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kdis/ kcom 18 proportional to 7% for the reaction in
isooctane and to 77%¢ for that in glycol.

The balance of products was again low,*® as in the
photolysis of azoethane! and azomethane,®® e.g., we
could not account for about 209, of radicals when the
reaction proceeded at —191°. Photolysis of CF;N.CF,
in 2,3-dimethylbutane shows excellent balance of prod-
ucts at 7 > —30° At —191° the ratio (BF.:H +
2CsF¢) /N, was again low (about 1.74),

All these observations resemble those reported for
the interaction of ethyl radicals,! namely (1) the in-
crease in kais/kcom when glycol replaces isooctane as
a solvent; (2) the increase of Rgis/kcom With decreasing
temperature which seems to be represented by a func-
tion 7'72; (3) convergence of the kais/kcom values at the
lowest temperatures to a limit which seems to be com-
mon for all the investigated solvents. It appears,

(4) (a) In reply to the referee’s question, we stress that the balance is
expected to be low at higher temperatures and in the presence of scavengers,
since the reaction of primary radicals with the solvent radicals and the
scavenger gives products other than CH¢, CyH¢, and CsHs. Such reac-
tions, we believed are unlikely at liguid nitrogen temperature, and there-
fore the low balance obtained in those experiments puzzles us. (b) R. E.
Rebbert and P. Ausloos, J, Phys. Chem., 66, 2253 (1962).
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therefore, that these characteristic features of the
radical combination and disproportionation are typical
of radical interactions in solution.

There is one interesting qualitative difference in the
behavior of azoethane and methyl-ethyl azo compound.
In the photolysis of solid azoethane the value of k4is. kcom
was found to be lower than that obtained at the same
temperature in other solvents. It was suggested! that
this result may have been due to the crystal lattice
effectively freezing the radical and preserving their
initial orientation which favors the combination.
In the methyl-ethyl system the kais/kcom ratio was again
lower in the solid azo compound than'in other solvents,
although to a much smaller degree. As this azo
compound is not as symmetrical as azoethane, the
crystal lattice may have had less'influence on the orien-
tation of the radicals and thus combination would not
be favored to such an extent.
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The thermal decomposition of cyclobutane has been studied using gas chromatography for analysis at pres-

sures from 43 mm. to 1.7 X 10~¢ mm. at a temperature of 449°.
Propylene and l-butene are formed in small amounts by zero-order reactions.

first-order decomposition.

Etliylene is the product of a homogeneous

The shape of the curve of first-order rate constant for ethylene formation as a function of pressure is consistent
with the Kassel theory, if s is taken to be 14, or the Slater theory, if 7 is taken to be 16.

Introduction

The thermal decomposition of cyclobutane in the gas
phase has been shown to be a homogeneous unimolecu-
lar reaction.?=® The primary product is ethylene,
although traces of C;, Cs, and C; compounds have been
detected.®® The first-order rate constant decreases
at low pressures, as predicted by the Kassel or Slater
theories® of unimolecular reactions, but there has been
some disagreement as to the shape of the fall-off curve.
Values for the effective number of normal modes con-
tributing to the decomposition have been quoted®?s
which vary from 8 to 20.

Experimental

The furnace and associated equipment have been described
previously.® Spherical reactors of 100-ml., 1-1., and 5-1. volumes
were made from Pyrex flasks. One therimocouple was used in the
small reactor, and four thermocouples in the large reactors.
The temperature variation over the surface of the 5-l. reactor
was less than 3°, and the drift in temiperature during a 2-hr. run
was less than (.6°.

Cvclobutane was prepared by the photolysis of cyclopenta-
none!® “12and purified by gas chromatography. The samples used

(1) This paper is based on the M.Sc. Thesis of Rosalind Barr Ogawa,
Birkbeck College, Malet St., London W. C. 1, England.

(2) C.7T.Genaux and W. D. Walters, J. Am. Chem. Soc., T8, 4497 (1951);
F. Kern and W. ID. Walters, Proc. Natl. Acad. Sci. U. S.. 88, 937 (1952).

(3) C. T. Genaux, F. Kern, and W. D. Walters, J. Am. Chem. Soc., T8,
6106 (1953).

(4) H. O. Pritchard, R. G. Sowden, and A. F. Trotman-Dickenson, Proc.
Roy. Soc. (London), A218, 416 (1953).

(5) R. W. Vreeland and D. F. Swinehart, J. Am. Chem. Soc., 85, 3349
(1963).

(6) N. B. Slater, “The Theory of Unimolecular Reactions,”” Cornell Uni-
versity Press, Ithaca, N. Y., 1959.

(7) R. E. Powell, J. Chem. Phys., 80, 724 (1959).

(8) B. $. Rabinovitch and K. W. Michel, J. Am, Chem. Soc., 81, 5085
(1959).

(9) J. N. Butler, ibid., 84, 1393 (1982).

varied in purity from 99.1 to 99.9%, the principal impurity being
a C; compound, probably 2-pentene. The samples contained less
than 0.01¢% of ethylene and less than 0.01% of C; and C; com-
pounds.

Pressures were measured with a wide-bore manometer and
cathetometer, or with a McLeod gage. Thermal transpiration
corrections were negligible compared to the other experimental
errors at pressures above 0.05 mm. At low pressures, correc-
tions based on Liang’s equation!® were used. The parameter ¢
was estimated to be 20 by using Liang’s correlation with collision
diaineter. The largest corrections (at 2 X 107* mu1.) were 3095,

Samiples were expanded into a 300-ml. bulb at room teinpera-
ture at the conclusion of a run and analyvzed by gas chromatog-
raphy. The composition of the gas was the same within ex-
perimental error whether the sampling time was 20 sec. or 10 min.
and whether the gas was expanded directly into the bulb or
diluted first with approximately 1000 tinies as much nitrogen and
then expanded into the bulb. This eliminates tlie possibility of a
systematic error in the rate constant resulting from the fact that
ethylene diffuses through a small opening at low pressures faster
than cyclobutane.

Analysis was performed using a Perkin-Elnier Model 154-C
vapor fractometer with flame ionization detector. A 150-ft.
squalane-coated capillary column maintained at 0° separated all
compounds from C; to C; except l-butene and isobutene. Gas
samples were diluted with nitrogen and transferred to a capillary
sampling loop with a Toepler pump. Quantitative analysis was
made by measuring peak heights. Calibrations would be re-
produced to within £=49;. Between each sample, a blank anal-
ysis was perfornied to see if any residual products remained in
the system,

Results

The principal product of the decomposition of cyclo-
butane was ethylene. At low pressures small amounts
of propylene and 1-butene were also observed. The
results obtained near 449° are listed in Table I.

S. W. Benson and G. B. Kistiakowsky, ibid., 64, 80 (1942).
F. E. Blacet and A, Miller, ¢bid., T9, 4327 (1957).

R, Srinivasan, ibid., 81, 1546, 5541 (1959).

S. C. Liang, J. Phys. Chem., 8T, 910 (1953).
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TABLE 1
EXPERIMENTAL RESULTS
Pres- k1 X 108, Pres- k1 X 108,
sure,* Time, Temp., ~—Ratio to cyclobutane— corrected to sure,* Time, Temp., ~—Ratio to cyclobutane— corrected to
mm. sec. °C. C:Hy CsHs CHs 449° mm, sec. °C. CoHy CsHs CiHs 449°
5-1. reactor 1-1. reactor (contd.)
1.05 2434 448 1 2.08 31.0 0.117 2461 444.2  0.905 20.4
0.430 3600 450 .1 3.00 23.9 100 787 447 .5 .300 19.5
1106 4200 449 .5 1.40 12.2 .0966 964 447 .2 257 14.0
0725 4000 449.9 1.01 9.74 0667 1023 446 .4 236 12.8
10292 4626 448 .7 (0. 588 5.68 .0520 2028 448.8 495 0.020 0.013 10.9
0227 8455 447 .1 1.23 0.011 0.003 6.38 0402 2806 445.3 522 .009 007 10 .4
0148 4600 450 2 0.491 4 .44 0312 2305 442 4 .455 026 .014 13.1
0146 3758 448 4 .466 1103 .114 5.42 L0176 1000 448 0 146 047 017 7.41
00673 4370 442 1 250 010 .003 4.11 .00992 1052 446 .8 (122 6.45
00453 5053 449 .0 472 087 .020 4 .04 00568 1041 444 .0 .134 125 8.12
.00445 8850 449 .2 . 862 025 012 3.94 .00153 3607 445.5 .191 (119 042 2.97
00254 4974 149 .3 304 2 .81 00130 1894 444 .2 L1115 .360 .090 3.42
e wmr oo vy
. p 49¢ 35 . . . . [ .
00209 8692  440.4  .789 173 3.56 43,14 510 448.8  0.642 55.3
00121 6914 4482 626 5.00  .374  1.77 31.15 600 449.0 0.552 40.6
00119 4157°  449.0 230 0.050 2.58 9.64 2490 450.2  3.83 40.0
00115 66607  448.2  .336  .149 009  3.57 0.75 4400 - 447.3 - 4.07 28.0
00111 9880"  446.0  .645 .247 .057  3.09 4123540 4485 2.38 23.0
00090 4400  449.0 345 .345 038  3.22 306 2316 447.2  0.910 18.1
00077 3664  450.7  .523  .191 5.44 230 3062 447.7 1.09 15.4
00072 5918° 448 9 419 040 3.35 .0476 3923 449.2 0.997 0.011 0.006 10.4
00065 5650 448 8 705 353 4.90 0218 2257 447 .8 . 450 .058 .033 9.38
00037 9650 4503 920 .36l 3.40 0197 - 4102 4414 439 038 7.64
00025 5540  449.4 1.00 3.68 4.04 0172 5540 446.8  1.09 8.98
.0148 3520 448 .7 0.545 012 6.95
1-1 reactor .0128 2522 447 .0 .331 .028 .016 6.75
.0118 5000 448.5 .803 .016 .006 6.96
1.26 777 462 .2 1.65 35.2 .00581 7217 441.0 .644 077 .033 6.05
1 26 1996 446 .6 1.31 29.5 .00380 7244 446 .7 1.15 421 6.55
0.790 1066 444 .4  0.639 34.2 .00374 6000 447.0  0.694 234 5.27
279 1430 446 .0 .609 22.3 .00282 6678 447.0 . 806 285 5.31
270 1414 446 .2 576 21.2 .00164 7402 447.1 834 .605 4.56
.235 1467 446 .2 .605 0.002 21.3 .00139 4945 440.5 351 351 4.96
148 1092 447 .5 306 14, .00093 6306 446 .8 .814 .630 5.30
137 2187 442 .7 1.04 27.6 .00078 4456 447 .2 . 544 471 5.31
¢ Corrected for thermal transpiration ® Sampling time 5-10 min. ¢ Reactor flooded with nitrogen before samnipling.
Propylene and 1-butene appear to have been formed TabLE 1I
directly by decomposition of cyclobutane rather than FORMATION OF PROPYLENE AND 1. BUTENE
by the subsequent reaction of ethylene. A series of ’ 51 re P ’
. L. -1. reactor, 449
experiments on the decomposition of ethylene under
conditions comparable to those used for the decompo- . 10tk 10%ks" .
sition of cyclobutane indicated that the rate of forma- P"si‘::(')rmm' ré;alfe)'c 2:‘::2 f’é{;{/
tion of propylene from cyclobutane was about 100 } ‘ o o o
times as great as the rate of formation of propylene 1.05 _ 2.8 1.5 2.0
from ethylene. 2.22 X 1072 1.3 0.35 3.7
The amounts of propylene and 1-butene formed were ?'12 X 10:Z 1.1 34 3‘%
rather irreproducible, and different experiments per- 3.93 X 10_3 4.3 -96 4.5
formed under presumably the same conditions gave 179X 10_4 0.4 19 2.1
values which varied by about a factor of twenty. In 399 X110~ 9.3 7 13.4
spite of the large error, the pressure range covered was 6.5 x 10~ 2.9 32 9.2
sufficiently wide to make it clear that the reactions 4.57 X 10:4 1.4
forming these compounds were much more nearly zero 1.68 x 107 2.0
order than first order. A few typical rate constants o 2ve. (18) 2.0 0.3 6.6
obtained in the 5-1. reactor at various pressures are 1l 2v& (18) 27.0 11.5 2.4
The k; is the zero-order rate con- 100-ml. ave. (14) 7.3 3.5 21

given in Table II.
stant for the formation of propylene, and k; is the zero-
order rate constant for the formation of 1-butene.

At a pressure of about 1 mm., the ratio of propylene
to ethylene was about 5 X 10—% but at pressures of
about 107% mm., the ratio of propylene to ethylene
was near unity. The ratio of propylene to i-butene
varied from 1 to 15, but showed no obvious trend with
pressure. In Table II are also given average values of
the rate constants for the three different reactors used.

¢ The number of points included in each average is shown in
parentheses. ® Limits of error on ks and k; are about a factor of
two for the 5-1. vessel and a factor of five for the 1-1. and 100-ml.
vessels. ¢ Limits of error on the ratio are about a factor of two
for all three vessels.

Any differences are within the limits of experimental
error.

If the reaction forming ethylene is first order and the
reactions forming propylene and 1-butene are zero
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Fig. 1.—First-order rate constant for the formation of ethylene
as a function of pressure. The curve is obtained by the Kassel
theory with s = 14 or by the Slater theory with n = 16. O, 5-1.
reactor; A, 5-1. reactor with N; added before sampling; @, 1-1.
reactor; X, 100-ml. reactor.

order, the following integrated rate expressions are ob-
tained

Bt o= 1 (kl[CYClO‘CJ‘IBIo + ks + ks)
! kilcyclo-CHgl + by + ks
kzl = 3/4[C3HGI
kgl = [ 1‘C4HE]

where ¢ is the time of reaction, and square brackets

indicate partial pressures in mm. If the only prod-

ucts of the reaction are these three compounds, a

material balance gives

feyelo-CyHsly = [evelo-CHsl + 1/5[CHY + 3/JCHs] +
{1-C4Hs]

These equations were used in an iterative procedure to
obtain k;. Usually the term k; -+ k3 was small, so
that one iteration was sufficient to obtain k; within 19
error. No trend in b was observed as the degree of
decomposition was varied from 3 to 809, indicating
that the formation of ethylene was first order.

The k, was also calculated on the assumption that
the reactions forming propylene and 1-butene were first
order; the results differed insignificantly from the ones
calculated assuming zero-order reactions.

The temperature dependence of &; in the range from
398 to 450° at pressures from 10 to 40 mm. was briefly
studied, and the first-order rate constant was found
to obey the expression

kl = 1015,3 = 0.8 p—61,7000 == 2300 cal /RT SeC‘_l

which is consistent with the results obtained by previ-
ous workers.2™® The first-order rate constant was
also measured at temperatures near 449° in the pres-
sure range from 43 down to 1.7 X 107* mm. The rate
constant was corrected to 449° using the Arrhenius ex-
pression, and the results are listed in Table I.

Figure 1 shows the experimental values of %, as a
function of pressure in the three reactors. The solid
curve was calculated as described in the Discussion
section. The high pressure limiting rate constant
k. was found to be 4.9 X 10~*sec.~!, by extrapolating®
a plot of k! as a function of p~'/t. This agrees with
measurements made by Walters and co-workers? at
pressures up to 1000 mm. The data obtained by
Vreeland and Swinehart® by mass spectrometry are
much more precise than our data, and fall within our
limits of error.

Conclusions

The decrease in the first-order rate constant of a uni-
molecular reaction as the pressure is decreased may be
described by the classical theories of unimolecular re-
actions.® By choosing proper values of the adjustable
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parameters, curves of comparable shape can be obtained
from either the Kassel or the Slater theory.!* Accord-
ing to the Kassel theory, the rate constant at any pres-
sure is given by

k I <g>= 1 ’f‘n 7l e ™% dx
ko "4 (s — 1) Jo 1+A<(x )3—1

b+ x
where A is the pre-exponential factor in the Arrhenius
expression for k., s is a fall-off parameter, identified
as the number of effective oscillators, E, is the activa-
tion energy for ke, b = Ey/RT, w = (d7e2?NP/RT)-
(rRT /M) is the frequency of collisions at pressure P,
o is the collision diameter of the molecule.

The curve in Fig. 1 was calculated using the following
values of the parameters: .1 = 2 X 10¥ sec.7!; ko =
4.9 X 107 *sec.7!: s = 14; E; = 61,700 cal.; and ¢ =
5.5 X 107® cm. The collision diameter was assumed
to be approximately the diameter of the molecule,
since deactivation probably occurs on every collision,
and s was adjusted to give the best fit to the data.
Vreeland and Swinehart® obtained the best fit to their
data using s = 18, but they used higher values of .4
and E,. Their curve is nearly identical with the one in
Fig. 1.

According to the classical form of Slater's theory,

w

the rate constant at any pressure is given
ko L 1 » xnTW2 e dy
kf@—[n(ﬂ) = <£_ 1) ’j:) 1 +x()1—1)3‘29—1
5 )

The fall-off parameter # is the number of normal
vibrational modes participating in the decomposition,
and

g = (ﬁf”})(n— 172
v

where » i1s one-fourth the pre-exponential factor 4 if
the critical coordinate is the breaking of a carbon-
carbon bond, and f, is a factor which is usually between
10 and 10® for a fairly complex molecule® A curve
indistinguishable from that drawn in Fig. 1 can be ob-
tained if # is taken to be 16 and f,, is taken to be 120.

At pressures below 10~% mm., the experimental rate
constants are larger than those predicted theoretically.
Furthermore, the rate constants measured in the 100-ml.
reactor are larger than those measured in the 1-1. or
5-1. reactors and deviate from the theoretical curve at
higher pressures. Although the data scatter badly,
it appears as if a limiting rate is reached at sufficiently
low pressures. A similar result was obtained by
Vreeland and Swinehart.?

The most obvious explanation for a low-pressure
limiting rate is that the molecules which decompose
are activated by collisions with the walls of the vessel
instead of by collisions with other molecules. At the
pressure where the rate begins to level out the mean free
path of a cyclobutane molecule is about the same order
of magnitude as the diameter of the vessel. The fact
that the low pressure limiting rate is higher in the
smaller reaction vessel also supports this explanation.

However, Vreeland and Swinehart® have measured
the rate constant at pressures from 1073 to 10~? mm.
in a vessel packed with glass wool, which increases its
surface area by a factor of 20. They have found that
the rate is no more than 209 higher in the packed vessel
than in the unpacked vessel. This result argues against
wall activation as an explanation of the low-pressure
limiting rate, since it indicates that collisions with the
wall are verv much less efficient for activation than
collisions with other molecules.

(14) E. W. Schlag, B. S. Rabinovitch, and F. W. Schneider, J. Chem.
Phys., 83, 1599 (1960).
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Two other factors which could cause an apparent
leveling-out of the rate at low pressures can probably
be discounted. The diameter of the connecting tubing
was large enough that thermal transpiration corrections
were small, and these corrections were made where
necessary.

Another possible factor could be inhomogeneous
sampling. Because cyclobutane has twice the molecu-
lar weight of ethylene, it would diffuse less rapidly, and
a sample obtained at low pressures might be expected
to be richer in ethylene than the mixture in the reactor.
To test this idea, the time of sampling at 1073 mm. pres-
sure was varied from 20 sec. to 10 min., without any
systematic variation being observed in the measured
rate constant. In another series of tests at 10~ mm.
pressure, the reactor was filled with pre-purified nitro-
gen, just before sampling, to a pressure of about 10 mm.
These points are indicated by triangles on Fig. 1. The
rate constant was the same within experimental error
as when no nitrogen was used. Thus the sampling
procedure could not account for the low-pressure
limiting rate.
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Thus, the low-pressure limiting rate does not seem
to have a simple explanation. It may merely be that
under such conditions, the classical theory of uni-
molecular reactions no longer applies.

The reactions forming propylene and 1-butene are
probably wall reactions, as indicated by the fact that
they are zero order. Within experimental errors the
rate constant in the 100-ml. vessel could be 10 times the
rate constant in the 5-1. vessel (see Table II). If a
homogeneous first-order reaction forming propylene or
1-butene occurs, its high pressure limiting rate is less
than 5 X 10~* times the rate of the reaction forming
ethylene. Study of such a reaction would be very dif-
ficult because in any reactor of reasonable size, the
surface reactions are more rapid than the homogeneous
reaction. It is probable that no homogeneous reaction
forming propylene or 1-butene occurs.
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A Mass Spectometric Investigation of the Thermal Decomposition of Cyclobutane
at Low Pressures!

By RoBeErRT W. VREELAND AND D. F. SWINEHART?
RECEIVED DECEMBER 26, 1962

The decomposition of cyclobutane has been investigated over the temperature range 410 to 500° and a pres-

sure range of 0.5 x to 20 mm. by a mass spectrometric technique.
over the whole range of pressures and temperatures.
using E; = 63,200 cal./mole and an effective 18 oscillational modes.
" from curves calculated from the Kassel integral below 20 u, the rate constants being too large.

The reaction is accurately first order

The experimental data are fit by the Kassel integral

The data show an anomalous departure
This is not a

surface effect as judged from packed flask measurements and it is suggested that cyclobutane decomposes via

two competing mechanisms.

Introduction

The bulk of the data in the literature on unimolecular
decompositions has been obtained simply by following
the total pressure change with time. If the stoichi-
ometry of the reaction is simple and unique, data ob-
tained by this method may be an accurate and reliable
measure of the actual rate of decomposition of the
parent molecule. However, if the reaction is, in fact,
complicated by successive or parallel reactions among
the products and/or the products and parent mole-
cule, simply following the total pressure with time may
be misleading and not be a measure of the actual de-
composition rate at all. What is needed i1s a method
of measuring the partial pressure of the parent molecule
irrespective of processes which occur after the initial
decomposition.

Most data exist in the pressure range approximately
from 1 mm. to 1 atm. Data are seriously needed overa
much wider pressure range and particularly at lower
pressures.

Consider the following experimental technique de-
signed to provide data satisfying these requirements.
Suppose the molecular leak conventionally used to
introduce gas samples into a mass spectrometer is re-
moved from the spectrometer ion source and is sealed
directly into a reaction vessel and connected to the
ion source of a mass spectrometer by a longer path than
is usually used. Suppose a decomposition reaction
occurs in the reaction vessel. All products will have

(1) Supported by Atomic Energy Commission Contract AT(45-1)-432.
(2) To whom inquiries should be addressed.

molecular weights less than that of the product molecule
and the peak intensity of the parent peak of the parent
molecule will be a unique measure of the partial pressure
of the parent molecule irrespective of the subsequent
reactions among the products, providing only that two
conditions are met. First, the products must not isom-
erize or polymerize to yield molecules of equal or
larger molecular weight than the parent substance and,
second, flow through the leak must be molecular flow
and not viscous flow. Then the peak intensity of the
parent peak will be directly proportional to the partial
pressure of the parent substance.

This paper is written to report the application of this
technique to the decomposition of cyclobutane in the
pressure range from 0.5 u to 20 mm. Future reports
will be made on the investigation of more complex
systems.

This reaction has been investigated by the pressure
change method by Genaux and Walters? and by Genaux,
Kern, and Walters* in the pressure range 1 to 996 mm.
and over the temperature range 420 to 468°. They
found that the reaction is homogeneous and yields
ethylene stoichiometrically. They report that the rate
constant at 1 mm. is approximately two-thirds of the
value obtained at pressures above 100 mm. Pritchard,
Sowden, and Trotman-Dickenson® have studied the
composition at one temperature (448.4°) down to 57 u

(3) C.T. Genaux and W. 1>, Walters, J. Am. Chem. Soc., T3, 4497 (1951;.

(4) C. T. Genaux, F. Kern, and W. 1), Walters, tbid., T8, 6196 (1053).

(3) H. O. Pritchard, R. G. Sowden, and A. P. Trotman-Dickenson, Proc.
Roy. Soc. (LLondon), A218, 416 (1953).



