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THE KINETICS OF THE THERMAL DECOMPOSITION
OF ACETIC ANHYDRIDE

By M. SzwarRc AND J. MURAWSKI
Received 23vd June, 1950

The decomposition of acetic anhydride is shown to be a truly unimolecular
dissociation process in which

(CH,C0),0 - CH, : CO 4 CH, . COOH.
This decomposition does not involve radicals, the unimolecular rate constant being
given as

k=1 X 10*? exp (— 34500/RT) sec.”.

This type of decomposition is favoured by the geometry of acetic anhydride
molecule.

The investigator of a dissociation process is frequently faced with the
crucial issue of deciding whether the reaction studied is a direct decomposi-
tion into two molecules, or a dissociaticn into two radicals (or atoms)
followed by secondary processes. The first mode of decomposition should
reveal all the characteristic features of a unimolecular reaction. In this
case the transition complex corresponds to a configuration in which two
(or more) bonds are partially broken and two (or more) bonds are in a
state of formation. This configuration is attained more readily if the
necessary deformation of the initial molecule is as small as possible. On
the other hand, the split into radicals is a unimolecular process in which
only one bond is ruptured. In this case, however, the character of the
overall kinetics depends on the subsequent secondary reactions, and it is
not uncommon to find that the rate of the overall decomposition is repre-
sented by first-order kinetics.

The distinction between these two modes of reaction is not always
easy. Frequently the two possible ways of decomposition lead to the
same final products of reaction, e.g.

(A) CH,.CHO - CH, + CO . . . . . a molecular split.
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270 DECOMPOSITION OF ACETIC ANHYDRIDE
(B) CH,.CHO - CH,» + CHO split into radicals
CH,.CHO + CH,* - CH,. CO* + CH, }followed by a chain
CH,;.CO* -~ CH, + CO process.

In the above example both mechanisms A and B require that methane
and carbon monoxide, in molecular ratio of 1/1, should be the final pro-
ducts of the acetaldehyde decomposition.

If the split into radicals initiates a long chain process, the use of in-
hibitors offers a simple method for discrimination between the molecular
and the radical decomposition. For a very short chain process, however,
this need not be the case. For example, one might suggest two mechanisms
for the decomposition of ethyl bromide
(C) CH;Br -~ C,;H, -+ HBr . . . a molecular sflit
(D) C,H;Br -~ C,H;* + Br

Br + C,H;Br —- C,H,Bre + HBr } a radical split
CyHye + C,H,Br* — C,H;Br + C,H,
Since the radical split (D) does not initiate a chain process, the use of in-
hibitors might not prove to be decisive for the elucidation of this particular
problem.

The use of toluene offers an interesting possibility for studies of this
type of problems. It was shown that toluene reacts readily with various
radicals according to eqn. (1) :1

C¢H;.CH; + R* - CH,.CH,* 4+ RH. . . . {1
The benzyl radicals produced in reaction (1) dimerize eventually, and thus
the formation of dibenzyl is indicative of the generation of radicals (or
atoms) in the initial decomposition process. This criterion was used, e.g.
in the studies of pyrolysis of some organic bromides, and on this basis it
has been concluded that benzyl bromide and allyl bromide decompose into
the respective radicals and bromine atoms.? In the present study this
technique was applied to the investigation of the pyrolysis of acetyl
bromide and acetic anhydride. The results seem to indicate that these
compounds decompose directly into molecules, and not into radicals.

Experimental

The decompositions of acetyl bromide and acetic anhydride were studied
in a flow system using tolucne as a carrier gas. The compound investigated
was introduced into the reaction vessel together with a great excess of toluene,
the total pressure being of the order of 10-20 mm. Hg, and the time of contact
being about 1 sec. The details of the apparatus and of the experimental tech-
nique were described in previous communications 19. 1b, 2%,

Pyrolysis of acetyl bromide.—-The pyrolysis of acetyl bromide may be
initiated in three ways:

CH,;.CO.Br —»>CH;.CO + Br . . . (2)
CH;.CO. Br-» CH,: CO + HBr . . . (3)
CH,.CO. Br —~ CIH4Br 4- CO . . . . (4)

Reaction (2) represents a radical decomposition, while reactions (3) and (4)
illustrate two possible molecular fissions.
Under our experimental conditions, in the presence of an excess of tolucne
used as a carrier gas, reaction (2) would be followed by reaction (s) :
CeHy . CH; + Br—» CH,; .CH, 4+ HBr . . . (5)

It would be expected that in the temperature range of our study , i.e. 600°-800° C,
the acetyl radicals produced would decompose rapidly into methyl radicals
and carbon monoxide : 2

CHy;.CO->CH, 4-CO . . . . . (6

1 (#) Szwarc, J. Chem. Physics, 1949, 17, 431 ; (b) Proc. Roy. Soc. A, 1949,
198, 267 and 285.

2 (¢) Szwarc and Ghosh, J. Ckem. Physics, 1949, 17, 744 ; (V) Szwarc, Ghosh
and Sehon, J. Chem. Physics, 1950, 18, 1142.

3 Steacie, Atomic and Radical Reuctions {Reinhold Corp., 1946).
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the methyi radicals being removed by reaction (7) :
CgHg . CH, - CHy - CgHy . CH, + CH,. . . (7

It follows, therefore, that if reaction {2) represented truly the initial step in the
decomposition of acetyl bromide the observed products would be HBr, CH,,
CO and dibenzyl.* It was found, however, that although carbon monoxide and
small amounts of HBr were produced in the pyrolysis, neither methane nor
dibenzy!l was ever detected. Consequently it was concluded that this decom-
position takes place by a molecular split, most probably according to eqn. (3)
and (4). The ratio of COjHBr (about 1/5) seems to indicate that reaction (4)
is much more frequent than reaction (3).

The results of some typical runs are given in Table I. Their reproducibility
was not sufficiently good to warrant a detailed investigation of the kinetics
of this pyrolysis. The esscntial point, however, which emerges from this work
is the fact that even at these high temperatures {600°-800° C) tlie decomposition
of acetyl bromide does not produce radicals.

TABLE I
1
Run T(°C) ‘ Pachr Py t (sec.) %
z0 607 0-68 11-2 0°35 09
21 607 0:65 110 0:36 12
24 612 063 111 034 o9
1S 612 0-67 10°5 033 16
22 612 0-63 10°6 033 15
hq¢] 613 118 113 042 1-8
23 614 1°13 19 035 8
17 628 167 16:0 066 53
25 651 0-86 12°3 035 58
7 708 163 159 061 275
26 711 o075 123 0:35 I0°T
12 711 0'59 15-8 053 161
2 qI2 152 607 052 27-Q
Q 713 167 16:0 063 352
I 714 157 157 050 37°5
3 714 1°53 155 064 365
5 715 728 16°C 051 370
4 716 210 156 0:64 385
27P 717 1°02 1243 027 177
28 718 1-38 12-8 028 19-8
15 718 0°59 155 o-6o0 131
16 719 085 154 o060 19°5
11 719 1-83 16-8 o-60 40°0
& 719 165 1549 o060 36-8
14 750 o7 16°0 061 353
13 769 059 158 057 61-C

9% decomposition is calculated as (amount of CO formed in the decomposition
over amount of acetyl bromide introduced into the reaction vessel) X 100.

Pyrolysis of acetic anhydride.—The decomposition of acetic anhydride
was investigated in the temperature range of 280°-650° C. The only products
of decomposition seems to be ketene and acetic acid in a molar ratio of 1/1;
formation of dibenzyl was not observed in any experiment. Ketene was estim-
ated by a gasometvic method using a technique described in previous com-
munications (e.g. see the method of determination of ammonia®®). For its

* The fate of acetyl radicals in the above system was determined by in-
vestigating the pyrolysis of diacetyl and benzyl methyl ke.cone.* We found
that these compounds decompose according to the following equations :

CH;.CO.CO.CH; - 2CH,. CO
CeHy . CH, . CO.CH,; - CH,; . CH, <- CH,CO
followed by reactions {6) and (7). The observed products of decomposition
were indeed CH,, CO and dibenzyl.
4 Murawski and Szwarc (unpublished results).
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272 DECOMPOSITION OF ACETIC ANHYDRIDE

identification we used the reaction with diluted sodium hydroxide which vields
eventually acetic acid. Neither hydrogen nor methane was observed amongst
the products of decomposition.

Determination of acetic acid was based on the titration of the residue con-
densed in a trap cocled to — 0°C. This residue contained toluene used as
a carrier gas the undecomposed acetic anhydride and the acetic acid formed in
the reacticn. Since the amount of acetic anhydride introduced into the re-
action was determined by direct weighing, the amount of NaOH used for the
titration yielded the amount of acetic acid as given by the equation :

(moles of acetic acid) = 2 (moles of acetic anhydride) — (moles of NaOH used

in the titration).

Table Il summarizes the experimental results giving the amounts of ketene

observed which should be equal to the amounts of acetic acid formed according
to eqn. (8) :

(CH,.CO);.0 — Ct,: CO + CH;. COOH. . @

The amounts of acetic acid determined by titration are tabulated in the next
column. The agreement between both sets of data is very satisiactory.

TABLE IT

Amount of ketene Amount of acid
Run = amount of estimated by
No. acid calc. titration
(mmole) {(mmole)
Q, 10, 11 881 900
12, 13, I4 645 6:65
15, 16 20475 21-6C
17, 18 9°03 8-8o0
19, 20 7°55 753
24p, 25P 1462 14-64
26p, 27p, 28p 12°02 12°30

These results, however, by no means prove that the stoichiometry of the
decomposition of acetic anhydride is represented correctly by eqn. (8). The
same agreement would be obtained if this decompaosition would proceed
according to equ. (9):

(CHy4.CO),. O - 2CH, : CO 4 H,0. . . . (9}
The discrimination between both modes of pyrolysis was possible by examining
the results of complete decomposition. Eqn. (8) requires that the maximum
amount ot ketene formed would be equivalent to the amount of moles of acetic
anhydride introduced into the recaction vessel. On the other hand, twice as
large an amount of ketene would be expected on the basis of eqn. (9). Table I1I

TABLE III

Run Temp. Ppc,0 Py Time of contact | NLoles of keten ketel.le.
No. °C mm. mm, sec. Moles of acetic
anhydride

9 443 025 130 1-30 097

8 570 025 130 1-00 100

3 629 1°31 136 074 103

4 630 0:62 130 0-70 0-a7

2 631 0-28 131 0-70 0°99

I 632 023 133 070 097

5 632 011 128 071 093

6 0656 025 132 071 1-02

7 656 0-52 12°9 0-69 103

P, denotes the total pressure in the reaction vessel.
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presents the required results and demonstrates that in the temperature range
440°-650° C the molar ratio of ketene produced to acetic anhydride intro-
duced is always 1-0. This indicates that in this temperature region the reaction
approached 100 9, decomposition which is represented by eqn. (8).

The validity of eqn. (8) was confirmed further by identification cf acetic
acid in the products of pyrolysis. This result was achieved in the following
way. The tolucne recovered from an experiment carried out at 600°C, ie.
under the conditions where complete decomposition of acetic anhydride is
expected, was divided into two equal portions. To the first portion 200 ml
of distilled water was added. The mixture was left for 4 br. with shaking,
then it was titrated against N/10 NaOH, using phenclphthalein as an indicator.
The second portion was mixed with 1oo ml. ot freshly distilled aniline, left
standing for 4 hr. and then treated with 200 ml. of distilled water. The mixture
was shaken and the water layer was subsequently separated. The organic
layer was washed repeatedly wich distilled water, then the combined water layers
were titrated as previously.

The following results were obtained .

Amount of acetic anhydride introduced
into the reaction vessel
Titration of the first portion 2+20 millimoles of NaOH.
Titration of the second portion 2+15 millimoles of NaOH.
To standardize the method we prepared a solution of 6-9 millimoles of acetic
anhydride in 100 ml. of toluene, and analyzed it in the described way :
Amount of acetic anhydride 6-9 millimoles
Titration of the first portion = 6-8 millimoles of NaOH
Titration of the second portion = 3-7 millimoles of NaOH.

These results seem to be unequivocal, and we consider that the formation of
acetic acid in the pyrolysis of acetic anhydride has Leen proved beyond doubt.

We can, therefore, measure the rate of decomposition of acetic anhydride
by the rate of formation of ketene. Table IV gives the experimental data ; we

4+3 millimoles.

e

[

TABLE IV
Run Temp. P P, Time of 9 10%
No. °Cp £§fo m[fl, Cogetf'“ decémp. ksg;:.—l
15 284 1-43 13°3 108 35 33
16 291 0°33 130 112 52 47
28f 299 0'54 11-3 0°43 3-8 89
29p 305 0'54 111 0°42 52 I2°4
I 322 033 13°5 1-06 205 216
17 331 1:25 133 1-00 300 355
25p 335 045 111 038 17°4 502
23 340 025 12+3 040 192 532
26p 340 0-38 110 0-37 19'5 586
20 343 1:68 63 1-05 531 70°4
10 344 038 63 1-28 570 657
18 346 o070 132 1-03 537 74'3
14 351 0-02 12-8 1-03 65°5 1030
13 353 1°42 133 095 640 1060
12 356 027 13'0 1°02 690 114°0
27p 366 042 10°7 0°34 460 1860
24p 371 0'24 10-8 0°34 530 2170
10 372 061 12-9 093 89-0 2350
28p 373 0°40 10-8 0°34 550 238-0

Runs denoted by p were carried ont in a packed reaction vessel.

conclude that the decomposition of acetic anhydride is a homogeneous first-
order gas rcaction (note runs 1o and 28p, and runs 23 and 26p for confirma-
tion of the homogencity of the reaction: runs 13 and 14 demonstrate that the
unimolecular rate constant is not changed by a variation of the partial pressure
of acetic anhvdride over a factor of 70, i.e. from o-02 mm. Hg to 1-4 mm. Hg,
and finally the last two tabulated runs show the independence of the unimolec-
ular rate constant of the time of contact.

10*
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Fig. 1 gives the plot of log unimolecular rate constant against r/7°. This
leads to an activation energy of 345 kcal./mole and to a frequency factor of
1 X 10!2sec.-l. The last rtesult, in conjunction with the observed first-order
character of the decomposition, seems to indicate that we deal here with a
truly unimolecular decomposition, in which the molecule of acetic anhydride
decomposes into two molecules, ketene and acetic acid. The possibility of a
radical split is excluded by the absence of dibenzyl. An examination of Fig. 2
which represents the model of the molecule of acetic anhydride shows that such
a molecular split does not rcquire any twisting of the initial molecule; the
transition state seems to be attained quite easily. The hydrogen atom denoted
on Fig. 2 by H touches the oxygen atom denoted by O, and the O—H bond is
formed, and the molecule splits in the places denoted by arrows.

-+0-5

ACETIC ANHYDRIDE
E = 34'5 kcal.;mole
v =1 x 101 sec.?
/09 k

L -0-5

=10

/

7 x10* (°K)
-15
L5560 65 1170 )75

Fi16. 1.—Results obtained in the packed reaction vessel are represented by
black circles.

Since the decomposition of acetic anhydride seems to be a clear-cut example
of a truly unimolecular dissociation of a molecule into two smaller molecules,
we intend to examine this decomposition under a greater variety of conditions.
Thus we hope to throw light on the problems of energy transfer which govern
the gradual change of unimolecular kinetics from first- into second-order kinetics.

Chemistry Department,
University of Manchester,
Manchester 13.
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