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PREFACE

This thesis is concerned with a reinvestigation
of the kinetics and mechanism of the mercury-photosensitized
decomposition of propane. In spite of 2 considerable amount of
previous work, many details of the kinetics have remained
obscure. The pressure dependence of the rates of formation of
various products has not been previously examined in detail.
The activation energy and the pressure dependence of the first-
order rate constant for the unimolecular decomposition of propyl
ra&icals were unsettled, since there were discrepancies in the
previous literature. The present work was undertaken to
investigate the influence of pressure on the mercury-photo-

sensitized decomposition of propane at various temperatures.
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ABSTRACT

The mercury-photosensitized decomposition of
propane was investigated at 252°C, 276°C, 301°C, 325°C and 350°C
and over the pressure range from 5 mm Hg to 700 mm Hg. The
initial rates of formation of Hp, CH4, C2H4, CoHyg, (CH3), CHCH( CH3)2,
(CH3),CHCH,CH,CH3 and n-C.H; 4 were measured. The rate of
formation of a1l the measured products increased with increasing
pressure of propane at low propane pressures and approached con-
stant values at high pressures of propane. The propane pressure at
which the rates of formation of hydrogen and of the three isomeric
hexanes became pressure independent is about 150 to 160 mm Hg, and
is approximately independent of temperature. The limiting pressure
of propane for methane, ethene and ethane, on the other hand, depends
on the temperature and increases with increasing temperature.

The pressure dependence of the rates of formation of
the products is discussed in the light of the proposed mechanism. The
influence of the CO, as inert gas was briefly examined, and its effect
on the quenching of the excited mercury atoms is discussed.

In the low temperature region (252 and 276°C) the
rate of hydrogen production was found to be independent of temperature,
and is greater than the rate of production of any other product. At
high temperatures, where the decomposition of propyl radicals is an
additional source of hydrogen, the rate of hydrogen production in-
creases with increasing temperature. At high propane pressures, the
activation energy of hydrogen production by decomposition of propyl

radicals is 38. 7 kcal.mole"l.




The rates of production of methane, ethene and
ethane are strongly dependent on temperature. Their energies of
activation increase with increasing pressure of propane and become
constant at high pressures of propane. At high propane pressures,
the activation energies are 29.5 kcal.mole‘l, 29.7 kcal.mole ‘1, and
24.0 kcal.mole‘l, respectively.

No significant change in the rate of 2, 3-dimethyl-
butane formation was detected when the temperature was increased
from 250 to 350°C, whereas the rates of Z-methylpentane and n-hexane
diminished on raising the temperature.. This implies that the concen- '
tration of i-propyl radicals remains essentially constant, while the i
concentration of n-propyl radicals decreases when the temperature is
raised.

The concentrations of n-propyl and i-propyl radicals
as a function of temperature are given by: [n-C3H7] = const. exp(2.9/RT)
and [i-C3H7] = const.exp(-0.2/RT). The ratio of their concentrations
is given by the expression [i-C3H7]/[n-C3H4] =1.7 x 10%exp(-3.1/RT).

The products of the combination reactions of propyl
radicals revealed the ratio kab/ (kaakbb}/zto be near 2, in agreement
with the theoretical predictions.

The decomposition of the n-propyl radical into the
methyl radical and ethene has been investigated as a function of
temperature and propane pressure. The high-pressure rate constant
is given by the expression kKyop =2.5x 101'4exp(-32. 6/RT)sec™}. The
limiting value of the low-pressure rate constant obtained from the
slopes of the Lindemann plots is given by kEOb =2.5x 107exp( -17.0/RT)cec.

1

mole~ sec"l.



With the high-pressure value of E,op the standard
dissociation energy of the C-C bond in the n-propyl radical was obtained:
DHo(n-CH3-CH2CH2) = 24.3 kcal.mole™!. The standard heat of
formation for the n-propyl radical is then AH? (n-C3H-) =20.2 kcal. mole-!
and the primary C-H standard bond dissociation energy in propane is
DH(CH3CH,CH,-H) = 97.1 kcal.mole™!, The entropy change for the
decomposition reaction of the n-propyl radical into a methyl radical and
ethene is AS,,, =10.6 cal.deg. lmole-l, the standard state being 1 mole
ccl of ideal gas. The entropy of activation for this reaction is
AS% = 5.4 cal.deg. Imole-l at 25°C.
The decomposition of the i-propyl radical into a hydrogen
atom and propene has been investigated over the temperature range 250
to 350°C and the pressure range 5 mm Hg to 700 mm Hg. The unimolecular
rate coefficient for this decomposition, kj;, , does not show any regular
dependence on the propane pressure at pressures above about 10 mm Hg. ‘
If there is a fall off of k,;  with decreasing propane pressure it must
then take place in the pressure region below 10 mm Hg. The high-
pressure rate constant is given by kp1, =2.0x 1014 exp(-38. 7/RT)sec'1.
With the high-pressure value of E,;, the standard bond
dissociation energy of the C-H bond in the i-propyl radical was obtained:
DHo(i-CH3CHCH2-H) = 38.1 kcal.mole'l. The standard heat of formation
for the i-propyl radical has been then estimated AH? (i-C3H7) =18.9 kcal.

mole -1

>, and the secondary C-H standard bond dissociation energy in
propane, DHC[( CH3)2)CH-H] = 958 kcal.mole™l. The entropy change for
the decomposition reaction of the i-propyl radical into a2 hydrogen atom
and propene is AS2j53 = 6.0 cal.deg.']-:nole'l, the standard state being

1 mole cc”}

ASéla = 5.0 cal.deg. Imole~! at 25°C.

of ideal gas. The entropy of activation for this reaction is



CHAPTER 1

INTRODUCTION

1.1 Object of the Investigation

The aim of the present work is to study the kinetics and
mechanism of the mercury-photosensitized decomposition of propane
over 2 wide range of pressure and temperature, special attention being
paid to the decomposition of propyl radicals.

The main types 6£ elementary reactions of univalent

free radicals which may occur in the system are (1, 2):

(1) The splitting of a bond in a stable molecule, with the

formation of free radicals:

RjR, + Hg* -~ Ry + R, + Hg

(2) A substitution reaction:

where Rl’ RZ and R3 are atoms or radicals. RZ is a
single atom in the majority of substitution reactions
which have so far been studied. The most common type
is that in which the species transferred, R,, is a
hydrogen atom.

(3) The decomposition of a radical to form a molecule

and a smaller radical:

RM -M, ~ R + A; = A,



(4) The addition of radicals to multiple bonds (i.e.

the inverse of (3);

R-i-M1=M2-’RM1-M2

(5) A radical-radical (or atom) interaction, involving

recombination and disproportionation:

ZC:,,H7 - C6H14 and 4?.C3H7 - C3H6 + C3H8

(6) An isomerization reaction such as:

CHj - CH2 - CH2 - CH3 - CH - CH;4

These elementary reactions may be either unimolecules

or bimolecular. The rates of these processes are given by the formulae:
vy = Ay exp(-E,/RT)[R]

(unimolecular decomposition or isomerization of the radical of concen-
tration [R ]) , and
vy = A, exp(-Ez/RT)[R][M]

(bimolecular reaction). In these equations, A and A, are the frequency

factors and E; and E_, the activation energies; R is the gas constant.

2
It is only in recent years that techniques have become

available to study the elementary processes in a reaction mechanism and
to examine the effects of temperature, pressure and foreign gases on the
individual steps. In some case it is now possible to observe the kinetic
behavior of 2 unimolecular reaction that is one step of an overall
mechanism. The most easily accessd ble examples for the study of uni-
molecular reactions are the thermal isomerization reactions such as the
isomerization of cyclopropane to propene. A number of isomerizations

have been studied so far, as have many molecular decompositions. De-

compositions of radicals have been studied to 2 much less extent.

S
q



The unimolecular decomposition of a radical is
frequently one of the chain-propagating steps; an understanding of
radical decompositions is thus of considerable importance in under-
standing the overall reaction mechanism of a chain reaction. The
activation energies for the decomposition of some radicals have been
obtained from the study of the reactions at different temperatures.
These studies have often been made at one pressure and involve an
assumption about the kinetic order of the decomposition at this
pressure. Although the assumption of a certain order of reaction is
sometimes justified, there is some uncertainty because the order of
the radical decomposition may be a function of pressure. The most
frequently used radicals in pyrolysis and photolysis investigations

A

containing 4 to 10 atoms are likely to show a variation in the order

of reaction with pressure over the pressure range from 10 to 600 mm \
Hg. For larger species the pressure dependence is observed atlower ‘
pressures, while smaller species will show second-order kinetics

over this range of pressure, and the kinetics will change to first order

only at several atmospheres pressure. The determination of the

kinetic parameters of the mmdical decomposition reaction is often

difficult, and very divergent kinetic parameters are sometimes ob-

teined. Values for the activation energy and the rate constant at 300°K

for the decomposition of n-CzH7 radical into CHj + C,H, for example,

varied from 20 to 35 kcal per mole and from 16 to 268 sec™},

respectively, as obtained in seven separate studies (3,4,5,6,7,8,9).



It is also possible to arrive at values of activation
energies from thermochemical data. In the case of the propyl radical

we can set up the sequence:

C3Hg ~ CpH, +CH, - 18 kcal 1]
CH4 -~ CH3 + H - 104 kcal [2]

H + C3H; — C3Hg + 98 kcal [3]
C3H7 - CpH, + CH3 - 24 kcal [4]

The heat of reaction [1] could be calculated from thermochemical values
of heats of formation. The heat of reaction [4] can thus be obtained if
the heats of [2] and [3] are known, i.e. if we know DH® (CH3-H) and
DH® (C3H7-H). DHC® (CH3-H) seems to be well established, but

DH° (C3H--H) is not certain and a value of 98 + 2 kcal seems to be

accepted at present. On this basis, AHZ =24 = 3 kcal. The activation
energy of the reverse of [4], i.e. the addition of a methyl radical to
ethene, is certainly small and is assumed to be 4 = 2 kcal. Hence we
may put E4 = 28 = 5 kecal.

The study described in this thesis was initiated to
examine the thermal decomposition of propyl radicals over a wide
range of pressure and temperature. Propyl radicals are known to
decompose to ethene and a methyl radical, and to propene and a hydrogen
atom. The activation energy and the pressure dependence of the first-
order rate constant for the unimolecular decomposition are uncertain,
a number of different values having been obtained in previous inves-
tigations. The thermochemical discussion of the correlation of the ob-
served activation energies with the thermochemistry of the corresponding

reactions was also uncertain, for similar reasons,



1.2 Review of Earlier Work

It seems that the first work on the mercury photo-

sensitized reactions of propane was reported in 1940 by E. W_R.
Steacie and D.J. Dewar (10). An investigation was made of the
mercury-photosensitized reactions of propane at temperatures from
25 to 323°C and at a constant pressure of propane of 14 crmm Hg. The
pressure of mercury in the reaction vessel was contrdled by a trap
kept at 25°C. The products detected and measured were hydrogen
and hexanes. The authors concluded that the primary step was the
C-H bond split and proposed the following mechanism which accounts

for the products found:

C3Hg + Hg(°P;) - C3H, +H + Hg(ls,) [1]
2C3H7 ~  CegHiy [2]
H + C3Hg ~ CgH, + H, (3]
C3H7 + C3Hg ~ CgH, +H [4]
H+H ~ H, [5]
H, + Hg(3P)) ~ 2H + Hg(ls,) [6]

The products from propane (and also from ethane and butanes) are in
accord with the assumption of a C-H split as the initial act. Since
the strengths of the C-H bonds in the lower saturated hydrocarbons
(91 to 104 kcal/mole) are known to be considerably greater than those
of the C-C bonds (78 - 88 kcal/mole), the fact that there is a C-H
split indicates that the reaction is of 2 specific nature. The possi-
bility of formation of singlet excited propane is eliminated on
energetic grounds (the energy of excitation is about 185 kcal/ mole)

and by the spin conservation rule (11), and that of triplet excited




propane on energetic grounds. The only feasible‘chemical quenching
of alkanes would therefore appear to take place by direct dissociation
or by the formation of hydride. Mercury hydride has been suggested
as an unstable intermediate (12,13) but there is no direct evidence for
its formation. Masson and Steacie (14) attempted to obtain resonance
emission of HgH bands in a propane-mercury-vapor mixture illum-
inated with 2537A light. No resonance emission was obtained, and it
was concluded that ¥ HgH is formed it must possess excess energy and
largely dissociate immediately. Resonance emission of CdH bands has
been detected (15) in the cadmium-photosensitized reaction.

Little is known about the intimate aspects of the actual
act of energy transfer from the excited mercury atom to the alkane,
and the mechanistic path by which the dissociation of the C-H bond is
effected is still not fully understood (16,17,18). It was shown that in
the mercury photosensitization of aliphatic hydrocarbons a tertiary
hydrogen atom is roughly 500 times, and a secondary hydrogen atom
roughly 50 times, more reactive than a primary hydrogen atom (19, 20).
In the case of propane it was found that the primary products of the
quenching reaction RH + Hg (3P1) - R +H +Hg (]'So) are 90% i-propyl
and 10% n-propyl radicals and that the secondary hydrogen atoms are 27
times as reactive as the primary hydrogen atoms (19). Separate studies
of the primary step in the mercury photosensitization of propane
indicated ratios of i-propyl to n-propyl to be approximately 1:1 (21, 22),
but it seems that these results should be disregarded on the basis of
later re-examination (18). It seems established that at least 90% of
the quenching efficiency of propane is due to the secondary hydrogen
atoms in the molecule (23,24). It was found that the isomeric distri-

bution of primary radicals in the mercury photosensitization of propane
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was dependent on the pressure of propane and on the intensity of
incident light (18). The maximum values for the i-propyl/n-propyl
ratios obtained at high pressures (3 mm Hg) and low light intensities
(i.e. low conversions) are considered to be a good approximation of
the true primary radical ratios. For propane this ratio is i-propyl/
n-propyl = 9.1.

Reactions of hydrogen atoms with hydrocarbons
(C2H6, C3H8, n-C H;4, i-C4H;() lead to the productiorn of much
methane, when hydrogen atoms are present in high concentrations.
This is to be expceted since at high concentrations of hydrogen atoms

the sequence of ""atomic cracking' reactions such as
H+ C3Hg —~ CgH,+H,

H+ C3H; — C,Hg + CHs

H+ CH, — 2CHj
H+CH; - CHy

is favored (ref. 1, p. 464).

In the case of the mercury-photosensitized reactions,
methane arises from reactions involving hydrogen atoms (25).
However, there is a considerable difference between ethane on the
one hand, and propane and the butanes on the other.

Darwent and Steacie (25) found that in the case of the
mercury-photosensitized decomposition of ethane at room temperature,
with the mercury saturator at room temperature, the quantum yield
of hydrogen production increased strongly with increasing pressure of
ethane, while that of methane approached zero at higher pressures

(600 mm). Addition of molybdenum oxide, which effectively removed
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hydrogen atoms, almost completely inhibited the formation of methane .
The decrease of methane production with increasing pressure of

ethane led these authors to believe that atomic cracking actually pro-

ceeded via the formation of an active molecule, CZHgP . They pro-
posed the following mechanism:
Hg(’P)) + C,H, - C,H; +H +Hg('s) [1]
H+ C2H6 - C2H5 + HZ [2]
H+ C2H5 - CZHg [3]
CH; — 2CHj [4]
CoHp +M =~ CpHg +M [5]

2CHy; — CgHjy L6l
At temperatures above 400°C the ethyl radical decomposes \
CoHyg — CpH4+H [7]

and gives rise to a chain reaction (26).

The investigation by Darwent and Steacie (27) of the
mercury-photosensitized decomposition of propane in a conventional
circulating system at room temperature, with the mercury saturator
at room temperature, showed that, at high pressure of propane,
methane production was negligible, the products consisting almost
entirely of hydrogen and hexanes. However, at low pressures, of
3 - 10 mm, methane and C and C,4 hydrocarbons were produced in
increasing amounts, although the production of methane was much less
than in the similar reactions of ethane. The results with propane at

low pressures qualitatively agree with those for ethane, but with



ethane a marked change occurred at pressures of about 150 mm. The
rate of disappearance of propane decreased with decreasing pressure
of propane. The yield of hydrogen (cc produced per cc C3Hg reacted)
and of heavy fraction (Cg hydrocarbons and higher) decreased with
decreasing pressure of propane, while the yields of CHy, C, and Cy4
hydrocarbons increased as the propane pressure was decreased. In
the absence of a cold trap, to remove the heavy products and to provide
a constant working pressure of propane, the yield of hydrogen in-
creased with decreasing pressure of propane. This effect is opposite
to that found when a cold trap was used. The absence of a cold trap
did not influence the production of CHy,, C, and C4 hydrocarbons or the
disappearance of C3Hg. Rates of decomposition of propane, and of
production of hydrogen and methane, were found to be independent of
time. The following series of reactions was proposed to explain the

products of the reaction of propane with Hg (3P1) atoms at low temper-

atures:
CsHg + Hg(°Py) — CgH, +H + Hg(ls)) [1]
H + C3Hg -~ C3H, +H, [2]
H, + Hg(3P)) 21 + He(ls,) [3]
2C3Hy C¢Hig [4]
2H + M H, + M [5]
H + C3Hy CoHg + CH, Lé]
H + CpHg 2CH4 (7

C2H5 + C3H8

C2H6 + C3H7

(8]
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H + CHz; +M >~ CHy +M [9]
2C,H; ~  C,Hp, [10]
CyHg + C3H., -~ CgHj, [11]
CHj3 + C3Hg ~ C3Hy + CHy [12]

At higher pressures only reactions [1], [2], [3] and [4]
are of much importance. At low pressures of propane the rate of
reaction [6] increases relative to [2], and methane is therefore pro-
duced at the expense of hexane. The above mechanism indicates that
the mercury-photosensitized reactions of propane and ethane are of
the same type. However, there is a big difference in the extent of
atomic cracking with ethane and propane at a given pressure. To
explain this difference Darwent and Steacie (27) considered the possi- \
bility of formation of an ''active complex" in the first stage of the
process. h

R. CHj + Hg(3P)) -~ R. CHj3.Hg" [13]
This complex can either react

R. CH3.Hg* »R. CH, + HgH [14]
or return to its original state

R. CH3.Hg* ~ R.CH}+ Hg('s) [15]

The portion which reacts by a C-H split follows the
course of the original mechanism. The excited molecule formed in
reaction [15] may be deactivated and it may also decompose by a C-C
split. The probability of deactivation is supposedly greater at high
pressures of propane, and that of decomposition at low pressures,

thus causing the formation of methane. One also expects a relatively
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greater extent of C-H bond split with propane, and with the butanes
containing secondary and tertiary C-H bonds, than with ethane con-
taining only primary C-H bonds. Moreover it is likely that the active
molecules formed in reaction [15] from propane and the butanes,
because of the larger number of vibrational degrees of freedom in
those molecules, would be longer lived than CZHZ and would thus
have greater chances of deactivation. Therefore one would expect
less C-C bond split to occur with propane and butane than with ethane
at the same pressures. Darwent and Steacie (27) concluded that there
was no clear-cut evidence available to help in deciding whether these
reactions proceed entirely by a C-H split or by a2 combination of a
C-H split and the formation of an activated molecule.

The experiments carried out in the presence of added
hydrogen showed that at low pressures (0.25 to 3 mm) of propane the \
rate of disappearance of propane decreased with increasing hydrogen '
pressure. The rate of production of methane increased to a maximum ‘
and then decreased, attaining a constant value when larger amomnnts
of hydrogen are added. The yield of methane per cc of propane de-
composed increased on the addition of hydrogen. The rate of production
of C, and C4 hydrocarbons decreased on the addition of hydrogen. All
these effects of added hydrogen were less pronounced at higher pressure
of propane. The explanation for such behavior was given by the
assumption that with increased hydrogen pressure the rate of reaction
[1] decreased, owing to quenching of mercury with hydrogen, and this
decrease more than compensated for the mcrease in the rate of reaction
[2]; as a result, the rate of the overall production of propyl radicals
in [1] and [2] was decreased, which means that the rate of disappearance
of propane was also decreased. The increased rate of production of

methane with small amounts of hydrogen was due to an increase in the
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rate of reaction [6], which more than compensated for the decreased rate
of the overall production of propyl radicals in [1] and [2]. The addition
of larger amounts of hydrogen beyond the pressﬁre required for complete
quenching increased the concentration of third bodies and so lowered the
stationary H atom concentratinon by reaction [5], thus causing a decrease
in the rates of reactions [2] and [6], and consequently a decrease in the
rate of methane production.

Bywater and Steacie (28) investigated the mercury photo-
sensitized decomposition of propane in a conventional static system,
with a merc'vzfyrsa;l.lrator at room temperature, in the temperature range

from 25 to 450°C and at pressures between 4 and 300 mm Hg.
High propane-pressure (14 and 30 cm Hg) results at

lower temperatures (below ZOOOC) were consistent with the earlier
proposed mechanism (27). The high pressure - low temperature hydrogen
production was found to be a linear function of time; its rate was directly
proportional to the light intensity and independent of the pressure of
propane above 20 cm Hg. The energy of activation for total hydrogen
formation in this high pressure - low temperature region was 0.5 keal,
and was attributed to reaction [1]. The quantum yield of hydrogen
production was found to be 0.46 at room temperature and 14 cm pressure,
rising to 0.50 at high pressures. It should be unity according to the
proposed mechanism. This lower quantum yield was attributed to the
quenching of mercury to the metastable (3Po) state with subsequent
dissipation of energy. Methane production was also a linear function of
time. Above 300°C at high pressures of propane (14 and 30 cm Hg),
hydrogen and methane production increased rapidly still being linear
functions of time. The amount of ethene produced was roughly equi-

valent to that of methane. The rate of methane was the same at both
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14 cm Hg and 30 cm Hg total pressure. The increase in hydrogen and
methane production at higher temperatures was attributed to the

decomposition reactions of propyl radicals:

C3H7 - C3H6 +H [16]
and
C3H7 - C2H4 + CH3 [17]

The observed energies of activation for hydrogen and
methane formation were Ej¢g = 38 kcal mole~}, and Ey7 = 20 kcal mole'l,
respectively. These energies, according to the authors' interpretatinn,
probably correspond to some intermediate value between the true
values for normal and isopropyl radicals. The reaction [17] was
supposed to be followed by [12], whose energy of activation E,, = 8 kcal.

Low propane-pressure (4 mm Hg) results at lower
temperatures (below 200°C) were consistent with the ea‘rlier proposed

mechanism (27). The low pressure - low temperature methane pro-

duction was supposed to be due to atomic cracking reactions [6] and [7].

The activation energies had been estimated at less than 5 kcal. Methane

formation at low pressures of propane was a linear function of time up
to 400°C. The apparent activation energy for methane formation at low
pressure varied with temperature. Below 300°C a value of approxi-
mately 8 kcal was obtained, whereas at higher temperatures, the value:
approached that value obtained at high pressure of propane (20 kcal).

If methane was produced by reaction [12], which has an activation
energy of 8 kcal, this would be the rate-determining step, and the high
activation energy (20 kcal) for methane formation observed at high
temperatures should drop to 8 kcal at low temperatures, as was in fact
observed. At low pressures of propane at temperatures from 300°C to

400°C the hydrogen production was proportional to the square root of

-
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both light intensity and reaction time after an initial period of about
one hour. The fall off in the rate of hydrogen production was
attributed to the quenching of mercury by the hydrogen produced.
Bywater and Steacie (28) supposed that in the unobserved initial period
the hydrogen production was linearly dependent on reaction time.

A number of experiments were carried out between
room temperature and 200°C in the presence of added propene, in
order to determine the relative reactivity of hydrogen atoms formed
in the system for propane and propene. The difference in the acti-
vation energies for the reactions of hydrogen atoms with propane and
propene was found to be 4 kcal (28). Consequently, the ratio of
corresponding rate constants is too large for propene to be stable at
low temperatures. At 300°C, however, propene formed by a dis-
proportionation reaction ought to be detectable. No propene could be
detected at 250°C and 300°C, so that there is no indication of a dis-
proportionation reaction between two propyl radicals at those
temperatures.

The mercury photosensitized decomposition of propane
in a conventional static system at 24°C and at pressures of 300 and
600 mm Hg, with the mercury saturator at room temperature, was
re-investigated by Back (29).at very low conversions (up to 1%).
Hydrogen was the only product identified and measured. The rate of
hydrogen production decreased with increasing reaction time, at first
rapidly, slowing down subsequently and eventually reaching a constant
value at about 0. 6% to 1. 6% of the reaction. This behavior was inter-
preted as being due to the accumulation of propene formed by the dis-

proportionation of propyl radicals, and the scavenging of hydrogen

atoms by it. The constant rate of hydrogen production finally achieved.

_
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was thought to correspond to a steady-state concentration of the un-
saturate. The addition of small amounts of propene ( ~ 10-3 times that
of propane) to the system caused a marked decrease in the rate of

hydrogen production. Back proposed the following ''self-scavenging"

mechanism:
Hg + h3 - Hg* (3]
C3Hg + Hg* - C,H, +H+Hg [2]
H + C3Hg - H,+ C3H7 [3]
2C,H, - C6H14 [4]
2C3H7 - C3H8 + C3H6 ' [5]
H + C,Hy -~ Cj3H, [6]
H+ C3H6 -~ H,+ C3H5 [7]
C3H7 + C3H6 - C6H13 [8]
C:,’H7 + C3H5 - C6H12 [9]

On the basis of this mechanism the rate of hydrogen production is:

aH, k4[C3Hg] + k,[C,H]

k3[C3H8] + (k6+k7)[C3H6]
where Ia. is the intensity of light absorbed and @ is the quantum yield
for reaction [2].

dH,
According to this expression, T is equal to ¢Ia initially, decreases
as C3H6 accumulates, and becomes constant if C3H6 attains a steady-
state conc':entration before depletion of C:,’H8 becomes appreciable. The

above equation can be written in the form:
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dH> [C3H8] kgtk7 dHZ k7

(o1, - ) = - — @I
a dt [C3H6] k3 dt k3 a

From the slope and the intercept of the plot of this
equation Back was able to obtain the ratios of the rate constants
kgtky ko

i, and E; . If loss of C3Hy via reaction [8] is neglected, the

reduction of the rate of hydrogen production is a measure of the rate
of disappearance of C3Hg, and of the rate of the steady-state pro-
duction of C3Hy by reaction [5]. Thus the ratio of k5/ k4 could be

obtained. These ratios are given in the following table:

T P CaHg (kg+kq)/ k3 ky/ks kg/k3 kg/(kgtke) kg/ky
24°C 300 mm 1565 50.1 1515 0.032 0.80
24°C 600 mm 1389 84.7 1304 0.061 0.54

The decrease in the rate of hydrogen formation could
be observed only at low conversion because of large value of ke/ k3.
The previous measurements (26, 28) were made at higher conversions,
apparently in the steady-state region, and no dependence of the rate
of hydrogen production on time was observed. It is probable that
olefin was present from the beginning as an impurity. Back suggested
that the reported pressure-independent quantum yield of 0.5 should be
corrected upwards by the factor (k4+k5)/k4. In this way the initial
quantum yields of 0.90 and 0. 77 at 300 mm Hg and 600 mm Hg res-
pectively could be obtained. The decrease of the initial quantum
yield with increasing pressure suggested that the intermediate formation
of an excited propane molecule of appreciable life time might take

place in the primary process. However, 2all the relative rate constants
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measured were dependent upon the values of ¢Ia, the initial rate of
hydrogen formation, obtained from the extrapolation to zero time of
the rate of hydrogen formation. The sharply rising curves made this
extrapolation inaccurate. The high values of the ks/ k4 ratios might
be caused by inaccuracy of extrapolating to zero time, and may be
attributed to preferential disproportionation of "hot" radicals formed
in reaction [6] in the steady state.

Similar trends in the rates of hydrogen production were
observed by Back with ethane (29) and n-pentane (30).

The apparent low quantum yield of hydrogen in the
mercury-photosensitized decompositions of hydrocarbons was con-
firmed by Cvetanovic (31) through the measurements of the relative ‘
overall efficiencies of quenching in binary mixtures of hydrocarbons ~
(C2Hyg, n-C4Hjg, C2Hy) with N,O. The reactions were studied at low
temperatures (23°C and 120°C) and higher pressures (=102 mm RH +
100 mm N,O) with the mercury saturator at room temperature. In

the case of n-butane it was found that ¢H / ¢N = 0.72 and this fraction
2 2
represented an upper limit for ¢H2 . In a subsequent study of this

process with n-butane and propane (32) an increase in the rate of
hydrogen production was found when going towards lower and lower
conversions. However, in experiments at very low conversions
(,&10'2%), approaching the initial conditions, no time dependence of
the rate of hydrogen production was observed. Under these conditions

the ratio ¢H2/ ¢N2 was found to be 0.94. The quantum yield of

hydrogen at constant conversion was found to increase with increasing

pressure of n-butane, reaching a2 constant value at about 300 mm Hg.
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At very low conversions this constant value was about 0.94, and

for "normal conversions' about 0.72. There was no decline in ¢H

with increasing pressure, as was the case with olefins, indicating
that there was no initial formation of vibrationally-excited paraffin
which could be deactivated. Slight corrections for initial self-
scavenging caused by small olefin impurity at very low conversions

brought the ratio ¢H2/ ¢N to unity within the experimental error.
2

The absolute values of these quantum yields have remained uncertain.
It was provisionally assumed that ¢N2 is unity. If this is correct
there is no need to postulate the occurrence of physical quenching.

If, on the other hand, ¢N2 and ¢H7_ are indeed smaller than unity,
then there is a loss of light energy and the mechanism responsible for
it is probably of a physical nature. Cvetanovic suggested that self-
scavenging was an important feature of the mercury-photosensitized
decompositions of hydrocarbons. The general mechanism can be

written as follows:

Hg + hY - Hg* 1]
RH +Hg* - R +H+Hg [2]
H + RH - H>+R : [3]
R +R - R [4]
R +R - RH+Ol1 [5]
H + Ol - R Lé]
H + Ol - Hz +R’ [7
R + R! - RR!' [8]

O1 = Olefin

A’
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Scavenging of hydrogen atoms by reaction [6] may be
of importance if kg >> k3 and the ratio k5/k4 is not too small. With
the assumption that k7/(k6+k7) 2~ 0.1. The following ratios were

obtained:

Hydrocarbon T P (kgtks)/ k3 kg/ky ke/ ko
C3Hg 25°C 140 mm 920 0.54 9
n-Cy4H; 25°C 200 mm 533 1.07 9

It was pointed out that no quantitative significance should be attached
to these values, and that they only served to illustrate the importance
of self-scavenging processes.

It should be mentioned that the ""chemical method" to

determine relative quenching cross-section values for mercury 6 (3P1)

atoms has recently been questioned (33). This, however, does not
affect the present discussion.

Back and Takamuku (34) investigated the mercury-
photosensitized decomposition of propane in a circulating system at

temperatures between 33°C and 400°C and at 2 pressure of about

300 mm Hg, with the mercury saturator at 0°C. Hydrogen and methane

were the only products measured. Conversion was low enough that

true initial yields of H, and CH, were measured, and addition of H or

CHj to propene produced in the reaction was negligible. This included

the as sumption that the rate of hydrogen production was independent of

time under these conditions, in agreement with the present investi-
gation. The light intensity was low enough that the concentrations of
H and C3H<y formed were low and their interaction was unimportant.

Low light intensity also favors first-order decomposition of radicals

over the second-order combination reactions, and causes decomposition

to set in at lower temperatures.

.
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It was found that the rate of hydrogen production in
the temperature range from 33°C to about 300°C was approximately
constant, showing a slight decrease from lower to higher temper-
atures. Methane was not detected in this region. Above 300°C the
rate of hydrogen production increased rapidly, as did the rate of
methane production. Back and Takamuku discussed their results

obtained below 300°C in the light of the following mechanism:

Hg* + C3Hg -~ Hg+CzH;+H 1]
H + C3Hg - Hy + C3Hy [2]
2C3H, =  CgHyy [3]
2C3H, ~ Cg3Hg + C3Hg [4]

Above 300°C they suggested that methane and additional hydrogen are
forrred by the following reactions:

followed by

and reaction [2].
An equilibrium between n-C;H, and i-C;H., was pro-
posed:
8f
n-CzH, + C3Hg == i-C3H, + C3Hg (8]
r
At low temperatures there was no decomposition of

radicals, and v

=v.=v. =v. +v, . Above 300°C reaction pairs

3 4

[5] and [7], and [6] and [2] constitute reaction chains producing methane
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and hydrogen without a net consumption of propyl radicals. If v;,
Vs and v 4 Were approximately independent of temperature, simple

Arrhenius plots of v CH, and VH2 -V would yield activation energies

for reactions [5] and [6]. From the relationships VCH4 = vg = kg[C3H7],
- - 2 _ -
vHZ -V =V —k6[C3H7] and [C3H7] =(vy + v4)/(k3 +ky) =

v/ (k3 + k) taking kg + ky = 101! mole-! 1 sec! the absolute values of
kg and kg could be obtained. From Arrhenius plots of these values the
relationships kg = 109-© exp(-22/RT) sec™! and k¢ = 1014- Oexp(-37/RT)
sec-l were obtained. Arrhenius parameters for reaction [6] seem to
be in agreement with those obtained by others, but those for reaction
[5] are lower than the values obtained by other methods (3,5, 6, 7, 8).
The low absolute values for kg might be due to the fact that methane
comes almost exclusively from the decomposition of the n-propyl
radical, whereas in the calculation the total concentration of propyl
radicals was used. By applying the steady-state treatment to the n-
propyl radical, with the assumption that loss of i-propyl by reaction [5]
and n-propyl by reaction [6] was negligible, Back and Takamuku
estimated the concentration of n-propyl radicals. The concentration
of n-propyl radicals in equilibrium with i-propyl radicals at temper-
atures between 300°C and 400°C amounted to between 3 and 6% of the
total radical concentration. Values for kg derived from the estimated
n-propyl concentration were higher, but agreement with the values

obtained by other methods (3,5, 6,7, ‘8) was not achieved.
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At the end of this review of the earlier work on the
mercury-photosensitized decomposition of propane it may be concluded
that although our knowledge of the mércury-photosensitiz ed reactions
of propane presents a coherent pattern, there are still many questions
waiting to be answered. Present techniques enable the rates of
different processes to be measured with greater precision. The values
of the pre-exponential factors and the activation energies may be
estimated with greater certainty. The present work has been an
attempt to examine the mechanism of the mercury-photosensitized
decomposition of propane over a range of pressure and temperature,
and to establish the kinetic parameters for the decomposition of propyl
radicals created by the mercury-photosensitization.

Mercury-photosensitization as a means of producing free
radicals has certain marked advantages over the other methods. In the
first place, a definite amount of energy is transferred to the reactant
molecule. Also, a wide range of temperatures is available for the
investigation, which is not the case with thermal decompositions and
chemical sensitizations. Furthermore, photosensitization provides
clean reaction conditions since no other radicals are added to the system,
in contrast with direct photolysis and chemical sensitization methods.
The main disadvantage of mercury-photosensitization is the degree of
conversion that can be used. Certain products, as hydrogen and alkenes,
which have high quenching cross-section can be lost through further
reaction by a mercury—photosensitizéd reaction. Furthermore, the
parent molecules are the same as the products of sometimes interesting
reactions of the radicals. When using mercury-photosensitization to
generate radicals, one must also consider the possibility of primary
steps other than the removal of a2 hydrogen atom and the possible

formation of hot radicals.
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CHAPTER II

EXPERIMENTAL METHODS AND TECHNIQUE

2.1 Apparatus

The reaction was:studied in a conventional static
system. The scheme of the apparatus is shown in Figure 1. The entire
system could be evacuated by means of a mercury diffusion pump Dj
which was in series with a double stagé rotary pump supplied by the
Welsh Manufacturing Company.

The reaction veésel (R.V.) was a quartz cylinder about

10 cm in length and about 5 cm in diameter, with plane windows at each
3

end; its volume was 166 cm”. The reaction vessel was wrapped with \
five layers of asbestos paper and placed inside a cylindrical iron ‘
collar 23 cm in length, 6 cm in diameter, with walls 0.5 ‘cm thick to
ensure even heating. The iron conductor was wrapped with three layers
of asbestos paper, on which resistance wire was wound, followed by
three more layers of asbestos paper. The whole furnace was wrapped
with asbestos string and placed in a box filled with asbestos flakes.
In order to minimize dead space the leads to the vessel
were made of 3 mm capillary tubing.
The heé.fing of the furnace was regulated by 2 Thermo
Electronic Co. signalling controller potentiometer connected with the
control relay. The controller was activated by means of a chromel-
alumel thermocouple (Cy4) placed half way along the reaction vessel and
between the first and second asbestos layers around the vessel. With
this device the temperature could be maintained constant within a
degree. A schematic diagram of the temperature controlling device

is shown in Figure 2.
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Figure 1

A schematic diagram of the apparatus:

R.V Reaction vessel
F. U.V. filter

L. U.V. lamp

C. Thermocouple
V. Variac

T. Trap

M. Manometer

S. Stopcock

D. Mercury diffusion pump
T.P. Toepler pump
Mc. McLeod gauge
B. Storage bulb
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Figure 2

A schematic diagram of the temperature-controlling device
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The temperature of the reaction vessel was measured
by means of three chromel-alumel thermocouples (C;, C,, C3) suitably
placed between the first and second asbestos layers and connected to
a Croydon Precision Instrument Co. portable D.C. Potentiometer,
type P-3 (see Figure 2). The reference temperature was 0°C. In this
way the temperature could be measured at both sides and in the middle
of the reaction vessel.
The concentration of mercury in the reaction zone was
controlied by the temperature of a spiral trap (T 4) in the lead to the
reaction vessel. The temperature of the trap was kept constant at
-33°C by means of 1, 3-dibromopropane slush. The concentration of
the mercury in the reaction zone was assumed to correspond to the \
equilibrium vapor pressure of mercury at -33°C, which amounts to about ‘
3.5x 10’6 mm Hg. ‘
The low-pressure mercury ''resonance' lamp (L) of low
light intensity was used as a source of U.V. light. It was maintained
at about 30 cm distance from the incident face of the reaction vessel.
The power for the activation of the lamp was supplied through a trans-
former with maximum output of 2000 V. The lamp was operated at a
constant current at 9.0 mA adjusted by a variac (V) in the primary
circuit of the transformer. Between the lamp and the reaction vessel
was placed a Corning glass U.V. color filter C.S. No. 9-54, which
was non-transparent for the light of wavelength shorter than 2000 A. In
this way the mercury 1849 A line was eliminated.
The reaction products were analyzed by a gas chroma-
tograph assembled from commercially available units. As a detection
anit the Gow-Mac Co. thermal conductivity cell for gas: chromatography
Model A-9283 was used, supplied by power from Trygon Electronics -
Inc. power supply Model HR 40-750. The output used was 12 V D, C.
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The current through the filament in the detector was 250 mA. In
order to obtain high sensitivity the signal from the detector was pre-
amplified by means of a Leeds and Northrup Co. stablized D.C. micro-
volt amplifier Model 9835-A. The amplified signal was put through a
10 mV Leeds and Northrup Co. Speedomax recorder, Model S. A
schematic diagram of the chromatograph assembly is shown in Figure 3.
The high sensitivity requires minimal fluctuation of
pressure between the helium source and the detector, in order to have
a stable base line. For that reason Edwards Vacuum Ltd. vacuum and
pressure controllers, Model V, P. C. -1, were inserted in both the
reference flow and the sample flow of the chromatograph; The flow of

the helium carrier gas was measured by a home-made flow meter.
2.2 Materials

The propane used was obtained from Phillips Petroleum
Company with stated research grade purity of 99.99 mole %. This was
subjected to several trap-to-trap distillations at -160° (isopentane slush).
The first and final 20% of the sample were rejected and only the middle
fraction was stored for further work. Gas-chromatographic analysis of
such a sample showed no impurities. The purified propane was stored
in a black-painted storage-bulb and was degassed from time to time.

The hydrogen, methane, ethene and ethane used for
calibrations of the chromatograph were obtained from the Phillips
Petroleum Company. Their purity was stated as research grade, and
they were not subjected to further purification. 2, 3-Dimethylbutane and
2-methylpentane were supplied by the Phillips Petroleum Company. Their
purity was stated as pure grade of 99 mole%. n-Hexane was obtained
from the Matheson Company. The purity was stated as spectro-quality
reagent. 2, 3-Dimethylbutane, 2-methylpentane and n-hexane were sub-

jected to thorough degassing at -130°C to eliminate the air impurity.

A’
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Figure 3

A schematic diagram of the gas-chromatographic system
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Carbon dioxide for investigation of the influence of
foreign gas was obtained from the Matheson Company.

Helium carrier gas was obtained from the Union
Carbide Inc.

Ascarite used for the adsorption of CO) was obtained
from the Arthur H. Thomas Company.

Practical n-pentane and iso-pentane used for -130°C
and -160°C low-temperature baths respectively were obtained from
the Matheson Company. 1,3-Dibromopropane used for -33°C bath
was obtained from Aldrich Chemical Co.

Porapak Q solid adsorbent used for the preparation of
gas-chromatographic columns was supplied by the Waters Assoc. Inc.

Chromosorb P a.w. used as a solid support in gas-
chromatographic columns was obtained from the J ohns-Manville
Company.

a-Chloronaphthalene used as a liquid phase in gas-
chromatographic columns was obtained from the Fisher Scientific
Company.

Di-2-ethylhexylsebacate used as a liquid phase in gas-
chromatographic columns was obtained from Chromatographic
Specialties Ltd.

Chloroform used as solvent in preparing of gas-
chromatographic columns was obtained from Fisher Scientific Company.

High vacuum silicone grease used for all stopcocks

was obtained from ljow Corning Corp.
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2.3 Procedure and Analysis

Before each experiment the system was evacuated to
10> mm Hg. The trap T3 with mercury was immersed in liquid
nitrogen during the night, and whenever a run was not being performed.
Prior to each experiment the trap T4 was also immersed in liquid
nitrogen for about 30 min, and then in a bath at -33°C immediately
before the experiment started. A sample of propane was then admitted
to the manifold from the storage bulb. The mercury cut-off was then
opened, and by means of a stopcock S4 propane was allowed slowly to
diffuse to 1;he trap T, immersed in liquid nitrogen. When this oéeration
was completed stopcock Sy and the mercury cut-off were closed and
liquid nitrogen from the trap T3 was removed so as to allow the mercury
in it to warm up to room temperature.

The liquid nitrogen at T, was allowed to evaporate, and
propane slowly diffused over the mercury at room temperature in T3,
through saturation trap T4 at -33°C into the reaction vessel. The
pressure was measured by the manometer M,. The mercury lamp was
switched on about 30 min before use; the reaction was started by the
removal of a shutter and was stopped by switching off the lamp. The
residual propane and the reaction products were immediately trapped in
the trap T immersed in liquid nitrogen. The 1, 3-dibromopropane slush
was removed from T,, the mercury cut-off opened and liquid nitrogen
removed from TZ‘ The stopcocks 55’ 86, S7 and S8 were then
successively opened and the reaction products pumped through traps Tg,
T¢ and T, by means of a mercury diffusion pump (D) followed by a
Toepler pump (T.P.). After 30 min of pumping, the mercury cut-off and
the stopcocks Sg, 86, S7 and Sg were closed since the separation into

fractions was completed.

_A’
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The products of the reaction were separated into
three fractions: (1) non-condensable; (2) condensable at -210°C and
-196°C (solid nitrogen and liquid nitrogen respectively) in traps T7
and T¢ respectively, and (3) rcondensable at -130°C (n-penfane slush)
in trap Tg. The non-condensable products, which comprised hydrogen
and methane, were collected in a sample tube by a Toepler pump.
They were analyzed on a 6.0 m long column filled with 80-100 mesh
Porapak Q operating at 0°C with helium flow of 50 cc min'l. On this
column hydrogen could be separated from air. This is important
since small quantities of air eventually collected during pumping of
products could cause big errors in the analysis of hydrogen because of
the much greater difference in thermal conductivity between air and
the helium carrier gas than between helium and hydrogen. The traps
at -210°C and -190°C retained ethene and ethane (and C3 and C,4 hydro-
carbons which were not analyzed). Ethene and ethane were analyzed
on a 3.5 m long column filled with 80-100 mesh Porapak Q operating
at 35°C with a helium flow of 100 cc min~l. The characteristics of this
column have been described elsewhere (35). The traps at -130°C
(there were actually two such traps in tandem) retained 2, 3-dimethyl-
butane, 2-methylpentane and n-hexane (and some of the C4 hydro-
carbons which were nof analyzed). 2,3-Dimethylbutane and 2-methyl-
pentane were anzlyed on a 7.0 m long column filled with 4% a-chloro-
naphthalene on chromosorb P a.w., 45-60 mesh operating at 0°C, with
helium flow at 120 cc min-l. The retention time of n-hexane on this
column was too long (42 min) and the amounts of n-hexane were con-
siderably smaller than those of the other two C¢ isomers. For this
reason separate runs were made and n-hexane was analyzedona 2.0 m

long column filled with 20% di-2-ethylhexylsebacate on Chromosorb P
1

a.w., 45-60 mesh operating at 25°C with helium flow of 150 cc min~
2, 3-Dimethylbutane could not be separated from 2-methylpentane on

this colummn.
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Peak-height measurements provided good calibration
curves for all products except for Cg hydrocarbons, for which it was
necessary to make area measurements.

All columns were made from copper tubing with an
inner diameter of 4 mm.

Helium was the carrier gas used for all chromato-
graphic analyses.

In the experiments where the effect of CO, as a foreign
gas was studied, CO, was first trapped together with ethene and
ethane at -210°C and -196°C and then removed from the product mix-

ture by adsorbing it on ascarite.

2.4 Reaction Conditions

The mercury-photosensitized decomposition of propane

has been investigated at five different temperatures, i.e. at 252°C, 276°C,

301°C, 325°C and 350°C in the range of propane pressure from about
5 mm Hg to about 700 mm Hg. Preliminary investigation of a dark

reaction with no U.V. illumination showed that above 35 0°C considerable

i
i
i
i

thermal decomposition of propane is taking part. This would interfere
with the photosensitized reaction and make results unreliable. For that
reason the highest temperature under which the mercury-photosensitized
decomposition of propane was investigated was 350°C.

Mercury vapor in the reaction zone was at its equili-
brium vapor pressure at -32°C, which is about 3.5 x 10-6 mm Hg. The
low concentration of mercury in the reaction zone was necessary in
order to approach a homogeneous absorption of light throughout the
reaction vessel. The reaction conditions in the reaction vessel about

10 cm long with mercury saturator at -32°C should be fairly homogeneous
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as shown by Loucks and Laidler (36). Any effects of inhomogeneous
absorption should have been very much less than in earlier work by
Bywater and Steacie (28) and by Back and Takamukn (34) in which the
mercury saturator was kept at room temperature and at 0°c
respectively.

The low-pressure mercury ''resonance' lamp of low
light internsity was used so that the concentration of radicals produced
was not too high,

Under these conditions the reaction could be inves-
tigated at very low conversions of about 10-1 - 10’2"7 . Avery low
percent conversion is reqguired in order that true initial yields of
products are measured, and that addition of hydrogen atoms and

radicals to olefins produced can be neglected.

Y
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CHAPTER 3

RESULTS AND INTERPRETATION

3.1 Products of Reaction

The reaction products analyzed were hydrogen
methane, ethene, ethane, 2, 3-dimethylbutane (2, 3-DMB), 2-methyl-
pentane (2-MP) and n-hexane (n-C6H14). The Cy4 hydrocarbons could
not be separated from propane by distillation and the huge peak of
propane made gas-chromatographic analysis impossible. The original
data for the mercury-photosensitized decomposition of propane are
shown in Table 1 and are plotted in Figures 4 - 10. The results may
be considered in the light of their relation to the pressure of propare
and may also be presented with reference to two temperature regions.

It may be noted that the rates of formation of products

at low pressures of propane increase with increasing propane pressure

and then become constant and independent of propane pressure after a
certain limiting pressure of propane has been reached. The limiting
propane pressure for hydrogen, 2, 3-DMB, 2-MP and n-CgHj, is

about 150-160 mm Hg and is approximately independent of temperature.
The limiting pressure of propane for methane, ethene and ethane
production on the other hand, depends on temperature and is hlgher at
higher temperatures. At 350°C, for sxample, the limiting pressure

is reached at about 650 mm Hg. This behavior could be explained as
follows. At low propane pressures the rate of quenching of excited
mercury atoms increases with increasing concentration of the guencher
propane molecules. At a certzin propane pressure complete quenching

of the excited mercury is achieved, and further increase of the quencher
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TABLE 1

Original data for the mercury-photosensitized
decomposition of propane at 252°C, 276°C, 301°C,
325°C and 350°C in the pressure range from 5 mm
Hg to 700 mm Hg. All rates are quoted in

mole cc! sec-lx 1013 except the rate of n-hexane

which is quoted in mole cc! sec-lx 1015
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TABLE 1

T = 252°C

C3Hg v[moles cc~! sec]] x 1013 v x 1015
mm Hg H,  CHy CpyH, CpH, 2,3-DMB 2-MP n-CgHy

6 0.9 0.24 0.20 0.02 1.0 0.20

7 1.1
10 1.4 0.33 0.30 0.03 1.2 0.25

11 1.8 0.31 0.04

16 2.4 0.46 0.42 0.05 1.5 0.31 1.8
19 3.0 0.50 0.45 0.06 1.8 0.40
22 3.2 0.58 0.50 0.06 1.9 0. 39
28 4.0 0.67 0. 60 0.08 2.0 0.48
29 2.3
33 4.5 0.60 .64 0.08 2.4 0.55
40 5.2 0.70 0.70 0.09 2.5 0.56
47 2.8
49 5.2 0.64 0.79 0.08 2.6 0. 60

60 5.3 0.76 0.80 0.10 3.1 0.65

63 5.8 0.84 0.10 3.4 0.72
68 5.4 0.80 0.10 3.4 0.71

69 3.5
72 6.0 0.70 0.86 0.08 3.3 0.72

88 5.7 0.60 0.87 0.09 3.7 0.84
o1 4.5
102 6.2 0.78 0.84 0.08 4.3 0.91
113 4.7
117 4.4
126 6.0 0.80 0.88 0.08 4.0 0.94
132 ’ 4.7
156 5.6 0.76 0.80 0.10 4.4 0.98
160 4.9
186 6.0 0.63 0.86 0.09 5.0 1.03
191 5.3
193 5.1
217 6.3 0.81 0.82 0.08 4.7 1.06 4.9
242 5.8 0.60 0.79 0.1 4.2 0.97
247 5.2
269 6.0 0.80 1.0 0. 09 4.2 0.98
300 5.9 0.78 1.0 0.07 4.5 0. 99 4.9
382 5.8 0.64 0.95 0.10 4.6 1.01
446 5.7 0.60 0.90 0.09
548 6.8 0. 69 i.0 0.10
636 6.3 0.75 0.83 c.08
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TABLE 1 (ctd.)

T = 276°C
P
CiHg v[moles cc! sec™}] x 10t3 v x 1012
mm Hg H, CH, GCyHy GCpHg 2,3-DMB  2-MP n-CgHjy
6 1.0 0.50 0.40 0.05 0.94 0.17
9 1.0
10 1.5 0.70 0.51 0.07 1.2 0.22
12 1.8 0.80 0. 68 0.08 1.4 0.23
16 2.3 0.90 0.80 0.10 1.6 0.30
20 1.4
21 3.2 1.1 1.1 0.13 2.0 0.34
24 3.7 1.3 0.14 2.0 0.35
26 3.7 1.4 1.1 0.14 2.2 0. 36
32 1.8
33 4.8 2.3 0.41
34 4.4 1.6 1.4 0.15 2.5 0.44
43 5.3 1.8 1.8 0.18 2.9 0.48
45 2.3
54 5.8 1.9 2.1 0.20 3.1 0.57
66 5.5 2.1 2.0 0.20 3.3 0. 65
68 3.1
69 5.9 2.3 2.3 0.22 3.1 0.63
78 3.0
81 5.5 2.1 2.1 0.22 3.6 0. 65
100 6.1 2.3 2.4 0.25 4.2 0.72
101 3.4
102 5.6 2.4 2.6 0.24 4.0 0.74
124 3.6
126 5.8 2.6 2.7 0.26 4.4 0. 80
148 3.7
154 5.5 2.3 2.8 0.24 4.9 0.85
176 4.1
179 6.3 2.6 3.1 0.24 4.5 0.85
200 3.9
201 6.0 2.4 2.9 0.25 4.7 0.83
226 6.5 2.7 3.4 0.28 4.4 0.84
227 3.8
251 4.0
252 5.8 2.3 3.3 0.26 5.2 0.87 '
271 5.7 2.6 3.4 0.27 4.5 0.81
297 6.0 2.7 3.3 0.23 4.3 0. 86
298 4.1
404 5.9 2.4 3.0 0.22 4.9 0. 87
516 5.7 2.5 3.1 0.24
632 6.0 2.7 3.0 0.27
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TABLE 1 (ctd.)

T = 301°C .
C3Hg v[moles cc~! sec1] x 1013 v x 1015
mm Hg H,  CH, GC,Hs CyHgy 2,3-DMB 2-MP n-CgHj,
4 0.9 0.70 0.54 0.07 0.79 0.12
7 1.1 1.0 0.90 0.09 0.98 0.16
10 1.9 1.3 1.0 0.13 1.1 0.19 0.86
11 2.0 1.3 1.1 0.14 1.3 0.21
12 2.0 1.4 1.5 0.17 1.3 0.21
15 2.7 1.7 1.7 0.20 1.4 0.25
18 1.1
20 3.4 2.1 1.9 0.22 1.5 0.31
21 3.6 0.25
22 3.8 2.3 2.1 0.24 1.7 0.30
26 4.3 2.5 2.4 . 0.25 2.0 0.31
29 1.5
31 4.7 2.7 2.8 0.26 2.3 0.40
39 5.5 3.4 3.4 0.36 2.4 0.42
42 1.7
45 5.4 3.5 3.4 0.36 2.5 0.45
56 6.2 3.9 4.3 0.46 2.8 0.47 1.9
66 5.6 4.9 4.6 0.45 3.0 0.55
72 5.3 4.8 0.53 3.5 0.52 2.5
74 6.4 4.9 5.2 0.55 3.5 0.59
89 6.3 5.4 5.4 0.49 3.4 0. 65
94 2.6
100 6.2 5.6 5.7 0.50 3.8 0.65
112 6.3 6.2 6.8 0.55 4.0 0.67
118 6.1 6.2 6.9 0.56 3.8 0.69 3.1
120 6.8 6.7 6.9 0.59 4.5 0.73
139 6.6 6.5 7.6 0.61 4.1 0.75
144 2.8
57 6.0 7.3 7.8 0.60 4.3 0.77
173 2.8
186 6.4 7.0 8.6 0.58 4.2 0.74
195 3.1
223 6.3 7.7 9.1 0.64 4.0 0.72
224 3.3
249 2.9
250 5.8 4.2 . 0,72
254 6.4 8.0 9.9 0.70 4.6 0.76
274 6.8 7.6 10.3 0.67 4.2 0.75
301 6.5 8.7 10.4 0.72 4.7 0.73 3.0
314 7.9 10.1 0.64 3.9 0.77
346 6.4 7.3 10.3 0.61 4.4 0.74
394 6.5 8.0 10.1 0.62 4.5 0.77
484 6.2 8.5 10.9 0.65
558 6.2 7.9 10.8 0.70
627 6.6 7.6

10.4 0.68
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TABLE 1 (ctd. )

T = 325°C
C3Hg
mm Hg H, CH, C,H, C,H; 2,3-DMB 2-MP  n-CgHy,
4 1.1 1.1 1.0 0.10 0.80 0.11
7 2.0 2.0 1.7 0.17 1.1 0.14
9 2.2 2.1 1.7 0.20 1.2 0.16
11 2.5 2.3 2.1 0.28 1.2 0.20 0.77
13 3.0 2.7 2.6 0.28 1.3 0.22
15 3.9 3.2 3.0 0.32 1.4 0.22
19 1.0
20 4.7 3.9 3.5 0.37 .6 0.27
24 5.4 4.5 4.0 0.46 1.8 0.28
30 1.2
33 6.5 5.4 5.4 0.58 2.4 0.36
39 6.9 6.4 6.7 0.65 2.7 0.40
41 1.5
42 7.3 6.5 0.64 2.7 0.39
47 6.6 6.4 6.9 0.65 2.8 0.39
54 6.7 7.9 7.8 0.68 2.8 0.45 1.7
64 7.2 9.5 9.2 0.78 3.1 0.45
69 . 2.1
74 7.8 9.8 10.5 0.88 3.6 0.53
87 2.1
88 8.2 1.0 1.0 0.93 3.4 0.55
102 7.3 11.4 12.6 1.00 3.9 0.59
109 2,1
124 7.7 13.4 15.8 1.19 4.7 0.63
132 2.4
157 2.6
176 7.6 16.5 19.5 1.33 4.6 0. 66
182 2.7
201 7.4 18.1 21.8 1.43 4.6 0.60
206 2,4
224 8.2 18.7 23.0 1.50 4.7 0.67
231 2.4
252 7.9 19.0 25.1 1.45 4.3 0. 64
274 2.6
276 7.8 20.9 26.8 1.50 5.1 0.70
299 8.1 20.7 27.7 1.50 4.4 0. 65
338 7.7 20.8 29.4 1.49 4.2 0.63
380 8.0 22.1 311 1.60 4.8 0.62
415 7.5 21.5 30.7 1.53
450 7.7 22.0 30.9 1.58
484 7.6 21.9 30.5 1.55
523 8.0 21.8 31.7 1.61
574 7.9 22.5 30.9 1.53
618 7.6 22.0 31.6 1.57
686 8.1 21.6 30.6 1.51
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TABLE 1 (ctd.)

T = 350°C
PC3I-I8 v[moles cc-! sec-1] x 1013 v x 1012
mom Hg H,  CH, CpH; CyHg 2,3-DMB _ 2-MP n-CgHyy

3 1.8 1.8 1.3 0.15 0.66

5 3.0 2.4 2.0 0.30 0.90 0.11

8 4.3 3.2 2.9 0.35 1.2 0.15 0.57
12 6.0 4.6 3.7 0.43 1.4 0.20

15 7.4 5.2 5.2 0.50 1.6 0.21

18 9.2 6.5 6.3 0.61 1.5 0.26

21 10.5 1.7 0.26

22 10.0 6.6 6.6 0.71 1.8 0.28 0.90
27 10.6 8.5 8. 0.75 2.0 0.30

35 1.2
40 12.2 11.7 13.0 1.06 2.8 0.35

49 11.3 13.4 15.1 1.15 = 2.7 0.38 1.4
60 12.0 14.7 17.0 1.32 2.9 0.43 1.5
68 12.5 18.0 19.8 1.48 3.0 0.48

71 12.1 17.2 19.9 1.48 3.7 0.45

76 1.7
80 12.3 18.8 22.0 1.58 3.7 0.53

9l 12.6 21.0 25.5 1.79 4.0 0.53

95 22.0 26.0 1.80 4.1 G.57

98 1.8
115 13.0 24.0 29.6 1.94 4.3 0.57
120 2.2
124 12.5 26.4 31.6 2.05 3.9 0.56
144 1.9
145 13.1 28.0 37.0 2.24 4.7 0.62
173 2.2
182 12.6 33.2 42.8 2.47 4.6 0.59 :
202 2.1
208 13.3 37.4 46.0 2.61 5.0 0.65
226 1.8
229 12.8 39.0 49.9 2.70 5.1 0.62
262 12.6 42.6 55.0 3.00 4.3 0.55
297 13.2 45.9 59.9 3.06 4.4 0.59
299 2.1
340 12.7 49.0 63.1 3.15 4.7 0.59
386 12.5 53.2 67.2 3.25 4.8 0.63
422 12.4 55.0 7.1 3.31
468 12.6 58.1 74.0 3.30
501 12.6 59.2 75.0 3.36

536 13.1 59.9 77.7 3.41
565 12.8 60.8 79.4 3.44
610 13.2 60.9 80.1 3.37
648 13.0 61.0 79.5 3.36
692 12.5 60.7 79.8 3.39
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FIGURE 4

Plots of the rates of hydrogen production as a function

of propane pressure at five different temperatures

A 252°C
B 276°C
C 301°C
D 325°C
E 350°C
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FIGURE 5

Plots of the rates of methane production as a function of

propane pressure at five different temperatures

A 252°C
B 276°C "
C 301°C
D 325°C
E 350°C
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FIGURE 6

Plots of the rates of ethene production as a function of

propane pressure at five different temperatures

A 252°C
B 276°C
C 301°C
D 325°C
E 350°C
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FIGURE 7

Plots of the rates of ethane production as a function of

propane pressure at five different temperatures

A 252°C
B 276°C
C 301°C
D 325°C
E

350°C : !
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FIGURE 8

Plot of the rates of 2, 3-dimethylbutane production as a
function of propane pressure at five different temperatures.
The rate of 2, 3-dimethylbutane production does not depend

on temperature

(0] 252°C
m} 276°C
A 301°C
v 325°C
X 350°C




<

0

@

o)

o 01 X(, 99s | 99 9]OWBNGE2A



- 49 - .

FIGURE 9

Plots of the rates of 2-methylpentane production as a

function of propane pressure at five different

temperatures
A 252°C
B 276°C
C 301°C
D 325°C
E 350°C :
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FIGURE 10

Plots of the rates of n-hexane production as a function of

propane pressure at five different temperatures

A 252°C
B 276°C
C 301°C
D 325°C
E 350°C
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concentration does not affect the rate of the H atom and C3H, radical
production in the first elementary act. The propyl radical produced may
undergo decomposition yielding methyl radicals and additional hydrogen
atoms. Hydrogen atoms react with the parent propane much faster
[k=6.3x 1013 exp(-8.0/RT) cc mole'lsec‘l] than do the methyl radicals
[k =8.1x 1otl exp(-10.3/RT) cc mole-! sec'l] (37). Consequently, the
rate of hydrogen production becomes pressure independent at lower
propane pressures and the rate of methane production at higher propane
pressures. A more detailed discussion of the 'dependence of the rates of
hydrogen and methane production on the propane pressure will be given
later in Chapter 4.

At low temperatures (2520 and 276°C), where presumabl
P P y

there is no decomposition of the propyl radical iato H atom and propene,
the rate of hydrogen production is independent of temperature and is
greater than the rate of production of any other product. This region is
referred to as a low-temperature region. At high temperatures (301°C,
325°C and 350°C) propyl radicals decompose to a considerable extent.
The rate of hydrogen production becomes dependent on temperature and
the rate of methane production becomes considerably greater than the
rate of hydrogen production. This region is referred to as a high-

temperature region.



- 52 -

3.2 Production of Hydrogen

It is well known that hydrogen is one of the major
products in the mercury-photosensitized decomposition of propane. In
the present investigation, at very low conversions the yield of hydrogen
was found to be a linear function of time in the time interval up to
5000 sec. Typical hydrogen-production plots at different temperatures
and pressures are shown in Figure 11. The independence of the rate of
hydrogen production on time indicates that true initial yields were
measured and that there was negligible addition of H-atoms to the olefins
produced in the reaction. The initial rates were obtained from the
slopes of the straight lines or by dividing the yields by time and taking
the average valueé.

A double logarithmic plot of the initial rates of hydrogen

production against propane pressure is shown in Figure 12. The order
with respect to propane changes continuously from unity at low pressures
to zero at high pressures of propane. Strictly speaking one should plot
the logarithm of the velocity against the logarithm of the propane con-
centration, since v =k c? [moles cclse c'l]. This can be written as

v = ki(P/RT)™ and for constantn, v = k'P2. Consequently, for low and
high propane pressures, which are of primary interest, one can plot
pressure 'msfead of concentration.

The rates of hydrogen production as functions of propane
pressure at five different temperatures are listed in Table 2. The
values are obtained from the diagrams in Figure 4. In the low-
temperature region the rate of hydrogen production is independent of
temperature. In the high-temperature region the rate of hydrogen pro-

duction increases rapidly with increasing temperature. By subtraction of
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FIGURE 1L

Typical hydrogen yield-time plots at different temperatures

and propane pressures

A 252°C and 10 mm Hg
B 252°C and 382 mm Hg
C 301°C and 11 mm Hg

D 301°C and 394 mm Hg
E 350°C and 8 mm Hg

F 350°C and 386 mm Hg
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FIGURE 12

Order plots for hydrogen production at five different

temperatures
A 252°C
B 276°C
C 301°C
D 325°C
E 350°C




Log vy,(mole cc! sec)+13

LS

(@)

E

o e g —— X— ¥ XXX —X X — X=X —X—

VY —yVy Vv v-V-V—

——————— Acp A
I;qu& o‘ExDB &‘%E?OA. o0-Eei—
| | 1
. 1.0 2.0 3.0
Log PCsHs[mm Hg]




- 56 -

the low-temperature rate of hydrogen production from the total rate of
hydrogen production, the rate of hydrogen production by the chain
mechanism is obtained. A more detailed discussion of the mechanism
of hydrogen production will be given later in Chapter 4., The plots of
the logarithms of the rates of the total and the chain-hydrogen pro-
duction against reciprocal temperature are shown in Figure 13 for a
propane pressure of 300 mm Hg. From the plot an activation energy of
38.7 kcal.mole} was obtained for the chain-hydrogen production. In
the same way the activation energies for the chain-hydrogen production
were obtained at other propane pressures. The values obtained are

listed in Table 2 in column 12, and are plotted in Figure 14.

3.3 Production of Methane

Typical methane yield-time plots at different temperatures

and pressures are shown in Figure 15. The yields are found to be a

linear function of time, which indicates that true initial yields were
measured. The initial rates were obtained from the slopes of the straight
lines or by dividing the yields by reaction time and taking the average
values.

A double logarithmic plot of the initial rates of methane
production against pressure of propane is shown in Figure 16. The order
with respect to propane changes continuously from 0.8 at low pressures
to zero at high pressures of propane.

The rates of methane production as a function of pressure
of propane at five different temperatures are listed in Table 3. The

values are obtained from the diagrams in Figure 5.
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TABLE 3

Rates of methane production as a function of temperature and propane pressure™

T[°C] 252 276 301 325 350
Ea

PC3H8[mm Hg) VCH4 VCH4 VCH4 v CHy4 v CH, kcal/mole
10 0.34 0.70 1.30 2.30 4.00 16.2
20 0.53 1.13 2.08 3.89 6.80 16.8
30 0.63 1.44 2.75 5.20 9.30 17.8
40 0.68 1. 68 3.34 6.45 11.5 18.6
60 0.70 2.00 4.33 8.48 15.4 20.8
80 0.70 2.20 5.15 10.2 19.0 22.3
100 0.70 2.34 5.75 11.7 22.3 23.3
150 0.70 2.47 6.85 15.1 29.5 25.4
200 0.70 2.48 T.47 17.9 35.6 26.4
250 0.70 2.50 7.86 19.7 40.9 27.2
300 0.70 2.50 7.97 20.8 45.7 27.9
350 0.70 2.50 8.00 21.4 50.2 28.2
400 0.70 2.50 8.00 21.8 54.0 28.9
450 0.70 2.50 8.00 22.0 57.0 29.1
500 0.70 2.50 8.00 22.0 59.1 29.5
550 0.70 2.50 8.00 22.0 60.3 29.5
600 0.70 2.50 8.00 22.0 60.8 29.5
650 0.70 2.50 8.00 22.0 60.9 29.5
700 0.70 2.50 8.00 22.0 60.9 29.5
*All rates are quoted in mole ce-! sec™l x 1013
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FIGURE 13

Plots of the logarithm of the rates of the total hydrogen and
the chain-hydrogen production at a propane pressure of

300 mm Hg, against reciprocal temperature

A total hydrogen
B chain hydrogen
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FIGURE 14

Plot of the energy of activation for the chain-hydrogen

production against the pressure of propane
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FIGURE 15

Typical methane yield-time plots at different temperatures

and propane pressures

A 252°C and 10 mm Hg
B 252°C and 382 mm Hg
C 301°C and 11 mm Hg
D 301°C and 394 mm Hg
E 350°C and 8 mm Hg
F 350°C and 386 mm Hg
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FIGURE 16

Order plots for methane production of five different
temperatures
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The rate of methane production is strongly dependent
on temperature and increases rapidly with increasing temperature.
A more detailed discussi on of the mechanism of methane production
will be given later in Chapter 4. The plot of the kgarithm of the rate
of methane production against reciprocal temperature is shown in
Figure 17 for a propane pressure of 700 mm Hg. From the plot an
activation energy of 29.5 kcal mole-! was obtained for the methane
production at 700 mm Hg propane pressure. In the same way the
activation energies for the methane production at other propane
pressures were obtained. The obtained values are listed in Table 3
in column 7, and are plotted in Figure 18. The activation energy
increases from an extrapolated value of 15 kcal mole-l at zero propane
pressure to a constant value of 29.5 kcal mole~l at high pressures of

propane. The difference amounts to 14. 5 kcal mole~!.

3.4 Production of Ethene

Typical ethene yield-time plots at different temp-
eratures and propane pressures are shown in Figure 19. The yields
are found to be a linear function of time, which indicates that primary
initial yields were measured. The initial rates were obtained from
the slopes of the straight lines or by dividing the yields by reaction
time and taking the average values.

Double logarithmic plot of the initial rates of ethene
production against pressure of propane is shown in Figure 20. The
order with respect to propane changes continuously from 0.8 at low
pressures to zero at high pressures of propane.

The rates of ethene production as a function of pressure
of propane at five different temperatures are listed in Table 4. The

values are obtained from the diagrams in Figure 6.




Rates of ethene production as a function of temperature and propane pressure *

T[°C] 252 276 301 325 350
Ea.

P C 3H8[mm Hg] v CoH, v CoH, v CoH, v CoH, v CoH,, kcal/mole
10 0.30 0.60 1.10 2.00 3.50 16.1
20 0.50 1.00 2.00 3.60 6. 40 16.7
30 0. 61 1.30 2.70 5.10 9.60 18.0
40 0.67 1.59 3.30 6.30 12.5 18.4
60 0.74 1.98 4.37 8.60 17.8 19.9
80 0.79 2.25 5.30 10.8 22.6 21.3
100 0.83 2.47 6.16  12.8 27.0 22.9
150 0.88 2.89 7.70 17.4 37.0 25.5
200 0.90 3.12 8.85 21.5 45.6 26.9
250 0.90 3.18 9.70 25.0 53.1 27.7
300 0.90 3.20 10.2 28.0 59.4 28.6
350 0.90 3.20 10.5 30.2 64. 6 29.1
400 0.90 3.20 10.5 30.9 69.0 29.1
450 0.90 3.20 10.5 31.0 72.6 29.3
500 0.90 3.20 10.5 31.0 75.6 29.5
550 0.90 3.20 10.5 31.0 78.1 29.7
600 0.90 3.20 10.5 31.0 79.7 29.7
650 0.90 3.20 10.5 31.0 80.0 29.7
700 0.90 3.20 10.5 31.0 80.0 29.7

# All rates are quoted in mole cc-lseclx 1013
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FIGURE 17

Plot of the logarithm of the rate of methane production at a

propane pressure of 700 mm Hg, against reciprocal

temperature
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FIGURE 18

Plot of the energy of activation for the methane production

against the pressure of propane
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FIGURE 19

Typical ethene yield-time plots at different temperatures

and propane pressures

A 252°C and 10 mm Hg
B 252°C and 382 mm Hg
C 301°C and 11 mm Hg
D 301°C and 394 mm Hg
E 350°C and 8 mm Hg
F 350°C and 386 mm Hg
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FIGURE 20

Order plots for ethene production at five different

temperatures
A 252°C
B 276°C
C 301°C
D 325°C
E 350°C
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The rate of ethene production is strongly dependent on

temperature and increases rapidly with increasing temperature. A
more detailed discussion on the mechanism of ethene production will be
given later in Chapter 4. The plot of the logarithm of the rate of ethene
production against reciprocal temperature is shown in Figure 21 for a
propane pressure of 700 mm Hg. From the plot an activation energy of
29.7 kcal mole -1 was obtained for the ethene production at 700 mm Hg
propane pressure. Similarly, the activation energies for the ethene
production at other propane pressures were obtained. The obtained
values are listed in Table 4 in column 7, and are plotted in Figure 22.
The activation energy increases from an extrapolated value of 15 kcal
mole~! at zero propane pressure to 2 constant value of 29.7 kcal mole-!

at high pressures of propane. The difference amounts to 14. 7 kcal mole™!,

3.5 Production of Ethane

Typical ethane yield-time plots at different temperatures
and propane pressures are shown in Figure 23. The yields are found to
be a linear function of time, which indicates that primary initial yields
were measured. The initial rates were obtained from the slopes of the
straight lines or by dividi.ng the yields by reaction times and taking the
average values.

A double logarithmic plot of the initial rates of ethane
production against the pressure of propane is shown in Figure 24. The
order with respect to propane changes continuously from 0.8 at low

pressures to zero at high pressures of propane.
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FIGURE 21

Plot of the logarithm of the rate of ethene production at

a propane pressure of 700 mm Hg, against reciprocal

temperature
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FIGURE 22

Plot of the energy of activation for the ethene production

against the pressure of propane
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FIGURE 23

Typical ethane yield-time plots at different temperatures
and propane pressures

A 252°C and 10 mm Hg

B 252°C and 382 mm Hg

C 301°C and 11 mm Hg

D 301°C and 394 mm Hg

E 350°C and 8 mm Hg

F  350°C and 386 mm Hg
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FIGURE 24

Order plots for ethane production at five different

temperatures
A 252°C
B  276°C
C 301°C
D 325°C
E 350°C
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The rates of ethane production as a function of the pressure
of propane at five different temperatures are listed in Table 5. The
values are obtained from the diagrams in Figure 7. The rate of ethane
production is dependent on temperature and increases with increasing
temperature. _

The plot of the logarithm of the rate of ethane production
against reciprocal temperature is shown in Figure 25 for a propane
pressure of 700 mm Hg. From the plot an activation energy of 24.0 kcal
mole-! was obtained for the ethane production at 700 mm Hg propane
pressure. Similarly, the activation energies for the ethane production
at other propane pressures were obtained. The values obtained are
listed in Table 5 in column 7 and are plotted in Figure 26. The activation
energy increases from an extrapolated value of 15 kcal mole! at zero
propane pressure to a constant value of 24.0 kcal mole~! at high pressures

of propane. The difference amounts to 9 kcal mole~l. Actually, atlow

propane pressures up to about 30 mm Hg the activation energy of ethane
production does not change with propane pressure and attains a constant
value of about 16 kcal mole-l. The mechanism of the ethane production

will be discussed in more detail in Chapter 4.

3.6 Production of 2, 3-Dimethylbutane

Typical 2, 3-DMB yield-time plots at different temperatures
and propane pressures are shown in Figure 27. The yields are found to
be a linear function of time, which indicates that primary initial yields
were measured. The initial rates were obtained from the slopes of the
straight lines or by division of the yields by reaction time, average

values being taken.
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TABLE 5

s

Rates of ethane production as a function of temperature and propane pressure

T[°C] 252 276 301 325 350 £,
PC3H8[mm Hg] VC2H6 VC2H6 VC2H6 VC2H6 VC2H6 kcal/mole
10 0.35 0.70 1.40 2.40 4.00 16.2 i
20 0.60 1.20 2.30 3.85 6.50 16.0
30 0.80 1.50 3.00 5.10 8.50 16.0
40 0.85 1.70 3.50 6.10 10.3 16.5
60 0.90 2.05 4.35 7.65 13.4 17.5
80 0.90 2.30 4.90 8.95 16.0 19.5
100 0.90 2.40 5.40 10.1 18.2 20.1
150 0.90 2.50 6.10 12.4 22.5 21.8
200 0.90 2.50 6.50 14.0 26.0 22.9
250 0.90 2.50 6.60 14.9 28.7 23.4
300 0.90 2.50 6.60 15.3 30.5 23.7
350 0.90 2.50 6. 60 15.5 31.7 23.9
400 0.90 2.50 6. 60 15.5 32.5 23.9
450 0.90 2.50 6. 60 15.5 33.1 24.0
500 0.90 2.50 6. 60 15.5 33.5 24.0
550 0.90 2.50 6. 60 15.5 33.8 24.0
600 0.90 2.50 6. 60 15.5 34.0 24.0
650 0.90 2.50 6. 60 15.5 34.0 24.0
700 0.90 2.50 6. 60 15.5 34.0 24.0

ot

% All rates are quoted in mole ccl sec”l x 1014
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FIGURE 25

Plot of the logarithm of the rate of ethane production ata
propane pressure of 700 mm Hg, against reciprocal

temperature.
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FIGURE 26

Plot of the energy of activation for ethane production against

the pressure of propane
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FIGURE 27

Typical 2, 3-dimethylbutane yield-time plots at different
temperatures and propane pressures
A 252°C and I0mm Hg
252°C and 382 mm Hg
301°C and 11 mm Hg
301°C and 394 mm Hg
350°C and 8 mm Hg
350°C and 386 mm Hg
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A double logarithmic plot of the initial rates of
2, 3-DMB production against pressure of propane is shown in Figure
28. The order with respect to propane changes continuously from
0.5 at about 10 to 50 mm Hg pressure to zero at high pressures of
propane. It should be pointed out that the order of 2, 3-DMB pro-
duction with respect to propane changes considerably at low pressures
of propane, up to 5 mm Hg (see Figure 8), and it may be expected
that the order of 2, 3-DMB production with reépect to propane at low
propane pressures is considerably higher than 0.5.

The rates of 2,3-DMB production as a function of
pressure of propane are listed in Table 6. The values are obtained
from the diagrams in Figure 8. Within the experimental error the
rate of 2,3-DMB production was found to be independent of temper-
ature in the temperature interval from 250°C to 350°C. Consequently,
the activation energy for 2, 3-DMB production is zero. A more
detailed discussion of the mechanism of 2, 3-DMB production will be

given later in Chapter 4.

3.7 Production of 2-Methylpentane

Typical 2-MP yield-time plots at different temper-
atures and propane pressures are shown in Figure 29. The yields are
found to be a linear function of time, which indicates that primary
initial yields were measured. The initial rates were obtained from the
slopes of the straight lines or by dividing the yields by reaction times
and taking the average values.

A double ogarithmic plot of the initial rates of 2-MP
production against the pressure of propane is shown in Figure 30. For
. clarity the rates are given at only three different temperatures. The
order with respect to propane changes continuously from 0.5 at about

10 to 50 mm Hg pressure to zero at high pressures of propane.
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FIGURE 28

Order plots for 2, 3-dimethylbutane production at five
different temperatures. There is one curve for all

temperatures.
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FIGURE 29

Typical 2-methylpentane yield-time plots at different | ‘

temperatures and propane pressures

A 252°C and 10 mm Hg
B ' 252°C and 382 mm Hg
C 301°C and 11 mm Hg
D 301°C and 394 mm Hg
E 350°C and 8 mm Hg
P 350°C and 386 mm Hg
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FIGURE 30

Order plots for 2-methylpentane production at three
different temperatures

A 252°C

B 276°C

D 325°C
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Again, it should be pinted out that the order of 2-MP
production with respect to propane changes considerably at low
pressures of propa.ﬁe up to 5 mm Hg (see Figure 9), and it may be
expected that the order of 2-MP production with respect to propane
at low propane pressures is considerably higher than 0.5.

The rates of 2-MP production as a function of the
pressure of propane at five different temperatures are listed in
Table 7. The values are obtained from the diagrams in Figure 9.

The rate of 2-MP production is dependent on temperature
and decreases with increasing temperature. A more detailed dis-
cussion of the mechanism of 2-MP production will be given later in
Chapter 4. .The plot of the logarithm of the rate of 2-MP production
against reciprocal temperature is shown in Figure 31 for a propane
pressure of 300 mm Hg. From the plot an apparent activation energy
of -3.4 kcal mole'l was obtained for the 2-MP production at 300 mm
Hg propane pressure. In the same way the activation energies for the
2-MP production at other propane pressures were obtained. The
values obtained are listed in column 7 of Table 7 and are plotted in

Figure 32.

3.8 Production of n-Hexane

Typical n-hexane yield-time plots at different temper-
atures and propane pressures are shown in Figure 33. The yields are
found to be a linear function of time, which indicates that primary initial
yields were measured. The initial rates were obtained from the slopes
of the straight lines or by division of the yields by reaction times and

taking the average values.
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TABLE 7

Rates of 2-methylpentane production as a function of temperature and propane

ol

pressure ©

T[°C] 252 276 301 325 350 E,
PC3H8[mm Hg] Vo _MP Vo _MP Vo _MP Vo MP Vo MP kcal/mole
10 2.5 2.1 2.0 1.8 1.7 -2.5
20 3.7 3.3 3.0 2.7 2.6 -2.4
30 4.7 4.1 3.8 3.3 3.1 -2.6
40 5.5 4.7 4.4 3.9 3.6 -2.6
60 6.8 5.8 5.3 4.7 4.3 -2.8
80 7.8 6.7 6.0 5.3 4.8 -3.0
100 8.6 7.4 6.5 5.7 5.2 -3.0
150 9.7 8.3 7.2 6.3 5.8 -3.5
200 10.0 8.5 7.5 6.5 6.0 -3.4
250 10.0 8.5 7.5 6.5 6.0 -3.4
300 10.0 8.5 7.5 6.5 6.0 -3.4

ote

" All rates are quoted in mole ccl seclx 1044
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FIGURE 31

Plot of the logarithm of the rate of 2-methylpentane

production at propane pressure of 300 mm Hg, against

reciprocal temperature
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FIGURE 32

Plot of the apparent energy of activation for the 2-methyl-

pentane production against the pressure of propane
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FIGURE 33

Typical n-hexane yield-time plots at different temperatures
and propane pressures
A 252°C and 16 mm Hg
252°C and 300 mm Hg
301°C and 18 mm Hg
301°C and 301 mm Hg
350°C and 22 mm Hg
350°C and 299 mm Hg
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A double logarithmic plot of the initial rates of n- hexane
production against the pressure of propane is shown in Figure‘ 34. The
order with respect to propane changes continuously from 0.5 at about
10 to 50 mm Hg pressure to zero at high pressures of propane. As with
2, 3-DMB and 2-MP the order of n-hexane production with respect to
propane changes considerably at low pressures of propane up to 5 mm Hg
(see Figure 10) and it may be expected that the ‘order of n-hexane pro-
duction with respect to propane at low propane pressures is considerably
higher than 0.5.

The rates of n-hexane production as a function of pressure
of propane at five different temperatures are listed in Table 8. The
values are obtained from the diagrams in Figure 10.

The rate of n-hexane production is dependent on temp-
erature and decreases with increasing temperature. A more detailed
discussion of the mechanism of n-hexane production will be given later in
Chapter 4. The plot of the logarithm of the rate of n-hexane production
against reciprocal temperature is shown in Figure 35 for a propane
pressure of 300 mm Hg. From the plot an apparent activation energy of
-6.0 kcal mole -1 was obtained for the n-hexane production at 300 mm Hg
propane pressure. Similarly, the activation energies for the n-hexane
production at other propane pressures were obtained. The values

obtained are listed in Table 8, column 7, and are plotted in Figure 36.
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TABLE 8

Rates of n-hexane production as a function of temperature and propane pressure*

T[°C] 252 276 301 325 350
Ea

Peg™™ Hel Vi comy Ya-Ceig "n-CeHyy m-CgHjg n-CeHiy keal/mole

10 1.25 0.95 0.75 0. 60 0.55 -5.8

20 1.88 1.40 1.20 1.00 0.82 -5.5

30 2.30 1.82 1.55 1.26 1.02 5.7

40 2.72 2.17 1.83 1.51 1.25 -5.7

60 3.35 2.7 2.29 1.90 1. 60 -5.3 '

80 3.85 3.13 2.60 2.18 1.81 -5.3

100 4.22 3. 42 2.80 2.35 1.95 -5.4

150 4.90 3.85 3.00 2.50 2.00 -6.0

200 5.00 4.00 3.00 2.50 2.00 -6.0

250 5.00 4.00 3.00 2.50 2.00 -6.0

300 5.00 4.00 3.00 2.50 2.00 -6.0

* 1 -1

All rates are quoted in mole cc™" sec "X 1015
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FIGURE 34

Order plots for n-hexane production at five different

temperatures
A 252°C -
B 276°C
C 301°C
D 325°C
E 350°C
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FIGURE 35

Plot of the logarithm of the rate of n-hexane production at
a propane pressure of 300 mm Hg, against reciprocal

temperature
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FIGURE 36

Plot of the apparent energy of activation for n-hexane

production against the pressure of propane
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3.9 Cross-combination of Propyl Radicals

The n-propyl and i-propyl radicals can combine and
cross-combine giving rise to three isomeric hexanes. The ratios

1/2 - . .
VZ_MP/(VZ’ 3.DMB x vn-C6H14) are listed in Table 9 at different

temperatures and pressures of propane. In average the ratios are
between 1.9 and 2.1. According to the simple collision theory of
chemical kinetics this ratio should be 2 for reactions with no activation

energy. This matter will be discussed further in Chapter 4.

3.10 Inert Gas Effect

The effect of inert gas on the rates of products formation
was briefly examined at 301°C. Various amounts of carbon dioxide

were added to propane at pressure of 15 mm Hg. The results are

summarized in Table 10. \
In one experiment helium was added instead of carbon ‘

dioxide. The effect was similar to that of carbon dioxide. The data
obtained are plotted in Figure 37.

The rates of formation of 21l products decrease strongly
with increasing pressure of added inert gas. At a carbon dioxide
pressure of 90 mm Hg the rates fall off to approximately 20% of their

values at zero pressure of inert gas.
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TABLE 10

The effect of CO, on the rates of formation of products

T = 301°C, PC Ha - 15 mm Hg, Hg-trap temperature = -32°%¢
378
PCOZ v(mole cc’lsec'l)x 1014
[mm Hg] H, CH, C,oH, C,H, 2,3-DMB 2-MP
0 26.5 17.0 15.5 1.9 14.8 2.5
5 22.0 10.0 9.0 1.3 8.7 2.2
9 18.6 8.0 7.5 0.8 7.0 2.0
16 15.0 6.2 5.6 0.5 5.2 1.5
28 10.0 4.6 4.5 0.4 3.5 1.2
45 7.0 4.0 4.0 0.4 3.5 0.9
65 6.0 3.9 3.9 0.3 2.9 0.8
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FIGURE 37

Inert gas effect on the rates of products formation.

T = 301°C, PC H = 15 mm Hg, Hg-trap temperature = -32°C
3*°8
A VHZ
B VCH4 ‘
C>H
244 ‘
D v2,3-DMB
E . V2-MP
F v

C,H



30

v (mole cc!'sec!) x 10"
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CHAPTER 4

DISCUSSION

4.1 Kinetics and Mechanism

The object of the present chapter is to consider 2
mechanism which can account for the primary reactions in the mercury-
photosensitized decomposition of propane. A primary reaction is a
reaction which occurs with a non-vanishing rate at zero reaction time.
Photochemical reactions are initiated by the primary photochemical
process, which comprises the series of events beginning with the

absorption of a photon by a molecule, and ending either with the dis-

appearance of that molecule or with its conversion to a state such that
its reactivity is statistically' not greater than that of similar molecules in
thermal equilibrium with their surroundings (17).

It is well established that the primary initial act in the
mercury-photosensitized decomposition of propane comprises the ex-
citation of mercury atoms by absorption of light, their de-excitation by
the quencher propane molecules, and a consequent C-H bond split in
propane (1). At low temperatures, below about 300°C, the hydrogen
atoms and propyl radicals produced undergo substitutions, combinations
and disproportionations. At high temperatures, the decomposition of
propyl radicals becomes predominant (10, 27, 28, 34). The subsequent
discussion will be based on the following reaction scheme, in which P
refers to the primary propyl radical, CH3CH,CH), and S to the secondary
propyl radical, CH3CHCH3



B4
[2p]
[2s]
(3p]
[3s]
[4]
(5]
Lé]
(7
Kl
L9l
[10a]
[10b]
[11]
[12]
[13]
[14p]
[14s]
[15p]
[15s]
(16p]
[16s]
[17]
(18]
[19]
[202a]
[20b]
[212]
211}

Hg + bV

Hg* + C3Hg
Hg* + C3Hg
H + C3Hg

H + C3Hg

2P

2s

P+S

2P

2S

P+8S

H+P

H+S

H + C,Hg

H + CH;

H + C,Hg
H+P

H+S

CH; + C3Hg
CH, + C3Hg
C,Hg + C3Hg
C,Hg + C,Hg
CH; + P

CH, + S

2CH

n g 4y
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Hg™*
Hg+H+ P
Hg+H+S
H, + P

H, +S

2
n—CéH14
2,3-DMB
2-MP

CgHg + C3H6
Calig + C3H
CaHg + C3H6
CH3 + C,Hg
CH3 + C,Hg
2CH3

CHy

C2H6

C3H8

C,Hg

CHy +P

CHy +S
C,Hg + P
C?_I-I6 +S
n-C4H10
i-C,Ho
C2H6

H + C3Hg
CH3 + C,H,
H+ C3H6

CH; + C2H4




- 99 -

The mercury-photosensitized decomposition of propane
is initiated by reaction [1] which represents the absorption of 2 photon
of wavelength 2537 A by the mercury atom. In this way mercury becomes
excited by 112. 2 kcal.mole -1 and is converted into the 6(3P1) state. The
rate of reaction [1] is equal to the intensity of absorbed light, i.e. v; = L.
In the present investigation the light intensities were not measured.
Reactions [2] represent the process of quenching of the
excited mercury atom to the ground state. The transfer of energy to the
propane molecule results in cleavage of the C-H bond. In this way
hydrogen atoms and n- or i-propyl radicals are formed. At low temper-
atures this is the only source of hydrogen. The rate of reaction [2] is
equal to @ I, where ¢ represents the quantum yield. It is believed that

the primary quantum yield of this process is close to unity (29, 32).

The hydrogen atoms produced abstract hydrogen atoms from
the parent propane molecules and form hydrogen molecules and n- or i-
propyl radicals. This process is represented by reactions [3].

Reactions [4], [5] and [6] are propyl-radical combinations.
They yield three isomeric hexanes, the relative amounts of which indicate
the ratio between n- and i-propyl radicals.

Reactions [7], [8] and [9] are propyl-radical disproportion-
ations, all of them yielding propane and propene. Neither of these
products could be directly measured by the methods of gas chromatography
employed in the present investigation, because of the presence of large
amounts of propane.

Reactions [10], and [11] are the atomic cracking reactions
between hydrogen atoms and alkyl radicals. These reactions were
introduced to explain the low-temperature methane and ethane production.
Under the conditions of the present investigation, these reactions occur to

a small extent.
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Reactions [12], [13] and [14] are combinations between
hydrogen atoms and alkyl radicals. There is a competition between
atomic cracking reactions and these combinations reactions. The
importance of reactions [12], [13] and [14] relative to reactions [10] and
[11] increases with increasing pressure of propane.

Reactions [15] and [16] are the abstractions of hydrogen
atoms from the parent propane molecules by methyl and ethyl radicals,
yielding methane and n- or i-propyl zadicals and ethane and n- or i-
propyl radicals, respectively. These reactions are a logical consequence
of reactions [10] and [11].

Reactions [17] and [18] are combinations of methyl and
propyl radicals yielding n- and i-butane. These products could not be
measured by the methods of gas chromatography employed in the
present investigation. However, they seem reasonable and are necessary
to account for the total disappearance of methyl radicals.

Reaction [19] is a combination of methyl radicals yielding
ethane. Under the conditions of the present investigation it occurs to
a very small extent.

Reactions [20] and [21] present the decompositions of n-
propyl and i-propyl radicals. At low temperatures, these reactions are
negligible. At high temperatures, however, the decomposition of propyl
radicals becomes predominant and reactions [20] and [21] play an
important role. A more detailed discussion on the decomposition of
propyl radicals will be considered later in this chapter.

The Arrhenius parameters for these individual reactions

are given in Table 1.



Kinetic parameters for

- 101 -

TABLE 11

elementary reactions

Reaction log k Reference
H + C3Hg ~ H; + C3H, 13.8 - 8.0/2.3 RT (37)
H + C3H; ~ CH3 + CHg 15 @)
H + C3H; >~ C3Hg

H + C,Hg ~ 2CH, 15 )
H + CoHy ~ C,Hy

H + CH3 >~ CHy =15 (2)
CH, + CgHg > CHy + C3H, 11.9 - 10.3/2.3 RT (37)
CH3 + P = n - C4H, 13.7 (39)
CH3 + S -~ i-C4Hjg

CH3 + CH,; > C,Hy 13.6 (40)
C,Hg + CaHg =~ CyHy + C3Hy 1.3 -10.4/2.3RT (41)
P+ P~ n-CgH 13.4 (37)
S+S - 2,3-DMB 13.4 (42)
P+S -~ 2-MP 13.7 (b)
P+ P - C3Hg + C3Hg 12. 6 (43)
S +8 - CgHg + C3Hg 13.2 (44)
P +S -~ CzHg + C3Hy 13 ()
P - H + C3Hg 4.1 - 37.0/2.3 RT (45)
P > CH; + C,H, 14.4 - 32.6/2.3RT (d)
S - H + CjHg 14.3 - 38.7/2.3_RT (d)
S -~ CH3 + C,H, 12.0 - 34.5/2.3 RT (46)

P = CH3-CH,-CH,

All A factors are in cc.mole

(2) These values are assume
frequency at 500°K. The rate constants of crackin

S = CH,-CH-CHj

reactions are combined in one.

(b) Calculated from intercombination ratio.

(<) Assumed value.

(d) This work, high-pressure value.

-lgec-l or sec-l; E in kcal.molefl.

d to be approximately equal to the collision
g and combination
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In order to have a better insight into the reaction conditions,
it will be useful to assesss the concentrations of reactive species in the
reaction cell. This is done for propane pressure of 10 mm Hg and 700 mm Hg
at five different temperatures. The estimates are summarized in Table 12.

With increasing concentration of propane the concentrations of
propyl radicals also increase, whereas the concentrations of ethyl, methyl
and hydrogen atoms decrease at the same time. The change of propyl-
radical concentration is about 10 to 100 times less than the change in concen-
tration of propane, while the change of concentrations of hydrogen, methyl
and ethyl radicals is comparable with that of propane.

The total concentration of radicals in the system [Rltotal iss
within the experimental error, independent of temperature. This is to be
expected since the total radical concentration depends only on the rate of

quenching of the excited mercury by propane. Once complete quenching is

achieved the total radical concentration is also independent of propane pressul
The overall dependence of the rates of product formation on
the pressure of propane, shown in Figures 4 - 10, has been attributed to the
complete quenching of the excited mercury atoms at certain propane pressure,
so that further increase in concentration of propane does not noticeably
affect the rate of reaction [2]. If this were true, then the introduction of
some other gas of comparable quenching cross-section would cause a
decrease of the rate of reaction [2] and complete quenching would occur at
lower propane pressure. Carbon dioxide has a quenching cross-section of
about 3 A2, comparable with that for propane of about 2 A2 (47), and it
successfully competes for quenching of mercury. The effect of added carbon
dioxide on the quenching of mercury becomes evident upon inspection of
Table 10 and Figure 37.
The rates of formation of all products fall off rapidly with
increasing pressure of added carbon dioxide, owing to is quenching of

excited mercury.
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TABLE 12

Approximate estimates of concentrations of the reactive species in the reaction cell™

PC3‘H8 =10 mm Hg
T [°C] —~ 252 276 301 325 350
[C3Hg] 3.0x 107 2.9x10-7 2.8x10°7 2.7 %107 2.6x10°7
[n-C5H.] 0.7x10-1% 0.6x10°1% 0.6x101%4 0.5x10°1%4 o0.5x107!%
[i-C3H7] 0.7x10-13  0.7x10°13  0.7x10°13 0.7x10°13 o0.7x10-13
[CoHs] 1.2x10-15  1.6x10°15  2.4x10°15  2.6x10°15  3.2x10°15
[CH3] > 8x10-15  3.8x1015  4.6x10°15  6.6x10715  8.0x10715
[H] 2 0x10-17  1.ax10°17  1.3=x10Y7  12x10l7  2.0x107
[Rltotal’ 0.81x10-13 o0.81x10713 0.83x10-13 0.84x 10-13  0.86 x 10713

PC3H8 = 700 mm Hg

T [°C] ~ 252 276 301 325 350 \ .
[C3Hg] 2.1x10-5 2.0x10"5 2.0x10-5 1.9 x 105 1.8 x 1075
[n-CsH7l  l.4x10-14  1.3x10  11x 10-14  1.0x10°1%  0.9x10°1%
[i-C3H7] L3x10-13  1.3x10°13  1.3x10°13  13=x1013  1.3x 10-13
[CoH5] 0.5x10716 0.9 x10°16  1.7x10-16 2.6x10°6 4.2 x10-16
[CH4) 0.8x10-6 2.0x1016 4.0x1016 8.9x10716 17x 10-16
[H] 1.1x 10718 0.7x10"18  0.6x%10"18 0.5x10°18 0.7=x10-18
[Rltotal L asx10-13 1.43x10°13 1a=x10713 lLaxild lLax 10-13

~ All concentrations are quoted in mole cc-l.

[R1ltotal denotes total concentration of radicals and hydrogen

The following expressions were used for estimations:

[CoH] = (v C2H6—k19[0H3]2) /¥y ¢[C3Hgl :

[n- C3H7] = (Vn

-CeHy4

/kgt/ 2 : [i-C3H7) = (vz, 3-pmB/ kg)/ 2.

atoms in the system.
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4.2 Steady-state Equations

The steady-state condition for hydrogen atoms, and methyl,
ethyl, n-propyl and i-propyl radicals, yields:

(1) v2p +v2g + V20a t V2la = V3p T V3s + viga * Viob t V11 + V32 V13

(2) V10 * Vi0b * 211 * V20b * V21b = V12 * Visp ¥ Viss * V17 + Vig ¥ V19
(3) Vi0a + V].Ob = Vll + V'13 + v16P + V16s
(4) v2p t V3p + Vi5p + Vigp = 2vy + vg +2vy ¥ Vg ¥ Vg, + Vi4p + V7

+ V202 T V20b

(5) Vag + V3g + V155 + Vigs T 2vg + v t 2v8 + Vg + Y10b + Vyge T vig

+voia t Vo1b
V2p = ¢Iao. and v = [0) Ia(l-a), abeing the fraction of n-propyl radicals
produced in reaction [2]. From the above equations the following
expressions can be derived:
F1

(6) [H] = where k3 = k3p + k3s
ks [C3H8] + F» -

F3
k5 [C3H8] +Fq neglected
Fg
(8) [CZHS] = where k16 = k16p + k16s

k16 [C3H8] + F6



(9

(10)

(11)

(12)

(13)

(14)
(15)

(16)
(17)

(18)

(19)

105 -

. =Fo+( F% + zchs)l/Z

[F] =

[s] =

C

. where Cy = 2(2k4+2k7-k6—k9)

2
-Fg + (Fg + 2C,F 9t/ 2

[C3H7liota1 =

Cz

where CZ = 2(2k5+2k8—k6—k9)

2
1/2
-Fyy + (Fyp + 2C3Fp) /

C where C3 = 2(2kg+2k+)
3

Fl = ¢ Ia + kzoa[P] + k21a[S] .

- r -
Fy = kloa[P] + klOb[S} + kll[CZHS] + klz[Cn3] + k13|_C2r15]

F

+k 4P[P] + Kk 44[S]

3= kma[H][P] + kwb[H] [s] + Zku[H][CZHs] + kgl Pl + k11081

Fy= kLZ[H] + ky7lP] + k18[S]°

Fg = koa[HIP] + klOb[H][S].

Fg

Fq

ky[H] + ky3lH].

kelT] + kg[T] + ky0alH] + k14P[H] + k17[CH3] + k0.  K20ps

where [T] = [C3Hliotal-

ok

H|[CHg] + ky5lCH3I[C3Hgl + Ky 6pl C2H51IC5tg].
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(20) Fg = ké[T] + kg[T] + klOb[H] + ky4[H] + klg[CH3] +kyp, +Ropp

where [T] = [C3H}¢otal-

(21) Fio = @I (1-a) + k3s[H][C3H8] + klss[CH3][C3H8] + klés[CZHs][c3H8].
(22) Fpy = klo[H] + k14[H] + k17[CH3] +kyq + kpy
(23)  Fyp = @1, + ky[HI[C,Hg) + kyg[CH,IIC,Hg] + X ([CoHLIIC,H].

4,3 Production of Hydrogen

The rate of hydrogen production as a function of propane

pressure is:

(24) v =

1+ ————
k3l C3Hgl \‘

The change of propane pressure causes a much smaller

change of and F2 than of k3[C3H8] (see Table 12), and the following

approximate equations can be derived:

Fy

H2
at low pressures of propane, and

at high pressures of propane.
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At high propane pressure the total concentration of
propyl radicals and of the n- and i-propyl radicals approaches a constant
value; Fy thus also approaches a constant value. Experimentally, t.he
order of hydrogen production with respect to propane changes from unity
at low propane pressures to zero athigh pressures of propane (see
Figure 12). This is in agreement with the present results, provided that
Fl/ F, = constant at low propane pressures and F1 =~ constant at high
pressures of propane.

In the high-pressure region, reactions [10a], fiob], [11],
[12], [13] and [14] can be neglected. At low temperatures, reactions
[202] and [21a] are also negligible. Under these conditions VHZ =v, = ¢Ia :
i.e., at low temperatures and high propane pressures the rate of

hydrogen production is constant and independent of temperature.

At high temperatures, reactions [202a] and [21a] are
additional sources of hydrogen and the rate of hydrogen production becomes
strongly dependent on temperature. In the high temperature region,
reactions [20a] and [21a], together with reactions [3p] and [3s] constitute
reaction chains producing hydrogen without a net consumption of propyl
radicals. In order to have some idea of chain lengths, we may define
chain length as the number of H atoms released by the decomposition of
propyl radicals per propyl radical formed, i.e. approximately

1 situati is £ complicated than
VHZ( chain)/vC6H14' The actual si ion is far more pli

this. Nevertheless this rough approximation indicates that chain lengths
are of the order of magnitude of 100 and that they increase with increasing
temperature. The activation energy for the chain hydrogen production
was found to be 38.7 kcal.mole'l, in good agreement with 38 and 37 kcal.
mole'1 found by Steacie (28) and Back (34) respectively. This will be

discussed later, together with the decomposition of propyl radicals.
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4.4 Production of Methane and Ethene

According to the proposed mechanism, the rates of
methane and ethene production should be approximately equal, because
their main sources are reactions [20b] and [21b]. (As will be seen later,
only reaction [20b] is of much importance). Experimentally these rates
were found to be approximately equal. At low propane pressures up to
about 40 mm Hg, the rate of methane production is slightly higher; on
the other hand, above 40 mm Hg the rate of ethene production predominates,
These results can be explained as follows. At low pressures of propane,
reactions [10a] and [10b] and, to a smaller extent, [11] and [12], might play
a role of some importance. They represent an additional source of
methyl radicals over reactions [20b] and [21b] and more than compensate
for the loss of methyl radicals through reactions [17], [18] and [19]. At
higher propane pressures, reactions [10] - [12] diminish in importance

and they less than compensate for the loss of methyl radicals, which

results in a lower velocity of production of methane than of ethene. Never-
theless it should be emphasized that reaction [20b] is the main source of
methyl and ethene at both low and high propane pressures and that
reactions [10] - [12] represent only the minor contribution which can be
neglected if only the major points of the mechanism are discussed.

The rate of methane production may be expressed as a

function of propane concentration:

(27) v =

1+
k5[ C3Hgl
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As in the case of hydrogen, F3 and F4 change much
less than k15[C3H8] with change of propane pressure, and the following

approximations can be derived:

F

3
(28) VC.H4 =~ FZ k15[C3H8]

at low pressures of propane, and

(29) VCH4¢=$F3

at high pressures of propane.
Since kyg 4% kg, the pressure of propane at which the rate
of methane production becomes independent of propane pressure should

be higher than that for hydrogen production. Experimentally this was \
|

found to be so.

Furthermore, according to the scheme for unimolecular

decompositions,
R+M ==R¥+M
R* -~ R - Products,

the propane pressure at which the equilibrium between the energized

propyl radicals and the propane molecules is established depends on
temperature. With increasing temperature the rate of decomposition of
propyl radicals increases, and a higher propane pressure is required

to establish the equilibrium between the energized radicals and the propane.
Consequently, the propane pressure at which the rate of methane
production approaches a constant value will also increase with increasing

temperature.
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Since the concentrations of ethyl, methyl and hydrogen
atoms change inversely to that of propane, the order of F3/ F4 with
respect to propane at low pressures is expected to be negative, and
consequently the order of methane production with respect to propane
is expected to be less than unity at low propane pressures. At high

propane pressure F3 approaches a constant value and Ven also becomes
4

constant. The order of methane production with respect to propane
was found to change from 0.8 at low propane pressures to zero at high
pressures of propane (see Figure 16).

Reactions [20b] and [21b], together with reactions [15p]
and [15s] constitute reaction chains producing methyl and ethene without
a net consumption of propyl radicals. In order to have some idea of
chain lengths for methyl radicals and ethene production, we may define

chain length as the number of methyl radicals or ethene molecules

released per n-propyl radical formed, i.e. approximately

+ . This rough approximation tells us that

chain lengths increase from the order of magnitude of 109 at 250°C to the
order of magnitude of 102 at 350°C.

The activation energy for methane production was found
to change from an extrapolated value at zero propane pressure of 15 kcal.
mole-! to 29.5 kca.l.mole'1 at high pressures of propane (see Figure 18).
The change in the activation energy for methane production is most
probably due to the pressure dependence of the first-order rate co-
efficient for the decomposition of 2 propyl radical into a methyl radical
and ethene. This will be discussed later together with the decomposition
of propyl radicals. However, there is also a possibility that quenching

of the excited mercury by propane produces hot propyl radicals, which
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decompose more readily than cold radicals in thermal equilibrium
with their surroundings. With increasing pressure of propane hot
radicals are deactivated and becane thermalized. Correspondingly,
the activation energy is increased until it reaches the high-pressure
constant value. Since the activation energy of hydrogen production by
the chain mechanism does not show the same behavior, it could imply
that excess energy in hot radicals is distributed in such a way that it
helps to break the C-C bond and does not affect the C-H bond. This
does not seem unreasonable if one considers that the C-C bond breaks
with lower activation energy than the C-H bond.

The same arguments apply to the production of ethene,
for which the activation energy changes from an extrapolated value at
zero propane pressure of 15 kcal mole-l to 29.7 kecal mole-! at high
pressures of propane (see Figure 22). The corresponding values found
by Steacie (28) and Back (34) were 20 and 22 kcal mole'l respectively.
The big difference may be accounted for by the change of activation
energy with the change of propane pressure. Their values were obtained
at a single pressure and there was no mention of the dependence of the
rate constant on the pressure of propane.

The rate of ethene production may be expressed as a

function of propane concentration:

30 v = k
(30 C,H, 20b C
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At high propane pressures, ¥7 and Fg approach constant

values, and consequently VCZH also becomes constant. 1t is more
4

difficult to describe the behavior of this function at low pressures of
propane. Because of the square-root dependence one could expect the
order of ethene production with respect to propane to be less than unity.
Experimentally the order was found to change from 0. 8 at low propane
pressures to zero athigh pressures of propane, as in the case of

methane (see Figure 20).

4.5 Production of Ethane

The mechanism of the ethane production seems to be

more complicated. The following expression may be written for the “
rate of ethane production:
Fs Fs3 ‘
= +k 2
e VCoH, Fe 19 | Kk 5[C3Hgl + Fy )
1+
k¢l C3Hgl

Because of the complexity of the function, it is difficult to describe its
behavior upon the change of propane pressure. Nevertheless, it might

be approximated by the following expression:

Fs F3
32 v ~ — Xy [C3Hgl + kyol =)

at low pressures of propane, and

~,

at high pressures of propane.
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From the known rate constants k;3, kj¢ and k19 (see
Table 11), and estimated concentrations of hydrogen atoms and methyl
and ethyl radicals (see Table 12), the rate of ethane production by
reactions [13], [16] and [19] may be estimated. The rate estimated in
this way does not account for the total ethane production. However, it
should be pointed out that the rate constants used to evaluate the
velocities and the radical concentrations are not so well known that
accurate estimates of velocities could be made. It is conceivable that
an error of a few orders of magnitude could be involved and that all of
the ethane is produced by reactions [13], [16] and [19].

The change of activation energy of ethane production with
the change of propane pressure also suggests a complicated mechanism
of ethane production (see Figure 26). The increase of the energy of
activation could be explained on the same basis as in the case of methane

and ethene.

4.6 Production of Hexanes

The rates of production of the three isomeric hexanes may

be expressed as follows:

2 1/2
-Fg + (Fg +2CF o) é
(34) v2,3-DMB ~ ksl o )

2 1/2 2 1/2
-F,+ (F5 +2CFyg /2.pg + (F& +2C,F ) /
(35)  vz2.mp = Kl & ) ( <, )

2 1/2
- + (F5 + 2CF
Fq+ (F7+2C 8))2
C

36) v = ka(
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The functions are complex and it is difficult to describe
their behavior upon the change of propane pressure. At high pressures
of propane, the functions F7, Fg, F9 and Fyq approach constant values
and consequently the rates of production of the three isomeric hexanes
also become constant. It is difficult to say anything about the behavior
at low propane pressures. The order of formation of the three isomeric
hexanes with respect to propane was found to change from 0.5 at about
10 to 50 mm Hg propane pressures to zero at high pressures of propane
(see Figures 28, 30 and 34). It should be pointed that the orders for the
formation of the three isomeric hexanes with respect to propane change
considerably at low propane pressures up to 5 mm Hg.(see Figures 8,

9 and 10) and the orders for the formation of the three isomeric hexanes
with respect to propane might be considerably higher than 0.5 at low
pressures of propane.

No significant change in the rate of 2, 3-DMB production
was detected when the temperature was changed from 250°C to 350°C
(see Figure 8), while the rates of 2-MP and n-CgH, diminished on
raising the temperature (see Figures 9, 10, 3l and 35). This implies
that the concentration of i-propyl radicals remains essentially constant,
while the concentration of n-propyl radicals decreases on raising the
temperature. The reactions of propyl radicals will be considered in the

next section.
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4.7 Combination and Disporportionation of Propyl Radicals

It is reasonable to assume that combinationsof propyl
radicals occur by an energy-transfer mechanism (48). Ii for the
moment only combinations of propyl radicals are considered, the following
general scheme may be put forward:
1
2C3H7 = C6H14*
-1
2
CgHyg* + C3Hg ~ C iy, + C3Hg

where C3Hg acts as a third body. The steady-state treatment of the

scheme of reactions leads to the rate of disappearance of propyl %
radicals: : “!
(37) -d[C3Hq]/dt = 2Kk k,[ C3H,1%[CaHgl/ (k3 + k[ C3Hgl).

At low pressure of propane when [C3H8] is sufficiently
small,
(38) —d[C3H]/ dt = (2kk,/ k_l)[C3H7]2[C3H8]

i_e. the rate of disappearance of propyl radicals is proportional to
the propane concentration. The rate-controlling step is deactivation
of CgHy 4*.

At sufficiently high pressures of propane,

(39) ~d[C3H)/ dt = 2ky[C3HA)?

The overall rate is controlled by the frequency of collision of propyl

radicals.
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Under the present reaction conditions one cannot expect
to observe the pressure dependence of propyl radical combination.
Measurements of the rate of combination of methyl radicals at temperatures
in the neighborhood of 25 0°C have indicated that pressure dependence
begins to occur at pressures below about 10 mm Hg of acetone and also
below 200 mm Hg of ethane at about 600°C (49). The combination of
ethyl radicals at 250°C was found to be pressure independent to as low
as 0.0l mm Hg of diethyl ketone (50). Because of the greater number of
vibrational degrees of freedom in hexane molecules the pressure in-
dependence of the propyl radical combination is expected to hoid to still
lower pressures.

The quantity of interest in the combination reactions of

alkyl radicals is often the ratio K,/ (Kaa b)l/ 2, where k,; and k,, are ‘%

for the combination of like radicals and ka.b is for their cross-com- '
bination. According to the simple collision theory of chemical rates, ‘
this ratio should be 2 for reactions with no activation energy. The same

value of the ratio could be predicted on the bas is of activated-complex

theory (51). 1In this case, the ratio of statistical factors or symmetry

numbers (52) has to be introduced into the rate equation. In the case of

two identical reactant molecules, the statistical factor is taken as the

pumber of equivalent products divided by 2. The ratio of rate constants

was verified by measuring the ratio of velocities,

1/2 i
VZ-MP/ (vn_ C 61114x v2, 3—DMB) /2  The resulis are in good agreement

with the predicted value and with the values determined for other alkyl
radicals (39) (see Table 9).

On the assumption that every collision results either in
combination or in disproportionation, and that disproportionation

requires no activation energy, the statistical formulation should be (53):
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(40) (kg + ko) /ey + k7)1/2 (kg + kg)l/2 = 2.

From this and the experimental data:
(41) k6/(k4k5)1/ 2 =2,

The ratio for the cross-disproportionation

7 1/2 8 1/2
(42) kg/k6=(1+ 1:;— ) 1+ 1?;) -1

can be derived; this cannot be accurately measured. With the values
of ko /k, =0.16 and kg/kg = 0. 63 (39) the value of kg/k, = 0.38 is
obtained, which compares with the value 0.41 * 0.02 obtained by Terry
and Futirell (70).

1f we assume that k; = kg, the ratio of i-propyl to n-
propyl radicals can be directly monitored by the relationship:

1/2
(43) [s1/IP] = (V2,3-DMB/vn-C6H14) /

which yields the values quoted in Table 13.
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The ratios do not change on change of propane pressure,
and are close to the value of 9.1 obtained by Gunning and co-workers
(18) for the i-propyl to n-propyl split in the primary step of the
mercury-photosensitized decomposition of propane. The data in
Table 13 are plotted in Figure 38. F;rom the plot the following ex-

pression was obtained:

(44) [S1/[P] =1.7 x 10% exp(-3.1/RT)

This result shows that in the temperature range of the present inves-
tigation the concentrations of propyl radicals differ from the equili-
brium concentrations, in qualitative agreement with the earlier
findings by Lin and Laidler (3). If the radicals were at equilibrium

the n-propyl radical concentration would be reduced to a few percent

of that of i-propyl, which is more stable by 3. 5 kcal.mole™l. The
temperature coefficient of the ratio [s]l/[P] is related to the increasing

rate of removal of the n-propyl radicals as the temperature increases.
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FIGURE 38

Plot of the logarithms of i-propyl to n-propyl
ratios against reciprocal temperature at

propane pressure of 300 mm Hg.
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4.8 Decomposition of Propyl Radicals

The decomposition to ethene: The decomposition

of n-propyl radicals to ethene is about 10> times faster than the de-
composition of i-propyl radicals to ethene (46), and under the present
conditions one can assume that all ethene results from the de-
composition of n-propyl radicals. Also, the decomposition of n-
propyl radicals to propene is about 103 times siower than the de-
composition to ethene (46) and in the present discussion the loss of
n-propyl radicals by reaction [203 may be reglected. In other words,
the only important reaction in the production of ethene is reaction [20b].
It is more convenient to follow the decomposition of n-propyl to
ethene and methyl by determining the ethene, since methyl radicals
may disappear by several reaction paths.

From the reaction scheme the rate of decomposition of

n-propyl radicals is given by:

v20b = KzoplF)

where K, g3 is a defined first-order rate coefficient. With reference
to reactions
[4] 2P — n-CgHyy
and

[20b] P -~ CH3 + CyH,

the rate coefficient kyqp, may be expressed as follows:

1/2

(45) kz0b = ¥4 /2

e,/ Vn-Ceya
With ky taken as 1013- 4cc.mole“lsec'1 and independent of temperature
(37), kpqop can be evaluated. The resulting values of the rate constant

kpop at different temperatures and pressures are listed in Table 14.
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TABLE 14

Values of the first-order rate coefficient ky(}, at different temperatures and

propane pressures*

T[°C] = ° 252 276 301 325 350
PC3H8[mm Hgl k20b k20b k20b k20b k20b
10 4.2 9.7 20.1 40.9 74.6
20 5.8 13.4 28.9 57.0 12
30 6.4 15.3 34.4 71.9 151
40 6.4 17.1 38.5 80.8 177
60 6.4 19.1 45.5 98.7 222
80 6.4 20.1 52.0 116 266
100 6.4 21.3 58.2 136 307
150 6.4 23.3 70.3 174 412
200 6.4 24.8 80.5 215 507
250 6.4 25.3 88.3 250 590
300 6.4 25.4 93.2 280 661
350 6.4 25.4 95.5 302 719
400 6.4 25.4 95.5 309 766
450 6.4 25.4 95.5 310 808
500 6.4 25.4 95.5 310 840
550 6.4 25.4 95.5 310 869
600 6.4 25.4 95:5 310 888
650 6.4 25.4 95.5 310 890
700 6.4 25.4 95.5 310 890

% The values of kpgp, 2re quoted in sec. -1
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The dependence of the first-order rate coefficient kj gy,
on the propane concentration at five different temperatures is shown
in Figure 39.

The plots are in qualitative agreement with the predictions
of the Lindemann theory, which gives the following expressions for the

first-order rate coefficient.

k
(46) Kl = ®
k,
1+
k_4[M]
and
(47) L= kl + L

At high pressures of propane the first-prder rate co=-
efficient for the decomposition of n-propyl radicals becomes independent
of pressure. The logarithms of the high-pressure rate coefficient against
the reciprocal temperature are plotted in Figure 40. This plot yields

the value of the high-pressure rate constant, which can be expressed as:
Kyop = 2.5 x 10t exp(-32.6/RT) sec”!

The energy of activation for the production of ethene at
high pressures of propane was found to be 29.7 kca.l.mole'1 (see
Figure 22), and the energy of activation in the expression for kpqp is
32.6 kcal.mole™l. The difference of 2.9 kcal.mole-! may be attributed

to the temperature dependence of the concentration of n-propyl radicals.

Since the ratio of i-propyl to n-propyl radicals is given by:
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FIGURE 39

Double logarithmic plots of the rate constant kpgp

against the propane concentration at five different

temperatures:
A 252°C
B 276°C
C 301°C
D 325°C
E 350°C
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FIGURE 40

An Arrhenius plot of kg 2t propane pressure

of 700 mm Hg.
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[S1/[P] = 1.7 x10% exp(-3.1/RT)

the concentrations of n-propyl and i-propyl radicals as a function of

temperature may be expressed as:

[n-C,H,] = const. exp(2.9/RT)

[i-C3H,] = const. exp(-0.2/RT)

which is consistent with the finding that the concentration of i-propyl
radicals is practically independent of temperature and that the concen-
tration of n-propyl radicals decreases with increasing temperature.

Figure 41 shows a Lindemann plot of the reciprocal of
the rate coefficient kj 1, against the reciprocal of the propane concen-
tration at 301°C.

At lower [C3I-I8] -1 yalues a typical deviation from

linearity is observed. Similar plots were obtained at other temperatures.
From the intercepts of the Lindemann plots at 276°C, 301°C, 325°C and
350°C the values of the high-pressure limiting rate constant kggb were
obtained. The values are listed in Table 15.

Figure 42 shows an Arrhenius plot of the results. From

the plot an expression for kzo(;)b was obtained:

ko, =1.6x 105 exp(-34.4/RT) sec™l,

From the slopes of Lindemann plots at 252°C, 276°C, 301°C, 325°C and
350°C the values of the low-pressure limiting rate constant kz%b were
obtained. The values are listed in Table 15. An Arrhenius plot of the

results is shown in Figure 43.
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FIGURE 41

A Lindemann plot of the kzo-t;l against [C3Hg] -1 at 301°C.
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FIGURE 42

An Arrhenius plot of kzo(())ia obtained from intercepts

of the Lindemann plots.
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FIGURE 43

An Arrhenius plot of kz%b obtained from the slopes of the

Lindemann plots.
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From the plot an expression for kz%b was obtained:

o
koop = 2.5x 107 exp(-17. O/RT)cc.mole-lsec '1,

The modern theories of unimolecular reactions are

based on the following scheme of reactions:

A* - A% - Products

From the Hinshelwood expression for the rate of energization the
number of normal modes of vibration contributing to the energization

of the molecule is given by the expression:

E® - E®° = (s-1)RT

Insertion of the values of 32.6 kcal. mole-l and 17. 0 kcal.mole~! for
the limiting high-pressure and low-pressure energies of activation
respectively, gives s =15 for the decomposition of the n-propyl
radical into the methyl radical and ethene. It is frequently found
that for relatively complex molecules
%n)s)%n
where n is the total number of vibrational degrees of freedom (54).
The present result is also within the same limits.

Table 16 lists the values for the rate constant for the
decomposition of n-propyl radicals into CH3 and CH, obtained by

other authors.
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In the work of Kerr and Trotman-Dickenson (43) the
photolysis of n-butyraldehyde was investigated in the temperature
range 270 - 420°C at an n-butyraldehyde pressure of about 25 mm Hg.
They noticed that a three-fold increase of pressure caused the rate
constant to increase by a factor of about1.6. A similar increase was
obtained by adding some 60 mm Hg of carbon dioxide. A reduction in
the aldehyde pressure by a factor of 20 considerably lowered the rate
constant. This aspect of the investigation was not carried further.

It is conceivable that these measurements were carried out in the
pressure-dependent region, which explains the somewhat lower
Arrhenius parameters.

Kerr and Calvert (55) studied the vapor phase photolysis
of azo-n-propane from 24°C to 290°C at 2 wave length of 3660 A. The
pressure of azo-n-propane was about 25 mm Hg. When the initial
pressure of azo-n-propane was approximately doubled the rate constant
was increased by a factor of about 1. 4. The addition of about 450 mm Hg
of carbon dioxide also increased the rate constant. The more efficient
activator, trimethylamine, caused the same increase at about 70 mm Hg.
A quantitative study of the pressure dependence of the rate constant
was not carried out. Since the reaction was studied at relatively low
temperatures, and azo-n-propane is an efficient energizer, it may be
expected that the reaction was being studied close to the pressure-
independent region. However, it should be pointed out that reactions
such as

C3HgN,C3H7 > CpHy + CH,N,C3H,
may represent an additional source of ethene in their system, thus

causing an apparent increase of the rate constant.
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In the work by Calvert and Sleppy (56) thermally-
equilibrated n-propyl radicals were generated homogeneously by the
selective photolysis of azomethane at 3660 A in n-butyraldehyde-azo-
methane mixtures. The reaction was studied in the temperature
range 200 to 280°C at total pressures from 80 to 100 mm Hg. This
investigation was probably also carried out in the pressure-independent
region. When the pressure was halved, however, the calculated rate
constant increased somewhat (55). The apparent increase of the rate
constant with decrease in pressure was most surprising; non-
homogeneous light absorption in the azomethane mixtures may explain
these results. A possible source of error in the aldehyde work is
the presence of the radicals CHZCHZCHZCHO and CH3CH2CHCHO,
which may decompose into CoH, + CH,CHO and CH3 + CH,CHCHO
respectively: there would therefore be higher rates of formation of
methane and ethene.

Lin and Laidler (57) investigated the thermal decompo-
sition of propane sensitized by azomethane in the temperature range
from 260 to 300°C at a pressure of about 190 mm Hg. The decompo-
sition of n-propyl radicals occurred close to the pressure-independent
region, so that the high-pressure Arrhenius parameters were obtained.

The measurements of Bywater and Steacie (28) and of
Back and Takamuku (34) were most probably carried out in the pressure-
dependent region so that low values for Arrhenius parameters were
obtained. Their values fall between the values for the low pressure
limiting rate constant and the high-pressure limiting rate constant
obtained in this work.

The present data are compared with those of the previous

studies in Figure 44.
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FIGURE 44

Arrhenius plots of the rate constant, kpgp. obtained

in several different studies.
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Thermochemistry: - With the high pressure value

of E;(p, it is possible to calculate the bond dissociation energy of
the C-C bond in the n-propyl radical, the standard enthalpy of formation
of the n-propyl radical, and the primary C-H bond dissociation energy
in the propane molecule.

‘ The activation energy E,gp, = 32.6 kcal.mole ! is
related to the standard enthalpy change AHSOb for the reaction [20b]

at a given temperature T by:

_ T
‘o) _ _ O
(48)  AHYy =Ejqp - E_zp + RT =AHZ0p0 + O/ ACLAT

where AHSObO is the standard enthalpy change at 0°K. By definition

(o}

(49) AHS 610

= Do(n-CH3-CH,CH,)

where D, denotes the dissociation energy at 0°K. Therefore

T
o

T
The integral / ACPdT presents the net enthalpy change
°

in raising the system from 0°K to T°K. To evaluate the integral the
heat capacities of CH3, CyH,4 and C3Hy should be known as a function
of temperature. Since the heat capacities as a function of temperature
are not known over a wide enough range of temperatures, it is easier
to evaluate the net enthalpy change from the listed values for the heat
contents. On the assumption that the enthalpy of n—C3H7 is the same as
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for C3Hg and using the values for heat contents of C;Hy and C3Hg (58)
and of CHg3 (59) the net enthalpy change in raising the system from 0°K
to 600°K (approximately the middle of the present temperature range)
is 1. 3 kcal. mole~!. The value of RT at 600°K is 1.2 kcal.mole .
Taking the value for E_jop = 8.6 kca,l.mole'1 obtained by Brinton (60),
the bond dissociation energy at 0°K, Do(n—CHs—CHZCHZ) is obtained:

Do(n-CH3-CH,CHy) = 23.9 kcal. mole ™!

The standard bond dissociation energy DH® at 25°C then amounts to

DHO (n-CH3-CH,CH,) = 24.3 kecal.mole™}

which compares well with 23.0 kca.l.mole'1 and 25.5 kca.l.mole'1 obtained
by Lin and Laidler (57) and Benson (61) respectively.

From the relation

(51) DHO(n-CH3-CH,CHp) = AH?(CH3) + AH (CoH)) - AH{ (n-C3H7)

the standard heat of formation AH? (n-C3H7) for the n-propyl radical may
be obtained. If the standard heat of formation for the methyl radical,
AH? (CH3) is 32.0 kca.l.mole'l, and that for ethene AH? (CZH4) is

12.5 kca.l.mole'1 (17), the standard heat of formation for the n-propyl
radical is:

AH? (n-C3H,) = 20.2 kcal.mole™t.

This is to be compared with 20. 9 kcal.mole -1 1isted by Calvert and
Pitts (17).

The primary C-H standard bond dissociation energy in

propane may be obtained from the relation
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(52) DHO(CH3CH,CH,-H) = AH{ (n-C3Hy) + AHP (H) - AHg (C3Hg)

With AHJH) = 52.1 keal.mole ™}, AHQ(C3Hg) = -24.8 keal.
mole~! (17), and AHY (n-C3Hy) = 20.2 kcal.mole™!l, obtained in this
work,

DHO(CH3CH,CH,-H) = 97.1 kcal.mole™"

This is to be compared with the value 98 2 kcal.mole™ ! listed by Kerr (62).
The thermodynamical formulation of reaction rates gives

the unimolecular rate coefficient in the form

(53) k=e _1_<L'I' eASié/Re"EEXp/RTsec‘1

where AS% is the entropy of activation, and other symbols have their

usual meaning. Comparison with the Arrhenius equation

(54) k = Ae-EeXP/RT sec}

gives

(55) A = el;—r eASi!/R sec'l

and

(56) AS? = R(lnA - lnf]l:r—r ) cal.deg. ~lmole™l.

For the decomposition of n-propyl radicals into methyl

and ethene at 600°K we obtain

AS? = 4.1 cal.deg. 1

mole™ ",

and at 25°C
ASfJ' 5.4 cal.deg. -Imole~t.

These values indicate a loose structure of the activated complex.
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The entropy change for the reaction [20b] may be

evaluated from the expression:

(57) AS;g9p = Rln (AZOb/A-ZOb) cal.deg. -lmole-l
With Brinton's (60) data for A_zqp = 10t2.1 cc.mole"lsec'1

ASyop = 10.6 cal.deg. lmole™?

if the standard state is taken as 1 mole cc™l of ideal gas. This value
compares well with AS;qg, =12.0 cal.deg. -lmole-! calculated from
listed entropies (17) for ethene, methyl and n-propyl radicals at 25°cC.

Decomposition to propene: There is some un-

certainty about the relative rates of decomposition of i-propyl radicals
into ethene and methyl radicals, and into propene and hydrogen atoms
respectively. Also, if decomposition of i-propyl radicals into ethene
occurs under given conditions, it is not certain whether it occurs
directly or via the isomerization into n-propyl radicals. The activated
complex is probably the same for the isomerization reaction and the
direct decomposition: CHg - C{-I “?HZ . However, there is no
“H
direct evidence of the isomerization process. Billinge and Gowenlock
(63) pyrolyzed separately di-n-propylmercury and di-i-propylmercury
in order to investigate the jsomerization of propyl radicals. In neither
case did the products reveal the occurrence of the isomeric propyl

radicals.
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Jackson and McNesby (64) found the ratio of the rate
constants k21p/ ky,, for the i-propyl radical decomposition into ethene
and methyl and into propene and hydrogen atoms respectively to be
about 0. 04 at 500°C, with no evident temperature trends. If the isomeri-
zation of i-propyl to n-propyl is simultaneous with, or is an immediate
precursor of decomposition, they concluded that k21p/ ko, = 0.07.
Falconer, Rabinovitch and Cvetanovic (65) pointed out that this value
must be accepted as an upper limit, and that C-H rupture is the pre-
dominant path for the i-propyl decomposition, possibly to the exclusion
of the C-C rupture. On the other hand, Kerr and Trotman-Dickenson
(44) give expressions for the corresponding rate constants, from which
the ratio kZ]_b/kZlaz’rl in the temperature range from 250°C to 350°C
may be evaluated. From the resulfs of Heller and Gordon (66) the ratio
kZlb/kZla in the temperature range from 250°C to 350°C is again close
to unity.

The percentage conversion in the work of Kerr and
Trotman-Dickenson (44) and of Heller.and Gordon (66) was not mentioned.
It should be pointed out that in some instances the ethene in the isopropyl

systems might arise from the reactions:

H + C3Hg —~ n-C3He
n-CzH, — CH3z+ C2H4
Although the non-terminal addition of hydrogen atoms to propene amounts

to only 6% (67), continued attack by the H atoms may eventually lead to

substantial C-C rupture via n-propyl radicals.

From the point of view of hydrogen production in the
present system, the eventual loss of i-propyl radicals via reaction [21b]
tends to be compensated by the occurrence of the reaction [20a]. The

present discussion will therefore be based on the assumption that all
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hydrogen comes from the decomposition of i-propyl radicals and that
all i-propyl radicals decompose via reaction [21a], bearing in mind
the uncertainties involved. If the assumption proved to be incorrect,
then the derived kinetic parameters would correspond to some average
value for n- and i-propyl radicals. The kinetic parameters for the
decomposition of n- and i-propyl radicals into propere are very close (46)
(see also Table 11) and the eventual error involved cannot be of much
significance.

From the reaction scheme the rate of decomposition of

i-propyl radicals is given by:

V2ia " kZla[S]

where ky;, is 2 defined first order rate coefficient. The rate of propene

production was not measured in the present work. The rate of hydrogen
production by reaction [21a] (chain hydrogen) may be obtained by sub-
tracting the rate of the low-temperature hydrogen production, V3o from
the rate of the total hydrogen production. The rate coefficient kyj, is
then given by:

V2la  VH2(chain)

58 k = =
e 2 s [s]

The rate of 2, 3-DMB production is given by:

B 2
V2,3-DMB " ks[S]

The concentrations of i-propyl radicals can be expressed in terms of
the rate of 2, 3-DMB production and the following expression is obtained

for the rate coefficient k2ja:
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(59) %212 = *37 % Vepy(chainy/ 72, 3.omn)" °

With kg = 1013.4 cc.mole'lsec'r‘and temperature independent (37),
k15 can be evaluated. The obtained values of the rate comstant kpj, at
different temperatures and pressures are listed in Table 17.

The rate coefficient ky;, does not show any regular
dependence on the propane pressure at pressures above about 10 mm Hg.
If there is a fall off of k,, with decreasing propane pressure it must
then take place in the pressure region below0mm Hg. The plot of the
logarithms of the high-pressure rate coefficient against the reciprocal
temperature is shown in Figure 45. From the plot the value of the

high-pressure rate constant can be expressed as:

Kp1a = 2.0 x 1014 exp(-38.7/RT) sec™

The values of the rate constant for the decomposition of i-propyl
radicals into propene and hydrogen obtained by other authors are listed

in Table 18.
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TABLE 17

Values of the first-order rate coefficient kpj, at different

temperatures and propane pressures

T[°C] 301 325 350
PC3H8[mm Hg] K1a k21a k21a
5 0.29 0.98 3.6
10 0.38 1.5 5.7
20 0.42 1.8 6.6
30 0.45 1.8 6.0
40 0. 40 1.7 6.5
60 0.33 1.5 5.8
80 0.35 1.5 5.5
100 0.38 1.5 5.3
150 0.37 1.4 5.1
200 0.37 1.4 5.1
250 0.37 1.4 5.1
300 0.37 1.4 5.1

* The values for kpj, are quoted in secl,
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FIGURE 45

An Arrhenius plot of k215 at a pfopane pressure

of 300 mm Hg.
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Kerr and Trotman-Dickenson (44) investigated the
photo-initiated chain decomposition of i-butyraldehyde between
20°C and 500°C. The rate of formation of propene by decomposition
of i-propyl radicals was obtained as a difference between the rate
of total propene production and the rate of propene production by
disproportionation of i-propyl radicals and decomposition of i-
butyryl radicals. The amounts of 2, 3-DMB were estimated from
measurements of the rate of propane production. In view of the
complexities the agreement with present work is very good.

Heller and Gordon (66) studied the photolysis of di-i-
propylketone-d2 over the temperature range from 100°C to 500°C.
In their work the rate of production of propene by decomposition of
i-propyl radicals was obtained by subtraction from the total propene
produced of the propene produced by disproportionation of i-propyl

radicals and by decomposition of ketonyl radicals. This procedure

could involve some error which may be reflected in a somewhat

Y /

lower activation energy.

Leathard and Purnell (68) obtained an expression for
the rate constant, ki, from a thermochemical estimate of
Ez1a - E_215 28 38.8 keal.mole-! near 800°K, and by taking the
value of k215 at 800°K as 1013- 5 (our value at 800K is 1013-8), For
the activation energy, E_21a, they assumed the value of 3 kcal.
mole'l, and they obtained the E2j5 as 42 kcal.mole™l. Yang (69)
suggested 1.5 or 2.2 kcal.mole"} for E_a- The value of 42 kcal.

mole-l can be in error by any error in the value for E_215.
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The studies of Bywater and Steacie (28) and of Back
and Takamuku (34) on the mercury-photosensitized decomposition of
propane have been discussed earlier. It should be noted that here,
in contrast with the case of decomposition of n-propyl radicals, good
agreement exists between their results and the results obtained in
the present work. Here the agreement is to be expected since both
measurements were carried out in the pressure-independent region.

The position of the present data relative to those of the

previous studies is shown in Figure 46.

Thermochemistry: With the high pressure value

of E2]a it is possible to calculate the bond dissociation energy of the
C-H bond in the i-propyl radical, the standard enthalpy of formation
of the i-propyl radical and the secondary C-H bond dissociation

energy in the propane molecule.

The activation energy E215 = 38.7 kca.l.mo].e"1 is
related to the standard enthalpy change AH‘Z)la for the reaction [21a] at

a given temperature T by

O -
(60) AHS, =Ez1a - F21a T RT

T
= AHD20 + / ACdT
o
o e
where AHglaO is the( .. _enthalpy change at 0 K. By definition

(61) AHS,0 = Doli-CH3CHCH,-H)

where D, denotes the dissociation energy at 0°K. Therefore,
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FIGURE 46

Arrhenius plots of the rate constant, kj;.,

obtained in several different studies.
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T
(62) Do(i-CH3CHCH,-H) = E15-E_z), + RT - /ACPdT
o]

T
Here again, the integral /ACPdT represents the
(e}

net enthalpy change in raising the system from 0°K to T°K. To
evaluate the integral, the heat capacities of H, C3H6 and C3H7

should be known as a function of temperature. Since the heat capacities
as a function of temperature are not known over a wide enough range

of temperatures, it is easier to evaluate the net enthaloy change from
the listed values for the heat contents. On the assumption that the
enthalpy of i-C3H7 is the same as for C3Hg and using the values for

the heat contents of C3Hg and C3Hg (58) and of H (59), the net

enthaipy change in raising the system from 09K to 600°K (approximately

the middle of the present temperature range) is 1. 5 kcal.mole~l. The
value of RT at 600°K is 1.2 kcal.mole™l. With the value E_2]5 = 1.5 keal. ‘
mole-! (69), the bond dissociation energy at 0°K, -
D,(i-CH3CHCH,-H) is obtained:

D,(i-CH3CHCH,-H) = 36.9 kcal.mole"!

o

The standard bond dissociation energy DHC at 25 C then amounts to
DEO(i-CHCHCH, -H) = 38.1 keal.mole™

which can be compared with 39 kca.l.mole—l listed by Kerr (62).

From the relation

(63) DHO(i- CH3CHCH,-H) = AH{ (H) + AHP(C;Hg) - AHE(i-C3H7)
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the standard heat of formation AHg(i-C3H7) for the i-propyl radical
“may be obtained. If the standard heat of formation for the hydrogen
atom, AH?(H) is 52.1 kcal.mole'l, and that for propene,

AH?(C3H6) is 4.9 kcal.mole'1 (17), the standard heat of formation for
the i-propyl radical is

AHP (i-C3H,) = 18.9 keal.mole ™

compared with 17.6 kcal.mole! listed by Benson (61).
The secondary C-H standard bond dissociation energy

in the propane molecule may be obtained from the relation

(64) DHP[(CH3),CH-H] = AHg(i-C3H7 + AH(H) - AHg (C3Hg)

With AH? (H) =52.1 kcal.mole-l, AH?(C3H8) = -24.8 kcal.mole'1 (17)
and AHP (i-C4H,) = 18.9 kcal.mole™}, obtained in this work,

DEO[(CH3),CH-H] = 95.8 keal.mole ™

This is to be compared with the value 94.5 kcal.mole ™! listed by
Kerr (62).
The thermodynamical formulation of the reaction rates
gives the unimolecdar rate coefficient in the form
#/R -
kT AS7/R_-Eexp /RT_ -1

e ec
h

(65) K =

where AS?é is the entropy of activation, and other symbols have their

usual meaning. Comparison with the Arrhenius equation

(66) k= Ae—EeXP/RTsec"l

gives
kT ASF/R __ -1
(67) A=e3-e sec
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and

(68) AS* = R(ln A-In %r )cal deg. “lmole™1

For the decomposition of i-propyl radicals into

hydrogen atoms and propene at 600°K we obtain

ASié = 3.7 cal.deg. Lote!
or at 25°C

£
AST

5.0 cal.deg. “Imote ! .

These values indicate a loose activated complex for the decomposition
of i-propyl radicals into H and C3Hg.
The entropy change for the reaction [21a] may be

evaluated from the expression:

(69) A5, =Rin (AZIa/A-Zla) cal. dc—:g.'lr\:\.ole'1

With Yang's (69) value of 10!3 cc.mole'lsec'1 for A_jj,, it is found
that
AS, = 6.0 cal.deg."lmole™t,

the standard state being taken as 1 mole cc-l of ideal gas. This value
compares well with AS15 = 5.2 cal. deg.']-J:nole’1 calculated from
listed entropies (17) for propene, hydrogen atoms and i-propyl radicals
at 25°C.



- 152 -

CLAIMS TO ORIGINAL RESEARCH

The mercury-photosensitized decomposition was re- investigated

at 252°c, 276°C, 301°C, 325°C and 350°C and in the pressure

range from 5 mm Hg to 700 mm Hg. The kinetics of the formation

of hydrogen, methane, ethene, ethane, 2, 3-din:1éthy1butane, 2-

methylpentane and n-hexane have been studied in detail.

The rates of formation of all measured products were found to
be pressure dependent. The rates approached constant values
at high pressures of propane. The influence of CO, as a foreign

gas has been examined to check this pressure dependence.

On the basis of the proposed mechanism a semi-quantitative
discussion of the pressure dependence of the rates of the product

formation has been given.

The pressure dependence of the energy of activation for the
production of methane and ethene has been examined, and the
formation of hot propyl radicals in the first elementary act has

been considered.

From the measurements of the rates of 2, 3-DMB, 2-MP and
n-CgHig production, the cross-combination ratio

ka.b/(ka,a. x kbb)l/z was found to be close to 2. The ratio k9/k6,
for the cross -disproportionation has been derived; the value of
0. 38 has been obtained. The ratio of i-propyl to n-propyl
radicals at propane pressure of 300 mm Hg has been found to

be given by the expression [sl/[P]l =1.7x 102exp(-3.1/RT).

A
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The pressure dependence of the first-order rate coefficient
for the unimolecular decomposition of the n-propyl radical
into methyl radical and ethene has been examined. The
limiting high-pressure and low-pressure Arrhenius para- -
meters for the thermal decomposition of the n-propyl radical
have been deduced from a temperature and pressure study.
The number of normal modes of vibration contributing to the

energization of the n-propyl radical has been estimated.

From the limiting high-pressure Arrhenius parameters for
the n-propyl radical decomposition, and from the high-
pressure energy of activation for the ethene production, the
temperature dependences of the concentrations of n-propyl

and i-propyl radicals were obtained.

From the kinetic measurements the C-C bond dissociation
energy in the n-propyl radical has been calculated. The
standard enthalpy of formation of the n-propyl radical, and
the primary C-H bond dissociation energy in the propane
molecule, have been derived. The entropy of activation for
the unimolecular decomposition of the n-propyl radical into a2
methyl radical and ethene has been estimated. The entropy
change in the decomposition reaction of n-propyl radical has

been evaluated.
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The pressure dependence of the first-order rate coefficient
for the unimolecular decomposition of the i-propyl radical
into a hydrogen atom and propene has been examined. The
high-pressure Arrhenius parameters for the thermal de-
composition of the i-propyl radical have been deduced from

a temperature and pressure study.

From the kinetic measurements the C-H bond dissociation
energy in the i-propyl radical has been calculated. The
standard enthalpy of formation of the i-propyl radical, and
the secondary C-H bond dissociation energy in the propane
molecule, have been derived. The entropy of activation for
the unimolecular decomposition of the i-propyl radical into
a hydrogen atom and propene has been estimated. The
entropy change in the decomposition reaption of i-propyl

radical has been evaluated.
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