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should again give more information than the
average. The helical content and the orientation
of the helices in the molecule should be determi-
nable.
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A Kinetic Study of the n-Propyl Radical Decomposition Reaction

By Jack G. CALVERT AND WiLLIAM C. SLEPPY
RecEIVED OCTOBER 8, 1958

Thermally equilibrated n-propyl radicals were generated homogeneously through the selective photolysis of azomethane

at 3660 A. in n-butyraldehyde-azomniethane mixtures.
by measurement of the rate of ethylene formation.

The decomposition reaction, n-CgHy; — CH; + C.H, (1), was followed
The steady-state concentration of n-propyl radicals was gauged in-

directly by the determination of the rates of butane formation, CHy 4 #-CsH; — #-CHyo (5), and ethane formation, 2CH, —

C.H, (6).

Dcry-w —

From the temperature dependence of the rate function, Resa,Resmq'/s/R
ke = ks = 2.2 X 10'? cc./mole-sec., it is estimated that ky =2 2.85 X 1016 ~34.9/ET gec,~1,
estimate of k|, we derive: AH; 2Z 26.2 kcal./mole; AS® =2 15.4 e.u. (near 200°).
Dycym,-m =2 6.8 keal./mole; taking Doms-g = 102.0 kcal./mole, D, _c,5,—5 = 95.2 kcal. /mole.

n—CeHy = k1ke'/1/ks and the assumption
From these data and Brinton’s
These and accurate thermal data suggest
The agreement is

good between the present kinetic estimates of the thermodynamic quantities related to reaction 1 and those estimated

from “reasonable’’ thermal data.
error.

The great divergence between the published
kinetic data and ‘‘reasonable’’ thermal data for re-

action 1
n-C;H; —> CH; + C:H; (1)

is alarming. There are three independent deter-
minations from photochemical and thermal kinetic
experiments which suggest E; = 19-21 kcal./
mole.!~* From measurements of the rate of methyl
radical addition to ethylene, the reverse of reaction
(1), Mandelcorn and Steacie* derive E—y = 7 ==
1.5 kcal./mole. Recently a more detailed study of
this reaction by Brinton® has confirmed the “high”
value for E_;; he derives E—1 =2 8.7 kcal./mole.
Thus current kinetic data suggest AH, = E; —
E_; = 10~14 kcal./mole. Contrast this estimate
with that based on ‘‘reasonable” thermal data,
AH, =2 23-26 kcal./mole.%” The recent ‘‘high”
values for E_; appear to be well substantiated,
but the accuracy of the kinetic estimates of E,
should be questioned, as Mandelcorn and Steacie
suggest.t Indeed the estimates of E; seem to be
low in view of the recent findings of Trotman-
Dickenson and Kerr.!? The preliminary results
of a study of the full arc, high temperature pho-
tolysis of #-butyraldehyde give: E; = 25 kcal./
mole. Recently a re-evaluation of the earlier work
relative to reaction 1 has been made,? and several
possible sources of error have been noted.

(1) R. W. Durham, G. R. Martin and H. C. Sutton, Najure, 164,
1052 (1949).

(2) S. Bywater and E. W. R, Steacie, J. Chem. Phys., 19, 319 (1951).
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(4) L. Mandelcorn and E. W, R, Steacie, Can. J. Chem., 33, 474
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(6) E. W. R, Steacie, Atomlc and Free Radical Reactions,” Vol. II,
Reinhold Publ, Corp., 1954, p. 584,

(7) W. M, D, Bryant, J. Polymer Sci., 6, 359 (1951).
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It is probable that the previous kinetic estimates of E = 19-21 kcal./mole are seriously in

The present study was designed to avoid many
of the possible complications often encountered in
the photochemical studies of radical decomposition
reactions. Thermally equilibrated #-propyl radi-
cals were generated homogeneously; the thermal
decomposition of #-butyraldehyde was sensitized by
the selective photolysis of azomethane at 3660 A. in
n-butyraldehyde—azomethane mixtures. It will
be seen that the data from this system remove the
apparent conflict between kinetic and thermal es-
timates of the thermodynamic quantities related
to reaction 1.

Experimental

Apparatus.—The photolysis system was similar to that
described previously.l® One significant change was made to
obtain a higher light intensity and higher radical concentra-
tions; these conditions favor the desired radical association
products, ethane and butane, from which a measure of the
n-propyl radical concentration may be had. An additional
light source (Hanovia Type A, S-500, burner) and 3660 A.
filter system was placed on the optical path, outside the air
thermostat, at the rear of the photolysis cell. In the runs
at the highest temperatures both the arcs at the front and
the rear of the cell were operated at maximum intensity.
Under these conditions the rates of ethane and butane for-
mation were sufficiently raised to make analysis for these
products feasible, even though the products of the chain
reactions, CO, CyHs, CHy and C,H,, were still dominant.

Materials.—Azomethane was prepared and purified as
described by Renaud and Leitch.! n-Butyraldehyde was
taken from a volatile fraction of the Eastman White Label
product and further purified by bulb-to-bulb distillation at
reduced pressure. Standard reference samples of the hy-
drocarbon gases were Phillips research grade.

Product Analysis.—By combined mass spectrometric
and chromatographic analyses, identification of a number
of products was made: CH,, N;, CO, C;H,, C;Hs, C;H,,
CyHg, n-C Hyp and n-CgHyu. The products were divided
into three fractions for convenience in analysis. The first
fraction, N;, CO and CH,, was pumped off with a Toepler
pump while the trap was maintained at liquid nitrogen tem-
perature. This fraction was not analyzed in most of the
runs, since these products offered no unique data which
would justify the time expenditure required for the analyses.

(10) J. G. Calvert and J. T. Gruver, THIS JOURNAL, 80, 1313 (1958).
(11) R. Renaud and L. C. Leitch, Can. J. Chem., 32, 545 (1954).
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DATA FROM THE PHOTOLYSIS OF AZOMETHANE-BUTYRALDEHYDE MIXTURES AT 3660 A.

Temp., —Pressure, mm.—~—
°C.

TasLE I
Rates, moles/cc.-sec. X 10— 5&4}*&’1‘ X 107

no, MesNy CHyO CiHs CiHs #-CaHy Reomie
1 198.0 53.2 31.2 1.35 0.819 5.93 0.508
2 207.6 53.7 41.1 4.00 0.876 7.27 0.763
3 217.3 62.6 35.3 2.86 1.77 6.42 1.48
4 223.8 68.0 33.3 7.66 2.23 8.86 2.20
5 224.8 70.4 30.4 6.74 2.83 9.43 2.46
6 237.1 62.0 36.0 8.44 7.82 8.77 8.19
7 241.3 66.2 29.0 16.7 10.5 10.9 12.4
8 248.4 64.4 37.7 16.4 26.6 24.7 13.8
9 262.0 62.0 31.3 42.6 52.1 33.8 31.8
10 266.4 78.5 37.8 61.3 106 52.0 50.5
11 276.6 69.3 30.3 82.2 367 140 75.1

The second fraction, primarily CsHg and C;H,, was pumped
from a modified Ward still which was regulated automatic-
ally to —155 == 2°. Very small amounts of CiH, and C;H;,
were removed also in this fractionation procedure, and suit-
able correction for these compounds was necessary in the
treatment of the mass data. Precise mass spectrometric
analysis of the CsHs and C,H, product mixture was possible
for the runs at temperatures above 190°. Below this tem-
perature the ratio of ethane to ethylene in the products was
too great to ensure accurate C;H, estimates by our analysis
method. The third fraction of the products, a large excess
of (CH;)N3; and #-CsH;CHO with C;Hs, C;Hs, n-CHyo and
other products condensed at —155°, was distilled from the
Ward still and analyzed in its entirety by vapor-liquid
partition chromatography. This system was the same as
that described previously.!®* The column was packed with
C-22 firebrick (John-Manville) covered with Dow Therm
A’ and was operated at 22°. The column provided an
excellent resolution of the n#-butane peak from the peaks of
the reactants and other products, and quantitative analysis
for this product could be made easily. Propane and pro-
pylene peaks were only partially resolved, and the minor
product, #-C¢Hi¢, gave a small, broadened peak characteris-
tic of its relatively long elution time; with our system it
was impossible to determine accurately the C;Hs, C;Hg and
C¢Hi¢ in the products.

Product Rate Data.—The duration of each run was regu-
lated so that less than about 3% of the original reactants
underwent change. Hence the measured rates should corre-
spond closely to initial rates of product formation. The
rate data for C,Hs, C;H¢ and #-C(Hye, those products for
which quantitative analyses wete made, are summarized in
Table I. The rates of product formation in the thermal,
unsensitized reaction were negligible up to the highest tem-
perature recorded in Table I, 276° (run 11). In runs at
300° the thermal reaction was appreciable and precluded
useful experimentation at this temperature. The units on
the rate function given in the last column of Table I are
(moles/cc.-sec.)!/1.

The Mechanism of Product Formation in 3660 A.
Photolysis of Azomethane—n-Butyraldehyde Mix-
tures.—Azomethane, the only 3660 A. light ab-
sorbing species in this system, is photodissociated
as shown in primary process I

(CH;):N; + hy ——> 2CH3 + N’ (I)

In our system the methyl radicals formed in I ini-
tiate the thermal decomposition of #-butyralde-
hyde. Only those reactions which are likely
sources of the products, #n-CH,, C;Hs and C;H,
need be considered here.

CH; 4+ #-CH;CHO —> CH, + n-C,H;CO (2)
7n-CyH,CO —> n-C;H: + CO (3)
n-CzH1 + n-C;H-,CHO —— C;Hg + n-C;H-,CO (4)

n-CyH; —> CH; + CiH, ¢Y)
CH; 4+ #-CH; —> n-CHyo (5)
2CH; —> C,H, (6)

(12) J. W. Kraus and J. G. Calvert, Tris JoUrNAL, 79, 5921 (1957).

It is highly probable that reaction 1 is the source
of ethylene in this system. Ethylene is undetect-
able in the products of low temperature (<150°),
photolyses, so one can exclude as a possibility its
formation from the decomposition of electronically
excited #-butyraldehyde, #-C;H,CHO* — C,H, +
CH;CHO.!* Conceivably the butyraldehyde might
become electronically excited by resonance transfer
of azomethane excitation or by direct absorption of
3340 or 3130 A. impurity in the ‘3660 A.” light.
Furthermore, it is highly unlikely that a significant
amount of ethylene results from the decomposition
of the possible transient radical, CH,CH,CH,CHO);
at the temperatures used in this work the acyl-H
and secondary-H atoms in #-butyraldehyde would
be abstracted much more readily than the primary-
H atoms which must be removed to form this radi-
cal. With this reasoning we conclude that reaction
1 is the dominant source of ethylene in this system.

We believe that reactions 5 and 6 are the only
sources of butane and ethane, respectively, since
there are no attractive alternatives to these reac-
tions. It has been well demonstrated that ethane
is not formed from azomethane in a primary photo-
chemical process.!* Since the quantum yield of
nitrogen formation in azomethane photolysis is
near unity at the temperatures and pressures used
in this study, ethane formation in the possible chain
sequence CHs + (CH;),N, = CHs + CH;N,,
CH;N; — CH; + N, is ruled out.®® Butane
formation in a similar chain sequence, CH; + #-
CsH,CHO — #-C{H;o + CHO, CHO + M — CO +
H + M, H + n-C3H7CHO - Ha + n-C3H7CO,
cannot be important since hydrogen was not de-
tected in the products.

Derivation of the Rate Constant for the Reac-
tion 1: »-C;H; — CH; + C,H,—In terms of the
relatively unambiguous reaction mechanism sug-
gested, the rate function 7 may be detived

Rc»ﬂ.Rcmcl/’/Rc‘mo = klke'/’/kl (7)

The values of the rate function 7 are given with the
product rate data in Table I for experiments from
198-276°. A least squares treatment of the Ar-
rhenius plot of the function 7, shown in Fig. 1, gives
kiky'/s/ ks 10%-78 ¢—34.9/RT (moles/cc.-sec.)'/r. If

(13) ¥. E. Blacet and J. G, Calvert, 667
(1951).

(14) G. R. Hoey and XK. O. Kutschke, ibsd., 38, 496 (1955).

(15) M. H. Jones and E. W, R, Steacie, J. Chen. Phys., 31, 1018
(1953).

ibid., 18, 661,
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Fig. 1.—An Arrhenius plot of the rate function theoreti-
cally equal to biks'/t/ks. The data are from the selective
photolyses of azomethane at 3660 A i n-butyraldehyde-
azomethane mixtures.

we assume kg = ks = 2.2 X 10'® cc./mole-sec.'
we estimate
ki &2 2.85 X 1018 ¢—34.9/BT gec, —1

Our estimate of E; =~ 34.9 kcal./mole is in serious
disagreement with the first estimates of this quan-
tity (E; = 19-21 kcal./mole). However, it is
likely that the accuracy of the previous estimates is
low.? The results of the present work should be
considerably more reliable since the interpretation
of the data is much less uncertain in this case.

Kinetic Estimates of the Enthalpy and Entropy
Change of Reaction 1: #n-C;H; - CH; + C.H,—
The thermodynamic quantities related to (1) can

(16) A. Shepp, J. Chem. Phys., 24, 939 (1956).
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be derived from these results and those of Brinton®
which relate to the reverse of reaction 1, CH; +
CHy = n-CH;. He finds k_,/ks'/r = 3.3 X
10~7 ¢~88/RT (cc./molec.-sec.)'s,  Changing the
units to moles-cc.-sec. and again using Shepp’s
value for k¢ we derive
k_1 =21.20 X 102 ¢~%8/ET (¢, /mole-sec.)

The rate constant which we estimate for the for-
ward reaction 1 appears to be reasonably consistent
with Brinton’s data for the reverse of (1), The
data suggest (for temperatures near 200°) AH, =
E, — E_1=£34.9 — 8.7 =226.2 kcal./mole; AS®=
R1In(4,/A-;) =< R 1n(2.85 X 10'6/1.20 X 10!2) ==
15.4 e.u. (standard state, 1. mole/cc.). These es-
timates check well with the values of AH, =< 26.4
keal./mole and AS;® =~ 12.1 e.u. (25°) calculated
from Bryant’s thermal data summary and his theo-
retical estimates of the entropies of the #-C;H; and
CH; radicals.” The observed difference in the ex-
perimental and theoretical values for AS;® corre-
sponds to a factor of 5.3 in the ratio of the pre-ex-
ponential factors, 41/4..,, or about 1.7 kcal./mole
in the difference E; — E_;. Thus the divergence
from “theory’’ is well within the experimental error
and the simplifications involved in this comparison.

From our estimate of AH; and standard enthalpy
for methane, ethane and ethylene, it can be shown
that Dcurn — Dpcu-u = 6.8 kcal./mole. If
we assume with Bryant? that Dcn,-g = 102.0, then
we estimate that D, c,u,-u =2 95.2 kecal./mole.

We may conclude that the kinetic data for &, re-
ported in this work reaffirm our faith in the thermal
estimates of AH; and establish the inaccuracy of
the previous “low” kinetic estimates of E; and AH;.
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Photoisomerization Processes in Cyclic Ketones. I. Cyclopentanone and

Cyclopentanone-2,2,5,5-d,!

By R. SRINIVASAN
RECEIVED OCTOBER 13, 1958

4-Pentenal has been identified as one of the products of the vapor phase photolysis of cyclopentanone at 3130 A. Quan-
tum yields for the formation of 4-pentenal have been obtained at various temperatures and in the presence of added oxygen
and carbon dioxide. The photolysis of cyclopentanone-2,2,5,5-d: has been found to give .tetradeutero-4-pentenal, the
structure of which is most probably CDs==CHCH,CD;CHO. On the basis of these results, it is deduced that the photoiso-
merization of cyclopentanone to 4-pentenal involves a direct transfer of a hydrogen atom from a g-carbon to the carbonyl

group in an excited state of the ketone molecule.

Introduction

The vapor phase photolysis of cyclopentanone
has been investigated by Saltmarsh and Norrish,?

(1) This research was supported in part by contract AF18(600)
1528 with the United States Air Force through the Air Force Office
of Scientific Research of the Air Research and Development Com-
mand. Reproduction in whole or in part is permitted for any purpose
by the United States Government.

by Benson and Kistiakowsky?® and more recently
by Blacet and Miller.# The products of photolysis
are carbon monoxide, ethylene, cyclobutane and

(2) 0. D. Saltmarsh and R. G. W. Norrish, J. Chem. Soc., 455

935).
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