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INTRODUCTION

During the past seventy-five years, mumerous experiments have been
performed on the pyrolysis of hydrocarbons, of both low and high molecular
welghts. 1In reports describing these investigations, there are listed '
a large variety of products so obtained.. It was readily demonstrated
that the pyrolytic processes are very complex, involving numerous Ilnter-

‘conversions of the hydrocarbons. .The rates of decomposition of the .

initial material and that of the production of the -host of products
depended on many factors. Two general. types of techniques have been
used for the kinetic studies. .In the fixed-volume experiments, the
material was subjected to modest temperatures for relatively long con-
tact times. Pressure changes were noted, and after quenching the ..
residues were analyzed. Somewhat later, flow techniques were intro-
duced, and the operating temperatures were raised to the neighborhood

of 1000°K. with a corresponding decrease in contact time. -Along with
the inherent analytical difficulties due to the complexity of the reac- -
tions, there appeared a disturbing problem. Both in the fixed-volume
and the flow through a hot tube experiments, the heterogeneous reactions
induced by the heated walls could not be readily separated from the

"homogeneous reactions which were of primary interest. Also, the gas

samples could not be uniformly heated due to limitations on the rate

of heat transfer from the walls. It has been generally established
that the decomposition is initiated by rupture of carbon-hydrogen and
carbon-carbon bonds. The radlcals thus produced initiate chains which
produce the complex mixture of products. Further details may be found,

. in numerous papers and booksls2:3,

. The chemioal properties of the radicals produced in,the pyrolytic'_
reactions are not only of direct interest to those concerned with the

- behavior of organic compounds but also constitute essentilal information

to those who would analyze the course of the hydrocarbon decomposition,
During the past twenty years, much effort has been expended in the

study. of gaseous radicals. Generally, these have been producéd by
photochemical dissociation of selected gases; theilr chemical properties
have been deduced from the subsequent reaction of the radicals with the
ambient gas. ~These techniques have been extended to cover an appre-
ciable range in radical type, temperature, and medium,.4»5,8,7 Production
via photochemical progesses 1s often limited by the light intensity
available, so that the concentration of radicals generated.is quite
small, Use of intense photoflashes®s® and electrical discharges10
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permits the productlon of appreclable concentrations. We thus antici-
pate extended current activity in the investigation of the chemical -

. properties of radicals. Were this information available now, 1t would
mitigate but not solve the pyrolysis problem, since 1t 1s abundantly
clear that the pyrolytic processes in hydrocarbons exposed to tempera-
turei of 1000°K. or below are complex because many competing rates are
Anvolved. . : . .

During the past decade, a new technique has been developed, the
utilization of shock tubes for chemical kinetic Investigations. The
upper temperature range 1s easily extended to about 5000°K.. Shock tube
heating has the added attractive features that the gas 1s homogeneously
and rapldly heated to a uniform temperature (in less than a microsecond).
and the reactlons occur so rapidly that there 1s no time for confusion
by a heterogeneous process which may occur on the walls. During a
‘temperature pulse, the time required to attain a temporary state of
equilibrium may be 100 microseconds to several mlilliseconds. Hence,
these kinetlc studles require the development of specific analytical
methods, which have microsecond resolution. The single-pulse techniquel?
avolds the necessity for such rapld and specific analytical procedures.
The shocked gases -are rapldly quenched after a selected dwell time of
(1-5) milliseconds .and the residual gases analyzed by conventional
techniques. The quench rates obtained, (1-4) x 10°°K/sec., are barely
‘adequate for terminating those steps in the complex mechanisms which
have appreciable activation energles. Atom abstractlons; free-radical
rearrangements, and recombinations continue. Hence, the interesting
product' distributions which have been reported must be interpreted
with care.12,13,14,15,16,17,18,18 pAg an example, one may clte the range
of tfirst-order!  decomposition rate constants reported for the pyrolysis
of methane. The early hot tube experiments at around 1000°K. gave an
activation energy of 79 kecal.2%; then in. succession, shock tube values
(for the temperature range 1200-2100°K.) were reported which ranged
from 85 keal.* to 93 kecal.7 to 101 kcal.® There were differences
in the magnitudes of the rate constants (factors of 3 to 5), such that
were one to draw the best straight line:through all the shock tube -
data the deduced activation energy would be about 104 keal.” 1T 1S
presumed that the primary step produces CHaz radicals, and the product
-distribution following the querich depends on the height and width of
the temperature pulse to which the methane was subJected; the amount
of acetylene increases with a rise in temperature, the yleld of ethylene
passes through a maximum, and ethane is found in small amounts only.

The higher hydrocarbons, although studied in many laboratories,
have not been as extensively investigated as methane. A shock tube
pyrolysis of ethanel® (1059-1410°K.) indicated a decomposition rate
which was first order in the reactant, with an activation energy of
60 kcal. The primary step 1s presumed to be the filssion of the G-C
bond to produce two CHa's.. This 1s followed by a sequence of free-
radical reactlons. There are a rumber of serlous loophcoles Iin the
proposed mechanism, not the least being that the proposed rate constant
-for the dissoclation of ethane 1s inconsistent with the measured rate
constant for the associlatlon of two methyl radicals.®! The products
found after the quench were ethylene, acetyleneé methane, hydrogen, and
some 1l,3-butadiene. The pyrolysils of ethylenel® was similarly. investi-
-gated; acetylene and 1,3-butadiene were the principal. products, the
acetylene being formed via a first-order step with an activatlon
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energy of approximately 46 kcal., while the butadilene was generated
via a net second-order.reaction. The proposed mechanism 1s that
T2y —> CoH* —» C2H2 + Ha. - -

The large varilety of products and the often conflicting conclu- .
sions deduced from different experiments suggest that the reported
differences are not due to poor technique; rather, they reflect the
sensitivity of these studies to different experimental condiltions.
Since the pyrolysis reactions follow very complex mechanisms, small
differences in experimental parameters selectlvely favor dlfferent .
controlling steps, and the differences in rates and product distribu- -
tlons are thereby considerably amplified. This point of vlew has been
corroborated by our studles of the C/H system. o

" In the experiments performed in our laboratory®2, one of the
obJectives has been the search for conditions under which the pyrolytilc
process may prove relatively simple. It was presumed that the higher
the temperature the simpler the specles which must be considered. In
our gtudy of the pyrolysis of ethylene over the temperature range 3000- .
4000°K., we followed spectrophotometrically the changes which occur in
the gas. Timewlse, the method has adequate resolution, but 1t 1s not
sufficiently distinctive to permit identification of many of the specles
which nonetheless are present under these conditlons. Principally, we
used the characteristic absorption by C> as a means of determining 1ts
population in the v = 0 vibrational state of the 3wy electronic state.
Two postulates were made in setting up this experiment. (a) with '
regard to translation, rotation, and vibration of all the. molecular
specles involved, equilibrium 18 rapidly attained in the shock front,
in a time small compared to the changes in concentration of Cz, and -
(b) equilibrium 1s not attained with regard to the preclpltation of
carbon even at the end of our observation time (which 1s of the order
of 1 millisec.). The latter may be jJustified on the basis of data
reported by Kistiakowsky and confirmed in other laboratories®3.

The computatlons described below provide a glimpse of the complex
kinetics Which may be operative by ascertaining the equilibrium com-
positions of systems éontaining earbon and hydrogen which are being
approached through the involved kinetic¢ processes. Since the variety
of molecular -fragments which are conceilvable 1s enormous; the equllib-
rium composition may serve to point to those specles which are present
in appreciable concentrations as the dominant ones: in propagating chains.
One might anticipate that in the long history of the study of hydro- »
carbons such computations would have been made. Only two attempts have’
been described recently24»25, ‘and in neither did the authors consider
the full range of specles required to provide an adequate analysis.
Furthermore, in the more general computations described by Kroepelin
and Winter2%, questionable values were used for the thermodynamic func- .
tions of those speciles which were. lncluded. . ’ : o

KINETICS OF PRODUCTION OF -Cz FROM ETHYLENE -

'Shock tube studies reported below were made in a conventionally
instrumented shock tube, 1-1/2t!! in diameter. The driver length was.
35.5t1, and the sample section was 129.%31t, The driver gas (hydrogen)

‘ranged in pressures from 5 to 15 atm. The driven gas consisted of a
mixture of 92% argon and 8% ethylene. The impurity level in the
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ethylene as established by mass spectrometric analysis was less than
0.4%., It was particularly desirable in these studles to avold con-
tamination by oxygen; we estimate that the oxygen impurity was less ’
than 0.1%.. Shock speeds of the forward-moving wave were measured by

means of narrow platinum film gauges supported on pyrex rods mounted

flush with the inside of the shock tube. These speeds ranged from

1.30 to 1.55 mm. per microsecond. : . :

A

~ A schematlc of the experimental arrangement 1s shown in Fig. 1.
To record the.changes in the absorption spectrum of the sample which
had been subjected to a shock, two types of configuratlons were used.
In the first, a continuum of wave lengths was generated by discharging ’
a condenser (1.0 pf, 10 KV) through a small quartz tube through which
-argon was flowing at a pressure of approximately 50 mm. Hg.2® This g
produced an intense emission which initially rose sharply and fell to - '
half of the peak intensity in about 10 microseconds. The light which
passed through the shocked gas was picked up by a mirror and sent to a
-grating spectrograph (Fig. 1, right corner) in which a camera was sub-
stituted for the photomultiplier tube. By delaylng the source trigger
pulse, the argon ¢ontlinuum was generated at. predetermined times after
passage of the reflectéd shock past the observatlon ports. The trans-
mission spectra were then photographed (at 16 A° per millimeter dispersion)
over the range A3900 to A 6000, thms providing a record of the absorp-
tion intensity as a function of wave length at speciflied Intervals
after initiation of the reaction. The photographs show a general
absorption which is falrly uniform over the longer wave lengths but
increases rapldly bhelow some critical wave length which depends on the
time interval. Upon this background, there was clearly superposed a
 well developed Swan band system. As far as we can tell, no measurable
‘absorption due to Cs was discernable at A 4050, although there are indi-
cations from preliminary experiments that a small amount of absorption
due to this species did appear during the higher temperature runs. s

To study the rate of appearance of Cz, a characteristic source .
was placed at the position indicated in Fig. 1. - The light was split . 1
with a half-silvered mirror, so that the JAco monochromator phototube .
~ monitored the intensity of a small wave length interval near A5165,
while the small grating spectrograph with the phototube attachment
monitored the intensity of the mercury line at AS5460. The character-
istic source was generated by a discharge of -@ 2 uf ¢ondenser at about {
12 KV through a tube filled with butane, helilum, and mercury. The out- J
puts of the two 1P28 photocells were led to a 100 .KC electronic switch,
so that the relative absorption by the shock sample of the two charac-
teristic emlission reglons was displayed on one oscilloscope record. ¢
The optical window was 0.5 A° wide and set at the band head of the (0,0)
band of the 37y, —- 3m,; transition for Cp. The percent absorption - '
recorded in thls manner 1s thus a measure of the population of the Ca
specles present in the zero vibrational level of the 3m, state. Because
a contlnuum absorption is superposed on the characteris%ic absorption,
a correction for the former should be made. It was convenient to moni- {
tor the background absorption at the A5460 mereury line., The error '
introduced by the ‘displacement of 300 A° 1s of secondary significance,
since the essentlal kinetic data were derived during the induction |
periocd, when the background absorption was negligible.  Since the /
populations of the lower states for these lines change with the tempera-
ture, a correction was made:in reducing the percent absorption to
relative concentration. ' '
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Flg. 2 1s a sketch of a typical reduced oscilloscope trace. The
solld line 1s the iIntensity recorded at the C» band head, and the dashed
line 1s that recorded at the A5460 mercury line. The characgteristic
features of these curves which will be subjected to analysis are indi-
cated in the figure. One may add that after the induction time T the
difference between the dashed and solid curve 1s very nearly constant
for perlods up to one millisecond, indicating that a steady-state con-
centration in Cp was reached at a time prior to the beginning of the
continuum absorption at this wave length.

Although an absolute calibration for the concentration of Cs 1s
not avallable, since no reliable £ value for this band 1s known, one
may nevertheless determlne relatiVe rates of. production from the initial
slope of the oscllloscope trace. To deduce the order of the reaction
for the production of Ca, d/dt (log Ip/I)y was plotted vs. log ps (the
density of the shocked gas in the reflected shock region). The data
are consistent with a first-order rate of production of Cz (with respect
to pa) during the early stage of the pyrolysis. It follows

0, - B e 0

The activation energy for the production rate constant k, may be
obtained, as in Fig. 3, from a plot of

log [ﬁ%»é% (1og IO/I)i] vs. 1/T.

The deduced value for the activation energy is 68 t 10 kcal., obtained

from the best visually estimated straight line through all the polnts.

From traces such as Fig. 2, it was evident that a steady-state
concentration of Cp was attained after a time varying from 50 o 300 -
microseconds. The approach to a limiting value (designated Dgg) implies
that some process removes Ca, eventually at a rate equal to that of pro-
duction. It was demonstrated that the order of the scavenglng reaction
is close to unity and that the rate for removal of Cz proceeds wilth
essentially zero activation energy.

Attention 1s called to another feature which appears 1n the
oscllloscope traces. In Fig. 2, an induction time ?T) was defined as
the first appearance of absorption, monitored at the A5460 mercury
line. This background absorption 1s presumed to be due to large

‘molecular-weight polyaromatic or eonjugated high molecular fragments.

We infer from qualitative observations that the length of the induction
perlod.decreases with decreasing wave length, and in the ultravioclet
the background absorption can be detected even in the incident shock
region. With the passage of time,.the edge of the intense absorption
reglon shifts toward the red, and the entire level of absorption
increases. We estimate from the total absorption curve recorded at
300 microseconds after passage of the shock that the dominant specles
are polyaromatic nuclei which contain on the average four condensed
aromatic rings or their equivalent in the form of a highly conjugated
polyene chain., The induction time multiplied by the reflected sgock
density appéars to be constant for shock temperatures above 3000 K.
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POSSTBLE MECHANISM FOR THE FORMATION OF Cz

Since the data have been gathered for the reflected shock, the
question arises as to whether the incoming shock had processed the
material with which the shock tube was filled. Between the passage
of the incoming and reflected shocks, no detectable quantity of Co was
generated, nor was there any absorption apparent in the visible. None-
theless, the incoming shock had processed the ethylene and had produced
some new products, since a small amount of absorption was detected in
the 1limit of our working region in the ultraviolet. Feor the elapsed
time (between the forward and reflected shocks at the position of our

observation port) of the order of 300 microseconds, a maJor portion of )
the ethylene (perhaps as much as 80%) must have been converted to .
acetylene plus hydrogen. This estimate 1s based on the first-order oo

rate constant for the molecular reaction CzHy — CaHs® — CaHz + Ha. 19
- &Cele) _ i, (CoHy) 5 log ke = 8.87 - 12150

The resulting mixture i1s then heated a second time by the reflected
shock to produce the following tinitial! composition (1ndicated by the
_symbol ps) In the reflected shock front. At t = O,

pa = E%f-[e Xp, +'26,x02Hz + 28 Xo.H, T Yo x, .

wherein the mole fractlon of the argon (x,,) by far dominates the
magnitude in the bracket. ,

Since our results indicate a pseudo-unimolecular rate of appear-
ance for Cz in the 3m; state, one might be tempted to write

CaHz + X === CoHo* + X . . |
- .- - : . f
) L—FCz'!'Hz [ /

However, thils carmot be the process we observe. In the first place,

the activaticn energy expected for this step is 140 kcal., compared ’
with the experimental value of 70 kecal. Secondly, due to the spin .
conservation restrictions, the C> which 1s generated in such a step

would of necesslty be in a T state, since both the reactant (acetylene)

and the second product formed (Hz) are In singlet states. It may well

be that some acetylene decomposes in this manner to produce Cz molecules

in the ground 3} state, but the collision-induced transition to the 3vu
state would be eXpected to require many molecular encounters and take
considerable time. One must conclude that Cz was produced in the 37

state via a chaln reaction, that the over-all initial production rate

was pseudo first order, and that during the subsequent pyrolysis a

steady state was reached wherein the C» was consumed as rapidly as it

was produced. We shall propose a combination of reactions which form f
a ehain for which one would anticipate an activation energy of around ’
70 kcal. ’

”
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Initiation: ,' - Adp, keal.
'GaHe —+ CzHa® —+ CoH + H 114.0
2 CaHa —= C4H> + Haz ' - 2.6
| %H. » ' %‘H . ‘ ,
Ha + 3 == 2 H+ 103.3
CaHz CzHz
' Enhancement of the carrier:
E + CzHz —> Co2H + Hp 10.7
<Propaggtion:
" C2H + CqHa — C4Hs + C2 ' T2.5
CoHo + CzHz —+ CeHa + CaHs 21.4
C2Hs + CoHz —» ‘czH;A+ C2H  10.0
CaBy —- C2Hy™ — C2Hz + Hz . 39.8

The controlling activation energy in the propagation sequence should
be of the order of T2 keal., as estimated for AH3. This mechanism 1s
conelstent with the observations made In our laboratory and the data
reported in the literature. However, it 1is evident that there are many

other- possible chains. - Purthermore, . there must be many steps involving

the transfer of H atoms which require small activatlon energles; these
reach a steady-state condition rapidly and in effect attain a local
equilibrium. Before attempting to select between possible alternate
mechanismns and an analysis of the detalls of the termination steps, we
consider i1t worthwhile to answer the fundamental question: what 1s
the composition of the system toward which this kinetic condltion 1is
drifting?

ESTIMATION OF MOLECULAR PARAMETERS OF C/H FRAGMENTS:

In our first attempt®?® to compute the equilibriun composition of
C/H systems at elevated temperatures, we considered 43 gpecles. This
and subsequent analysis showed that particularly for carbon-rich systems
the 1list was lncomplete and that a second approximation was necessary.
Therefore, 1t is our objective to estimate the heats of formation and
the molecular parameters, such as the moments of inertia and vibrational
frequencies, with sufficient certainty to permit the computation of the
thermodynamle functions in the ideal gas state as they depend on the
temperature, for the large number of low-molecular welight species con-
sisting of carbon and hydrogen. The temperature range we intend to
cover is 500-5000°K. The specles considered are listed in Table I.
The molecular parameters and heats of formatlon were taken from the
literature wherever availlable. A considerable amount of guessing was
needed to eomplete the list. Estimates were made with the help of
analogles, bond dissocilation energles derived from kinetlc data, and
mass speatrometer appearance potentials, with due allowance for. reso-
nance stabllization.
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In Table I, we have alsoc listed values for-the heats of formation. -
Those. shown. in parentheses are based directly on-expérimental measure—
ments, whereas the ones glven, in square brackets were estimated by means.
of an empirical theory. Thzs, experimental values which link two states
(for example, Calg — Ca + 3 H) were divided into unit steps (CaHg —>
CaHz + H —» CgH + 2 H— C3 + 3 H) on the basis of empiric assigned
parameters. The Justification for this procedure and the consequent
‘deduction of structures and vibrational frequenciles are given in:detail:
- elsewhere. It 13 essential to recognize that the best guess no matter
‘how temuous its basis is by far a better approximation than the omission
of that specles from the computation, since the latter merely implies.
that an excessively large value has been arbitrarily assigned to its - -
‘heat -of formation. 'The reasons for the omission of some specles (foot-—

note to Table I) will become evident from the inspection of the computa- ‘

tions and comparison of estimated heats of formation for these specles
with the corresponding isomers which were included. ' Typical results
based on computations of the equilibrium compositions for various C/H
ratios are presented in the followlng section. It can be shown that all
‘the lsomers-of comparable stabillty must be included in the solutions .
of the simltaneous equations which give the composition at equilibrium,
Indeed, thls 13 even so 1f the isomers have the same thermodynamic funo-
tions; however, under this simplifying condltion, a contracticn can he .-
made so that the sum of the goncentratlions of all the closely similar -
i1somers may be obtained by the use of an effective equilibrium constant.

. It 1s well known that equilibrium constants can be calsulated for
all possible reactions between any glven set of specles when for eaekr
specles the moments of 1inertia, symmetry number, elegtronic degeneracy,
vibrational frequencles, the corresponding degeneracles, and heat ef
formation at O°K.- are known. . It should be realized that the equilibrium

constants are more sensitive to changes in some of  the molecular parameters

than others. Because of their welghting in the partitien function,: the
.vibrational frequencles need bhe known only roughly. It 1s also fortunate
that for these C/H specles one has to consider a narrow range of inter-
.atomic distances, so that the rotational contributions to the partition
functions may be computed with acceptable accuraey. For many molecules,
the heats of formation may be estimated at best to within several kllo-
calories; consequently, this parameter exercises a maximum influence

on the computations.. However, for the high molecular-welght specles
containing more than two hydrogen atoms, 1t is not so sensitive a vari-
able, because these.fragments will be present 1n very small amounts.
Changes even in an order of magnitude in thelr concentrations will have
a negligible effect on the equilibrium amounts of the prevalent spegles.

In estimating the heats of formation, we had to postulate reason-
able molecular structures and assign to them electronic conflgurations.
Full use was made of experimental values to provide empirical bond dis-
soclation energles and correction factors ascribed to changes in the
basic conflgurations due to hybridization, delocallzation, and other
nonbonded interactions. This procedure led to a self-conslstent set
-of values for the heats of formation, the interatomic distances, and
the fundamental vibrational frequencles. To cheek this procedure in a
mumber of cases, we computed the enthalpy changes to be expected for
specified disso¢lations and compared them with experimentally avallable
enthalpy increments for the -corresponding steps. For some molecular ‘
fragments, the heats of formatlon were estimated following independent
paths and checked agalnst each other. .
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An illustration of the procedures evolved for estimating heats of
formation 1s the set of values deduced for crucilal parameters in the
Ca sequence. The changes in electron configurations assoclated with
the successive removal of hydrogen atoms from propene to generate C,
are indicated in Fig. 4. &Experimental values are availlable for

D(HaC=Q':H2,H) ~ (76-79) keal.

g
D(H20=0=0’\ﬁ)

'8L.2 keal.

D(HCZC-CH—1H) = 82.8 kcal.

Consider the first dissociation shown in Fig. 4. The observed
value (78 kcal.) may be expressed as the sum (98 + a - y), where y =

-23.1 kcal. denotes the energy gained by the nonbonded interactions

present in the HaC-CH-CHz radical. To remove the second hydrogen

atom, one must expend 104 kcal. (ethylenic C-H) and y kcal. (stabiliza-
tion energy) but regains a kcal., which leads to a BDE of 65.3 keal.
Thils compares favorably with 64.4 kcal. deduced by taking direct dif-
ferences between experimental quantities. Similar arguments for the
production of the CH2-C=CH radical from methyl acetylene and allene
lead to € = 20.5 kcal. and § = 22.8 kcal., respectively. These and
other similarly deduced parameters were used to evaluate BDE's for
analogous steps in the higher cn sequences.

As a gauge of the reliabllity of this seml-empirical meﬁhod, con-
gider the reaction . ‘ S
Me, _H Me_ ' .
L=C_ —> _(C=C=CHz + Hz
H Me H
The estimated value for its Aﬂa is 143.8 kcal., compared with the
experimental value of 143.0 kecal. For the reaction

Me ) . .
>C=C=CHz —» H2C=CH-CZCH + Ha
- .

the estimated AH6 is 135.6 kcal., while the experimental value is

136.5 keal. .The self-consistency of the method may be judged by
comparing estimates of the heats of formation of radicals each gen-
erated via several independent paths. Thus, for HaU-CH=C=CH=, -(AH3f)est
= 66.8,767.7, and 67.7 keal; for HaC=C=CHz, (AHjf)est = T1.7, T70.8,
70.8, 71.7 kecal; for HoC=C-CZH, (AHJr)est = 103.9 and 101.1 kcal.
Further examples are 1llustrated 1n'Tabie II; the processes correspond
to the steps 1llustrated in Flg. 5.

The compilation of bond lengths by Costaln and Stoichef 27 for
many C/H compounds shows that the C-C and C-H bond lengths for a given

bond environment are remarkably constant in different molecules. .
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Since we have postulated the electronic structures of the unknown
specles, Justifiable estimates of bond lengthssand bond angles can be

- made by comparisons and interpolation with the known bond types listed
by these authors.

Although 1t is well appreclated that 1n each normal mode all the
atoms participate, the (3n—6 unknown frequencles may be assigned to a
sufficient accuracy by subdividing the vibrations into classes associlated
primarily with bond stretching, bond bending, and skeletal motions.
Comparison of each vibration with a similar type in molecules whose
frequencies are known led to reasonable frequencies.. We often assumed
that many of the frequencies of a radical produced by the removal of a
hydrogen atom will be those of the parent molecule minus the frequencies
associated with the C-H bond broken, namely one C-H stretchling and two
C-H bending frequencies. The correlation of the frequencies of a
radical with those of its parent requires consideration of changes in
- some force constants and In the reduced masses. The hydrogen atom 1s
so light that for most of the compounds in Table I only changes in

'_ carbon atom hybridization appreclably affect the molecular frequencles

due to corresponding changes in force constants. The deduced fre-

quency change for C-C bonds follows from the assumed changes In
hybridization. Skeletal bending frequencies are the most difficult to
predict, because they correspond to motlons involving the entire molecule.
However, these are usually of the order of 300 cm™, and errors in the
partition funetions due to Incorre¢t estimates can be neglected because
of the high temperatures involved in the computation of equilibrium -
compositions.

Less error is expected 1n the estimation of C-H frequencies. The
hydrogen atoms may be regarded as oscillating against an infinitely
large mass; the vibratlonal frequency depends practically only on the
force constant for the C-H bond and will be approximately constant for
species with the carbon atom in a given state of hybridization.

The free energles, as dependent on the temperature, were taken
from the literature wherever they were avallable. This was the case
for the stable specles in the low-temperature regime (up to 1500°K.).
The rumerical values as glven in the NBS tables were plotted on a
large scale and twelve to fifteen values read between the temperature
range 500-1500°K. They were then fitted by least squares to the poly-
nomial form

,FO_HO . - . .
Il -a(l-4nT) -bT-c/2T -d3 T e T -k

H%‘T.HS

~gr— =2 + bT + cT2 + de + eT4

Since the same coefficlents appear in the expresslon for the enthalpy
and free energy, the magnitude of k may be computed for each tempera-
ture; the value used was the average over the equally spaced temperature
points. To obtain the corresponding fit coefficlents for the stable
specles over the upper temperature, the usual ideal gas, rigid rotor,
and simple harmonlc oscillator approximations were made. The thermo-
dynamic functions were computed following an IBM TO4 code written by

A
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L. R. Sitney28, The same procedure was followed for the unstable species;
the computed functions were again least-square fitted to the indicated
polynomlal form. We thus have two sets of thermodynamic fit coefficients
suitable for the two ranges indicated. Detalls of the computations

(the basis for declslons as to the nature of the ground electronlc

states, the presence and location of low-lying electronic states, cor-
rections for internal rotation, etc.) will be presented in another
publication.

THE EQUILIBRIUM COMPOSITIONS

In the computation of equilibrium compositions, we consldered two
cases. The first and most extensive set of graphs was obtained under
the assumption that at the specified pressure and temperature equilibrium
was attained for all the specles listed, except with respect to the
presence of solld carbon. The second set of computations willl be per-
formed under the assumption of complete equilibrium including the
presence of solld carbon. Although the first case seems artificilal, .
1t 1s significant kinetically. Such a restrictilon correctly describes
a situation in many shock tube and detonation experiments®$ (carbon-
rich mixtures) during the intermedlate stages of reaction. Since the
precipitation of graphite (in highly irregular crystalline form) must
awalt the prior formation of nuclel, the gaseous components attain a
pseudo-equilibrium which lasts sometimes for hundreds of microseconds
before particles appear. The following ranges in parameters were
covered: C/H = 1/10, 1/4%, 1/2, 1/1, 1/%, and 1/%; p = 10, 1, and 0.1
atm; T = 500-5000°K. in two intervals, 500-1600°R. and 1500-5000°K.

A questlon remains as to where one may properly terminate the list
of species to be included in the equilibrium computation. Evidently,
the answer 1s based on the rate of convergence of the concentratlons
to a liniting value in the sequence of successlve approximations in
which more and more specles are added. We have found this convergence
depends sensitively on the C/H ratio and on the temperature. A com-
parison of the concentrations deduced in our first computation with
the present values indicates that values for the major specles for the
low C/H compositions weére converging rapidly, but that was not the case
for the high C/H compositions at the low temperatures. - .

' In performing the computations described below, 1t 1s essentlal
that all the lsomers be included. Only the 1soméers which have heats of
formation considerably larger than those covered by the computations or
such specles the dissoclations of which are greatly favored by a large
entropy increase at the cost of a small enthalpy lncrement may be omit-

ted.

For a sequence of temperatures-and a specifiled total pressure, the
equilibrium (no solid carbon allowed) partial pressures were computed
by an IBM TO4 program set up by W. Flckett and modified by one of the
authors (R.E.D.). Typical graphs are shown in Figs. 6-13; only the
upper 8 decades of the partlal pressures have been plotted. The 58
species (for which the thermodynamic functlons were inserted in the
similtaneows equations) were divided into groups on the basis of their
hydrogen content. A complete set of such graphs is shown for C/H = 1/2,
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but a few selected curves for other C/H ratios were included to demon-

strate the effect of change 1n that parameter on the partial pressures. "
Variation of the total pressure slightly modified the partial pressures,

as expected from 'mass law'! considerations. - i

A general inspection of the curves plotted leads to two important
conclusions:

(a) For temperatures above 1500°K., numerous molecular fragments

attain significant concentrations. Insufficient attention has been \
given to the presence of the CpH and CpH> fragments in the pyrolysis = . /
of hydrocarbons. The fact that these and others appear prominently

in our plots underlines the Importance of including as complete a set
as 1s possible in the computations of the equilibrium partial pressures. P
(b) For CpHp, those speciles which have the same p's show on the whole
similar trengs as a function of temperature. Consider the general
equlilibrium. :

nCrg) * P Hg) — Cnfp(g)

(Cn D g) e-AF;,/RT

Fealm) = o )® (5P
£n (Can(g)) =n 4n (Cg) + p in (Hg) - AF;,/RT

0 HO
- this 1s known for all the
Define ( RT + ( )i’ specles considered.

in (CnH.p(g) =n [zn(cg + G(Cg)] +D [Zn(Hg) +.G(Hg)] --G(Cnﬁp)

For any specilfied C/H ratio, pressure and temperature, the partial
pressure at equilibrium of monatomic carbon gas and monatomic hydrogen

1s fixed. For any species, fn (CpHp) 1is linearly dependent on n and p
and on the magnitude of the G(CnH ) “function which expresses the thermo-
dynamic potential of that speciles at that particular temperature. The
observation that the partial pressures of CpHp specles for equal have
roughly parallel temperature dependences suggests that the G(Cplp func~
tion 1s sensitive to the magnitude of p but varies gradually and regularly
wilth n. Trends of composition with C/H ratio and temperature are gilven
below. :

r

(c The C, sequence: as T Ilncreases above 2000°K., the concentrations

of all Cn's increase. At the highest temperatures, the relative pres-

sures decrease with n. Between 2000- 2500°K., Cs dominates. Below

3500°K., (Cs) > (Ca)s (Cz) > (Ce). Per mole of carbon, the sum of the
concentrations of the Cp specles increases as the C/H ratio increases, a
as expected. . .

(d The CpH system' the concentration of CH is unexpectedly small. ﬁ

Up to 3000-4000°K. (depending on the C/H ratio), the dominant species

are CsH and C4H; at higher temperatures, CzH dominates. Note also that ;
CeH > CsH, CgH > CgH. The absolute concentrations are very sensitive

to the C/H ratio. !
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t (e) The CpHz system: the curves recorded for C/H = 1/2 are typical.
The concentration of these specles goes through a maximum between 1500~ .

{ 2000°K. As 1s well known from the experiments mentioned above, the

\ partlal pressure of acetylene rises rapidly as T approaches 1000°K.
At higher temperatures, its partial pressure declines gently and is .
overtaken by CHz only for T > %000°K. Next in prominence 1s diacetylene.

(f) The CpHg and CpHs systems: these species go through a maximum at

a temperature which depends on the C/H ratio, in the vicinity of 1500°K.
As the proportion of hydrogen increases, the concentration of speciles
with lower n increases. CaHs 1s most prominent except for systems which
have a smalT amount of hydrogen. This 1s a-consequence of the symmetry
in electron distribution which the molecule possesses; resonance provides
i1t with a high relative stability. . Above 2500-3000°K., CHs dominates in
concentration; it 1s followed closely by CoHa and CsHa.

=

—— -

Vo

5 (8) The CpH, system: on this graph, the concentrations of molecular

: and atomic hydrogen have also been included. These behave as éxpected
for the equilibrium Ho === 2 H. The hydrocarbons which are usually
thought of as being stable rapidly decline in abundance for temperatures
above 1500°K. and attain partial pressures below 102 as T approaches
2000°K; their relative concentrations decrease in maghitude with U
Increasing n. In general, for the stable spécles, the sum of their
concentrations increases as the C/H ratio increases.’

=

(h) The relative concentrations of CpHp with p = 6, 8, and 10 follow

no obvious trend except that benzene 1s particularly prominent up to

about 1500°K. As expected, 1its concentration 1s very high for high C/H.

With regard to the relative concentrations of isomers, note that for

the C4H, specles vinyl acetylene reaches higher concentrations than does
" butatriene, even though the heat of formatlon of the former 1s .

approximately & keal. higher than the latter. Evidently, the additional

flexibllity sf the vinyl acetylene (internal rotation, ete.) favors

this molecule entropywise. For the CgHy speciles, the same argument

holds even though the chain isomers have heats of formation which are

8 kcal. higher than that of benzyne. . The concentration of the latter

is much smaller throughout the temperature range because of 1ts stiff-

ness and, therefore, lower entropy. In contrast, cyclopropane 1s

always lower in concentration than the propene for two reasons; 1t has

[‘ a higher heat of formation and a lower entropy. .

T T e e

O s o

& (1) The temperature between 1500 and 2500°K. provides an interesting
reglon for the use of single-pulse shock tubes for preparative purposes.
: The dominant species depends on the C/H ratio. If one starts with

[ naturally occurring hydrocarbons which are rich in hydrogen, the first

- pass will lead to products which are carbon rich (CzHz, CeHs, etc.)

and hydrogen. A second pass of the resulting hydrocarbons will lead
to a further carbon enrichment (Cs4H2, CeHz, etc.). Of course, this
hinges on the possibility of finding conditions which permit the attain-
ment of this pseudo-equilibrium and quenching without excessive preclpi-
tation of - carbon. : . . _

These computations need extension and further analysls. - However,
aside from the interesting new speciles which have to be considered in
chain mechanisms, we have established a basls for selecting those

- species which are present in apprecilable concentrations for the generation




of chains. Also, it 1s evident that the presence of many ‘G/H fragments

at equilibrium accounts for the product distributions observed for the
quenched mixtures. - One should not overlook. the relative thermodynamic -

.. stabilities of the species and focus only on the kinetic routes by

which concelvably they are generated. The emphasls should be on those /
elementary kinetic steps, which because of thelr low activation energiles
attain local equilibrium rapidly.
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FOOTNOTES TO TABLE I

2 few species were not considered in detall: CzHs, CaHr, C4H7, C4Hg,
HazC-CZC, HC=CH-CH>, HC=CH-C=C, HZQ—HC=CH-%H2, and a varlety of cyclic

. structures in which there is incorporate arge amounts of bond-angle - .

“strain energy. Rough estimates indicated that elther the heats of
formation of these specles were considerably larger than those of
their isomers which were included or that their entropies were con-
siderably smaller than that of the products into which they could
readily dissocilate.

P 1o isomers are possible,
' : : C\\ H
(H-c-c-C-H and i >cZ ).
¢~ TH
The estimate clted was made for the linear specles, but a rough
analysis shows that the heat of formation of the cyclic compound
will be rather close to that of the chailn.
¢ Two isomers are possible,
; c ‘
/
¢? \ __H
(H-c-c-C-C~C-H and | = €T ).
N4

The estimate clted was made for the linear specles, but a rough
analysis shows that the heat of formation of the cyclic compound
will be rather close to that of the chaln. .
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