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The pyrolysis behavior of chlorinated derivatives of methane, ethane and ethylene has been investigated in graphite ovens
at pressures between 10~2 and one mm. of Hg in the temperature range 450-1300°K. Several C, compounds studied transfer

chlorine atoms from adjacent carbon atoms to the graphite surface.
products indicated a first-order relationship between product and reactant.
Heats of reaction for the removal of two chlorine atoms from adjacent carbon
The compound sym-tetrachloroethane pyrolyses to both sym-dichloro-
ethylene and trichloroethylene, the latter by the elimination of HCI(g).
a more complex pressure dependence than those observed for dechlorination.

of an equilibrium reaction with graphite.
atoms are found to vary between +12 and +25 keal.

also have been dehalogenated over graphite.

Introduction

A number of investigations of the pyrolysis of
chlorine derivatives of methane and ethane have
been quoted by Huntress.?® In general these
studies have ben concerned with the identifica-
tion of new compounds as they exist in the con-
densed product resulting from the pyrolysis. The
details of the pyrolysis occurring in the reaction
chamber may not always be well defined since the
products themselves may undergo further reaction
on cooling.

A useful analytic technique is the direct mass
spectrometric identification of the pyrolysis prod-
ucts as they are found in the reaction. The general
limitation, however, is that gases cannot be in-
jected at high pressures into the vacuum region of
the mass spectrometer source. An advantage,
on the other hand, of low pressure studies is that
they offer a more thorough examination of the
catalytic behavior of the reaction vessel. In
this paper we will deal only with low pressure re-
actions in graphite ovens.

Experimental

Descriptions of the mass spectrometer and high tempera-
ture assembly for vaporization studies have been given
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The pressure dependence of the yield of dechlorinated
This is interpreted as evidence for the existence

The HCI elimination reactions are found to follow
Several fluoro-chloro C; and C; compounds

earlier. The apparatus has been modified by enclosing the
effusion cell in a chamber which permits differential pumping
between the high temperature assembly and the ion source
of the mass spectrometer. This arrangement is demon-
strated in Fig. 1. A 3-mm. orifice in the top of the isolat-
ing chamber permits a beam of gas to flow directly from the
reaction cell to the ion source at pressures of 10~% mm. or
lower. The graphite reaction vessel is connected by means
of a stainless steel tube to the external gas handling system.
A cross section of the graphite oven is reproduced in Fig.
2. The upper section is heated directly by radiation and
electron bombardment from a helical tungsten filament.
The long narrow neck on the cell serves to minimize heat
transfer to the lower section. Several pieces of graphite
were included in the upper chamber to provide a large surface
area for reaction and to ensure that the gases attained the
temperature of the cell. The temperature of the upper
chamber was measured with a Pt-Pt,Rh thermocouple
which was fastened to the side of the reaction cell. The
area of the cell orifice (1 mm.?) is less than one thousandth
that of the apparent internal area of the upper cell cliamber.
Under these conditious effusion by Knudsen flow is realized.
Electrolytic-type graphite was used throughout.

Leak rates were controlled to maintain the cell pressures
between 102 and one mm. The cell pressure was esti-
mated by calibrating with CCL vapor in equilibrium with
solid CCl maintained at the Dry Ice—acetone temperature
and observing the intensity of the CCl®+ ion beam as a func-
tion of ionizing electron energy. As the temperature of
the cell was raised the gas pressure dropped below its initial
inlet value. This probably results from increased impedance
due to thermal expansion of the furnace assembly.

Each new graphite oven installed in the mass spectrom-
eter was cleaned by heating to 700-800° for about 2 hr.

with subsequent heating to between 1000 and 1200° for 1 hr.

(4) R. F. Porter and R. C. Schoonmaker, J. Phys. Chem., 62, 234
(1958).
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Fig. 2.—Graphite cell for pyrolysis reactions.

The purity of the materials employed was determined by
running their mass spectra with the reaction chamber cold.
The CCl, and CiCl, were Mallinckrodt Reagent Grade
Chemicals. The C,Cli was redistilled. The CHy-CCl,
was Fisher Reagent Grade Material. The C;HCl;, CHCls-
CHCI:, CFrCCln, CFCI:. CFCerFClg, CF:==CC\-; and
CFCI==CFCl were kindly provided by Dr. W. T.Miller and
Dr. A. C. Currie of the Chemistry Department of Cornell
University. The CF;CI-CF;Cl was purchased from the
Matheson Company and was purified by successive distil-
lations from one cold trap to another in a vacuum system.

CCl, and C;Cl,.—The pyrolysis of carbon tetrachloride
at pressures higher than tliose attainable in an effusion cell
has been studied by several investigators.f=? The major
products are known to be tetrachloroethylene, hexacliloro-
ethane and, to a lesser extent, hexachlorobenzene. In the
present work, at temperatures above 500°, the major ionic
species found by mass analysis were C,Cl,*, Cl,* (from Clo)
and CCl;* which is the major ion fragment from CCl.
At temperatures around 600° C,Cls* also began to appear

(5) C. G. Fink and C, F. Bonilla, J. Phys. Chem., 87, 1141 (1933).
(6) H. B. Weiser and G, E. Wightman, ¢bid., 33, 416 (1919).
(7) W. Lab, Z. Elektrochem., T. 903 (1901),
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Fig. 3.—Pressure dependence of C4Cl,(CsCli*) on CCl,-
(CCls*): electron energy = 20 volts; T = 800°K.; pres-
sure range 0.1 to 1 mm.
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Fig. 4.—Appearance potential curves for CsCls* and
CiCli* showing second threshold for C,Clyt at ligh cell
temperatures,

in the mass spectra. The pressure dependence of C;Cly(g)
on CCl, is shown in Fig. 3 where the intensities of CCl+
and C,CL* are taken as proportional to the pressures of CCly
and C4CL, respectively. This line has a slope of 0.8 which
is interpreted to indicate a first-order pressure relationship.
The pressure of Cls as indicated by by the Cly* current was
directly proportional to the C,Cli* current from C.ClL.
At 750° the Cly+/CyClL * ratio varied between about 0.81 and
0.74 for an ionizing electron energy of 20 volts while the
absolute intensities of Cla* and C,Cli* changed by a factor
over ten. On the basis of the preceding observations it
is not possible to interpret the data in terms of the gas
pliase equilibrium of the reaction
2CCl(g) —> C.Cl(g) + 2Clx(g) (N

The pressure dependence curve for this equilibrium has a
theoretical slope of 1.5 which is well outside of the limits
of reproducibility.

Consideration of a plausible mechanism for the pyrolysis
of CCl will be given in the discussion on the basis of sub-
sequent observations with chlorinated ethanes.
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Fig. 5.—Pressure dependence of C;Cly(C,Cly*) on Cy,Cl-
(CsCL1); upper curve obtained with CCl, as flow gas; lower
curve obtained with C;Cly as flow gas. Ionizing electron
energy = 15 volts; pressure range 0.025 to 0.25 mm.,

At temperatures above 600° the CyCl3*/C;Cl,* ratio was
found to increase with temperature. The same effect
was observed when C3Cl; was introduced through the leak.
Appearance potential measurements for CyCly* in Fig. 4
show that CiCl;* is formed by two processes. At high
temperatures, C;Cl;* has an ionization threshold about 5
volts below that observed when the C3Cl; sample was below
600°. This indicates that ion fragmentation of CsCl(g)
to form C;Cl;* is negligible at electron energies below 15
volts. The high temperature threshold for CyClst is inter-
preted to indicate that a molecular species CyCl(g) having
a low appearance potential is produced by a high tempera-
ture reaction. It was thus imperative to compare C,Clzt
and CyCl;* currents at electron energies of 15 volts or lower
to eliminate ion fragmentation as a source of C4Cl;*. The
observed pressure dependence of Ci:Cls on CyCl; is shown
in Fig. 5. Pressure data were obtained with CCL and C,Cl,
as the flow gases. A simple first-order pressure dependence
was observed in both cases (Fig. 5). Thu§, chlorine gas,
a by-product from the CCl pyrolysis, had no discernible
effect on the pressure dependence, This indicates that
the pyrolysis of C4Cly in a graphite oven does not follow
the simple gas phase reaction

C:Cli(g) —> C:Clx(g) + Clx(g) (2)

This is also supported by the striking fact that Cl; was #not
observed as a product in the direct pyrolysis of CiCl.
A feasible interpretation of these results is that CyCly(g)
is generated by a surface reaction.

CgCl.(g) + Clurhna L o C2C12(g) + 2C1(Clurlm) (3)

The only observable product beside C;Clz with CyCl as the
inlet gas was HCI(g). It thus appears that surface chlorine
was removed by a reaction involving hydrogen present
in the graphite.

A plot of log (Ipsout/Icscty+) which is proportional to
log Keq for reaction 3 is shown in Fig. 6. The slope of the
curve can be seen to flatten off at highest temperatures.
This effect is not clearly understood, although it may be
due to the competing reaction of graphite that removes
chlorine atoms from C,Cl,.

The slope of the curve in the lower temperature range was
reproducible and gave a heat of reaction of 416.0 &= 3.0
kcal. This implies that the transfer of two chlorine atoms
from C,Cl to the carbon surface is endothermic.

CHCI,-CCly.—Mass spectra with CHCIy~CCl; as reactant
were obtained as a function of leak rate and cell temperature.
The ion fragments from cold CHCl-CCl; were

CCly+:C.HCIt:CHCly +: C,HCl; + = 88:100:25:18

for an ionizing electron energy of 20 volts. At high tem-
peratures CHCl;+ became the ion of highest intensity.
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Fig. 6.—Temperature dependence of C;Cly(CsClst) on
CiCL(CiCLit); electron energy = 15 volts; pressure range
0.3 to 0.8 mm,

This is interpreted as the ionization of CHCI==CCl; which
is formed by the transfer of chlorine atoms from adjacent
carbon atoms of the reactant to the hot graphite surface.
The yield of C;HCl; increased with temperature as indi-
cated in Fig. 7 where CGGHCL t is used as a measure of the
C,HCl; pressure. In addition to C;HCl;* an ion current
of C;ClL* due to C4Cl; was observed. The intensity of
this C,Cl+ current, however, was insensitive to large varia-
tions in temperature, and it was therefore concluded that
its presence is probably due to an impurity. Some elimi-
nation of HCI to give C4Cl, cannot, however, be excluded.
As in the case of the CyCly reaction, no evidence for the
formation of Clx(g) was found. This suggests that the
removal of chlorine atoms was occurring by a surface
reaction similar to that for C,Cl,

C3HCls + Churface —> C,HCl; 2C1(C.ur{u.) (4)

The temperature dependence of this reaction (Fig. 7) gives
AH = 21.0 == 3.0 kcal.

CHCI,-CHCl;.—The mass spectrum of cold CHCls-
CHCl, Eave ion currents of CyH,Cl+:CHCl;+:CyH Clyt:
CHCL* = 9:100:7:3 for 20 volt electrons. At high
temperatures ion currents of CsHsCla+ and C;HCl,* became
intense relative to CHCl, + which was used as a measure of
the CHCI~-CHCly pressure. The species CyH:Cly* and
CyHCl; t are due to ionization of CHCl==CHCl and CHCl=
CCls, respectively. Under conditions where the pyrolysis
is essentially complete, 1.e., above 1000°, the mass spectrum
observed for CHCI=CHCI agrees well with the reported
spectrum for dichloroethylene.® The temperature de-
pendence of this system is shown in Fig. 8. As illustrated,
the yield of CHCIl==CCl, is more temperature dependent
than that of CHCI=CHCI. The heat of reaction for the
production of CHCI=CHC(CI is AH = 14.2 =% 3.0 kcal.
We do not attach quantitative significance to the tempera-
ture dependence of the CHCl=CCIl; generation shown in
Fig. 8. We comment later that the HCI elimination in
CH,-CCl; is too complex to be accounted for by a simple
reaction eliminating HC1 by surface adsorption.

CH;-CCl.—Investigation of CHy-CCly appeared useful
since one would assume that chlorine atoms would not be

(8) "Mass Spectral Data,’ American Petroleum Institute Re-
search Project 44, National Bureau of Standards, Washington, D, C,
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Fig. 7.—Temperature dependence of C:HCl;(C;HCl;+) on
CHCI(CHCL*); electron energy = 20 volts; pressure
range 0.07 to 1.0 mm,
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Fig. 8. —Temperature dependence of C;HCly(C;:HCl; ) on
CHCI1-CHCL(CHCl:*) and CHCI=CHCI(C,H,Cl:*) on
CHCIL:-CHCI(CHCly*);  electron energy = 20 volts;
pressure range 0.09 to 1.2 mm.

removed by the surface reaction. The mass spectrum of
cold CH;-CCl; gave major ion currents in the ratio CiH;-
Cl+:CCl +: GH,Cl,* = 100:21:0 at 20 electron volts.
At high temperatures the current of C:H.Cl,* increased
relative to C.H;Cl,* as indicated in Fig. 9. The appear-
ance of C;H3Cl;* is due to ionization of CH;=CCl, which is
produced in the oven at high temperatures. The pressure
dependence of C;H,Cl; dn C,H,;Cl; is illustrated in Fiﬁ. 10,
where the observed currents C:H,Cl,* and C,HiCl;t are
considered to be proportional to pressures of their respec-
tive gases. The experimental data give a slope of ap-
proximately 1.8 which implies a second-order pressure
relationship of the reactant on the product. This is under-
standable if we assume that the HCI(g) as split from the
reactant molecule is not strongly chemically absorbed on
the surface and may effect reversal of the reaction. This
is also consistent with the observation of a high HCl(g)
concentration as indicated by an intense HCI* current.
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Fig. 9.—(A) Temperature dependence of CHs=CCl;-
(CH.Cl:*) on CHy-CCly(CyHsCly*);  electron energy =
20 volts; pressure range 0.12 to 0.25 mm, (B) Temperature
dependence of relative Keq for C,H;Cly(g) & C:H:Cly(g) +
HCl(g). Ka = Iccpt/Icuct; Kp = (constant) T
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Fig. 10.—Pressure dependence of CH ==CCly(C.H;Cl,*)
on CH;-CCli(C:H;CL.%); T = 740°K., electron energy =
20 volts; pressure range 0.10 to 0.70 mm.

Taking Igcr proportional to Icymcnt, a plot of log
T(Icsmciyt)/ (Iosmert) vs. 1/T may be used to evaluate
the enthalpy of reaction for the elimination of one mole of
HCl(g). A plot of this (Fig. 9) shows a reasonable linear
relationship. Omitting the point of maximum deviation,
we obtain for the reaction AH = 4 23.6 == 2.5 keal./mole.

Chloro-fluorcethanes: CF,CIl-CF,Cl.—It was of interest
to examine the pyrolysis behavior of some of the fluorine-
chlorine analogs of the chlorinated hydrocarbons discussed
above. The mass spectrum of cold CF,CI-CFyCl gave
ma_éor peaks in the intensity ratio CF.Cl*:CFCl+:Cs
F4+ = 100:49:1 for 20 volt electrons. The intensity of the
mass 100 peak (C:Fy*) was observed to increase at high
temperatures relative to C;F.Cl* which is the ion fragment
whose intensity is proportional to the pressure of CF.Cl-
CF.;Cl. The Cl,* current was very small compared to
C.F;*. The enhancement of the C,F,* intensity is assumed
to arise from the surface reaction

C2F6C12(g) + C(surfnce) — C?Fd(g) +2 Cl(cturhce) (5)

Identification of C;Fy as the reaction product was verified by
observing the increase in the C,F;* which is the major ion
fragment from C:Fy«(g). A small ion current of C,F,™ arises
from fragmentation of the reactant compound. A cor-
rection for this effect has been subtracted from the ob-
served C,F, * current in computing the C;F,Cl1+/CyF, + ratios
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Fig. 1l.—Temperature dependence of C;F(C,F,*) on
CF;Cl-CF,CI(C,FClt); electron energy = 20 volts;
pressure range 0,08 to 0.60 mm.
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Fig. 12.—Pressure dependence of CFCl=CFCI(C;F;Cl,*)
on CFCl~CFCIl(CFCly*); electron energy = 20 volts;
T = 780°K., pressure range 0.04 to 0.25 mm,

which are indicative of the true C,F,Cly(g)/C:Fi(g) ratios.
The correlation of the relative yield with temperature is
shown in Fig. 11. From this a value of AH = 11.5 = 2.0
kcal. is obtained.

CFClL-CFCl;.—The major ion currents obtained in the
mass spectrum of CFCl,-CFCl; were in the ratios CFCl,*:
C.F.Cl +: C,F.Cl,* = 100:17:6 for 20 volt electrons. At
high temperatures the C;F:Cl,* current became the major
peak in the spectrum. Figure 12 shows the dependence
of C;F3Cl: on CFCL-CFCl; here represented by C,F,Cl,tand
CFCl;*, respectively. Again fairly clear evidence was ob-
tained for a first-order pressure relationship. This ob-
servation and the absence of Cl,* suggests the surface re-
action

CiF:Cl(g) + Caurtes —> CFCI=CFCl(g) +

2C1( Csurface) (6)

The temperature dependence for the reaction is shown in
Fig. 13, from which A = 24.5 = 3.0 kcal./mole is ob-
tained. At high temperatures where the reaction is far
to the right, the mass spectrum shows the intensity ratio
CyFiCL+:CCL+:CFCl,* = 100:33:8 for 15 volt electrons.
The CCl,* observed here must be formed almost entirely
from the C.F:Cl, since the contribution to this peak from
the reactant is negligible. An independent check con-
firming that the product was CFCI==CFCl was obtained
by running the mass spectrum of CFCl:CFCl prepared by
standard procedures.? The spectrum of the compound gave

Pyrorysts ReacTioNs oF CHLORINATED COMPOUNDS ON (GRAPHITE
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Fig. 13.—Temperature dependence of CF7~=CCl:-
(CoF:Clyt) on CF;—CCl; (C;F;Cly%), upper curve, and
CFCI=CFCI(C;F:Cl;*) on CFCls—CFCI{CFCl;*), lower
curve; electron energy = 20 volts; pressure range 0.02 to
0.09 mm., upper curve, and 0.10 to 0.14 mm,, lower curve,

intensities in the ratio C,F,Cl,+:CCL+:CFCl,+ = 100:56:3,
while the pyrolysis product gave 100:64:4, respectively,
with 20 volt electrons. In contrast the 20 volt fragmenta-
tion of CFs==CCl; yielded C;F,Cl;*+;CCl,*:CFCl* = 100:
21:0. The observation of a high CCl;* peak from CFCl=
CFCIl molecule implies a substantial rearrangement of the
ion when it is formed. This is most probably a conse-
quence of the stability of CF: in the process

CFCI=CFCIl 4 e~ —> CFCI=CFCI* + 2¢ (7)

}

CF, ++ CCL*

The fragmentation of the two isomers with 100 volt electrons
also has been determined. Under these conditions the ratios
C;F:CL+:CCL*:CFCl+ are 100:88:13 and 100:37: =0,
for CFCI=CFCl and CFys=CCl,, respectively. The
CCl;t jon is tllus a more abundant fragment from CFCl=
CFCl than from CFy==CCl,!

The splitting of the double bond on ionization is apparently
a characteristic of ethylenic fluorine compounds as the
analogous split in CCl==CCl, is not a major fragmentation
process. No evidence was found for the dechlorination
of CFCI=CFCl.

CF;-CCl;.—The mass spectrum of CF;-CCly shows that
the fragmentation currents are in the ratios C;F3Cl; +:CCl+:
CoF.Cl,* = 100:71:0 for 20 volt electrons. At temperatures
above 650° C;F,Cl, * became the most abundant ionic species.
The pressure dependence of C:F:Cl;* on CF,ClLi%, i.e.,
product C:F3;Cl: on reactant C3FsCls, is shown in Fig. 14.
The behavior in this case was more complex than for most
of the previous systems because of the extraction of fluorine
from the molecule. At low leak rates the current is es-
sentially first order but departs toward a higher order at
higher pressures. No evidence was found for Clig) or
ClF(g) in the reaction. The only additional product
of significant intensity was HCI(g). This gas is assumed to
arise by the reaction of adsorbed chlorine with other sources
of hydrogen. The low pressure behavior is readily under-
stood in terms of the simple reaction

(9) E. G. Locke, W. R. Brode and A. L. Henne, J. Am. Chem. Soc.
88, 1727 (1934).
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CF;—CCl(CeFClat);  electron energy = 20 volts; 7% =
840°K.; pressure range 0.02 to 0.40 inm.,

CEF—CCli(g) + Ciurtaco —> CF,=CCly(g) +
(F + C1)}(Ciurtace) (8)

Verification that the product was the unsymmetrical
CFy=CCl; was obtained by comparing the 20 volt high
temperature mass spectrum with that from the commer-
cially prepared material. One obviously distinguishing
feature between the mass spectra of CF3==CCl; and CFCl==
CFCl is the presence of a relatively large CFCl1* peak in
the spectrum of the latter. This peak was absent in the
pyrolysis of CF;-CCl,.

The temperature dependence of the yield obtained at low
pressures is shown in Fig, 13 where C;F:Cly* and C,F;Cly
currents are proportional to the partial pressures of product
and reactant, respectively. From the slope we have
AH = 29.3 =% 3.0 keal.

TaBLe 1

DATA FOor Low PRrRESSURE PYROLYSIS OF SEVERAL HaLo-
GENATED COoMPOUNDS IN GRAPHITE OVENS

Temp. (°K.) AH®
Reactant range studied Products (kecai./mole)

CCl, 633-1050 C,Cl,, C.Cl,, Clg
C.ClL, 450-1300 C4Cly 16.0 * 3.0°
CHCIl,—CCl,; 450- 900 CHCI=CCl; 21.0 % 3.0°
CHC1,—CHCl, 500-1000 CHCI=CHC1 14.2 =% 3.0°

CHCI=CCly
CH,C1—CH,Cl1 450-1170 CH,==CH,

CH,=CHCI
CH,—CCl, 600- 975 CH;=CCl,
CF;Cl—CF,Cl1 640-1190 CF;=CF, 11.5 %= 2.0°
CFCl;—CFCl, 620~ 960 CFCI==CFCl 24.5 % 3.0°
CFi—CClL 680-1000 CFy=CCl, 29.3 = 3.0
CFCl; 850-1160 CFCl=CFCl

CFCl=CCl;

CF,Cl, CF:Clx

s Refers to removal of two chlorine atoms from adjacent
C atoms. ? Refers to removal of one F and one Cl atom
from adjacent C atoms.

CCLF.—The pyrolysis behavior of several chlorofluoro-
methane compounds also was examined. Several reaction
products were observed and identified for CFCl;. The
major ion fragment observed for cold CFCl; was CFCL+.
The ionic species present in the high temperature mass
spectrum were C;FsCls* and C;FClLy+ which are attributed
to CFCI=CFCI and CFCl==CCl,, respectively. No evi-
dence was found for CFClgCFCly or CFCl,-CCl; which are
the logical precursors of the observed ethylenic products.
Single carbon fragments CF;+ and CF,Cl* were present.
Under these conditions Cls* was also observed. A typical
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TasLg 11

TypicAL MAss SpeECTRUM Or PyRrROLYSIS PPRODUCTS OF
CFCls THrROUGH A GRAPUITE LEAK AT 1113°K,
Ionizing electron energy = 16 volts
fou CF;+ C]z+ CC]1+ CFCI:*’ CngClg"’ C,FC1;+

Intensity 33 17 23 49 100 88

mass spectruin of the reaction products is included in Table
Ii. Both CCLF; and CCIF; were found to be very much
less reactive than CFCl;.  Noetliylene type derivatives were
found at temperatures up to 1000°. No reaction was
found for CF, at teinperatures up to 1200°.

Discussion

We are now in a position to consider the pyroly-
sis behavior of CCL.. Since our observations for
the chlorinated ethanes indicate that chlorine atoms
from adjacent carbon atoms are removed by a
surface reaction to yield an cthylenic product, it
would seem reasonable to expect C;Cly to be the
precursor in the fortnation of C,Cli. The ion
peak, C;Cl;+, however, that could be attributed to
C,Cly exclusively was not observed. No direct
evidence can therefore be offered for siuch an inter-
mediate. The observation of Cly* from Cly(g)
suggests, on the other hand, that Cl, molecules
are split out when two CCl, molecules react. The
following reaction is consistent with the observed
behavior.

2CC14(g) + Caurtace —> CZCIA(g) + Cl?(g) +
2C1(Csurhce) (9)

For this reaction we have

= (Poawcid(Pon) _ Claa)XIowt) _ C'(Iecwt)?
(Pccn)? (Icoiyt)? (Toow+)?

where C'and C” are constants which are independent
of the cell temperature. The observed pressure
dependence in Fig. 3 is consistent with this re-
lationship.

At the low cell pressures of about 10—! mm. for
CCl, it is unlikely that Cl, is split out in a bi-
molecular gas phase reaction. A more tenable
explanation is that two adjacent CCly molecules
adsorbed on the graphite surface split out one Cl,
molecule. Two Cl atoms from adjacent C atoms
in the adsorbed C,Cls may then be transferred to
the graphite surface. Of equal plausibility is the
reverse time sequence where a chlorine atom is
extracted from a CCl; molecule by the surface.
Adjacent adsorbed CCl; groups then combine by
eliminating a chlorine molecule, At higher tem-
peratures where C,Cl; becomes a major product
we would assume that two additional chlorine atoms
are extracted by the surface. The products present
in the gas phase should then be in the approximate
ratio of C;Cly:Cly = 1:1.

The situation with respect to CCLF is somewhat
similar to that for CCl,. Here we can account
for the behavior by assuming that a Cl, molecule
is split out between two reactant molecules with
a subsequent transfer of chlorine or fluorine atoms
to the surface to yield CFCl=CFCl and CFCl=
CCl;. The question of an ethane intermediate
again arises. At the highest temperatures this
problem is minimized since our previous observa-
tions indicate that the most probable intermediate,
CFClL-CFCly, is almost totally pyrolyzed.

Ko
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Schmeisser and Schréter!® report that CCly
is a major product from the pyrolysis of CCliin a
graphite tube at temperatures around 1300°,
No evidence for this product was obtained in the
present work. Extrapolation of our data to tem-
peratures of 1300° suggests C,Cly(g) and Cli(g)
to be the only major products. The only explana-
tion that we can offer for the results of Schmeisser
and Schroter is that the condensed product they
obtained was a 1:1 mixture of C,Cl; and Cl,.
On the basis of the limited knowledge of the ex-
plosive nature of C,Cl,, it would be surprising if a
stable mixture could be prepared.

The hexachlorobenzene and hexachloroethane
reported in the earlier literature as products from
the pyrolysis of CCl; are not formed under the
conditions of this present work. It would thus
seem that the formation of these two materials is
due to subsequent recombination of the primary
pyrolysis products outside of the pyrolysis zone.
No evidence was obtained for the formation of
compounds containing three or more carbon atoms.

Our observations that the pyrolysis of CCl, goes
through C.Cl, and C,Cl, is consistent with the early
suggestion of Liib.”

Although we have evidence that the removal
of chlorine atoms from adjacent carbon atoms in-
volves a surface reaction with graphite, we are not
in a position to discuss in detail the nature of the
chlorine absorbed on the surface. There is some
general concern as to which type of lattice site the
chlorine is bound. It is known that halogen atoms
combine with graphite to give compounds with
approximate formulas CF, GCl and CgBr.  Ub-
belohde!! recently has discussed the bonding
properties in this type of system.

For reactions of the form

R;CCl—CCIR; —>» CR~=CR; + Cli(g) (10)

the available thermochemical data indicate values
of AHy between +40 and 450 kcal. for the cases
where R is H or Cl. This is also the range in AH

(10) M. Schmeisser and H. Schrdter, Z. angew. Chem., 72, 349

(1960).
(11) A. R. Ubbelohde, J. chim. phys., &8, 107 (1961).
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to be expected from simple bond additivity con-
siderations.!?* For the reaction

CHCI,—CHClI; + Cyurtaee = CHCl=CHCI +-
2CI( Caurtaee) (11)

we have determined AH = +414.2 £ 3.0 kcal.
This implies that an additional 25 to 35 keal. are
required to remove 2 Cl atoms from the surface
as Cl; molecules. The reported value!?® of —31.9
keal. for the heat of absorption of Cly(g) on char-
coal is in qualitative agreement with these con-
siderations. This is consistent with the supposi-
tion that chlorine atoms from the chloroethanes are
chemisorbed on graphite and/or are intercalated
between graphite planes as Cl atoms. The ulti-
ate fate of an absorbed chlorine atom is apparently
determined to some degree by the presence of
hydrogen or other surface contaminants which
react to form HCl(g).

The mechanism of the removal of an H and a Cl
atom from adjacent carbon atoms is apparently a
more complicated process as indicated by the pres-
sure data for CH;-CCl; (Fig. 10). On the basis of
the high HCI pressure, it appears that HCI is not
strongly absorbed on the graphite surface, When
Hy(g) was passed in at 600 to 1000° after the
completion of a C,Cly pyrolysis, a 759, conversion
of the Hy(g) to HCl(g) was observed.

When Hy(g) and C,Cli(g) were run together
through the hot oven, the C;Cl,/C,Cly ratio was
the same as that observed in the absence of Ha(g).
The presence of Hiy(g) in the crucible does not
therefore enter into the surface dechlorination of
C.Cl, directly.

Examination of the crucibles after pyrolysis of
CCl, gave no evidence for the uptake of carbon
by CCl,. We can therefore eliminate the reaction

CClL(g) + C(s) —> CsClLX(g) (12)
This is also supported by the fact that Cl, is evolved
and that the pyrolysis of C,Cly did not give the
reverse reaction.

(12) T, L. Cottrell, "Strengths of Chemical Bonds,’”” 2nd Ed.,
Butterworths, London, 1958,

(13) F, G. Keyea and M. J. Marshall, J. Am, Chem. Soc., 49, 156
(1927).
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High resolution proton nuclear magnetic resonance spectra are reported for eight porphyrins: the methyl esters of copro-
porphyrin-1 and -3, uroporphyrin-1, protoporphyrin-9, mesoporphyrin-9, hematoporphyrin-9 and phylloerythrin; and the

di-cation form of tetra-benz-tetra-aza-porphin.

The spectra are interpreted in terms of ring currentsin the x-electron system.

The equivalence of the four pyrrole rings in coproporphyrin-1 is demonstrated, and the proposal made that this equivalence

results from a tautomerism of the NH protons at a rate much greater than 200 sec.™1,

Detailed assignments of the spectral

lines to functional groups in the molecules are presented and analytical applications of the n.m.r. technique discussed.

High resolution proton nuclear magnetic reso-
nance (n.m.r.) is being applied increasingly to the
study of the structure of complex organic mole-
cules, but thus far there has been only limited

(1) (a) National Institutes of Health. (b) University of Minnesota.

application to porphyrins.»* The present work
reports n.m.r. spectra of eight molecules containing
(2) E.D. Becker and R. B, Bradley, J. Chem. Phys., 81, 1413 {1959).

(3) J. Ellis, A, H, Jackson, G. W, Kenner and J. Lee, Tefrahedron
Letters, No. 3, 23 (1960),



