
3 

energies of Fig. 2 and the electron repulsion terms which were estimated from 

corresponding terms of Cp and 0,. but reduced for the greater distances in C 
c! 3 

The energy level diagram in Fig, 3 shows also the two permitted transitions, 
- ~ 

1 + % +  1n - '2 + and Z - The observed absorption near 4050.A (3.06 ev) is 
U g u g 

presumably to be ascribed to the 'II < - '2 + transition, 
12. 

- .  u g - 

(12) N. H.; Kiess and H. P. Broida, can. J: Phys. - 34, 1971 (1956); 
K. Clusius and A. E. Douglas, - ibid, 32, 319 (1954) j 
A. E.. Douglas, Astrophys. J. - 114, 466 (1951); 

G. ~erzderg, MA. soc. roy. sci. ~ i & ~ e  - 15, 291 (1.955). 

The lowest states'based upon'coiifigurations with two electrons excited 
, .. 

were estimated to lie above 4 ev, consequently the- diagram in Fig. 3 may be 
regarded to be complete up to thg t  level .  

As the length of the molecule increases, the levels s g ~ i d l y  fall into the 
- .  . . 

band pattern of the infinitely' long chain, Fig. 4. ' ~ h o c k l e ~ ~ ~  has shown that, 

(13)' W. Shoclcley, Phys. Rev. - 56, 317 (1939). ! 

in a case such as this, there are two terminal orbitals (hereafter written 

t orbitals) which split off, one each from the upper and lowerabands, as 

p decreases below the point where the 2s and 2p band intersect. These t 

orbitals have most of their,amplitude on the terminal atoms and decrease 
., - . . . .  

rapidly toward the middle of the chain. They are degenerate for an infinite 

chain. The U ' and a ' levels of C are already beginning to show the behavior 
g u 3 

of t . orbitals 

For a molecule C there are 4 n valence electrons. The lower 0 band has 
n - 

n-1 orbitals and accommodates 2 n - 2 electrons and the t orbitals accommodate - - 



. F i g .  3 .  E s t i m a t e d  e n e r g i e s  o f  t h e  l o w e r  e n e r g y  s t a t e s  of C3. 
The  d i a g r a m  is incpm.plete above 4 ev. T h e  dot ted  l i n e s  
ind ica te  al lowed'  t r a n s i t i o n s .  



Fig.  4'. Electron orbital  energy bands for  long l inear  Cn. 
The curves  marked  t -orbi ta ls  a r e  for the pair  of 
orbi ta ls  associated pr imar i ly  with the te rminal  
carbon a toms.  



4 electrons* There remain . 2 -.. n - 2 , electrons to be accommodated in the II band, 

At a distance near p = 4, the a '  band is, of course, empty in the ground state 
. . 

or law-lying excited states. 

Since the orbitals of the n band accommodate 4 electrons each, molecules 

with - n odd will just fill the lowest (n - - 1)/2 of the st orbitals and will have 
. . 

'Z * ground states. ~olecules'with an even 'kmber of carbon atoms will 
Q 

completely fill the lowest (4 - n - 1) of the st orbitals and place 2 electrons.' . . 3 ' e  
in the next higher n orbital. This will yield a L ground state with 'A 

g 
and '2 + states based on the same configuration at slightly higher energies. 

,L3 
Low-lying excited states (for - n even or odd)will be obtained by exciting 

an electron from either the .highest filled n orbital or a t orbital to the 

lowest empty or partially filled n orbital. The required energy for t electron 

excitation should be approximately 2 ev for - n odd or large and even but may be 
. . 

less than 1 ev for C The energy for n electron excitation will deerease from 4". 
about 2 ev' for C oP C to very small values for Long chains which will be one 

5 6 . . 

dimensional metals. 

The discussion has Empliditly assumed a~pkoiimate uniformity of bond , 

distance. Even - n species might be consi.dered in terns of an alternating 
triple bond 'single bdnd. structure' Gith single electrons at each end, 'but dur 

estimates place this structure at substantially higher energy. 

Let us restate the description of the long chain Cn molecules in more 

conventional chemical valence language. The bond structure is 

: C = ~ = C = ~ C - ~ - - ' @ = C ~ :  

'where all intermediate atoms'are contributing 2 electrons to the a bonding ' .  

'system to form bonds with each addacent atom and the terminal .atoms use 3 .  
electrons to form one - a  bond and an.unshared .pairo The a bonds~'comprise the " 

o .band of Fig. 4 and the unshared .pairs the two t orbitals. Thus. there are 

2 - n - 2 electrons forming n .bonds which: are delocalized with respect to 'the 

x.and y plqws. Thus the.bonding i.s~analogous to 0'= C. '= .O or 0 = C = C = C = 0 

rather than'to allene: . .  . .  ' 

. &uantitativeo ,It seems best to use some semi-empirical . 

system of:.energy.calculation which has proven .successful ,for conjugated hydro- 

carbon molecules, since these are most analogous to the Cn molecules. The method 

, . 



14 of Mulliken, Rieke, 'arid Brown (PIRB)' was chosen ' togither with the improved. 
-. . .  . 

. . . .  , 

(14) R. S. Mulliken, C. A. Rieke, W.. G. Brown, J. Am.  hem. ~bc. - 63, $1 (1941). 

. . 
modification by Lofthus. l5 In the latter, both Slater and self-consistent 

(15) A. Lofthus,. J. Am. Chem. Soc. - 79, 24 (1957)0 

field atomic orbital overlap integrals were used and are designated (L~s) and 
(L-F), respectively. These treatments apply only to' the n electron system, 

. . 
and we use the methods and constants without change to obtain the conjugation 

. . ... 

energy of the x system. 
. . .  

. . 

First, however, we must obtain the energy of the hypothetical molecule . .  . 
with localized double bonds- This is done in two stages. The energy of interior 

. . . 
atoms in a chain is taken from the energy difference allene-ethylene. The heats 

16 of formation of these compounds are accurately known and those values, in turn,' 

(16) Fo D. Rossini, et al, "selected Values of Physical and Thermodynamic 
 ropert ties of Hydrocarbons and Related Compounds, " Carnegie Press, .Pittsburgh, 

. .  . 
1953 0 

are corrected for the hypercon,jugation present by the (NBB), (L-s) ,  and (L-F) 

methods. The results -are given in Appendix I and each i s  l.zsea, self-.consistently 

with the corresponding conjugation energy for the. C molecule. 
n 

There is no satisfactory example of the t,erminal carbon atom of ,Cn in an 

ordinary substance of accurately known heat of formation. ,Carbon monoxide i.s 

the best available example but'it seems unlikely that the large sesgnanCRc.- 

energy of that molecule can be calculated accurately enough at present to.make 

it a useful point of reference. Consequently, the energy of C is taken'as. 
3 

a reference pointo It is assumed that the mass-sp,ectrometer experiments of 
3 Chupka and Inghram with an effusion cell source gave an equilibrium ratio of 

C and C molecules. Their assumption.of a 1 to 3 .ratio of ionization cross 3 
sections is also retained, Any effect of the small difference in appearance 

potential between C and C is ignored, The vapor pressure of C is computed 
3 



from the  f r ee  energy function dis'cussed l a t e r  and the value 169.58 kcal/mole 

f o r  the heat of formation from graphite a t  0'~. Use o f  the f ree  energy . . 

4; ' 

. . 

(17) Lo ~ r e w ~ r  and A. W. Searcy, Ann. R ~ G .  Phys. bhem. - .  7, 259 (1956) 
' 

. . 

function of C then yields a value of AH O for  the formation' of gaseous C 
3 0 3 0 

' from each vapor pressure measuremento The value 'of AH is  prac t ica l ly .  constant , 
0 

over the temperature range of Chupka and Inghram's measurements. The 'average 

is mu0 = 186.5 kcal/mole. Theuncertainty from the  s c a t t e r  of r e su l t s  

different  temperatures i s  0.2 kcal/mole, but other possible e r rors  r a i s e  the 

' absolute *certainty t o  possibly two o r  three kcal/&oleo 

The calculation of molecular o r b i t a l  energies fo r  C n  l i nea r  molecules i s  

analogous t o  tha t  of hydrocarbons ,with .a l ternate  s ingle  and double b ~ n d  

(including the end e f fec t  already d i s c u s ~ e d  f o r  the . . case of C polymers). The n . . 
same may be s ta ted  f o r  r ing C polymerso Assuming the  molecular,axis i s  i n  the 

. . . . n .  . ., 

z direction, the two 2px o rb i t a l s  point i n  the x and y direction's (o r  the 
.. . 

two n orb i t a l s  may be taken t o  have - t 1 angular momentum). Thus the  dciubie 

'bhnds are  i n  the xz and yz planeso 
< .  

The molecular o r b i t a l  energies a re  so lu t io is  of a secular determinant . . 

15  of the form 

. . 

where S i s  the overlap in tegra l .  The bond in tegra l  B i j  i s  defined i n  terms 
-i j -. . , .. 

of the resonance in tegra l  
. . 

T i j  = J r n i X ' ~  , s.  J d.r ! (2 ) .  

by the equation 

a l so  

where the  atomic in tegra ls  a depend i n  general upon the  electronegat ivi t ies  
ii . . . , 

f o r  various atoms and E i s  the energy of the molecular orbi t ,a lo For , .  the  case , 

. . 
of a Cn chain a = a because a l l  the C atoms have, t h e  same e1ectronegativity. 

i i o 



. . . I 
. . 

If 'zero 'overlap i n t e g r a l  i s  assumed (M.R.B. ), then yi = pi The in tegra l  

var ies  with internuclear distance, and i t s  value i s  fixed fo r  a standard Pi 
band length and then varied through a coeff ic ient  p 

ijO 
Lofthus takes pij as  

the  r a t i o  of the overlap in tegra l  f o r  t h k  bond i n  consideration t o  the standard 

overlap integral .  

Three se t s  of calculations f o r  the molecular o r b i t a l  energies were carr ied 

out. The f i r s t  (M.R.B,) assumes zero overlap integral ,  the second (L-S) uses 

S l a t e r  ' s  'atomic o rb i t a l s  fo r  t h e  overlap integrals ,  the t h i r d  (L-F) uses se l f -  

consistent f i e l d  atomic o rb i t a l s  f o r  the overlap integrals .  

With zero overlap in t eg ra l  and considering only nearest ' neighbor interact ion,  
.1g, 20 

the  secular equation (1) i s  s a t i s f i e d  by the solutions of the form 

(19) E. ~Gcke l ,  Z.. Physik - 70, 204 -(1931). 

E. ~8cke1 ,  Z. Physik - 76, 628 (1932). 

( 2 0 )  J0 'E Lennard-Jones and J. Turkevich, Roy, Soc . London Proc. A 15a9 280 (1937). 
. . . , - -  . 

C. A ,  Coulsen, ibid,  A --  169, 413 (1939) 

Because of the  equivalent of the  x and y direct ions f o r  x electrons, each 

o r b i t a l  i s  doubly degenerate and can accommodate four electrons. 

I f  the  overlap in t eg ra l  i s  evaluated, and if only nearest neighbors a re  

considered t o  in t e rac t ,  then the  solutions of Eq, (1 )  a re  of the form 

The values f o r  overlap in t eg ra l  a t  1.28 A a r e  0.299 fo r  Slatier o rb i t a l s  and 

0.395 fo r  self-consis tent  f i e l d  atomic o r b i t a l s o  

For each of the three s e t s  of calculations, ,  the  conjugation energy i s  

obtained a s  the difference between the delocalized t o t a l  energy fo r  the bond 

distance 1.28 A (observed f o r  C ) and the localized t o t a l  energy which i s  
3 

( n  - 1 )  times the standard double bond energy a t , t h e  standard bond distance. 

The p values for  1 . 2 8 ~  are'1.155, 1. 125, and 1.090 i n  the (M.R.B.), (L-s), 
. . ,. . . . . . 

and (L-F) systems, respectively,  and the corresponding standard P values 
0 

(and standard distances) a r e  44.5 kcal/mole ( fo r  1.33 A)  ; 81 kcal/mole 



2 3 4 5 6 7 . 8 9  . I . . 

. . Number o f  car ,bonatoms , ,  

Fig.  5. Caicula ted mo lecu l a r  o rb i ta l  ene rg i e s  fo r  l inear .  molecu les  
C .  



(for 1.353 A) and 102 kcal/mole (for 1.353 A). Fig. 5 shows the calculated 
molecular orbital energies in the (L-F) system for C1 to C The highest 

9 
energy levels for C - C fall above the top of the figure. 

4 9 
As discussed in the Appendix the contribution to AH O of formation per 

0 

interior carbon atom in a molecule with localized n bonds is 48.323, 43.112, 

and 43.408 kcal/mole for the M.R.B. (L-s), and (L-F) methods respectively. 
0 

Assuming the value of I-8605 kcal/mole as AHo of formation for C the heat 
3 ' 

of formation for Cn is 10be5 plus (n - 3) times the heat of formation for an - 
interior carbon atom less the difference of conjugation energy between Cn and 

For chains with an even number of carbon atoms the calculation yields a 
3 ' value appropriate for the 'A state. The correction to the C ground state is 

estimated to be -23111 kcal/mole (see discussion on C energy levels) . This 2 
value decreases very rapidly and reaches a value less than .746 of the heat of 

formation at C LO' 
While there is a gradually increasing divergence between the three series 

of calculated values of M as shown in Table I, nevertheless the same general 
0 

pattern is given in each case with the odd species more stable. The (L-F) 

series has the best theoretical basis and it seems likely that these values 

are correct within 15 kcal/mole through C but may err by increasing amounts 
7 

for larger n. 

In addition to the results for molecules through C shown in Table I, 
0 13 

mo of formation values were calculated by the L-F method for C14 (302.9), 

C- (294.1), C16 (324.8)' C17 (318.1 kcal/mole), and for the infinite chain, 
15 
12 -7 kcal/gm atom of carbon6 



Calculated values for &lo0 bf formation* (kcal/mole) . - 

M. R e  B.: 

36 
For  gas), C2 andc the observed value of &loo bf formation are 

3' . I ,  . . 

169.58, 200, and 186.5 kcal/mole, respectively: . 



FreeEnergy, In order to calculate the 
equilibrium vapor pressures of the various. C' species it is ne.cessary to, obtain 

. . ,  

0" 
n 

the function -(F~ - H O)/T,.for each;. Thevalues for atomic carbon and 'graphite 
are well established. lz . . . .  - . . . .. . . 

The functions for C, were calculated by  ord don.^^ To these values a small 
L 

(21) A*' R e  Gordon, J. Chem. Phys. - 5, 350 (193'7). 

correction was added for the C + , 'E -, and % states where energies have been e: g 1.1 
recently determined. The values of ~elley~' and, of Stull and ~ i n k e ~ ~  err by a 

(22) KO K. Kelley, U ,  S .  Bureau of Mines Bulletin 477 (1950). 

(23) D. R .  ,Stull and G o  C. Sinke, "Thermodynamic., Properties of the' Elements," 

American Chemical Society, Washington, D. C., 1956. 
- 

3 factor of two in the multiplicity of the Q state. . 
u 

C l ~ c k l e r ~ ~  calculated the free energy function for C and Stull and Sink 
3 

(24) G. Glockler, J. Chem. Phys. 22, 159 (1954). - 

adopt his values. However, the analysis above indicates a multiplicity of one 

rather than five for the ground state of C Also, a comparison of the analogous 
3 ' 

potential constants with those of C 0 ketene, and allene suggested somewhat 3 2, 
higher vibration frequencies which were adopted: v = 1300, v2 = 550 (degenerate), 

-1 1 
and v = 2200 cm 

3 - 1 The largest percentage change is in v where Glockler used 353 cm This 2 
is the lowest bending frequency of allene, and correction for the absence of the 

mass of the hydrogen atoms would substantially raise this frequency. Evidence 
-1 

for a value near 550 cm comes also from the emission spectrum of C observed 
3' 

by Kiess and ~rnida.'~ This shows a 523 cm-I frequency difference between band 

heads 21 times, and these authors suggested interpretation as the bending frequency - 

of C 
3 
The rotational constant of C is lmown accurately from the spectrum t o  be 

3 
0.4280 - + .0005 cm-1 which corresponds to a C - C distance of 1.281 A. 



The best basis now available fo r  estimating the increment t o  a thenno-,. , 
i . . . .  

dynamic function on increase from C 
'n+1 

i s  one-half the difference between 
n 

C 0 and The f'unctions of the  l a t t e r  a re  well  hown;16.'those of C 0 
3 2 Q C  3 2 '  

were calculated from the data of Long, Murfin, and ~ i l l i a m s ~ '  and of Mackle .and 

(25) Do A. Long, F. S o  Murfin, ' and R. L. W i l l i a m s ,  Proc. Roy, Soc. A223, 251 (1954). 

26 
Sutton. unpublished infrared measurements of Williams i n  t h i s  laboratory give 

(26) H. Mackle and Lo  E.  Sutton, Trans Faraday Soc. 47, 937 (1951). 
Rd Lo Livingston: and C .N.R. Rao, J. Am. Chem. SO&. - 81,. 285 (1959). . ' 

-1 
an improved value of 215 cm fo r  the lowest bending frequency. 

The electronic  s t a t e  of C and the la rger  molecules with n even .is 4 - - 
predicted t o  be a 3~ s t a t e  whose mu1,tiplicity i s  3. Other s t a t e s  f o r  even 

Q 
molecules l i e  within the range of thermal energy but it would be an unjust i f ied 

elaboration of our calculations t o  consider them i n  de ta i l .  It is 'e 'st imated the 

contribution t o  the  pa r t i t i on  function from these excited s t a t e s  equals , that from 

the ground electronic  s t a t e ,  i , e . ,  t ha t  the effect ive.mult ipl . ic i ty  i s  6. 

Consequently, R - i n  6 = i.56 cal/deg mole must be added t o t h e  -(F' - H~O)/ 'I!  and 
0 3 

S va lues  f o r  a l l  even species. If the . nu s t a t e  of C l i e s  r e l a t ive ly  close t o  4 
the  ground s t a t e ,  the  effective mul t ip l ic i ty  i n  tha t  case might app:iioach 9. ' 

The resu l t ing  thermodynamic functions are  presented i n  Tables 11, 111, and 

IY. The e r ro r  i n  S o r  -(FT O - H O)/T f o r  C and C g  should be small and fo r  C not 
0 3 

over 0.5 cal/deg mole. The f i r s t  row i n  each case i s  f o r  so l id  @;raphite16 which 

i s  included f o r  convenience i n  calculations.  The f i r s t  s e t  of values f o r  t h e ,  

increment per carbpn atom above C i s  based upon the C 0 spectrum as--described 
3 3 2. 0 

above. A modified s e t  of values f o r  t h i s  ~ncremknt i n  -(FO - . H  O)/T and-.S . .  --.. . 
0 

was obtained by adjustment t o  f i t  - the observed t r i p l e  point pressure of graphite, 

approximately 100 atm a t  4 0 0 0 ~ ~ ' '  These modified values correspond t o  an increase 

i n  two of the three bending frequencies of C 0 by about 30%~ While ' t h i s  s h i f t ,  
3 2 

seems ra ther  large,  the  possible e r rors  i n  the use of C 0 properties t o  predict  
3 2 

the  ,increment per additional carbon atom i n  a long chain a re  cer ta in ly  of t h i s  

magnitude 



. . . . 
'.- Table I1 . . 

0 ' 

The free energy function* -(F' - H_ ) IT  i n  dal/deg mole 

Substance TOK 

2000 2500 3000 3500 , .. 4000 - 
Graphite 5.37 6.39 7.28 8.07 8.78 

( a )  Increment per carb.on atom based upon C302 

(b)  Increment per carbon atom adjusted t o  t r i p l e  point pressure. 

*3.56 cal/.deg mole i s  t o  be added t o  the values f o r  even n species (except c2), - 
see t e x t ,  



  able I11 

. . The heat content function (HO - H_')/T in.  cal/deg mole. 

TOK 
I . . , . 

Substance . . . . 

2000 2500 3000 , -3  joo 4000 

Graphite 4.39 . 4.74 5.01 5.22 5640 

C '  
,. 3 

12 . 21 12~66 12.95 12.23 13.41 
. . 

Piicrement 

per C atom 4.55 ' 4.77 4 .go .5.01 :' . '  5.08 



Table . I V  
. . . .. . . 

. . . .  . . 

. , - . , The. e n t r o p p  i n  cal/deg ,mole 
. . . . .  . . . . . . . . 

Substance TOK . 
. . . .  ~ . .  . . 

c 74-03 77.25, . 79 a 89 82 18 84,14 

Increment ( (a)  111.12 15 c? 37 16.39 17.25 . : 17.99 ' ,  

. . . .  . 

(a)  ~ncrement per carbon- atom. based '.upon C 0 
? .  

3 2' 

(b) Increment per' carbon atom adjusted t o  t r i p l e  point pressure. 

* 3.56 calldeg mole i s  t o  be added t o  the values fo r  even n species. (except c2), - 

see text .  



CalculatedVapoP By combination of the 

AH of formation values with thi -(F~' - H ')IT values of Table IS, the vapor 
0 0 

pressure at equilibrium of each species C may be calculated. The results for n 

each of tlie three conjugation energy methods are given in Table V through C 
7 * 

When the vapor pressure calculations were first completed, it was evident 

that the predicted pressures of long chain molecules were extremely large in 

the 3500 - 4000~~ rs'nge. The L-F energies gave the lowest pressures but 
. . 

even these were tho high to be consistent with the observed sublimation pressure 6 

of 1 atm near 3 7 0 0 ~ ~ ~  and the triple point pressure7 of about 100 atm at 4000~~. 

While these data are subject to considerable uncertainty, the most l'ikely errors 27 

. . 

(27.) See L o  Brewer, J. .Chem. Phys. - 16, 1165 (1948), 

would raise the temperatures assigned and make the inconsistency greater. 

Consequently, it seemed likely that our -(F' - H ')IT increment ' per C atom, 
0 

estimated from the C 0 spectrum, was too large and that this 'error, multiplied 
3 2 :  

by (: -  was the primary cause of the disagreement. As stated above, a 
. .. 

revised value of the increment per C atom was selected to yield approximat'ely 

100 atm total pressure at 4000~~ with the L-F energies. it is some compensation, 

at least, .that the L-F series, which is the best founded theoretically, also 

yields the most reasonable pressures. 

Figure 6 'shows the calculated values of log P for the various species C 
n 

based upon the (L-F) energies and the revised free energy.function values; The 

alternation of the values for the pressure between even and odd carbon species 

is quite evident. This result is due to the alternation in the pattern of 

fllling of molecular orbitals for the odd and even species as discussed above. 

The mass spectrographic data2 show this alternation through C the highest 5 
species observed. 



Number o f  carbon atoms 

Fig.  6 .  Calculated par t ia l  p r e s s u r e s  of the var ious vapor species  
. . C in  equilibrium with graphite a t  s eve ra l ' t empera tu res .  . ' 

n 



Table V 

Calculated values of log P (atm) of various 

carbon vapor species i n  equilibrium with graphite 
I 

Substance TOK 
. . . . 

( a ) ,  (b) ,  ( c )  Values f o r  M.R.B., L-S, and L-F methods, respectively, with f r ee  
. .  . . .. 

energy function increment based upon C 0 
3 2 *  _ .  .. .. . . . 

(d)  Values f o r  L-F method with f r ee  'energy function increment adjusted t o  t r i p l e  



In addition to the calculations of the partial vapor pressures, the total 
. . 

vapor pressure, the mean: number of carbon atoms per .molecule: s, and the enthalpy 
. .., 

per gm atom and per mole were calculated on the basis of the L-F energies and 
. .. . . 

the adjusted free 'energy .function increments.' These values, which'are for' 

the saturated vapor in equilibrium with solid graphite, are given in Table VI. 

More significant figures are retained for n 'in'- able' VI than the absolu1;e . . 

accuracy would justify in order to avoid errors'in the use of the molal enthalpy 

values r The. negative apparent heat per gram atom o f  .the saturated . 

vapor is an interesting result of the rapid increase of molecular size at'h 

increase in temperatureo 

It is evident from Table V and Fig. 6 that at 2000'~ and abbve, ; our . 
, . 

calculations predict C and C to be very important species.in equilibritim 
. 5  . 7 .  . . 

cgrbon vapor. At . high temperatures even larger molecuies' Wecome important, ' 
. . . . 

although the uncertainties of calculation make this more a qualitative than a' 
, 

quantitative prediction. For comparison with the effusion experim$ntb of 
. . 

5 Doehaerd, Goldfinger, and ~aelbroeck it is convenient to restate our results' 

in terms of an apparent.heat of sublimation of monoatomic oarbon, the'only 
. . 

specie considered by the above authors. , If we denote this quantity by &I 
. ' 

. . ap9 

where the P, are the partial pressures of the species Cn. The approximate 

0 
. . 

temperature of the experiments is 2600 .:KO . Using the partial pressures given 
, . . 8 .  

by (L-F) method adjusted to the triplet point pressure, one obtains from 

Eq. (7) map = 145.6 as compared with a value of'143.2 given by Doehaerd, 
. . . . . 

Goldfinger, and ~aelbroeck.~ Any of the other sets, of calculated pressures ' 

. . . . . . 

yields a lower AH This agreement is all that could be expected and clearly 
.ape. . . 



, . .  . 
Table V I  - 

.. . . 
~bope r t i e ' s  of carbon vapor i n  equil ibrium with graphite 

. . . .  . (Ref. point f o r  A, graphite a t  O'K) . . .  

. . .  . . 
l og  P ( t o t a l )  

- 
n = mean &, kc& HTj kcal  

0 
- 

T, K . '  atm .no. atoms per gm atom per mole 



removes any disagreement between the eff'usion data and theoretical expectations 
. . .  . . . . .  - . . .. . . . . . . . . . 

based on the 169.58 . . kcal/mole heat of sublimation of monatomic carbon. 

Taken at face vahe this agreement of apgarent AH values also indicates 
. . .  . . .  . 9 . . . . - -  . 

that the evaporation coefficients of a11 Species through C at least are large 
7 

enough to. have yielded near equilibrium pressures 'with the aperture to s$rface 
. . . - 

ratio of 1 to 23,400. However, Doehaerd, et al. assumed. the value of 0..2 for 

the sticking coefficient of carbon ,vapor on a relatively hot receiirer. This. 

28 value was obtained by Simpson, Thorn, and Winslow under similar but not 

(28) 0. C o  Simpson, R. Jo Thorn, and G. Winslow, UCD-2680 (1949). 
. . 

identical conditions. While Doehaerd, et ale, realized that there was uncertainty 

in transferring the sticking coefficient value to their, .experiments, that un- 

certainty seemed moderate if carbon vapor was purely monatomic. We now know 

that the vapor is a cornpiex mixture of several gaseous species each of which 

has its oWn sticking 'coelifcient. Consequently the Doehaerd, el; al., value 

of &I i s  subJect to as much as 7 'kcal/mole uncertainty, and the possibility 
ax' 

remains that their conditions yielded less than equilibrium amounts of C and 
5 

8 

larger species. 

4 The effusion celis used. by Thorn and Winslow had aperture to surface 

ratios of about 1 to 2000 (about ten times that of Doehaerd, et al.) but 

1 

cooled receivers eliminated the sticking coefficient uncertainty, Their 

LW = 161.0 kcal/mole at about 2450'~ corresponds quite closely to an equilibrium 
' aP " 

vapor through C with higher species absento , Tkiorn and Winslow interpreted 
3 

their data on this basis and calculated properties of: C -very similar to those 
3 

we selected, From this result one may conclude that the evaparation coefficients 



-4 
for C, and larger species are distinctly less than 5 x 10 under the conditions 

J 
of the Thorn and Winslow experltnents.. - 

Also there is the older work of ~rewer, Gilles, and ~ e n k i n s ~ ~  and of 

(,29) Lo Brewer, P W. Gilles, and F. A. Jenkins, J. Chem. Phys. - 16, 797 (1948). 

Brewer and l4astick3O which 'horn and Winslow4 described in 1957 as ''probably 

(30) Lo Brewer and Do Fe Mastick, University of California Radiation Labo-ratory 

report, UeRL-572 (1949) ; Do F . Mas-tick, Ph.D. thesis, University of California 

(1950); see also ,Ref. (6b). 
, 

the most reltable effusion experiment.prior to presently reported one." Brewer, 

et al, used a cooled receiver and found a sticking coefficient of 0.45. The 

aperture to evaporating surface ratio is, not available because they partially 

filled their cell with graphite powder of unknown surface area,. The values of 

' range from 1.5b.9 to 166.8 kcal/mole at 2600% but the low values always 
aP . 

were obtained on the first run with a, fresh sample of graphite powder* Later 

runs with the same sample gave higher values.eventuaSly reaching the range 
, 

165 - + 2 kcal/mole which, one interprets as indicating an equilibrium mount of 
C and C with some C 

2 3 
Brewer, Gilles, ar,d Jenkins interpreted the drift In their AH values 

aP 
as due to "volatilization of tars remaining in the material from the binder 

used in the graphitization processo" Since the evaporation coefficients of 

the polyatomic carbon molecules probably vary greatly for different surfaces 

of graphite, it now seems more likely that in the early runs the evaporation 

rates of C and C were substantial but, that these rates fell off as the 
3 5 

reactive (high evaporation coefficient ) surfaces were depileted, This explanation 

seems reasonable in terns of the structure of graphite and the possible 

mechanisms for breaking off a C or C moleculeo 
3 5 6a 

Finally, there are the measurements of Begue which are interpreted to 
0 

indicate a total vapor pressure of carbon one atmosphere at about 3750 K. 
The values in Table VI show a total pressure of one atmosphere at a little 

below 3500~~. These results are not necessarily inconsistent because the 
evaporation coefficients of the very large carbon molecules may still be small 

at these temperatureso Since the observed temperatures are for conditions of 



rather rapid evaporation, they do not' necessarily indicate the equil2brium ' 

vapor pressure curve, The same objection can be raised'with respect to the 

sublimation point measurements of  asset,^ but the error should decrease 
with rise in temperature and pressure. 

It is possible to use many of these same methods .to estimate the 

abundance of ring molecules in carbon vapor. Although the = C = C = C.= C = 

linkage tends .to. be linear it is ' somewhat flexible and a long. linear molecule 

C may be bent into a ring whereupon the terminal unshared electron pairs w i l l  
I1 

form another double bond.. Thus all atoms have the basic valence state of. 

interior atoms in the linear chain, and the conjugation energy of the n system 

is readily calculated for the ring by the same methods as for the chain, If 
1 

n = 4k + 2 with k an integer, then a C.. ground state results, The bending - - - 6 
force constants for the central portion of the 0 = C = C = C = 0 molecule may 

be used to estimate the strain energy of the C ring to be approximately 
n 

( 18001 - n) kcal/mole 
The entropy or free 'energy function for a ring is substantially smaller 

than that for a chain. By comparison with values for hydrocarbons we estimate 

this difference to be at least 20 and 25 callmole degree for C10 and C14, 

respectively. In the M.R,B. method the ring molecular orbital, energies 20 

are - + 2, + 1.618 + .610 for c10 and + 2, + 1.802, + 1.247 and -I- .445 for Ci4 -.., ,". - - - - 
in units of @. The MOO. of energy + 2 accommodates two electrons; the others - 
are ,doubly degenerate with respect to orbital angular momentum and accommodate 

four electrons. The resulting &lo0 of formation values are 264 and 297 kcallmole 
for C .  .using (L-S) and (L-F) methods, respectively, and 271 and 322 for C 10 14 
ring with the corresponding methods. 

In the range 2000-4000'~ the calculated pressures of C and C rings - 
10 14 

are smaller than the pressures-of the corresponding,chains by factors ranging 
- 6 -8 

from 10 to 10 Since the'even-numbered linear species are already'less 

abundant than the adjacent odd species, it is evident that ring molecules.. . . 
> 

play no significant role in this region. Possibly.rings would become important 

for very large n values but only under conditions where these exceedingly - 
long chains were also abundant. . . 

2 -. Honie, noted the presence of subst,antj.al quantities of 
- 

negative ions Cn in carbon vapor"and found the even species to be the more. 

abMdant. This result follows clearly from the simple molecular orbital . 
, 



theoryo The even neutral  species C have a half . - f i l led bonding x o r b i t a l  
n 

which can accommodate another electron whereas i n  the odd species the extra  

.. electron must go in to  the empty non-bonding orb i ta l .  ' , 

The electron a f f in i ty  calculations of Honig can be revised and extended 

by the  use of the improvedenergy of C the calculated energy of C4, and t h e  
i 3 ' 

electronic  mul t ip l ic i t ies  which we f e e l  t o  be qui te  certain.  The negative ions have 
2 4 - 2 
ll ground s ta tes ,  except C- which i s  S and C2 where the \ s t a t e  may be 

U n n 

s l igh t ly  below C ~ U .  ~ o n i ~ ~  calculated electron a f f i n i t i e s ,  where possible, 

by two methods; ( a )  the difference i n  the heats of formation derived from the 

temperature derivative of the abundances and (b)  the r a t i o  of the absolute 

in t ens i t i e s  interpreted on the basis  of assumed cross sectipns, etc.,, and. 

equal e lectronic  mul t ip l ic i t ies  f o r  neutral  and ion i n  each case. 1ntroducti.on 

of our data yields the r e su l t s  of Table VLlo The uncertainty i n  these values i s  

about 1 ev i n  most cases. 

Electron a f f i n i t y  of carbon molecules 

(electron vo l t s )  

.' Species Difference 
value 

Ratio 
value 

With increase i n  length of the carbon molecule the gsc i l l a t ion  of e lectron 

a f f i n i t y  between even and odd species w i l l  diminish because the available 

o rb i t a l s  d i f f e r  l e s s  i n  energy. This too i s  consistent with ~ o n i g ' s  resu l t s .  

The l imit ing electron a f f i n i t y  f o r  a very long chain should approach tha t  of 

graphite, ev. 

m. Since the calculated properties o fca rbon  vapor ( a f t e r  the 

adjustment i n  the f r ee  energy function) seem t o  be i n  reasonable accord with 

. a l l  observed properties,  i t . i s  in te res t ing  t o  speculate about the nature of 

l iqu id  carbon. It i s  d i f f i c u l t  t o  picture  a l iqu id  based on the  graphite 



. . 
structure,  but the  long l inea r  polymer molecules cer tainly could form a ' l iquid 

0 .  
somewhat analogous t o  long n-paraffins or  su l fur  i n  the range above 160 C 

. . 
where the  equilibrium s h i f t s  from S8 r ing molecules t o  long chains. The carbon 

. . 

chains do not have the  zig-zag s t ructure of sulfur  o r  a n-paraffin? with the  

poss ib i l i t y  of ro ta t ion  about s ingle  bonds. ' Consequently, carbon chains would 
. .  . 

be l e s s  f lex ib le  i n  terms of a given thermal energy) but a t  4 0 0 0 ~ ~  carbon . . ,  

chains would be s'izfficiently f iex ib le  t o  form a disordered ' l iguid-l ike phase. 

Let US assme f o r  l iqu id  carbon the entropy per added carbon atom of 

long chains i n  the  gas, which from Table IV i s  16.82 cal/deg gm a,t.orr! a t  4 0 0 0 ~ ~ .  
. . 

The heat of fom?+,ion of liquid. a t  4 0 0 0 ~ ~  i s  taken as  the heat of formation per 

added carbon atom (given above f o r  O'K an2 corrected. t o  4 0 0 0 ~ ~ )  of 11.4 kcil/gm 

atom l e s s  an estimated value of '1.0 kcal/gm atom t o r  the Van des wails a t t r ac t ive  

forces between chains i n  the  l iquid  s ta te .  The Lat ter  f igure was estimated 

from a comparison of the heats of vaporization of C 0 and C0 The corresponding 
16 3 2 2 

quantity f o r  lo.ng n-paraffins t s  a l so  about 1.0 kcal per mole of CH un i t so  
2 

The calculations of Coulson and Ilavies3l indicate a la rger  vaiue; poss ib ly  3 t o  

(29) C .  A. Coulson and Po Lo Davies, Trans, Faraday Soc, 48, 777 (1952) -- 

4 kcal/grn atom, at  an interchain distance of 3,4 A corresponding t o  the in t e r -  

planar separation i n  graphite, but we estimate t h a t  the inclusion of overlap 

in tegra ls  neglected by Coulson and Davies would reduce t h i s  valxe t o  the range 

1 t o  2 kcal/grn atom* 

Now we have two estimates of the heat of ?usion. From the energy 

calculations,  Allf = gQ.4 . kcal/gm atom; but from the  ectmpy calculations,  

AHf = T M f  = 4000 (16.82 - 14.18)/1000 = 1 0 . 5  kca.l/gm atom. This agreement, 

which must be regarded as  for tui tously good, nevertheless cer tainly supports 

the  general model of long l ineaf  chains (and very large . r ings)  fo r  l iqu id  

carbon* 

It i s  a lso  in te res t ing  t o  ca lcu la te  the  heat of sublimation a t  4 0 0 0 ~ ~ ~  

which i s  17.6 kcal/gm atom, and then by deducting the heat of fusion one 

obtains f o r  the heat of vaporization of the l iquid  7 kcallgm atom. If' these 

values a re  a t  a l l  close t o  the t rue  properties,  t he  vapor pressure curve w i l l  

show a very large decrease i n  slope a t  the melting point because the heat of 

fusion i s  larger  than the heat of vaporization of the l iqu ide  
. . 



Liquid carbon comprising long l i n e a r  polymer molecules, should be r e l a t ive ly  

viscous as i s  sulfur when it is  i n t h e  polymeric s t a t e .  Also, although the 

l inea r  polymeric chains . . may be expected t o  be one dimensionalmetals, the 

macroscopic e l e c t r i c a l  conductance would be much l e s s  tha t  of graphite with 

i t s  two dimensional,metallfc .character. 

We a re  great ly  indebted t o  Professor Leo Brewer f o r  

many discussions. D r .  W.,Weltner Jr. has given us t h e b e n e f i t  of h i s  study 

of t h i s  problem and told.  us of recent .work .at  the National Carbon Research . , 

Laboratories. This work was performed under the auspices of the U. S. Atomic 

Energy Commission. . . 



APPENDIX 

The con jugat ion .energy (.c..E. ) f o r  ' the in t e r io r  atoms.' i n  tl-ie ' C ' chain i s  
. . 

n 
obtgined from the.differen6e"in C.E. f o r  a l lene and ethylene with a c o r r e c t i o n  

fo r  c~mpressional energy' correSponding to. contraction from the s%kdard'  double 
. . . . .  , - .  . . .  bond t o  the 1.28 A bond a s s k d  fo'r the' khain.. 

The .C .E .. i s  calculated following the M .RZ.B.. m&thod"'&d' the   of thus '' 
. 

1 4  ' modi.fication of tha t  method. M.R.B. assume zero overlap integral ,  a 

reference double bond of 1.33 'A (ethylene double bond) and a standard resonance 

in t eg ra l  @ = -44.5 kcal/mole. hf thus"  uses overlap in tegra ls  calculated with 
0 

S l a t e r  or  SeCoFo atomic o rb i t a l s .  The reference double bond distance i s  1..353 A. 

The Po values are -01 and -102 kc'al/mole for   later orb i t a l s  o r  S.C.F. orb i ta l s ,  

respectively.  . . 

An addi t iona lcor rec t ion  of .5 Po i s  intr6duced by Lofthus t o  account f o r  

the 'd i f f e ren t  electronegktivity of the terminal hydrogen group as  compared t o  

the  carbon atom. The secular equation' (1) fo r  a l lene  and ethylene is  solved 

f o r  l o c d i z e d  and delocalized bonds6 The values f o r  the B coeff icients  and 
0 

fo r  conjugation energy are  given i n  Table V I I I .  

Orbital  and conjugation energies of a l lene and ethylene 

Localized MOO.  Delocalized MOO. . Conjugation 
Method Coefficients Coefficients Energy 

Ethylene 4-000 -- 4 d 5 ' 3 1  30531 , 0.124 
M.R.B. 

Allene 4.000 1.058 . 4.146 1,023 0,.444 ' . 

Ethylene 1.275 -- 1.. 508 1.048 . 0.012 
(L-S) 

Allene 1.277 0-845 lok32 0.720 . . 0 0 121. 
. . 

Ethylene 0.945 ' -- 1.'177 0.718 0.008 
(L-F) Allene 0.946 0.770 1.140. 0 ~ 6 0 1  0.098 

Compressional energies a re  obtained from a ~ i r s e  potent ia l  assuming a 

dissociat ion energy D '=  141.5 kcal/mole and 'a  band :force constant of 8,2 x. 10 5 
- 1 

dyne cm 



The contribution to,AHO0 of formation of the hypothetical C n with localized 
0 : 

bonds per i n t e r i o r  carbon atom i s  then the di.fference i n  AHo of f o ~ m t i o n  
16 

between al lene and ethylene (33.178 kcal/mole) corrected fo r  the difference i n  

t h e i r  conjugation energies and compressional energies. I f  the compression 

e nergy t o  the 1.28 A band distance of C (and' presumably of longer C .molecules ) 
3 n . 

i s  added, the f i n a l  values a re  J48?323, 43.112, and 43,408 kcal/rnole fo r  the 

M.R.B., (L-s), and (L-F) methods. These values a re  used i n  the calculations 

leading t o  Table I. 



T h i s  r e p o r t  was  p r e p a r e d  a s  a n  a c c o u n t  o f  G o v e r n m e n t  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  C o m m i s s i o n :  

A .  \ l a k e s  a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p , , e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  01 a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes a n y  l i a b i l i t i e s  wi . th  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  d a m a g e s  r e s u l t i n g  f r o m  t h e  u s e  o f  a n y  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

As u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
C o m m i s s i o n "  i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e ' m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  h i s  e m p l o y m e n t  o r  c o n t r a c t  
w i ~ 1 1  ~ 1 1 e  Cornmiss ion ,  o r  h i s  e m p l o y m e n t  w1t.h s u c h  c o n t r a c t o r .  




