R

UCRL-8675
Chemistry Distribution

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

474&72;?

Contract No. W-T405-eng-u48

LARGE MOLECULES IN CARBON VAPOR
Kenneth S. Pitzer and Enrico Clementi

March 1959

Printed for the U.S. Atomic Energy Commission



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Printed in USA. Price $1.00. Available from the
Office of Technical Services
U. S. Department of Commerce
Washington 25, D. C.



-2- UCRL-8675

LARGE MOLECULES IN CARBON VAPOR

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

¢ University of California, Berkeley Uk, California
& :

March 1959

ABSTRACT

The molecular orbital theory is used in appropriate semi-empirical forms
to predict the“properties of carbon vapor. The results indicate that linear
polyatomic molecules :C =C =C - - - C = C: are the important species.
Experimental results from the literature for 05 are combined with the calculated
conjugation or resonance energies and with the heats of formation of allene and
ethylene to predict heats of formgtion for all larger carbon molecules. It is
found that the odd species have. closed shell sﬁructures and lower energies
than the even species but that the even speciés should show greater electron
affinity. Both of these results are consistent with the mass spectrometfic
results of Honig and of Chupka and Inghram. Molecular spectroscopic data on
0502 are used to estimate the f?ee energy fundtioﬁ increments for the species
above C._ -

3

The calculated partial vapor pressures predict C_. to be the most abundant

>

species in the saturated vapor even at QOOOOK with C.7 becoming comparably
abundant in the 2500 to 5OOOOK range. At higher temperatures even larger
"molecules should become important. The results are shown to be generally
consistent with all reliable vaporization data provided the evaporatioﬂ
coefficients decrease rapidly for increasing molecular size and vary for
diffefent crystal surfaces of graphiten'

The calculated electronic energy levels for 02 and C3 agree satisfactorily
with the observed spectra and trends are predicted for both even and odd larger
species. It is proposed that liquid carbon consists of essehtially infinite
linear chains of.this type. Both entropy and energy considerations lead to
predicted heats of fusion of about 10 kcal/gm atom at MOOOOKj the agreement

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

inconsistency.
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Mass spectrometric 'stl,ld:i.esl"5 have clarified the previously confused situation

(1) H. A. Chupka and M. G. Inghram, J. Chem. Phys. 22, 1472 (1954).
(2) R. E. Honig, J. Chem. Phys. 22, 126 (1954).
(3) H. A. Chupka and M. G. Inghram, J. Phys. Chem. 59, 100 (1955)

with respect to the heat of sublimation of graphite to monatomic carbon and have
established the presence of C2, CE and probably C5 in the vapor. The effusion

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

(4) R. J. Thorn and G. H. Winslow, J. Chem. Phys. 26, 186 (1957).
02’ and C5 with heats of vaporization of approximately 170, 194, aﬁd 184 kcal/mole,
respectively. There remains, however, the evidence of the effusion experiments of

Doehaerd, Goldfinger and Waelb‘roeck5 with very small hole-to-interior surface

P,

(5) T. Doehaerd, P. Goldfinger and F. Waelbroeck, Bullo Soc. Chim. Belg° 62
498 (1953).

ratios which indicates some additional vapor species with higher equilibrium '

pressure but an evaporation coéfficient about lO-5 in the temperature range

7

2500-2700°K; In addition, the measurements of Bééué6 and Basset’' indicate vépor

(6) J. Begud, Thesis, Paris, 1945; (6b) discussion by P. Goldfinger and
F. Waelbroeck, Bull. Soc. Chim. Belg. 62, 545 (1953).
(7) J. Basset, Chemie & industrie 45, 36, 7 (194l);

J. Basset, Brennstoff-Chem. 23, 127 (1942);
J. Basset, J. phys. radium 10, 217 (1939).
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pressures reaching 1 atmosphere substantially below hOOO K which likewise

°

require additional vapor spec1es besides Cl’ 02, and C3
In seeking an explanatlon for these latter observatlons, we were led to
a general consideration of the.blmcoordlnate state of carbon. A long chain of
localized double bonds; -alternately in the x and y planes, is quite unstable
as compared to graphitec However, complefevresonance or conjugation such that
each bond is axially symmetric yields a large stabilization. Carbon dioxide
provides the most femiliar example of this type of binding. Carbon sﬁboxide
0=C=C=C=0 provides a better example and use will be made of data on this
compound below. The simplest form of molecular orbital theory is first applied.
to the linear Cn species and qualitative conclusions drawn. Then quantitaﬁive
calceulations are made and the results compared with the experimental data. Ring
molecules are also considered and found to be unimportant under most conditions.
§§ER%§A%Q&§§H%ﬁ§kQER%EE%AEQRR£X° 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

of Mulliken and his collaborators8 in which the overlap integral is used as a

(8) R. S. Mulliken, J. Phys. Chem. 56, 295 (1953); R. S. Mulliken, C.:A. Rieke,
D. Orloff, and H. Orloff, J. Chem. Phys. 17, 1248 (1949).

measurée of bond strengtho Since we seek only a semi-quantitative estimate of
orbital energies, no attempt was made to refine the empirical parameters. For
sigma orbitals f§ = -8°O'§'and for pi orbitals B = -10.5 S, where S is the overlap
'integrai and the unite afe eovoj the promotion energy from 2s to 2p atomic
orbitals was taken as 8.0 e.v. Overlap integrals are taken for Slater orbitals
with Z2 = 3.25. The resulting energy levels for C, and C

. 2 >
and 2, respectively. In Fig. L is the band pattern for a very long linear

are shown in Figs. 1

carbon chainn .The reduced bond distance p = 2 R / 2 a, has a value near h for
‘the low - energy states we are cons1der1ngo
The situation for C, has been admirably discussed by Mulliken9 but it -

v

(9) R. S. Mulliken, Phys. Rev. 56, 778 (1959)»

seems desirable to review it briefly for coﬁparison with the larger. molecules.

There are 8 valence electrons which fill the lowest og ahd’du levels and leave
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k electrons to be placed in the T and the og' orbitals. 'Since thefnu level is
doubly degenerate with respect to orbital angular momentum as well as spin, it
can accommodate 4 electrons. At the equilibrium C - C diétance of approximately
1.3 Aor p = 4.0, the calculated energies of the T, and cg' levels are nearly

the same and we expect several low lying eieéﬁronic states as foliows:

- nu,(h) : lzg* ,
- emg (38 (1) s P,

. 3 - 1 1. +
ey @ e (2) T, e,

It is now quite well establlshed that the. 3H state is lowest with the
5Zg' state observed at 5656 cm” (O 70 ev, or 16. 2 kcal/mole) by Ballik and
Ramsaylo and the lZg+4state, based upon (L), at 8 + & kcal/mole (0.35 ev) as

(10) E. A. Ballik and D. A. Ramsay, J. Chem. Phys. 29, 1418 (1958).
. 11 - . L
observed by Hicks. The other states are at higher energies.

(11) w. T. Hicks, Ph. D. Dissertation, University of California, 1957.
Since the triplet states allow somewhaf'%etter electron correlation in

the complete wave function, the observed states are consistent with an orbital

1

diagram like Fig. 1 in which the nu level is a littlé lower than the og level

at the observed distance. The separation at p = 4.0 in Fig. 1 is probably a
bit too large, however. One may also note that the slope of the T level is
positive and that of the Gg' negative near p = 4. Consequently, one maz
predict, as Mulliken did, that the C - C distance will be least in the E
state,’ intermediate- in the 5II state, and longest in the 32 " state.

With this confirmation of the method of calculation wegturn now to the
diagram for Cj,,Eig. 2. The 12‘valence electrons completely fill the orbitals
as follows: Oy (2), o, (2), cgﬁ (2), T, (%), cu' (2). Thus one predicts a

lZ_+.ground state. Two configurations should yield excited -states at energies
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MU - 16950

Fig. 1. Electron orbital energy pattern for CZ.‘
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. MU=-16951

F1g 2. Eleétroq orbital energy pattern for 'C3.
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in the vicinity of 3 ev as follows:
1
ST NS COPIL AN CORE SR CDIFIS i

' 3 1l 1o+ 3+ la - 3¢ -
. z z P Z
(1) : u u u ’ u ’

-~ = - ﬂ (5); (2)1 ng

u

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
correspondlng terms of C and O but reduced for the greater distances in C3

The energy level dlagram in Flga 3 shows also the two pPrm1fTPd transitions,
1

1 1
Hu - lzg+ and Zu+ - ”zg+o The observed absorption near h050 A (3.06 ev) is
presumably to be ascribed. to the,lnﬁ < — lzg transition.

(12) N. H..Kiess and H. P. Broida, Can. J. Phys. 34, 1971 (1956),
~ K. Clusius and A. E. Douglas, ibid, 52 319 (l95h), '
A. E. Douglas, Astrophys. J. 114, 466 (1951); 4
G. Herzﬁerg, Mém. soc. royé sci._Liége'lz, 291 (1955)°

The lowest states based ﬁpon'cbnfigufations with two electrons excited
were estimated to lie above b ev, ceneequentlj”the"diagram in Fig. 3 may be
regarded to be complete up to that level. |

As the 1ength of the molecule 1ncreases, the levels rapiglv fall into the

band pattern of the 1nf1n1tely long chaln, Flg. h. Shockley ~ has shown that,

i

(lj)‘ W. Shockley, Phys. Rev. 56, 317 (1939).

in a case such as this, there ére two terminal orbitals (hereafter written -
t orbitals) which split off, one each from the upper and lower 0 bands, as
p decreases below the point where the 2s and 2p band intersect. These t
orbitals have most of thelr .amplitude on the termlnal atoms and decrease
rapidly toward the mlddle of the chain. They are degenerate for an 1nf1n1te
chain. The og' and oh’ levels of C3 are already beginning to show the behavior
of t orbitals.

For a molecule Gn there are 4 n valence electrons. The lower © band has

E'l orbitals and accommodates 2 n - 2 électrons and the t orbitals accommodate
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-Fig. 3. Estimated energies .of the lower energy states of C .
The diagram is incomplete above 4 ev. The dotted lines
.indicate allowed transitions. ' '
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+15

+10

(ev)

+5
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MU — 1b45%

Fig. 4. Electron orbital energy bands for long linéar C.-
The curves marked t-orbitals are for the pair of
orbitals associated primarily with the terminal
carbon atoms, ’ A
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4 electrons. There remain 2 n - 2 electrons to be accommodated in the n band.
At a distance near p = 4, the ¢' band is, of course, empty in the ground- state
or low lying excited states. o

Since the orbitals of the n band accommodate l electrons each, molecules
with n odd will just fill the lowest (n - 1)/2 of the = orbitals and will have
lZ + ground stateeo Molecules with an even=uumber of carbon atoms will
completely fill the lowest (2 n - l) of the x orbltals and place 2 electrons
in the next higher s orbital. ThlS will yield a 5 '
and lZg‘ states based on the same conflguratlon at slightly hlgher energies.

Low-lylng excited states (for n even or odd) w1ll be obtalned by exc1t1ng
an electron from either the highest fllled n orbital or a t orbital to the

lowest empty or partially filled = orbitalo The required energy for t electron

ground state with Ag

excitation should be approximately 2 ev for n odd or large and even but may be
less than 1 ev for Ch ' The energy for x electron exc1tat10n will decrease from

about 2 ev for C_. or Cé to very ‘small values for long ‘chains which will be one

p)

dimensional metals. . ‘
' The discussion hae implicitly assumedyappfoximate‘uniformity of bond .
distance. Even n spe01es might be considered in terms of an alternatlng
triple bond s1ngle bond’ structure w1th 51ngle electrons at each end but our
estimates place this structure at substantlally higher energy-
Let us restate the description of the long chain Cn molecules ln more

conventional chemical valence language. The bond structure is
* :=C=C=C=+~--=C=Cs
‘where all intermediate atoms are contributing 2 electrons to the o bonding
system to form bonds with each adjacent atom and the terminal -atoms use 3.
electrons to form one .o bondAand an unshared pair. The ¢ bonds”comprise the ~
0 .band of Fig. 4 and the unshared'pairs the two tiorbifalso Thus. there are
2n - 2 electrons forming x.bonds which: are delocalized with respect to the
x-and y plapes. Thus the bonding is analogous to 0'=C =00or 0=C =C=C=0
rather than'to allene. - ’ ' o |

. Quantitative- Ener%x Calculations. It seems best to use some semi-empirical

system of-energy- calculatlon which has proven successful for conjugated hydro-

carbon molecules, since these are most analogous to the'Cn molecules. The method
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of Mulliken, Rieke, and Brown™ (MRB) was chosen togéther with thé’ improved’

(14) R. S. Mulliken, C. A. Rieke, W. G. Brown, J. Am. Chem. Soc. 63; 1 (1941).

modification by Lofthusels In the latter, both Slaﬁer and self-consistent .
(15) A. Lofthus, J. Am. Chem. Soc. 79, 24 (1957).

field atomic orbital overlap integrals were used énd ére designated (L-S) and
(L-F), respectively. These treatments apply oply to the n.elecﬁron system,
and we use thg methods and constants ﬁithout change to obtain phe cénjqéat;qn
energy of the n system. _ ' o ‘m

~ First, however, we must obtain the energj of the hypotheﬁical'moiécule‘
with localized double bonds. This is done in two stages. Tﬁe energy 6f interior
atoms in a chain is taken from the energy difference allene-ethylene. :The-héats

of formation of these compounds are accurately knOWnl6 and those values, in turn,’

(16) F. D. Rossini, et al, "Selected Values of Physical and Thermodyhamic.
Properties of Hydrocarbons and Related Compounds," Carnegie Press, Pittsburgh,

1953.

are corrected for the hyperconjugation present by the (MRB), (L-S), and (L-F)
methods. The results are given in Appendix I and each is used self-consistently
with the corresponding conjugation energy for the'Cn molecule.

There is no satisfactory example of the terminal carbon atom of,Cn.in an
ordinary substance of accurately known heat of formation. Carbon monoxide is
the best available example but it seems unlikely that the large resgnanceéc-.
energy of that molecule can be calculated accurately enough at present to make
it a useful point of reference. Consequently, the energy of C3 is taken as:

-~ a reference point.. It is assumed that the mass-spectrometer experiments of
Chupka and Inghram5 with an effusion cell -source gave an equilibrium ratio of
€ and C3 molecules. Their assumption.of a 1 to 3 ratio of ionization cross

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
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from the free energy function discussed later and the value 169058_kcal/mole
" for the heat of formation from graphite at'OOKo17 Use of the ﬁree eqergy

(17) L. Brewer and Ao W. Searcy, Ann. Rev. Phys. Chem. 7, 259 (l956)°

1 function of C5 then yields a value of AHOO for the formation.of_gaseous 03
from each vapor pressure measuremeﬁr° The yalueiof AHOO is practically. constant
over the temperature range of Chupka and Inghram’s measurements. The average

is AH = 186.5 kcal/moleo The uncertainty from the scatter of results at
dlfferent temperatures is 0.2 kcal/mole, but other possible errors raise the
absolute uncertainty to possibly two or three kcal/molea

The calculation of molecular orbital energies for C llnear molecules is |
analogous to that of hydrocarbons with alternate single and double bond
(including the end effect already discussed for the case of C polymers) The
same may be stated for ring C polymerso Assuming the molecular axis is 1n the
z direction, the two 2p orbltals point in the x and Yy dlrectlons (or the -
two n orbitals may be taken to have + 1 angular momentum). Thus the double
'b@nds are in the xz and yz planes.

The molecular orbital energies are solutioﬁs of a secular determinaht_'

of the forml5

| B, . + 8, x;.-|-= o ' (l)

where §ij is the overlap integral. The bond integral Bij is defined in terms

of the resonance integral

*wear @
i3 T % R '
by the equation
N l . . ‘ . ‘ ’ - .
= - = Q :
also | o Coxyy = sl rag) -e W)

where the atomic 1ntegrals a depend in general upon the electronegativ1t1es
for various atoms and € is the energy of the molecular orbitalo For the case

of a Cn chain aii = ao because all the C atoms have_the same ele,ctronegat;v1ty°
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If Zero overlap 1ntegral is assumed (M R.B.), then 7 BlJo The integral
Bij varies with internuclear dlstance, and its value is flxed for a standard
bond length and then varled through a coeff1c1ent N i3° Lofthus takes Py i3 as
the ratio of the overlap integral for the bond in con51deratlon to the standard
overlap 1ntegral° .

Three sets of calculatlons for the molecular orbltal energles were carrled
out. The first (M.R.B.) assumes zero overlap integral, the second (L-8) uses
Slater's atomic orbitals for the overlap integrals, the_third (L-F) uses self-
conslstent field atomio orbitals for the oVerlap integrals.

With zero overlap integral and considering only nearest‘neighbor interaotion,

the secular equatlon (1) is satlsfled by the solutions of the forml9"20

(19) E. RHluckel, Z. Physik 10, 204 -(1931).
' E. Huckel, Z. Physik 76 628 (1932).
" (20) J. E. Lennard-Jones and J. Turkevich, Roy. Soc. London Proc. A 158, 280 (19%37).
C. A Coulsen, 1b1d, A 169, 415 (1939).

e. =B K, =B (2 cos ) (4 -‘1 2, --- , n). (5)

i o i e} 2 + 1
Because of the equivalent of the x and y directions for m electrons, each
orbital is doubly degenerate and can accommodate four electrons.
If the overlap integral is evaluated, and 1f only nearest nelghbors are
considered to interact, then the solutions of Egq. (1) are of the form

K.

i l + SKi o]
The values for overlap integral at 1.28 A are 0.299 for Slater orbitals and
0.395 for self-consistent field atomic orbitals.

For each of the three sets of calculations, the conjugation energy is
obtained as the difference between the delocallzed total energy for the bond
distance 1.28 A (observed for C ) and the localized total energy which is
(n - 1) tlmes the standard double bond energy at-the standard bond dlstanoe.:
The p values for 1.28 A are 1. 155, 1. 125, and 1. 090 in the (M. R.B. ), (L- S),
and (L-F) systems, respectlvely, and the correspondlng standard 6 values
(and standard distances) are 4k.5 kcal/mole (for 1.33 A), 81 kcal/mole
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Fig. 5. Calculated molecular orbital energies for linear molecules
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(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 forucl»to C.. The highest

9

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

As discussed in the9Appendix the contributiqn to'AHOO gf formation per
interior carbon atom in a molecule with locallzed . n bonds is 48.323, 43,112,
and 43.408 kcal/mole for the M.R.B. (L-S), and (L-F) methods respectively.
Assuming the value of 186.5 kcal/mole as AHOO of formation fgr C3, the heat
of formation for C _ is 186.5 plus (n - 3) times the heat of formation for an
interior carbon atom less the difference of conjugation energy between Cn and
_C3° . - : ,
For chains with an even number of carbon atoms the calculation yields a
value appropriate for the ;A state. The correction to the 52 éfound state is
estimated to be -23/n kcal/mole (see discussion on C, energy levels). This
value decreases very rapidly and reaches a value less than .7% of the heat of
formation at Clo°

While there is a gradually increasing divergence between the three series
of calculated values of AHO as shown in Table I, neverthe;ess the same general
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 amounté

-for larger n. T

* In addition to the résults for molecules through C15 ghown in Table I,
AHOO of formation values were calculated by the L-F method for C,) (302.9),
Cis (29“°l)"clé (521“8),_017 (318.1 keal/mole), and for the infinite chain,

12.7 kcal/gm atom of carbon.
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Calculated values for AHOO of formation* (kcal/mole)

Cﬂ ' : 3 M. R. B«
¢, 2126
C5 190.2
06 oo . 214.3
C, ‘ ~198.6
Cq 220.0-
C9 AR - -208.T
ClO 228.0
€1y 219.8
Co , 237.6
€15 230.9

For C(gas), C, and 03, the observed value of AHOO of formation are

169.58, 200, and 18605 kcal/mole, respectively:

(L-8)

218.3

187.9

220 .4 -

196.9

227.2

209.1 -

236.9
222.8
248.8
23T.2

(L-F)

2ph.5

1935

232,91

'268;8

246.3 -

228,0

263.3
249,2

- 282.4

27107.
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Free Ener%x{ Entrogxi and Enthalgz Functions. In order to calculate the

equilibrium vapor pressures of the various C species it is necessary to obtain
the function -(F - H )/T,for eachs. The.values for atomic carbon and graphite
are well establlshedol

The functions for C, were calculated by Gordon.,21 To .these values a small
(21) A. R. Gordon, J. Chem. Phys. 5, 350 (1937).

1.+ 3

correction was added for the zg » 72 7, and lﬂu states where energies have heen

recently determined. The values of Kelley22 and of Stull and Sinke25 err by a

(22) K. K. Kelley, U. S. Burean of Mines Bulletin 477 (1950).
(23) D. R. Stull and G. C. Sinke, "Thermodynamic Properties of the Elements,"
American Chemical Society, Washington, D. C., 1956.

3

factor of two in the mult1p11c1ty of the ﬂ state. .

Glockler2h calculated the free energy functlon for C3 and Stull and Sinke

(24) G. Glockler, J. Chem. Phys. 22, 159 (195k).

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

rather than five for the ground state of C..

3

potential constants with those of C,Oz, ketene, and allene suggested somewhat

Also, a comparison of the analogous

higher v1brat10n frequenc1es which were adoPted v, = 1300, Vo =.5507(degenerate),

and v, = 2200 cm l.

b)

The largest peréentage change is in v, where Glockler used 353 cm-l° 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-

for a value near 550 cm-l comes also from the emission spectrum of C_, observed

3

by Kiess and Broidao12 This shows a 523 cm-l 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 known accurately from the spectrum to be

_ 3 )
0.4280 + .0005 cm L which corresponds to a C - C distance of 1.281 A.
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The best basis now avallable for estlmatlng the 1ncrement to a thermo-

dynamlc function om 1ncrease from C to C n+l is one—half the dlfference between
0502 and CO » The functions of the latter are well knOWn,l.6 those of 0502
25

were calculated from the data of Long, Murfin, and Williams and of Mackleﬁand

(25) D. A. Long, F. S. Murfin, and R. L. Williams, Proc. Roy. Soc. A223, 251 (1954).

6 . : .
Suttoneg Unpublished infrared measurements of Williams in this laboratory give

(26) H. Mackle and L. E. Sutton, Trans. Faraday Soc. 47, 937 (1951).
Rs L. Livingston: and C.N.R. Rao, J. Am. Chem. Soc. 81 285 (1959
an improved value of 215 cm_l for the lowest bending frequency.

The grouhd electronic state of Ch and the largef molecules with n even is
predicted to be a BZg_ state whose multiplicity is 3. Other states for even
molecules lie within the range of thermal energy but it would'be an unjustified
elaboration of our calculations to consider them in detail. It is'estiﬁated:the
contribution to the partition function from these excited states equals that from
the ground electronic state, i.e., that the effective: mult1p11c1ty 1s 6.
Consequently, R 1n 6 = 3.56 cal/deg mole must be added to the ~(F° - H )/T and
S ‘values for all even species. If the jﬂu state of C,+ lies relatlvely close to
the ground state, the effective multiplicity in that case might approach 9.

The resulting thermodynamic functions are presented in Tables II, III, and
IV. The error in S or -(FTO - Hoo)/T for C and Cé should be small and for C5 not
over 0.5 cal/deg mole. The first row in each case is for solid graphitel which
is included for convenience in calculations. The first set of values for the‘
increment per carbon atom above C3 is based ﬁpon the C O2 spectrum as.-described
above. A modified set of values for this increment in -(Fo —.Hoo)/T andwsqu“"
was obtained by adﬁﬁstment to fl$ the observed triple point pressure of graphite,
(o]

approx1mately 100 atm at 4000°K These modified values correspond to an increase
in two of the three bending frequencies of 0302 by about EQ%? While this shift
seems rather large, the possible errors in the use of C302 properties to predict
the increment per additional carbon atom in a long chain are certainly of this

magnitude.
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Table 11

The free energy function* -(F° - HOO)/T in ¢al/deg mole

O

sustence . T &
| | 2000 250 3000 3500 . uqoo'
Graphite | 5,37. : 6;59 . 7.28 - 8.07 | . 8.78
c, 42.215  k3.33 k251 45.020 45707
c, . 56.39 58.27  59.82 61.22 O 63.35
Cy 61.82 64,59 66.93 68.95 ~’~7o°75
Increment (a)  9.57 10.60 11.49 12.24 12.91
per C atom | (b) - 8.32 9.35. .- 10.2Y4 10.99 - 11.66
(a) Increment per cafﬁon atom based upon C0,-

(b) Increment per carbon atom adjusted to triple point pressure.
*3,56 cal/dég mole is to be added to the values for even n species (except 02),

see text.
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Table III

" UCRL-8675

The heat content function (H® - HOQ)/T in cal/deg mole

Substance

2000
Graphite _ 4,39
c : 5,01k
C, - 8.14
?3 12.21
Increment

per C atom 4.55

O

_TK
2500 000
4. 7% 5.01
5.019 - 5.036
8.20 8.3%
12.66 12.95
477 4.90

)

3500
5.22
5,062
8.35

12.23

5001 -

4000

5.40
5,092
8.kl

S 13.41

5.08
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Table IV

- . The entropy* in cal/deg mole

O,

Substance - 1% o
200 | igggg_ 3000 3500 4000
Graphite | 5,76' 11.13 12.29 13.29 - 1k.18
Cy | . ¥7.223 48.353 49.287 © 50.090 50,798
c, . - 64,532 ; A66,u7o o 68.147 69.569 70,76L
o, _ 7hq05' 77025 - 79.89 82.18 8h,1h:
Increment (a) 1h.12 15.37 16.39 17.25 . .17.99 .
per C atom | (b) 12.87 L 1h.l2 15014 16.00 . 16.Th

() Increment per carbon’atom:basedrupon 0502»
(b) Increment per carbon atom adjusted to triple point pressure.
%3,56 cal/deg mole is to be added to'the values for even E‘species:(éxcept 02),

see text.
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Calcﬁlated Vapor Pressures and VaRor Enthal;eies° By combination of the

£¥_ of formation velues with the '(Ffo - Hoo)/T values of Table II, the vapor

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

eéch of tHe three conjugation energy methods are given in Table V through C7°
When the vapor pressure calculations were first completed, it was evident

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

th¢ BSOQ - hOOOOK range. The L-F energies gave the lowest pressufes but

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

‘of 1 atm near 5700°K, and the triple point presgure7 of about 100 atm at hOOOOK°

27

- While these data are subject to considerable uncertainty, the most likely errors
(27) See L. Brewer, J. Chem. Phys. 16, 1165 (1948),

would raise the temperatures assigned and make the inconsistency greater.
Consequently, it seemed likely that our -(F° - Hoo)/T increment ~ per C atom,

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

3

by (E - 5),'was the priméry cause.of the disagreemento As stated above, a
reviéeé.§alue of the increment per-C atom was selected to yield approximately
100 atm total pressure at 4000%K 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 réasonable pressufeso :

" Figure 6 shows the calculated‘values of log P for the various species Cn
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 evidenta . This result is due to the alternation in the pattern of
filling of molecular orbitals for the odd and even species as discussed above.

The mass spectrographic data2 show this élternation through 05’ the highest

species observed.
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-—4000°K- - . A

——3500°K = -

~——2500°K

Log p (atm)

2000°K

2 4 6 8 10 |2 14 16
Number of carbon amms

MU -16953

- Fig. 6. Calculated part1a1 pressures of the various vapor species
Cn in equilibrium w1th graphite at several temperatures. :
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~ Table V

Calculated values of log P (atm)‘of various

carbon vépor gpecies in equilibrium with graphite

O,

Substance o B 'S
. 2000 " 2500 3000 ss00 4000
c, : -10.478 -6.75 -L4.27h 2,512 [1.195
c;" T L1187 ~7.76 4.67 .6k 1.1k
< '.  _10.0 6.39 3. .87 -0.49 _l
C, (a) -11.81 - ~T.17 -4.12 A-1,97 -0:37
(b)  -12.18 STAT -3.537 217 055
(c)  .13.0% . .8.20 -4.97 2.70 -1.06
.(d) -13.12 | 8.28 ;5,08 | -2.85' -1.12
Cs." (a) - 9.19 25,05 -2.32 0.1 | 1.00
) - 8.73 468 ~2.01 . -0.1k4 1.23
" (e) _9.32  -5.1k -2.39 -0.47  ogh
(q) - 9.84 ' -5;67 -2.9% -1.01 | 0,42
Cg (a) . -10.11 sk -pus7 -0.21 1.57
(o) -10.54 ~5.79 2,66 ' -0.46 :" 1.16
(c) =11.89 -6.87 C -3,56 | ;1,23  1.08
(a) 12,7k ~T.T1 -k.39 -2,07 0.3k
c7 | Sa) - 8.26 -3.94 -1.99 0.89 i 2,35‘
(v) - 7.87 ~3.62 -0.89 1.24 2.55
() -9.16 . h.66 -1.68 0.38 1.90
(a) -10.89 -5.7k 2,77 0.7 0.83

(2), (b), (¢) Values for M.R.B., L-S, and L-F methods, respectively, with free
energy function increment based updn 0302. .

(4) Vélues for L-F method with free energy function increment adjusted to triple.

point pfessure;
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In addition to the calculations of the partial vapor pressures, the total
vapor pressure, the mesn number of carbon atoms per molecule n, and the enthalpy
per gm atom and pef mole‘were‘calculated oh the basds.of the.L—F energies and
the adjusted free'energy.fuhction ihcrements;' These values, ﬁhich'are for '
the saturated vapor in equilibrium with solid graphite,‘are}gi#en in lahle Vl‘°
More significant fiéures are retained for H’ianahle VI than the absolute
accuracy would juetify ih order to avoid errors'in‘the use of;the molal enthalpy
values; The-negative apparent heat capaclty per gram atom of the saturated.i'
vapor ie an interesting result of'the rapid increase of.molecular size»with
increase in temperature° o |

It is ev1dent from Table V and Flg° 6 that at 2000 K and above, our
calculatlons predlct C5 and C7 to be very 1mportant spec1es in equlllbrlum
carbon vapor. At high temperatures even largez molecules become 1mportant
although the uncertalntles of calculatlon make thls more & qualltatlve than a
quantitative prediction° For comparlson w1th the effus1on experlments of

5

Doehaerd Goldflnger, and Waelbroeck it is convenient to restate our results

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

specie considered by the above authorse, If we denoteAthiS quantity by éHap}

then for effusion experlmenta ' L :
. V-
. n P
n no ,
= 60 - ] P C
Y e - un R ¢

where the Py ame the partial preesures of the speciee C . The.approxlmate
tempemature of the experiments is 260091(o - Using the partlal pressuresvglven
by (L-F) method adjusted to the trlplet point pressure, one obtains from
(7) AH = 145.6 as compared with a value of lh5 2 glven by Doehaerd,
Goldflnger, and Waelbroecko5 Any of the other sets of calculated pressures

:

yields a lower AHapo This agreement is all that could be expected and clearly
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- Table VI
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Properties of carbon vapor in equilibrium with gréphite’

(Ref. point for H, graphite at 0°K)

iog P (total) .n =‘ﬁean ‘ﬁT’ kcal ‘ HT,-kéél

" atm ' no. atoms per gm atom per mole
-9.5k 4}777 . 9363 255
=5.25 6.231 uh,z. 276
"-2°21 8.137 41.3 336
0.1k ' 10.87 - | 40.3 438

2,01 | 13.45 - 39,2

527
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removes any disagreement between the effu31on data and theoretical expectations
based on the 169 58 kcal/mole heat of sublimation of monatomic carbon.

Taken at face value this agreement of apparent AH Values also indicates
that the evaporation coefficients of all species through 07 at least are large
enough to.have yielded near equilibrium pressures w1th the aperture to surface
ratio of 1 to 23,400. However, Doehaerd, et al.y assumed.the value of 0.2 for

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

) o . . ~ o . 3 .n . . _ 'l . U
value was obtained by Simpson, Thorn, and Winslow“8 under similar but not
(28) 0. C. Simpson, R. J. Thorn, and G. Winslow, AECD-2680 (1949).

identical conditions° While Doehaerd, et al., 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 COmplex mixture of several gaseous species each of which
has its own sticking coefficient. Consequently the Doehaerd, el al., value
of AHa‘ is subject to as much as 7 kcal/mole uncertainty, and the possibility
remains that their.conditions'yielded less than equilibrium amounts of C; and
larger species. .

The effusion cells used by Thorn and Winslowu-had aperture to surface
ratios of about 1 to 2000 (about ten times that of‘Doehaerd, et al.) but
cooled receivers eliminated the sticking coefficient uncertainty. Their
AHaP = 161.0 kcal/mole at about 2hSO°K'corresponds quite closely to an equilibrium
vapor through 03 with‘higher species absent. Thorn and Winslow interpreted

their data on this basis and calculated properties of CB-very similar to those

we selected. From this result one may conclude that the evaparation coefficients
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for 05 and larger species are distinctly less than 5 x lO-u under the conditions
of the Thorn and Winslow experiments.

29

Also there is the older work of Brewer, Gilles, and Jenkins ~ and of

(29) L. Brewer, P. W. Gilles, and F. A. Jenkins, J. Chem. Phys. 16, 797 (1948).
Brewer and MastickEO which Thorn and Winslow)4 described in 1957 as "probably

(30) L. Brewer and D. F. Mastick, University of California Radiation Laboratory
report UCRL-572 (1949); D. F. Mastick, Ph.D. the51s, University of California
(1950), see also Ref. (6b).
the most reliable effusion experiment.prior to presently reported one." Brewer,
et al, used a cooled receiver and found a sticking coefficient of O.45. The
aperture to evaporating surface ratio is-not available because they partially
filled their cell with grephite powder of unknown surface area.. The values of
AHaﬁ range from 150 9 to 166.8 kcal/mole at 2600 K but the low values always
were obtalned on the first run with a fresh sample of graphite powder. Later
runs with the same sample gave higher values eventually reaching the range
165 + 2 kcal/mole which one 1nterprets as indicating an equilibrium amount of
C and C with some 05°

Brewer, Gilles, and Jenkins interpreted the drift in their AHaP values
as due to "volatilization of tars remaining in the material from the binder
used in the graphitization process.” Since the evaporation coefficients of
the polyatomic carbon molecules probably vary greatly for different surfaees
of graphite, it now seems more likely that in the early runs ﬁhe evaporation
rates of C, and C_ were substantial But that these rates fell off as the
reactive (high evaporation coefficient) surfaces were depleted. This explanation
seems .reasonable in terms of the strueture'of graphite and the possible
mechanisms for breaking off a C5 or 05 molecule. ‘o ’

Finally, there are the measurements of Begue  which are interpreted to
indicate a total vapor pressure of carbon one atmosphere at about 57500K
The values in Table VI show a total pressure of one atmosphere at a llttle
below 5500 Ko .These results are not necessarily inconsistent because the
evaporation coefficients of the very large carbon molecules may still be small

at these temperatures. Since the observed temperatures are for conditions of



=30- UCRL-8675

rather rapid evaporation, they do not' necessarily indicate the equilibrium
vapor pressure curve. The same objection can be raised with respect to the
sublimation point measurements of Bé.sset,7 but the error should decrease
with rise in temperature and pressure. . ' )

Qigéio 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
Cn may be bent into a ring whereupon the terminal unshared electron pairs will
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 x system
is readily calculated for the ring by the same methods as for the chain. If
n = ME + 2 with k an integer, then a lZ” ground state results. The bending
force constants for the central portionéof the 0O =C =C =C = 0 molecule may
be used to estimate the strain energy of the Cﬁ ring to be approximately-
(1800/n) kecal/mole.

The entropy or free'energy function for a fing is substantially'smailer
than that for a chain. By comparison with values for hydrocarbons we estimate
this differénce to be at least 20 and 25 cal/mole degree for Clo.and Clh' ‘
respectively. In the M.R.B. method the ring molecular orbital,energieS'eo
are + 2, + 1.618 + .618 for C,, and + 2, + 1.802, + 1.247 and + 445 for C,)
in units of B. The M.0. of energy + 2 accommodates two electrons; the others
are -doubly degenerate with respect to orbital angular momentum and accommodate
four electrons. The reéulting AHOO of formgtion values are 26l and 297 kcal/mplé
for Cy,-using (L-8) and (L-F) methods, respectively, and 271 and 322 for C,,,
ring with the corresponding methods. ' ' : ‘

In the range QOOO-hOOOOK the calculated pressures of ClO and CiLL rings -
are smaller than the pressures of the corresponding chains by factors ranging
from lO"6 to 10_8° 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 excéedingly
long chains were also abundant. ) '

Negative Ions. Honie;2 noted the presence of’substantial quantities of
negative ions Cn- in carbon vapor ‘and found the even species to be the more:

abundant.: This result follows clearly from the simple molecular orbital
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theory. The eveﬁ neutral species Cn have a half-filled bonding n orbital
which can accommodate another electron whereas in the odd species the extra
electron must go into the empty non-bonding orﬁital. ' |

The electron affinity calculations of Honig can be revised and extended
by the use of the improved'energy of 05, the calculated energy of Ch’ and fhe
electronic multiplicities which we feel to be quite certain. The negative ions have
2Hu ground statgs, except g- which is hS and 02- where the 22u state may be
slightly below IIu° Honig~ calculated electron affinities, where possible,
by two methods; (a) the difference in the heats of formation derived from the
temperature derivati&e of the abundances and (b) the ratio of the absolute
intensities interpreted on the basis of assumed cross sections, etc., and
equél electronic multiplicities for neutral and ion in each case. Introducﬁion
of our data yields the results of Table VII. The uncertainty in these values is

about 1 ev in most cases,
)

.Table VII

Electron affinity of carbon molecules

(electron volts)

~ Species Difference - Ratio
value o value
C - 1.k
02 400 3.2
C 2.4 ' 1o
3 . . 7
Gy - O T

With increase in length of the carbon molecule the oscillation of electron
affinity between even and odd species will diminish because the available
orbitals differ less in energy. This too is consistent with Honig's results.
The limiting electron affinity for a very long chain should approach thatﬁof
graphite, 4.4 ev.

Liguid'Carbon° Since the calculated properties of carbon vapor (after the -
. adjustment in the free energy function) seem to be in reasonable accord with
all observed properties, it-is interesting to speculate about the nature of

liquid carbon. It is difficult to picture & liquid based on the graphite



-32- UCRL-8675

structure, but the long linear polymer molecules certainly could form a llquld
somewhat analogous to long n- parafflns or sulfur in the range above 160 c
where the equlllbrlum shifts from 88 ring molecules to long chalns° The carbon
chains do not have the zig-zag structure of sulfur or &a n- paraffln, w1th the
poss1b111ty of rotation about single bonds. Consequently, carbon chalns would
be less flexible in terms of a glven thermal energy, but at 4000°K carbon '
chains would be sufficiently flexible to form a disordered liquid-like phase.

Let us assume for liquid carbon the entropv per added carbon atom of
long chains in the gas, which from Table IV is 16.82 cal/deg gmn atom at 4000°K .
The heat of formation of liquid at MOOO K is taken as the heat of formatlon per
added carbon atom (given above for O %k and corrected to 4000° K) of 11.L4 kcal/gm
atom less an estimated value of 1.0 kcal/gm atom for the Van der Waals attractive
forces between chains in the liquid state. The latter figure was estimated
from a comparison of the heats of vaporizaticn of C502 and CO . The corresponding

quantity for long n~paraffinsl6 is also about 1.0 kcal per mole of CH, units.

The calculations of Coulson and Davies51 indicate a larger value, possibly 3 to

(29) C. A. Coulson and P. L. Davies, Trans. Faraday Soc. 48, 777 (1952).

b kcal/gm atom, at an interchain distance of 3.4 A corresponding to the inter-
planar separation in graphite, but we estimate that the inclusion of overlap.
integrals neglected by Coulson and Davies would reduce this value to the range
1 to 2 keal/gm atom- '

Now we have two estimates of the heat of fusion. From the energy
calculations, AHf = l@»h . kcal/gm atom; but from the entropy calculations,
M, =TS, = 4000 (16.82 - 14.18)/1000 = 10.5 kcal/gm atom. This agreément,
which must be regarded as fortuitously good, nevertheless certainly supports
the general model of long linear chains (and very largelrings) for liquid
carbon. '

It is also interesting to calculate the heat of sublimation at hOOOOK,
which is 17.6 kcal/gm atom, and then by deducting the heat of fusion one
obtains for the heat of vaporization of the liquid 7 kcal/gm atom. If these
values are at all close to the true properties, the vapor pressure curve will
show a very large decrease in slope at the melting point because the heat of

fusion is larger than the heat of vaporization of the liquid.



-33. | UCRL-8675

Liquid carbon comprising long linear polymer molecules should be relatively
viscous as is sulfur when it is inufhg polymeric state. Also, although the
liqear polymeric chaiﬁs'may be expected to be one dimensional‘metals, the
macroscopic electrical conductance would be much less that of graphite with

its two dimensional,metallicAcharagter.
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APPENDIX

The conJugatlon energy (c. E ') for the interior atoms in the C "chain is
-obtalned from the difference in C.E. for allene and ethylene with a correction
for compre551onal energy correspondlng to contraction from the standard double
bond to the 1.28 A bond assumed for the chain.” RN T

The C.E. is calculated following the M;RlBs'méfhodfénd'the Lofthus”
modification of that method. MoR.B.lh assume zero oveflap integral, a
reference double bbnd of lQBB'A (éthylene double bond) énd a sténdard resonance .
integral Bo = -4h.5 kcal/mole. Lofthusls uses overiap integrals calculated with
Slater or S.C.F. gtomic orbitals. The reference double bond distance is 1.353 A.
The B_ velues are -81 and -102 kcal/mole for Slater orbitals or S.C.F. orbitals,
respectively. o

An additional correction of .5 BO is intféduced'by Lofthus to account for
the different electronegativity of the terminal hydrogen group as compared to
the carbon atom. The secular equation (1) for allene and ethylene is solved
for localized and delocalized bonds. The values for the BO coefficients ‘and-

for conjugation energy are given in Table VIII.

Table VIII

Orbital and conjugation energies of allene and ethylene

- Localized M.0. Delocalized M.0. Conjugation

Method Coefficients Coefficients ‘ Energy
Ethylene 4.000 A 4,531 3,531 - 0.124

M.R.B. Allene 4,000 1.058 . h.1h6 1,023 - O.olhh
. Ethylene 1.275  -- 1.508  1.048 . 0.012

(1-8) , Allene  1.277 0.845 - 1.k32  0s720 - - 0.121
Ethylene 0.945  -- 1,177 0.718 0.008

(L-F) Allene  0.946 0.770 1,140 0.601 = 0.098

Compressional energieés are obtained from a Mcrse pbtential assuming a

>

dissociation energy D = 141.5 kcal/mole and a band force constant of 8.2 x 10

dyne cm_l°
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The contribution to. AH © of formation of the hypothetical Cn with localized

1
bonds per interior carbon atom is then the difference in AH ‘of formation

between allene and ethylene (55 178 kcal/mole) corrected for the difference in

their conjugation energies and compre551onal energies. If the compression

energy to the 1.28 A band distance of 05 (and presumably of longer C molecules)
is added, the final values are 48,323,
M.R.B., (L-S), and (L-F) methods.
leading to Table I.

43,112, and 43,408 kcal/mole for the

These values are used in the calculations
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