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Chloroform was pyrolyzed in the absence and in the presence of one of three additives—D,, CH,, and CD,, over
the temperature range of 1000—1200 K in a single-pulse shock tube. The main products of the decomposition of
chloroform by itself were tetrachloroethylene and hydrogen chloride. On the other hand, tetrachloroethylene,
trichloroethylene, dichloromethane, and hydrogen chloride were the major products in the presence of D,, while
in the chloroform-methane systems they were tetrachloroethylene, trichloroethylene, 1,1-dichloroethylene, vinyl
chloride, ethane, and hydrogen chloride. From the deuterium distribution of the products, as determined by
mass spectrometry, it is found that the hydrogen atoms of trichloroethylene and 1,1-dichloroethylene mainly came
from chloroform and methane respectively, while the hydrogen atoms of vinyl chloride came from both chloro-
form and methane. The change in the product distribution resulting from the addition of deuterium or me-.
thane and the hydrogen isotopic distribution suggest that the mechanism is composed of Cl atom elimination in
the initiation step and successive reactions involving “hot” molecule reactions. - The hydrogen isotopic distribution
of vinyl chloride may indicate that the three-centered hydrogen elimination (xx) process competes with the four-
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centered («ff) process in the decomposition of “hot” 1,l-dichloroethane.

The decomposition of chloroform has been investi-
gated by several authors. Among them, the studies of
Semeluk and Bernstein? and Shilov and" Sabirova?
have been detailed. However, they came to different
conclusions about the initiation process.

Semeluk and Bernstein? investigated the decomposi-
tion of chloroform at about 800 K by the flow method;
they found that hydrogen chloride and tetrachloro-
ethylene (C,Cl,) were the main products and that the
decomposition rate was first-order with respect to chloro-
form. They proposed the radical chain mechanism to
explain the main product distribution and the kinetics;

CHCl, — CHCl,- + ClI., (1)
Cl- + CHCl, — CCl,- + HCI, )
CCly- — CCly: + Cl., (3)
CCl,- + Cl. — CCl,, (4)
CCl,: + CHCl; —— G,Cl, + HCL. (5)

On the other hand, Shilov and Sabirova® studied
the decomposition in a toluene carrier and found no

bibenzyl. From their results, they proposed another
mechanism;
CHCl, — CCl,: + HCI, (6)
CCl,: + CHCl, — C,Cl, + HCI. (5)

It is desirable to investigate further the initiation step
of the chloroform decomposition by the shock-tube tech-
nique, which enables us to neglect the surface reaction.
Although the two mechanisms mentioned above pro-
duce the same main products and give similar kinetics
of the first order, they produce different radicals in the
initiation step. This provides a possible way to check
both mechanisms. In order to detect the radicals
formed in the initiation step, we pyrolyze chloroform
in the presence of a relatively large amount of methane
or hydrogen, whose decomposition itself can be neg-
lected at the reaction temperatures. We found the change
in the product distribution to result from the interaction
between the radicals and the added gas molecule. TFur-
ther, by the use of deuterated chloroform or deuterated
additives, we also found the hydrogen isotopic distribu-
tion to be dependent upon the characteristics of the

interaction.

Experimental

Apparatus. The decomposition was studied in a 4-cm-
i.d. single-pulse shock tube. The design and operation of
the shock tube were fully described previously.®

Materials and Procedure. Chloroform of a research grade
was purified as follows. In order to purge the trace of ethanol
involved as a stabilizer, we first shook unpurified chloroform
with concd H,SO, in a separatory funnel, washed it with
water, dehydrated it, and distilled it. Finally, we distilled
chloroform three times under a vacuum. Deuterated chloro-
form obtained from E. Merck Co. was also distilled three
times under a vacuum. Methane (99.5%, purity) and deu-
terium of a research grade (99.5 D atom 9%,) and argon of
an ultra-high purity (99.999% purity) were used without
further purification. A considerable amount of oxygen was
present in the methane-d; (99.5 D atom 9,) of the Matheson
Co.; it was removed by passing it through a reduced copper
column.? _Experiments were carried out with the gas mix-

tures listed in Table 1.

THE REACTANT MIXTURES AND THEIR
CGOMPOSITIONS

TaBLE 1.

Series No.

I CHCl,/Ar
II  CHCL/D,/Ar

Composition in mol?,

1.5/98.5
1.5/4.8/93.7

Components

IIIa CHCL/CH,/Ar 2.4/4.6/93.0, 1.1/4.4/94.5
IIb CHCL/CD,/Ar 1.8/3.7/94.5, 2.0/4.0/94.0
IIIc CDCL/CH/Ar 1.0/7.8/91.2, 1.0/3.1/95.9

1.9/5.8/92.3, 1.0/2.2/96.8

The hydrocarbons and chlorinated hydrocarbons were sep-
arated and analyzed on a Yanaco G-80 gas chromatograph
equipped with a temperature programer. The gas sample
was separated on a 2-m-long Porapak Q) column, with He
as the carrier gas; the separated components were detected
by means of thermal-conductivity and flame-ionization de-
tectors. As occasion demanded, we determined each eluted
component by mass spectrometry in order to confirm the
identification of each peak of the gas chromatography.

After the separation of the product gas mixture into com-
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ponents on a gas chromatograph, we analyzed the separated
elutant by mass spectrometry in order to determine the hy-
drogen isotopic distribution. For the simplification of the
mass spectrum, a low ionization voltage was employed. At
an ionization voltage of about 10 eV, only the parent peak
remained except for chloroform. In the case of chloroform,
CHCI;, the peak intensity of CHCl,* was much stronger than
that of CHCl,*, even at a low ionization voltage.

Results

The dwell time was practically constant (1 ms), and
the total density behind the reflected shock waves was
about (2.4—3.9) X 10~% mol/cm3. The reaction tem-
perature range was about 1000—1200 K. It was true
in all the series that chlorinated ethylene and hydrogen
chloride were the main products and that the chlorinated
ethane was not present or, occasionally, present in a
very small amount.®> When one of the reactants was
deuterated, the hydrogen isotopic isomers of chloroform
were analyzed by mass spectrometry after the shock
heating. It was thus confirmed that the isomer of
chloroform converted by H/D exchange reaction was
negligibly small. The experimental results for each
series are described below.

Series 1. Tetrachloroethylene and hydrogen
chloride were produced predominantly. The hydrogen
chloride was not quantitatively analyzed, since an exact
determination of the yield is difficult because of the
surface reactions. As the minor products, four species
were found; trichloroethylene, dichloromethane, 1,1,2,2-
tetrachloroethane, and an unidentified species. The
characteristics of the product distribution were con-
sistent with those reported of Semeluk and Bernstein.l
Table 2 shows the yields of C,Cl, and C,HClj, together
with the conversion of chloroform.

Series II. When deuterium was added, much
more species were produced than those obtained from
the decomposition of chloroform alone. Fifteen species
involving unidentified peaks were detected. ‘Trichloro-
ethylene, which has been a minor product in Series I,

TaBLe 2. Tue concentraTIONS OF C,Cl; ano C,HCI
IN THE PRODUCT GAS MIXTURE AND THE CONVERSION
OF CHLOROFORM

Chloroform

T/K GGl G,HCl,» conversion®
975 135 13 c)
1005 320 26 c)
1033 310 21 c)
1058 770 44 18
1073 2300 48 40
1090 1690 77 39
1093 1680 75 39
1103 2370 116 51
1105 1770 84 43
1155 3350 33 80

a) The concentration is expressed in ppm. b) The
conversion is cxpressed in 9%. c¢) The values in this
column were obtained from the analysis of chloroform.
The value denoted by c¢ is slightly negative due to
the analytical error.
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here appeared as the main product. Tetrachloroeth-
ylene, dichloromethane, 1,l-dichloroethylene, vinyl
chloride, and chloroacetylene were identified, while as
trace species methane, ethylene, ethyl chloride, and 1,1,-
2,2-tetrachloroethane were detected. The yields of the
principal products are plotted against the chloroform
conversion in Fig. 1.

As is shown in Fig. 1, trichloroethylene, C,Cl,, and
dichloromethane increase linearly with the increase in
the conversion at relatively low conversions, but they
show their maximum at higher conversions. On the
other hand, 1,1-dichloroethylene, vinyl chloride, and
chloroacetylene were hardly detected at all at low con-
versions; they increased remarkably at high conversions.

The deuterium content of trichloroethylene is shown
in Table 3. It should be noted that the yield of C,HCI,
is much greater than that of C;DCl; over a wide con-
version range.

Series I11. Many species (13 species) were ob-
served, as in the case of Series II. The principal prod-
ucts of the Series ITla were 1,1-C,H,Cl,, C,H;Cl, C,H,,
C,H,, C,HCl;, and C,Cl,. Their yields, except for
that of C,Cl,, are plotted against the chloroform con-
version in Fig. 2 (C,;Cl; was not determined by gas
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Fig. 1. Plots of product yield for series II, vs. chloroform

conversion.

@: Trichloroethylene, []: C,Cl;, A: dichloromethane,
©: 1,1-dichloroethylene, A: chloroacetylene,

O: vinyl chloride.

TABLE 3. HYDROGEN ISOTOPIC DISTRIBUTION OF
TRICHLOROETHYLENE FOR SERIES 11

CHCl» CDCl,) comversiom
91.8 8.2 23.0
87.8 12.2 43.6
78.0 22.0 67.7
72.2 27.8 72.6

a) These values are expressed in percentages.
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chromatography, but the mass spectra showed the yield
of C,Cl,; was comparable with that of C,HCl,;). The
product distributions of Series IIIb and IIIc were sim-
ilar to that of Series IIIa.

The main hydrogen isotopic isomers of each product
for Series IIIb and IIIc are shown in Table 4. When
the conversion of chloroform is smaller than 509, 1,1-
dichloroethylene and trichloroethylene almost always
consist of only one hydrogen isotopic isomer; the other
isomers form less than one tenth of the main isomer.
Vinyl chloride consists of two hydrogen isotopic isomers
of comparable amounts.

In Table 4, if we replace the H and D atoms of
Series IIIc by D and H atoms respectively, we obtain
the distributions of the isotopic isomers of Series IIIb.
The hydrogen of trichloroethylene came mainly from
the reactant chloroform. On the contrary, the hydro-
gens of 1,l-dichloroethylene came from the reactant
methane. The hydrogens of vinyl chloride, like 1,1-
dichloroethylene, were supplied mainly by the methane,
but partly by the chloroform.

Figure 3 shows the hydrogen isotopic distribution of
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Fig. 2. Plots of product yield for series I1Ia (1.1/4.4/94.5)
vs. chloroform conversion.
©: 1,1-Dichloroethylene, O: vinyl chloride,
@: trichloroethylene, (@: ethane, (: ethylene.

TABLE 4. MAIN HYDROGEN ISOTOPIC ISOMERS OF
CHLORINATED ETHYLENE FOR SERIES III

Species Series I1Ib Series I1Ic
Dichloroethylene C,D,Cl, C,H,Cl,
Vinyl chloride C,D,Cl, C,HD,Cl C,H;Cl, C,H,DCI
Trichloroethylene a) C,DCl,

a) This was not determined by mass spectrometry, but
it may be G,HCI; in view of the results of Series II
and IIIc.
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Fig. 3. Dependence of R,s/R,, on temperature and
concentration ratio of r=[methane]/[chloroform] for
series IIIb and IIIc. The ratio of R,z/R,, is equal
to [CHCl=CD,]/[CDCl=CD,] and [CDCl=CH,]/
[CHCI=CH,] for IIIb and IIIc, respectively.

[J: r=2.0 (IIIb), @: r=7.8 (IIIc), A: r=3.1
(IIIc), O: r=3.0 (IIlc), @: r=2.2 (Illc).

vinyl chloride, which is dependent upon the temperature
for Series 11Ib and IIlc. The ratios of [CHCI=CD,}/
[CDCI1-CD,] and [CDCI=CH,]/[CHCI=CH,] for Series
IIIb and IIIc respectively are plotted against the tem-
perature. In the following discussion, it will be shown
that they are equal to the ratio of the rate of the of
process to that of the ao process in the decomposition
of “hot” 1,l-dichloroethane. The Rag/Ra. ratio de-
creases with an increase in both the temperature and the
[methane]/[chloroform] ratio. There is no detectable
isotope effect in the IIIb and IIIc series.

Discussion

The product distribution was changed drastically by
the addition of methane or hydrogen. One of the
characteristic changes is the decrease in C,Cl,; another
is the increase in trichloroethylene.

In the case of D, addition, trichloroethylene, C,Cl,,
and dichloromethane are supposed to be the primary
products, because, in Fig. 1, their yields are linear to
the conversion® at a low conversion. In the case of
methane addition, ethane, vinyl chloride, 1,1-dichloro-
ethylene, trichloroethylene, and C,Cl, are probably the
primary products, while ethylene is a secondary pro-
duct, as may be seen from Fig. 2, although their plots
are somewhat scattered.

The change in the product distribution can be readily
explained by the Cl atom elimination, proposed by
Semeluk and Bernstein,V) from the chloroform molecule
in the initiation step. In the case of D, addition, the
Cl atom formed by Step 1 may abstract the D atom
from the D, present in a large amount; then DCI and
the D atom are produced;

Cl- + D, — DCl + D- . (7)
The D atom produced in Reaction 7 then further reacts
with chloroform;

D. + CHCl, — CHCl,- + DCI. 8)

Since there is a competitive relation between Reactions
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7 and 2, Reaction 7 retards the radical-chain reaction
to yield G,Cl,. On the other hand, because of the par-
ticipation of Reaction 8, the formation rate of the CHCI,
radical is increased. The ‘hot” molecule of 1,1,2,2-
tetrachloroethane may be produced via the combina-
tion reaction of the CHCI, radical;

9CHCl,- —— CHCLCHC,* . (9)
The ““hot” molecule is stabilized by collisions or decom-

poses to an ethylene-type molecule and hydrogen chlo-
ride via a unimolecular reaction;

+M
CHCLCHCL* — CHCLCHCL,,
— C,HC, + HCL

(10)
(11)

The fact that hardly no 1,1,2,2-tetrachloroethane is
found may show that the “hot” molecule prefers the
decomposition to the stabilization under our experi-
mental conditions. Dichloromethane as a primary pro-
duct may be formed via a hydrogen-abstraction reaction
of the CHCI, radical;

CHCl,- + D, — CHDC], + D-. (12)

The production of C,Cl, can be explained by the partly
surviving chain reaction proposed by Semeluk and
Bernstein.l) Itis apparent that the trichloroethylene pro-
duced through Reactions 9 and 11 has the same hydro-
gen isomer as the reactant chloroform.

On the other hand, the assumption by Shilov and
Sabirova? that the CCI, radical is formed in the ini-
tiation step is not reasonable. In explaining the for-
mation of trichloroethylene, the following plausible re-
actions are assumed on the basis of analogy with the
CH, radical;

CQl: + D, —> CDCl,- + D-, (13)
D. 4+ CHCl, — CHCl,- + DCI . (8)

The decrease in the formation rate of C,Cl, can be
explained by the competition between Reactions 5 and
13. However, the yields of C,HCl; and C,DCl; which
are produced from “hot” tetrachloroethanes would then
be equal, since the formation rates of the CHCI, and
CDCI, radicals are supposed to be equal. This expec-
tation is not consistent with the experimental result;
that is ,the formation of the CCl, radical in the primary
step is doubtful. The increase in the composition of
C,DCl, with the increase in the conversion (Table 3)
may be the result of some secondary reactions.”

In the case of the methane addition, in the ITIc series
for example, the Cl atom elimination reaction also agrees
with the experimental results. The following reactions
may give C, radicals;

CDCl; — CDCl,- + Cl., (1)
Cl- + CH, —» CH,- + HCI, (14)
Cl- + CDCl, — CCl;- + DCL )

The ‘“hot” ethane-type molecules are formed wzia the
association of these C, radicals. These “hot” chlori-
nated ethanes decompose to ethylene-type molecules and
hydrogen chloride. Ethane and C,Clg are only be
stabilized by collisions;

2CDCl,- — CDCLCDCL* — C,DCl, + DCI, (11)
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CDCl,- + CH;- —— CDCI,CH,*,

af
2, cDCI-CH, + HCI, (15)
2, CHCI-CH, + DCl, (16)
CDCl,- + CCl- ——
CDCLCCL* — C,Cl, + DCI, 17)
CH,- + CCl;- —
CH,CCl* —— CH,-CCl, + HCI, (18)
+M
9CH,. —— CHg* — G,H,, (19)
+M
20QL,. —— C,Cl* —— C,Cl,, (20)

All the products formed by Reactions 11 and 15—20
except C,Cl; were identified as the primary products.
The partly surviving chain mechanism as well as Reac-
tion 17 may be responsible for the formation of C,Cl,,
as in the case of D, addition. '

The hydrogen isotopic distributions of trichloroeth-
ylene and 1,1-dichloroethylene through Reactions 11
and 18 are in good agreement with the experimental
results. The assumption that the “hot” CDCI1,CHg
molecule decomposes not only through the «f process
but also through the ao process can well explain the
isotope distribution of vinyl chloride. It is well known
that the haloethane eliminates hydrogen chloride via
the off process. Recently, however, Perona et al.®
found the aw process in the chemical activation study of
the “hot” CHF,CD;, and its occurrence has lately been
confirmed by Kim et al.®) Moreover, Perona et al.%)
suggested that the aa process was competitive with the
off process only when two halogen atoms are attached
to the same carbon atom. It was also found from the
studies of “hot” 1,1,2-trichloroethane-1-d;1% that the
aor process competed with the «f process. Therefore,
the fact that the vinyl chloride consists of two hydrogen
isotopic isomers may be evidence in support of the pro-
posal by Perona et al.®) Figure 3 indicates that the
rate ratio of Rag/Ree decreases with the increase in the
temperature; behavior like this has already been de-
scribed by Perona et al.®) and Kim et al.®) This tem-
perature dependence can be qualitatively explained by
the RRK theory.5') The Rag/Raa ratio is expressed
by the following equation;

Raﬂ/Rua = Aaﬂ(l _E:ﬂ/E)n_l{Aaa(l _E?x‘a/E)"_l}_l‘

The number of effective oscillators, n, is assumed to be
the same for both eliminations, and a value of n=12
has been adopted.'t) The internal energy, E, was taken
to vary between 85.4 kcal/mol at 298 K and 109.6 kcal/
mol'» at 1200 K. The temperature dependence is
ascertained by the choice of E*qs=>52 kcal/mol'® and
E*.a=62kcal/mol. The difference in the critical en-
ergies (E*qzo— E*4p) is similar to that obtained by Perona
et al.,®) but is somewhat larger than that for ““hot” 1,1,2-
trichloroethane-1-4;.19 A more exact study will be
necessary for a quantitative discussion.

In conclusion, in the case of methane addition, the
product distribution and hydrogen isotopic distribu-
tions support the Cl atom elimination in the initiation
step. On the contrary, the assumption that the CCl,
radical is formed in the initiation step does not agree
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with the experimental results. If the following reac-

tions were possible;
CCl,: + CH, —> CHCI,- + CH,-,
CCl,: + CDCl; — CDCl,- 4 CCl;-,

(21)
(22)

the formation rate of C,HCI; would be larger than that
of C,DCl,, because Reaction 21 must be predominant
over the Reaction 22 in the presence of excess methane.
Vinyl chloride would be produced by the following

reactions;
CHCL,- + CH,. —>

CHCL,CH,* — CHCI-CH, + HCl, (15
CDCl,- + CH,. —
5
CDCLCH,* —— CDCI-CH, + HCl,  (15)
2, CHCI-CH, + DCL.  (16)

Reaction 15’ might be predominant over the others,
and the yield of CDCI=CH, would be considerably
small. These expectations are actually not in agree-
ment with the experimental results. Further, the pos-
sibility of the insertion reaction of CCl, into G-H or
a C-Cl bond and the successive elimination of hydrogen
chloride may be considered. However, these reactions
can not satisfactorily explain the variety of the products
and the hydrogen isotopic distributions.

The reaction scheme based on the Cl atom elimina-
tion in the initiation step can well account for the
variety of the products and their isotopic distributions.
The scheme can not, however, explain the relative
yields of the products without any modification. For
the case of methane addition, 1,l1-dichloroethylene was
the main product, as is shown in Fig. 2. This can not
be derived from the scheme. Under the experimental
conditions, the formation rates of the G, radicals of
CDCl,, CH;, and CCl; decrease in that order.!)
Therefore, the [vinyl chloride]>[1,1-dichloroethylene]
relation might be expected. Perhaps this apparent con-
tradiction can be solved by the assumption that there
is another path to produced 1,1-dichloroethylene in
addition to Reaction 18.

In the study of the chemical activation of CHF,CDj,
Perona et al.®) found the yield of CF,=CD, to be about
1/2—1/10 of that of vinyl fluoride. They supposed a
third unimolecular reaction path of “hot”” CHF,CDj;

CHF,CDy* — CF,-CD, + HD. (23)

Kim et al.® also found CF,=CD, in a similar reaction
system and confirmed the unimolecular pressure depend-
ence of the yield. Although they did not agree with
the third unimolecular path because of its unusual
nature, they could not find out any evidence denying it.
Perona et al.®) thought that Process 23 had a larger
critical energy than those of the «f and ax processes.
The importance of the third path may, then, become
greater at higher temperatures. The following reac-
tion is assumed by analogy with Reaction 23;

CDCLCH,* — CCL-CH, + HD. (24)

Since Reaction 24 competes with the «f and the ao
processes, the formation rate of vinyl chloride decreascs
and that of 1,I-dichloroethylene increases.

Takayuki Yano
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Let us examine other possible paths yielding 1,1-
dichloroethylene. Tschuikow-Roux et al.1%) found CFp=
CH, besides the main product CHF=CH, in their shock
tube study of CHF,CH,. They suggested the following
reactions for the formation of CF,=CH,;

CH,- + CH,CHF, — CH,CF,. + CH,, (25)
2CH,CF,- —> CF,=CH, + CH,CHF,. (26)

In the present case, 1,1-dichloroethylene may be pro-
duced by the following reactions analogous to Reactions
25 and 26;

CDCl,- (or CH,-) + CH,CDCl, —>
CH,CCl,- + CD,Cl, (or CH,D), (@7
9CH,CCl,- — CH,=CCl, + CH,CHCI,. (28)

In the present experiment, however, neither dichloro-
ethane nor dichloromethane was found in the products.
This indicates that Reactions 27 and 28 are not impor-
tant for the formation of dichloroethylene. Next, let
us consider the disproportionation of the CDCI, radical;

2CDCl,- —> CD,Cl, + CCly:, (29)
CCl,: 4+ CH;- — CH,CGCl,-* — GH,=CCl, + H-.
(30)

These reactions would produce a considerable amount
of dichloromethane, which also is not compatible with
the above observation. Therefore, it may be concluded
that Reaction 24 is the most probable process for yield-
ing dichloroethylene.

The author would like to express his grateful acknowl-
edgments to Professor Kenji Kuratani, the University
of Tokyo, for his encouragement and kind discussion
throughout the work.
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