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THE THERMAL DECOMPOSITION OF DIMETHYL-TRIAZENE. 
A HOMOGENEOUS UNIMOLECULAR REACTION 
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During the past four years a considerable amount of experimental data 
has given support to certain theories of unimolecular reaction velocity 
which postulate that activation occurs by kinetic theory collisions. The 
rate of production of activated molecules by collisions is a second order 
process but if only a very small fraction of those molecules which become 
activated decompose spontaneously the rate of decomposition is first order. 
At sufficiently low pressures collisions can no longer maintain the Maxwell
Boltzmann quota of activated molecules; consequently the rate falls off 
until finally at still lower pressures the rate approaches the rate of activa
tion and is second order. 
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Now that the rate of decomposition of nitrogen pentoxide has at last also 
been shown to decrease at very low pressures, 1•2 every example of a homo
geneous unimolecular reaction shows such a decrease or else theory does 
not require it in the pressure range studied. 

We have now studied the decomposition of dimethyl-triazene and find 
that this reaction also is first order at high pressures but falls off in rate at 
pressures below about one centimeter. Rate measurements have been 
made at temperatures from 200 to 230° and at pressures from 0.02 to 
8.0 cm. of mercury. 

Preparation of Dimethyl-triazene.- Dimethyl-triazene was prepared 
by the method of Dimroth. 3 

The copper salt of dimethyl-triazene was first prepared. Methyl azide was formed 
by dropping dimethyl sulfat e upon a stirred and refluxed aqueous solution of sodium 
azide. The gas was passed through a warm tube cont aining calcium chloride and into 
an ice cooled solution of methylmagnesium iodide (CH3-N=N=N + CH3Mg! = 
CH:r-N N-NCH3Mg!). The resulting ether solution was hydrolyzed at zero de
grees with an aqueous solution of ammonium chloride and ammonium hydroxide, and 
the dimethyl-triazene so formed was converted t o its copper salt by shaking with am
moniacal cuprous chloride solution. The copper salt was separat ed from the water 
layer by repeated extraction with ether; the ether solution was dried with anhydrous 
sodium sulfate and the ether distilled from the salt. The solid green copper salt was 
recrystallized from warm anhydrous ether and dried over concentrat ed sulfuric acid. 

The free dimethyl-triazene was prepared from its copper salt by warming it with solid 
diazoaminobenzene prepared according to Fischer. 4 The liberation and purification of 
the dimethyl-triazene was carried out on a vacuum line. 

The vacuum system was of Pyrex glass and consisted of a 30-cc. flask connected in 
series with a 3 X 1-cm. tube filled with c. P ., ground, fused calcium chloride; a receiver of 
3-cc. capacity; a 12 X 1-cm. tube filled with calcium chloride; and a small combination 
distilling flask of 3-cc. capacity and water-cooled reflux column. The exit tube of the 
reflux column led to another 3-cc. receiver which was separated from the high-vacuum 
line by a stopcock. Equivalent quantities, 2 g. of the copper salt and 3 g. of diazo
aminobenzene, were mixed and introduced into the flask and the latter was sealed off at 
the neck. The system was evacuated and the fl.ask heated slowly to a temperature of 
90° by means of a glycerin bath. The dimethyl-triazene vapor was allowed to pass 
through the first tube of calcium chloride· and was c·ondensed in the first receiver by a 
mixture of solid carbon dioxide and ether at - 78°. When the vapor had all been con
densed the receiver was sealed off from the flask and its contents were allowed to distil 
through the second larger calcium chloride tube into the distilling flask, where they were 
recondensed with the ether-carbon dioxide mixture. The liquid was allowed to distil 
back to the receiver in the same manner, this process was repeated several times, and 
with the liquid finally frozen out in the distilling flask the latter was sealed off from the 
calcium chloride tube. The amount of liquid dimethyl-triazene was about 1.5 cc. Air 
was then let into the system at a pressure of 75 mm. and the liquid was slowly distilled 
into the second receiving flask, which was cooled as before to -78 °. During the distilla-

1 Ramsperger and Tolman, Proc. Nat. Acad. Sci., 16, 6 (1930). 
2 Schumacher and Sprenger, ibid., 16, 129 (1930). 
3 Dimroth, Ber., 39, 3905 (1906). 
'Fischer, ibid. , 17, 641 (1884). • 
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tion a glycerin bath served to control the temperature of the distilling flask, and water 
was run into the condenser around the reflux column to insure careful fractionation. 
About three drops of a liquid which did not solidify at -78° came over below 40°. 
These were pumped out and rejected. With the exception of the last several drops, 
which were also rejected, the remainder of the liquid boi\ed between 43.0 and 43.1 ° 
under 75 mm. pressure. The distilling flask was finally sealed off from the receiver. 
The solid in the receiving flask melted fairly sharply at about -12.0 ° to give a perfectly 
clear, colorless liquid. In order to free the dimethyl-triazene from any dissolved air, 
the liquid was distilled into the top of the container by means of a bath of solid carbon 
dioxide and the flask was evacuated. This process was repeated several times. The 
sample was used for the rate determinations without further treatment. 

Nature of Reaction 
When dimethyl-triazene is completely decomposed at constant volume, 

the final pressure is 2.175 times the initial pressure. This fact, togeth_er 
with a titration for basic constituents and some freezing-out data, make 
possible a rough estimate of the reaction products. 

The gas resulting from the complete decomposition of dimethyl-triazene 
was collected in a 120-cc. bulb at 9.60 cm. pressure. A tube sealed to the 
bottom of the bulb was surrounded with baths at various tempera~ures and 
the pressure was read on an attached mercury manometer. The following 
readings (corrected for the lower temperature of the gas in the cold bath) 
were obtained. 

t, °C. P,cm. % Uncondensed 

20 9 .60 100 
-20 9.05 94 
-79 6 .80 71 

-111 6 .25 65 
-183 5 .25 55 

Titration with 0.01 N hydrochloric acid and phenolphthalein showed that 
29.6% of the gas was basic, assuming one equivalent of acid per mole of 
base: 

When dimethyl-triazep.e spontaneously decomposes it may be expected 
to break up into ,various :radicals which may combine with one another o_r 
react with one a'nother ·so as to give the reaction products. We shall try to 
represent the · reaction products which seemed likely to form from such a 
process by stoichiometric 'equations and then test these equations with 
the above data:. -
(a) 0 .82 CH.-N N_:_NHCH3 = 0.82 N'2 + 0.41(CH3)2NH + 0.265 c ;H, + . 

• • 0. 205 CH.-NH-NH~CH, 
(b) 0.18 CH.-N=N- NHCH, = 0 .18 CH,+ 0 .27 N2 + 0.09 C2H, 
(c) 0. l8 .ClI3-N=N-:-NfICH3 = 0.18 C2Ho + 0·.27 N2+ 0.09 H2 

The number of.moles in each equation (0.82 arid 0.i8) has been-so chosen 
that a combination-of equation (a) with (M or of (a) with (c) will give the 
correct ratio of final to•iiiitial pressure. 'Equation (a-) gives some dimethyl
hydrazine (supposedly by 'a:':tombination of two CH\NH radica]s) arid thus 
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accounts for the gas which freezes out at -20°. With phenolphthalein it 
would neutralize an equivalent of acid and together with the (CHa)2NH 
accounts for 27% of the gas which is nearly equal to the 29.6%-observed. 
The combination of (a) with (b) gives 58% non-condensable with liquid air 
(N2 + CH4), while (a) with (c) gives 54% (N2 + H2), both of which are 
close to the value found (55%). Evidently no choice can be made be
tween (b) and (c). It is not claimed that the agreement found with these 
stoichiometric equations is a very accurate description of the nature of 
the reaction. 

Apparatus and Procedure 

The rate of decomposition was followed by the increase in pressure at con
stant volume. The 250-cc. Pyrex reaction flask was placed in an oil-bath 
the temperature of which was automatically controlled to 0.05°. The ther
mometer used was calibrated against a Bureau of Standards thermometer. 

In the high-pressure runs Nos. 39 to 50 the supply bulb was connected to 
a metal stopcock of the Bodenstein type,• which was connected directly 
to the cell. One arm of a mercury U-trap was sealed to this connecting 
tube and the other arm led to the high-vacuum line .. The stopcock and 
mercury trap were surrounded by a cardboard structure containing a glass 
window. Warm air was circulated through this structure so as to maintain 
a temperature of about 50°. This was necessary to prevent condensation 
of dimethyl-triazene in the system outside the thermostat. The volume 
outside the thermostat was at most 1 % of the total volume. In making 
a run the cell was evacuated to about 1 X 10-0 mm., mercury was let up 
into the trap, the desired amount of gas let into the reaction vessel through 
the metal stopcock and the stop watch started. The pressure in the U-trap 
was read immediately and at intervals during the course of the run. 

The low-pressure measurements · were made with a clicker system.6 

The supply was connected to an ordinary vacuum stopcock. This led to 
one arm of a mercury trap, the other arm of which was connected directly 
to the cell. A lead to vacuum was sealed in about 3 cm. above the bottom 
of the U-tube on the reaction vessel side. This lead had a stopcock sepa
rating it from the vacuum line. The clicker of about 0.5-cc. capacity and 
having a click constant of 0.150 cm. pressure was sealed by a small tube to 
the reaction vessel. A larger tube fitting around the clicker, and sealed to 
it by a ring seal at its base, was connected to a McLeod gage of 130-cc. 
capacity and to a number of capillary tubes. By evacuating through these 
capillary tubes it was possible slowly to change the pressure on the clicker 
as the critical clicking pressure was approached. Air could be let in 
through another capillary to reset the clicker. The limit of accuracy of 
this pressure measurement system was the reproducibility of the clicker, 

6 Bodenstein and Dux, Z. physik. Chem., 85, 305 (1913). 
6 Smith and Taylor, THIS JOURNAL, 46, 1393 (i924). 
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which appeared to be better than 0.001 cm. The outside volume was less 
than 1 % of the total volume of the reaction vessel. After letting the de
sired amount of gas into the reaction cell the mercury was raised in the U
trap and the air pressure surrounding the clicker was adjusted to get the 
dick. Due to the fact that a short time was required to obtain the first 
click it was necessary to extrapolate the pressure readings back to zero time. 
The extrapolation was usually only about 2 to 3%, even at the higher 
temperatures. A similar extrapolation was sometimes necessary for the 
high pressure experiments. 

Experimental Data 

The partial pressure of dimethyl-triazene (PT) was calculated for each 
reading by the expression PT = (2.175Pa - P) / 1.175, where Po is the 
initial pressure at zero time and P is the total pressure at that reading. 
The factor of 2.175 is required because the final pressure is 2.175 times the 
init ial pressure. First order rate constants were calculated by the interval 
method, that is, by using the equation 

k1 = log1o P T,/ PT,' X 2.303/ (t' - t) 

where P T1 is the partial pressure of dimethyl-triazene at t ime t, and Pw is 
its partial pressure at the following reading taken at time t' . First order 

TABLE I 

DATA FOR RUNS 
Run number 17; Pnnai/Po = 2.175; T = 210.0°; Po = 0.2340 cm. 

P, cm. PT I , sec. k1 X 10• (sec. - 1) 

0 .2340 0 .2340 0 
.2410 .2280 120 1. 76 .2648 .2078 645 

1.38 .2935 .1835 1510 
1.39 .3128 .1670 2190 
1.35 .3298 .1525 2865 

.3623 .1250 4380 1.41 

.3815 .1088 5415 1.37 

.4010 .0915 6675 1.37 

.4348 .0560 9750 1.59 

.5090 .0000 co 

Runnumber35; P fina1/Po = 2.175; T = 200.0°; Po= 2.987cm. 
P,cm. PT t , sec. k, X 10' (sec. - 1) 

2 .987 2 .987 0 
3.087 2.902 290 10 .25 3 .550 2.508 1710 10 .21 4 .006 2 .119 3360 9. 71 4.438 1.752 5320 9.56 4 .791 1.451 7290 

9.80 5 .106 1.187 9340 
5.400 0 .937 12060 8 .68 

5.700 0.682 15300 9.78 
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TABLE I ( Concluded) 

Run number 31; PflnnI/Po = 2.175; T = 230.0°; Po = 0.0400 cm. 
P, cm. PT I , sec. k, X 10' (sec. -1) 

0.0400 0 .0400 0 
.0413 .0389 75 2.62 .0475 .0336 635 3.28 .0528 .0291 1070 2.58 .0571 .0254 1600 

'2. 94 .0619 .0214 2185 2.88 .0663 .0176 2855 
.0711 .0135 3600 

3.57 

.0750 .0107 4595 2.79 

rate constants were calculated for from five to twelve intervals so chosen 
as to give nearly equal pressure increases and until decomposition was 70 
to 80% complete. The complete data of three typical runs are given in 
Table I. 

In Table II is a summary of all of the runs with the exception of the 
first thirteen and runs 45 to 48, inclusive. 

TABLE II 

SUMMARY OF ALL RUNS 

Temp. , Initial press., Number of Average 
Nu mber oc. cm. constants deviation k 1 (sec. - 1) 

35 200 .0 2.987 7 0.31 X l0-6 9.71 X 10- s 
36 200.0 1.595 6 .56 9.98 
37 200 .0 0.2995 8 .21 6.62 
34 200.0 .1464 6 .24 5.19 
38 200.0 .0794 8 .23 4 .27 
33 200.0 .0317 5 1. 08 4. 15 
18 210.05 1.520 11 0.14 X 10-4 2 .07 X 10-• 
16 210.0 0 .956 9 .12 1.97 
19 210.05 0.5825 12 .10 1.70 
17 210.0 .2340 8 . 11 1.45 
21 219.9 1.520 7 .21 4.03 
20 219.9 0.2620 10 .17 2 .60 
14 225.4 .763 7 .21 4 .54 
15 225.4 .111 5 .26 3.06 
26 230.0 2.946 9 .42 8.35 
25 230.0 1.505 6 .27 8 .62 
24 230.0 0.683 7 .26 7.40 
29 230.0 .2945 7 .50 6.25 
23 230.0 .2500 7 .26 5.23 
27 230.0 .1652 6 .57 6.05 
28 230.0 .0980 7 .34 4 .59 
22 230.0 .0560 4 .16 3.44 
31 230.0 .0400 7 .24 2.95 
32 230.0 .0296 5 .24 2 .88 
30 230.0 .0192 5 .23 2.93 
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TABLE II ( Concluded) 

New Compound 
Temp., Initial press., Number of Average 

Number oc. cm. constants deviation k, (sec . - 1) 

44 200.0 4.84 8 0.99 X 10-s 9.12 X 10-s 
43 200.0 2 . 10 7 1.01 9 .28 
42 230.0 8.00 4 0 . 62 X 10-• 7 . 02 X 10-, 

41 230 .0 2 .25 5 1.01 6.71 
40 230.0 2 . 18 4 1. 54 7 .03 
39 230 .0 1. 75 4 0 .59 7.11 

Added Surface 11.5 Times Original 

49 200.0 2.46 5 1.05 X 10-5 8.93 X 10-s 
50 230 .0 2 .24 7 0.87 X 10-• 7.09 X 10-• 

The first thirteen preliminary runs were carried out with an impure 
sample and a rough method of following the pressure. They differed but 
little from the later runs. Runs 45 to 48 will be discussed later. 

While no trend in the constants during a given run was common to all of 
the runs, there seems often to have been a slightly higher rate at the start 
of the run as shown by run 17. 

In runs 45 to 50 the surface was increased by adding Pyrex tubing, thus 
increasing the surface to volume ratio by 11.5 fold. The first run made 
after introducing the extra surface (Run 45) was 12% higher in rate but 
this effect disappeared gradually during the next three runs and then. the 
rate constants were identical with runs made without extra surface. 
Earlier preliminary runs had likewise shown that opening the cell to the 
air or washing it out gave a slightly higher rate for the next two or three 
runs, so that apparently some conditioning of the surface or removal of 
impurities was necessary to eliminate catalysis completely. We conclude 
that the reaction rates reported were not influenced by the extent of wall 
surface and that the reaction is therefore homogeneous. 

Runs 39 to 50 were made with a different sample of dimethyl-triazene 
and were made with the arrangement of apparatus described for the high
pressure measurements, while all the others reported were · made with the 
low-pressure arrangement. Although the initial pressure to final pressure 
ratio was uniformly 2.175 for the first sample, it was not constant for these 
later runs but varied from 2.06 to 2.19. The experimental accuracy was 
not quite as good and they are all uniformly lower in rate than_ the earlier 
runs at similar pressures. It seems likely .that this sample was impure. 
The metal stopcock became discolored and may have affected the sample. 
These runs show, however, that the first order rate constant has become 
independent of pressure above about 1 cm. 

Interpretation of the Data 
This reaction has the same characteristics as many other unimolecular 

reactions, namely, a true first order rate orily at high pressures ind a 
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falling of the first order rate constant at lower pressures. In Fig. 1 is 
plotted the log of the rate constant against the reciprocal of the absolute 
temperature. Only the rate constants at the higher pressures where the 
first order rate is independent of pressure have been used in this plot. 
From the slope of the best straight line through the points we find for the 
heat of activation Q = 33,800 cal. per mole. The equation for the high 
pressure rate constant is given by the expression k,,, = 4.05 X 
lQlle-33,800/RT_ 
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Figure 2 shows the usual plot of log k/k,,, against log P. The curves are 
theoretical and the points are the experimental values for the runs at 200 
and 230° with the first sample. The lower curve is for Theory I and the 
upper two curves are for Theory II. 7 The uppermost curve is for 200° 
and the other one close to it is for 230°. The number of squared terms 
chosen to fit the data best was 14 and the diameter of the molecule 10.0 X 
10-s cm. for Theory I and 6.0 X 10-s cm. for Theory II. For Theory I 
the critical energy Eo is 39,800 cal. per mole and for Theory II Eo = 33,300 
cal. per mole. It is evident that it is not possible to decide definitely be
tween the two theories on the basis of the data shown. 

Discussion 

During the past six years the experimental data on unimolecular re
actions have been increased from one single reaction, namely, the de
composition of nitrogen pentoxide, to at least thirteen reactions that are 

7 Rice and Ramsperger, THIS JOURNAL, 49, 1617 (1927). 
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now definitely recognized as being of this type. These reactions are 
listed in Table III. 'Fhe pressure and temperature range over which they 
have been investigated are given and the constants in the rate expression 
k"' = Ae-Q/RT are listed. The values given for n designate the number 
of squared terms required to fit the data with either Theory IF or Theory • 
III. 8 Ordinary kinetic theory diameters are used throughout. 
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All but three of these thirteen reactions show a falling off in rate at low 
pressures. Of these three, ethylene oxide and pinene have not been in
vestigated at sufficiently low pressures and azoisopropane is sufficiently 
complex a molecule that it is not required that its rate of decomposition 
fall off until very low pressures are reached. Thus from a qualitative 
point of view the experimental data are in complete accord with the present 
theoretical method of treatment. Furthermore, with the possible excep
tion of the decomposition of nitrogen pentoxide, there is no quantitative 
disagreement with Theories II or III or their modified quantum treat
ments. As Kassel9 has indicated, it is possible even to account for the 
rate of decomposition of nitrogen pentoxide if one uses Kassel's quantum 
treatment10 and permits the use of a vibrational specific heat of at least 20 
cal./ mole and a molecular diameter of 17 X 10-s cm. There are no specific 
heat data for nitrogen pentoxide but it seems likely that 20 cal./ mole of 
vibrational specific heat will be found too high. In this connection it 
must be remembered that the requirement of an exact numerical agree
ment can be carried too far, since any actual molecule is not exactly of the 
type postulated either by the classical or quantum theory. 

8 Kassel, J . Phys. Chem., 32, 225 (1928). 
9 Kassel, THIS JOURNAL, 52, 3972 (1930) . 

10 Kassel, J . Phys. Chem., 32, 1065 (1928). 



2070 H. C. RAMSPERGER AND J. A. LEERMAKERS Vol. 53 

TABLE III 

DATA FOR UNIMOLECULAR REACTIONS 
Su bstauce reacting P,cm. T, °C. A Q, cal./mole " C,H,CHO11 2 .0 to 40.0 450 to 600 >1.38 X 1012 54000 11 

C2H 5-O- C,H 6
12 2 .5 to 50.0 426 to 588 >3 .09 X 1011 53000 6-8 

CHa--O-CH313 3.0 to 90.0 422 to 552 1.52 X 1013 58500 11-12 
CH3- O- C,H, 14 2.6 t o 54.0 386 to 460 >9.23 X 1011 47000 9 
CH2-O- CaH114 2.2 to 33.6 400 t o 450 >2.21 X 1012 49000 12 
CH3-N=N-CH215•16 0.026 to 278 t o 327 1.07 X 1016 51200 25 

70.79 
CH2-N=N-C2H117 0 .0058 to 250 t o 332 2.80 X 1015 47480 33 

13.12 
C2H,-N-N- C2H118 0 . 025 to 4 . 60 250 t o 290 5.6 X 1013 40900 >40 
CH 3-N=N-

NHCH219 0.019 to 8.0 200 t o 230 4.05 X 1011 33800 14 
d-Pinene2'• 21 17 . 0 to 116 . 0 184 to 237 5 .40 X 1014 43700 >20 
E thylene oxide22 2.4 to 90.5 378 t o 445 9.9 X 1012 52000 >14 
N,O522,24,25 0 .00056 to 

70.0 • 0 to 65 4.5 X 101a 24700 309 

N,026,21 8.1 to 800 560 to 667 4.0 X 109 53000 2 

The mass of evidence so far presented indicates strongly that activation 
is by collision and that reaction occurs when the critical energy becomes 
localized in a particular part of the molecule. 

Summary 

The thermal decomposition of dimethyl-triazene has been studied at 
temperatures from 200 to 230° and at pressures of 0.019 to 8.0 cm. 

The reaction has been found to be homogeneous and first order at high 
pressures, but the rate begins to decrease at pressures below about 1 cm. 
anci has dropped to about one-third of the high pressure value at the lowest 
press 'J res studied. The high pressure rate constant is given by the ex
pression koo = 4.05 X 1011e- 33,SOO/RT_ 

11 Hinshelwood and Thompson, Proc. Roy. Soc. (London), All3, 221 (1926). 
12 Hinshelwood, ibid., A114, 84 (1927). 
13 Hinshelwood and Askey, ibid., All5, 215 (1927). 
14 Glass and Hinshelwood, J. Chem. Soc., 1805 (1929). 
15,16 Ramsperger, Tms J OURNAL, 49, 912, 1495 (1927) . 
11 Ramsperger, ibid., 51, 2134 (1929) . 
18 Ramsperger, ibid., 50, 714 (1928). 
19 Ramsperger and Leerrnakers, ibid., 53, 2061 (1931). 
20 D. F. Smith, ibid., 49, 43 (1927). 
21 Kassel, ibid., 52, 1935 (1930). 
22 H eckert and Mack, ibid., 51, 2706 (1929). 
23 Daniels and Johnson, ibid. , 43, 53 (1 921) . 
24 Ramsperger and Tolman, Proc. Nat. Acad. Sci., 16, 6 (1930). 
25 Schumacher and Sprenger, ibid. , 16, 129 (1930). 
26 Volmer and Kummerow, Z. physik. Chem., 9B, 141 (1930). 
27 Nagasako and Volmer, ibid., l0B, 414 (1930) . 
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The data can be fitted equally well by either Theories I or II of Rice and 
Ramsperger by using fourteen squared terms. 

A table summarizing the present data on unimolecular reactions is 
given and discussed. 

PASADENA, CALIFORNIA 
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Free energy values of organic substances will probably most often be 
obtained from heats of combustion and specific heat data by use of the 
third law of thermodynamics. They may, of course, be obtained with 
considerable accuracy from equilibrium data, but often a good equilibrium 
free from side reactions cannot be obtained with organic compounds. It is 
still more unusual to establish a gas phase equilibrium at room temperature. 
In the course of an investigation by the junior author to locate a gas phase 
reaction suitable for reaction rate research it was found that an equilibrium 
was very rapidly established between the gases listed in the title -at room 
temperature. This was shown by the immediate partial disappearance 
of the color of nitrosyl chloride gas when added to an excess of methyl 
alcohol gas, and the appearance of the same color when hydrogen chloride 
gas was added to methyl nitrite gas. The thermodynamic data for the 
three gases, methyl alcohol, nitrosyl chloride and hydrogen chloride are 
quite accurately known so that from equilibrium measurements at two 
temperatures we are able to calculate the free energy of formation, the 
heat of formation and entropy of methyl nitrite. 
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Experimental Method 

The equilibrium concentrations were obtained by quantitative measure
ments of the absorption of light in the spectral region 4000 to 5000 A., 
where the absorption of nitrosyl chloride is quite strong. Of the other 
substances only methyl nitrite absorbs light in this region and then only 
faintly between 4000 and 4200 A. From our determination of the absorp
tion of pure nitrosyl chloride and methyl nitrite, the absorption of an 
equilibrium mixture of the four substances and the initial pressures of two 
of them it is possible to calculate an equilibrium constant for the reaction 

CHaONO (g) + HC! (g) = CH3OH (g) + NOC! (g) 

Preparation and Purification of the Compounds.-Nitrosyl chloride was prepared 
by passing hydrogen chloride into nitrosyl sulfuric acid obtained from sulfur dioxide and 
fuming nitric acid. 1 The nitrosyl chloride was repeatedly distilled and collected at 
- 20 ° to remove traces of hydrogen chloride and finally fractionally distilled through 
a column surrounded by a bath at -25°. The middle fraction boiling at -6.0 ± 0.2 ° 
was used. This was distilled at a low temperature on a high vacuum line into a number 
of small tubes each drawn down to a capillary and maintained at -78°. When suffi
cient nitrosyl chloride had collected in a small tube, the supply was also cooled to - 78 ° 
stopping the distillation and the tube was sealed off. 

Methyl nitrite was prepared by dropping sulfuric acid into a stirred and gently 
heated mixture of sodium nitrite and methyl alcohol. The evolved gas was passed 
through fused calcium chloride and collected at -78°. The liquid was fractionally 
distilled through a column surrounded by ether cooled by solid carbon dioxide to about 
-30° and was collected at -78°. It boiled at a constant temperature of -17.0 ° 
and the middle portion was used. It was found necessary to eliminate traces of nitro
gen dioxide since the strong characteristic absorption bands of this substance interfered 
with the measurements. A'supply of pure methyl nitrite was obtained by allowing the 
gas to pass through a long tube containing soda lime into a one-liter storage flask sealed 
onto the vacuum system and previously evacuated. No bands of nitrogen dioxide were 
then found in the sample even when a pressure of the gas as high as 40 cm. was in the . 
absorption tube. 

The methyl alcohol used was Baker's Analyzed absolute methyl alcohol. This was 
further dried by refluxing over aluminum amalgam and was then fractionally distilled. 
It was placed in a small receiver equipped with a stopcock, sealed to the vacuum system, 
and enough of the vapor pumped off to displace all of the air. 

Hydrogen chloride was obtained by dropping c. P. hydrochloric acid on concen
trated c. P. sulfuric acid. The hydrogen chloride gas was passed through wash bottles 
containing concentrated c. P. sulfuric acid, then through a tube filled with c. P. anhydrous 
calcium chloride, and was collected in a half-liter flask equipped with a stopcock and a 
tube sealed to the bottom. When gas sufficient to displace the air had passed through 
the flask the stopcock was closed and the entrance tube sealed off. The flask was sealed 
to the vacuum system and the hydrogen chloride was frozen down by means of liquid air 
into the tube at the bottom. Any air left in the flask was then pumped off, the stop
cock was closed, and the solid hydrogen chloride allowed to evaporate into the flask. 
It was used without further treatment. 

The Absorption Curve of Nitrosyl Chloride and Methyl Nitrite.-A Pyrex absorption 
cell 4 cm. in diameter and 40.0 cm. long with plane parallel windows was filled with ni-

1 Scott and Johnson, J. Phys. Chem., 33, 1975 (1929) . 
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trosyl chloride or methyl nitrite gas as shown in Fig. 1. The absorption cell A was 
evacuated with a mercury diffusion pump through G. It was filled with nitrosyl chloride 
by breaking the capillary end of the tube B containing liquid nitrosyl chloride with 
the magnetic hammer C, or filled with methyl nitrite from the supply D. 

The pressure was measured by a "clicker" system. The pressure on the "clicker" 2 

sealed in the bottom of the bulb F was controlled by the variable leaks J or by vacuum 
through H and was measured by a 
McLeod gage having a compression 
of about eight-fold so as to read ac
curately pressures of several cm. 

The absorption cell was then im
mediately sealed off just above the 
side tube. Capillary tubing was used 
to prevent too much reaction of ni
trosyl chloride with the grease of the 
stopcock before sealing off. 

Figure 2 shows the apparatus for 
photographing the absorption spec
trum. Light from the 40-watt mazda 
lamp B operating under constant volt
age passes through the diaphragm C 
which is covered with a ground glass, 
then through the partition D, the 
shutter E, the diaphragm F, the ab
sorption cell H containing the absorb
ing substance, the diaphragm F', and 
finally into the slit of the spectrograph 
N. The cell is attached to the gal
vanized iron thermostat by the large 
rubber tubes at G and G' which slip 

Fig. 1. 

E 

B C 

over the brass tubes soldered into the ends of the thermostat. The cell has a side tube J 
(not shown in Fig. 1) used for freezing out the contents of the cell with liquid air. K is a 
heater and stirrer, L the mercury thermo-regulator and M is a thermometer which was 
calibrat ed against a Bureau of Standards thermometer. 

C 

l I ::1 " J®tjl1
,N 

D E F J M F 
Fig. 2. 

A series of spectra arc photographed with the absorbing medium in the cell, the cell 
contents are frozen out, and then a series of photographs are taken on the same plate 
in between the first exposures. These latter exposures are given the same exposure time 
but are uniformly reduced in intensity for all wave lengths by placing screens of known 
absorption in the light path at D. The blackening of the photographic plate on two 
adjacent spectra is the same for those wave lengths for which the particular screen and 
the gas in the cell have the same absorption. Positions of equal intensity were deter-

2 Smith and Taylor, THIS JouRNAL, 46, 1393 (1924) . 
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mined by a method similar to that used by Ramsperger and Porter. 3 The photometer 
system for this purpose is shown in Fig. 3. The photographic lens D projects an image 
of the plate in the holder Con the screen L with a magnification of about eight times. A 
high light intensity is obtained by the 500-watt projection lamp A and the condensing 
lenses B. A slit in the screen 2 cm. long and 2 mm. wide allows the light from a very 
narrow region of the spectrum to fall onto a cesium photoelectric cell E. Fis a 45-volt 
battery, Ga 10-megohm resistance, Ha Leeds and Northrup high-sensitivity galvanome
ter with critical damping resistance J. With a scale at two meters, deflections of 6 to 
20 cm. were obtained. The plate in the holder C could be moved either vertically or 
horizontally so as to bring the image of the spectra on the slit at any wave length. 
Points of equal deflection could be located with an accuracy of 2 to 5 A. An iron arc 
spectrum served as a wave length reference. We wish to thank Professors Dickinson 
and Beckman of this Laboratory for the use of the screens which were constructed and 
calibrated by them. They determined the transmission of the screens by use of a ther
mopile and a constant light source. 

C 

L 
Fig. 3. 

Table I gives the data obtained for the absorption of nitrosyl chloride and 
methyl nitrite at temperatures of 25 and 50°. The pressures are calculated 
to 25 °. The absorption coefficients at the wave lengths listed are then 
calculated by assuming that Beer's law is obeyed over the range of pressure 
investigated. The relation used was 11/10 = 10-,cd where Ii/Io is the 
fraction of light transmitted, c is the concentration expressed in cm. of 
mercury pressure at 25 °, d is the length of the absorption cell (40.0 cm.) 
and e is the absorption coefficient. Values of e are plotted against the 
wave length in Fig. 4. 

The small circles on the dotted line portion of the curve at 25 ° were esti
mated from the difference in galvanometer deflections from the nearest 
points of equal intensity on one of the plates. This region of the curve 
was not used in determinations of the equilibrium concentrations of 
nitrosyl chloride. The coincidence of several points at different pressures 
indicates that Beer's law is obeyed fairly well in the range studied. • 

The Partial Pressure of Nitrosyl Chloride at Equilibrium.-When 
nitrosyl c~oride of concentration c and of absorption coefficient e1 is present 

3 Ramsperger and Porter, Tms JOURNAL, 48, 1267 (1926). 
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TABLE I 

POINTS OF EQUAL INTENSITIES (ANGSTROM UNITS) ON PHOTOGRAPHS TAKEN THROUGH 

SCREENS AND THROUGH NITROSYL CHLORIDE AND METHYL NITRITE AT VARIOUS TEM-

PERATURES AND PRESSURES 
Light 

transmitted NOC! CH,ONO 
Screen by 3.86 cm. 11.02 cm. 8.44 cm. 41.84 cm. 

no. screen 25° so• 25° so• 25° so• 25° 50° 
2 0.459 4960 4940 4108 4115 

4530 4543 
4520 

3 .2395 4170 4190 4065 4080 
4168° 

4 .1032 4005 4010 4960 4945 4862 4855 4037 4045 
4007° 4550 4255 4642 

4505 4653 4432 
5 .0553 4850 4847 4186 4208 4018 4025 

4650 4647 
4263 4406 

4340 
4295 

• Duplicate plate to check accuracy. 

in the same cell with methyl nitrite of concentration c2 and absorption 
coefficient e2 the Beer's law expression becomes Ii/Io = 10-C"c' + .,c,)d_ If 

1.0 L___.J_ _ _L _ __J_ __ j___...L_ _ _j_ _ __.j __ --'="'--"-----' 

5000 4900 4800 4700 4600 4500 4400 4300 4200 4100 4000 
A in A. 

Fig. 4.-Absorption coefficients of nitrosyl chloride and of methyl nitrite 
plotted against wave lengths. The two upper curves are for nitrosyl chlo
ride; those in the lower right-hand corner are for methyl nitrite. The 
open circles are for 25 °, the circles enclosing crosses are for 50 °. 

the initial concentration of nitrosyl chloride is a and its equilibrium con
centration after adding methyl alcohol is x, the expression becomes Ii/Io = 
1O-{eix + <2(a - x) }d, 

The same expression results if, in starting with methyl nitrite and hydro-
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gen chloride, a is the initial concentration of methyl nitrite. The equilib
rium concentration x can then be calculated from values of e1 and e2 obtained 
from the absorption curve for the wave length at which It! Io is measured. 

The cell was filled with the two initial substances and their pressures 
were determined as described before and shown in Fig. 1. Methyl alcohol or 
hydrogen chloride was attached at E. Capillary tubing was used as in
dicated so that when the cell was sealed off just above the side tube no 
appreciable error was made in the partial pressures of gases admitted even 
though perfect mixing in the tubing had not taken place. The procedure 
in making the exposures and finding the points of equal intensity was 
similar to that for determining the absorption curves for the pure gases. 
Table II gives the complete data of two experiments. Table III gives a 
summary of all of the experiments. 

Expt. 
no. 

4 
5 
6 
7 
8 

12 
13 
14 

TABLE II 

SAMPLE EXPERIMENTS 
Points of equal Pressure 

Exposure Absorbing medium intensity, A. NOC! 

Expt. 4b. CH3ONO, 4.03 cm.; HCI, 7.45 cm.; T, 50° 

1 Cell and contents 4235 2.43 
2 Screen No. 2 4230 2.39 
3 Cell and contents 
4 Iron arc source 
5 Cell and contents 4043 2.47 
6 Screen No. 3 4037 2.44 
7 Cell and contents 

Average 2 .43 

Expt. 5a. CH3ONO, 5.90 cm.; HCI, 3.07 cm.; T,25 ° 

l Cell and contents 
2 Screen No. 2 4125 1. 69 
3 Cell and contents 4123 1. 69 
4 Iron arc source 
5 Cell and contents 
6 Screen No. 3 4000 1. 72 
7 Cell and contents 4003 1. 73 

Average 1 . 71 

TABLE III 

SUMMARY OF EXPERIMENTS 
Initial pressures, cm. 

CH,ONO HCI NOCI CH,OH 
Pressure of NOCl at equilibrium 

25° 50° K,,. 1(323 

4.03 7 .45 2.26 ± 0.04 2.43 ± 0.02 0.556 0 .735 
5.90 3.07 1. 71 ± .01 1.88 ± .02 .513 . 739 

4 . 58 2.87 2.47 ± .02 .422 
4.56 4.14 2 .04 ± .03 2.26 ± .03 .520 . 785 

12.70 3 .44 9.64 ± . 10 9.78 ± .09 .391 .596 
6.02 4.06 3.44 ± . 10 .764 
4.75 4.19 2.14 ± .01 2.26 ± .06 .497 .620 
4.20 3.76 2.07 ± . 03 . 744 
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Experiments 1 and 2 are not included because they were preliminary 
experiments made before the apparatus was in its final form. In Expts. 
3, 9, 10 and 11 the total pressure in the cell was sufficiently high ~o that 
there was some evidence of condensation in each case. The equilibrium 
pressures of nitrosyl chloride are generally the average of four points. 
The average deviation from the average is shown by the ± sign in columns 
6 and 7. Equilibrium constants have been calculated by assuming the 
fugacities of the gases equal to their pressures. Experiments 6 and 8 
deviate rather badly from the others listed. In these cases the con
centration of methyl alcohol at equilibrium is very low, in fact so low 
that the estimated experimental error in the measurement of the nitrosyl 
chloride pressure will produce a very large error in the equilibrium con
stant. These experiments have not been used in obtaining an average 
equilibrium constant. Experiment 13 at 50° gives a constant which differs 
widely from the remaining constants at this temperature. No explanation 
is known for this discrepancy. The probable error of the average constant 
at 50°, if this value is excluded, is about equal to the probable error intro
duced by the probable errors in the measured pressures of nitrosyl chloride, 
while if this value be included the probable error of the average equilibrium 
constant is increased three-fold. We feel therefore that this value should 
likewise be excluded in obtaining an average equilibrium constant. When 
these values are excluded the average value of K29s.1 = 0.521 and Ks2s.1 = 
0.753. 

Evidence of a True Equilibrium.-We may present the following evi
dence that a true equilibrium free from side reactions has been obtained. 
The data of Table III show that the equilibrium constant is independent of 
the direction from which the equilibrium is established. It is independent 
of moderate variations in the partial pressure of the starting materials. 
No light-absorbing gas other than nitrosyl chloride or methyl nitrite (such as 
nitrogen dioxide) is likely to be present in appreciable amounts since the 
calculated concentration of nitrosyl chloride was the same at several wave 
lengths and any other absorbing gas would not likely have a characteristic 
absorption curve so very much like nitrosyl chloride. An experiment was 
carried out in which definite amounts of hydrogen chloride and methyl 
nitrite were mixed and the calculated pressure was obtained showing that 
no change in pressure occurred during the reaction. The equilibrium 
pressure of nitrosyl chloride as determined by its light absorption was 
found not to be changed on standing in the dark for an hour or on being 
illuminated for two hours. 

Thermodynamic Calculations.-From the equilibrium constants we 
find for the reaction 

CH30 NO (g) + HCI (g) = CH30H (g) + NOC! (g) 

~F;8.1 = 385 cal. and t.F3~3.1 = 182 cal. 
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Assuming t:.Cp zero over the range of temperature investigated b.H298 .1 = 
2805 cal. Then b.S~s-1 = 8.12. The error in 6F is quite small. The 
probable error of 6H may be estimated roughly at 300 to 400 cal. and of 
6S about 1.0 entropy unit. . 

To calculate 6F2~s.1, t:.H29s.1 and t:.S~s. 1 for the reaction of formation 
of methyl nitrite from the elements and the entropy of methyl nitrite it 
will be necessary to make some choice of the available thermodynamic 
data of the other three substances occurring in the equilibrium. We have 
chosen the following data 

½H, (g) + ½Cb (g) = HC! (g) AF,098.1 = -22740' 
NO (g) + ½CI, (g) = NOC! (g) AF.°gs.1 = -4300 AH298. 1 = -93005 

½N2 (g) + ½O, (g) ·= NO (g) AH293.1 = 216006 

CH,OH (I) + 3/ 20, (g) = CO, (g) + 2H2O (!) AH298.1 = -173,6307 

C (graphite) + 0, (g) = CO2 (g) AH298.1 = -942408 

H, (g) + ½O, (g) = H,O (I) AH,gs.1 = -683139 

Vapor pressure of CH3OH (1) at 298.1 ° = 122.2 mm. 10 

CH,OH (!) = CH,OH (g) AH29s.1 = 894711 AS,~,.1 = 26.36 

The following values of the molal entropy at T = 298.1 ° and one at
mosphere have been used for third law calculations 

H, (g) = 31. 23 
C (graphite) = 1. 3 

N, (g) = 45. 78 
o, (g) = 49.03 
Cl, (g) = 53.3 
NO (g) = 50.43 
HCI (g) = 44.64 
CH3OH (1) = 30.3 

Giauque, THIS JOURNAL, 52, 4825 (1930) 
Lewis and Randall, "Thermodynamics and the Free Energy of 

Chemical Substances," McGraw-Hill Book Co., Inc., New 
York, 1923, p. 464 

Giauque, private communication 
Giauque and Johnson, THIS JOURNAL, 51, 2300 (1929) 
McMorris and Yost, ibid., 53, 2625 (1931), footnote 2631 
Johnson and Giauque, ibid., 51, 3194 (1929) 
Giauque .and Wiebe, ibid., 50, 101 (1928) 
Kelley, ibid., 51, 180 (1929) 

The resulting data for the free energy, heat and entropy of formation at 
298.1 ° and one atmosphere and the entropy of the four substances occurring 
in the equilibrium are listed in Table IV. 

4 "International Critical Tables," McGraw-Hill Book Co., Inc., New York, 1930, 
Vol. VII, p . 233. 

6 Dixon, Z. physik. Chem., Bodenstein Festband, p . 679, July 15 (1931). 
6 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub-

stances," McGraw-Hill Book Co., Inc., New York, 1923, p. 560. 
7 Rossini, Proc. Nat. Acad. Sci., 17, 343 (1931). 
s Roth and Naeser, Z. Electrochem., 31, 461 (1925). 
9 Rossini, Bur. Standards J. Research, 6, 1 (1931). 

10 "International Critical Tables," McGraw-Hill Book Co., Inc., New York, 1928, 
Vol. 3, p . 216. 

11 Fiock, Ginning and Holton, Bur. Standards J. Research, 6, 881 (1931). 
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TABLE IV 

CONSTANTS AND DATA FOR C o MPO C N DS 

HCI (g) NOC! (g) CH,OH (g) 

-22,740 16,400 - 38,870 
-22,030 12,300 -48,290 

2.38 -13. 8 - 31.G 
44. 64 60.3 56 .7 

Summary 

CH,ONO (g) 

- LOO 
- 16,750 

-55 .9 
64 2 

1R45 

Quantitative measurements of the light absorption of nitrosyl chloride 
and methyl nitrite have been made. Measurements of the light absorption 
due to nitrosyl chloride present in the gas phase equilibrium CH3ONO (g) 
+ HCI (g) = CH3OH (g) + NOC! (g) have been made and equilibrium 
constants calculated for the temperatures of 25 and 50° for both the forward 
and reverse reactions. The equilibrium is instantly established, . is inde~ 
pendent of the direction from which it is established and is free from side 
reactions. The equilibrium constants are K29s.1 = 0.521 and K323 .1 = 0.753. 
From these values and from thermodynamic data in the literature for 
hydrogen chloride, nitrosyl chloride and methyl alcohol we have calculated 
the free energy, the heat and the entropy of formation and the entropy of 
methyl nitrite. 

PASADEN A, C ALIFORN I A 



THE CHLOR. I NE- SENSITIZED PHOTO-OXIDATION OF 

TETRACHLOROETHYLENE IN CARBON TETRACHLORIDE -SOLUTION 

1 In 1821, Michael Faraday found that a solution of 

chlorine in tetrachloroethylene yielded hexachloroethune when ex

posed to sunlight. This reaction should offer perhaps the simplest 

possible case for kinetic study of photochemical chlorination of a 

double bend; there is no opportunity fo r complication arising f rom 

simultaneous substitution, and there is little likelihood of the 

formati on of more than one chlorination product; moreover, at room 

temperature dark reaction apparently does not occur. On the other 

2 hand, it has been found that tetrachloroethylene and oxygen alone 

give on prolonged exposure to sunlight trichloroacetyl chloride and 

phosgene. We have undertaken a study of the kinetics of the chlori

nation in carbon tetrachloride solution using light absorbed by only 

the chlorine; it has been found: (1) that this photochlorination, in 

common with many others, is strongly inhibited by dissolved oxygen; 

and (2) that in the presence of suff icient OAJgen, oxidation of the 

tetrachloroethylene occurs to the practical exclusion of the chlori

nation although chlorine remains the light absorber. The work here 

descr i bed is concerned mainly with t he products and kinetics of this 

photochemical oxidation sensitized by chlorine. 



2. 

APPARATUS 

The Reaction Vessel,- Most of the illuminations were 

carried out with the solution in the vessel shown in Figure 1. This 

vessel consisted of two flat-windowed Pyrex cells so joined together 

that the solution could be transferred from one to the other by in-

verting the vessel; the solution was placed in the thin cell A for 

illumination and in the thick cell B for photometric analysis. The 

cell A, which was of 5 mm. internal thickness and a.bout 35 mm. diam

eter, was ma.de thin in order that light absorption in it be low and 

a.11 parts of the solution under nearly the same intensity of illumi

nation. _The cell B, which was of 3.30 cm. internal thickness and of 

slightly smaller volume than A, gave a. l onger optical path through 

the solution. The light absorption measured ~nth the solution in B 

was used to compute the chlorine concentration and to compute the 

smaller absorption occurring in cell A. The vessel was filled 

through a ground glass stopper C which wa.s protected with a water

tight cap D since the vessel was placed in a water thermostat for 

illumination. 
Figure 1 

A 

C 

B 
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~ Light Thermostat.- The thermostat was a galvanized 

iron tank of water provided with a motor-driven stirrer and an elec

tric immersion heater; temperatures were read on a standardized ther

mometer and were kept constant to one-half degree ·or better. Light 

was admitted to the thermostat through a glass window built into one 

end. The reaction vessel was placed about 1 cm. from this window; 

it was so mounted that its position in the thermostat could be accu

rately reproduced from one experbnent to another. 

In experbnents in which the mercury radiation ).. 4358 wa.s 

used, the intensity of the radi ation was measured by means of a thermo

pile and galvanometer. This thermopile was mounted in a waterproof 

brass case with a class window and was so arranged that after remov-

ing the reaction cell, the thermopile could be placed in a reproducible 

position approximating that occupied by the cell during illumination. 

The Sources of Illumination.- For most experiments of a 

preliminary or of a qualitative nature, the source of illumination 

was a 500-watt projection lamp. The infra-red was removed by a water

cooled filter consisting of a 1-centimeter layer of 6% CuS04 solution. 

The light was approximately collimated by a 16-diopter lens of aper

ture a.bout f 1.5. An ammeter and variable resistance were placed in 

series with the lamp to assist in securing reproducible intensities. 

This source was the one used in experiments with "white light" des

cribed below. 

A series of experiments was made using the mercury line 

~ 4358; this was obtained from an upright type quartz arc placed 

just outside the thermostat (in a reproducible position) a.bout 
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6 cm. from the reaction vessel a.nd used without collimating lenses. 

The radiation was passed through the copper sulfate filter mentioned 

above a.nd then through the Corning Gla.sses Noviol A and Blue purple 

ultra.. Spectrographie examination of the transmitted radiation 

showed it to be entirely free fro:qt other strong Hg lines than A 4358. 

Similar filters were used in the photometric analyzer. 

The Photometer.- In order to detennine chlorine concen

trations without removing samples for analysis, and in order to com

pute the low absorption in the thin cell in the monochromatic light 

experiment, the absorption of the solution for A4358 when in the 

thick cell (B) was measured with the apparatus shown in plan in 

Figure 2. The apparatus was designed to eliminate the effect of 

fluctuations of intensity of the light source. 3 Light from a mercury 

arc H passed through a hole 1.0 cm. in diameter and then through a 

compartment containing the light filters immersed in running wa.ter. 

The light was rendered a.pproxima.tely parallel by the lenses Land 

then fell at about 45° on t\Aro thin plane plates of glass M; a por

tion of the light was reflected by M to the thermopile T2 (~ plates 

were used in order to secure sufficient reflection). The beam trans

mitted by M wa.s considerably stronger than that which was reflected, 

and in it was interposed the cell B containing the absorbing solution. 

A second thermopile T, was carefully adjusted to be the mirror image 

of T2 across the plane of Mand this second thermopile received light 

transmitted by the absorber. The absorption cell B was immersed in 

a glass-walled tank of xylene (this liquid was chosen because it is 

reasonably non-volatile and has about the same refractive index as 

CC1 4 ); a tank Y~ of just the same thickness was placed in the other 



5. 

beam. The th ermopiles were connected to two high-sensitivity gal

vanometers G, and G2 which could be read simultaneously. 

Figure 2 

The apparatus was used by determining, once for all, the 

ratio f0 of the deflection of G, to that of G2 when the absorption 

cell contained pure carbon tetrachloride, and l ater determining 

similarly this ratio f" when the cell contained an absorbing solu

tion. 'rhe transmission 1- of the absorbing solution is evidently 

given by ~ The concentration C of chlorine in mols per liter 

in the solution was obtained from the relation C = - 1/ € d(log l ) 

where d, the cell thickness, was 3.30 cm., and E , the molal ab

sorption coefficient, was taken as 2.26. 4 The transmission 't' of 

this solut i on in another cell of thickness d' is evidently given 
d.' 

by r~(1f' 
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MATERIALS 

Carbon Tetrachloride.- The CC1 4 was obtained from Eastman's 

c. P. sulfur-free product. This wqs saturated with ClOz and allowed 

to stand 12 hours; it was then refluxed, washed with Na.OH solution, 

washed several times with water, dried over C,P, calcium chloride and 

finally distilled using an all-glass fractionating coltunn and conden

ser. When chlorine was dissolved in the product and illuminated, the 

solution gave a small a.mount of acid on shaking with water. The CC14 

was therefore further treated by dissolving C~ in it and illuminat

ing for from 10 to 36 hours with a 500-watt la.mp, After washing and 

treating as before the product was now found to give only negligible 

quantities of acid when its chlorine solution was subjected to more 

prolonged illumination than those used in the measurements. Two sepa

rate samples of CC14 were used. 

Tetrachloroethylene,- The C2 Cl4 was obtained from East

man's C.P. product. It was found that when a CC14 solution of C~ 

was mixed with an excess of the original C2 Cl4 in the dark, a small 

fraction of the chlorine disappeared immediately but no more disap

peared on standing; this indicated a small amount of easily chlori

nated impurity in the C2 Cl4 , It was accordingly further treated by 

passing C~ into it and illuminating it. It was washed with Na.OH 

solution, and then with water, dried with calcium chloride, and frac

tionally distilled. The fraction coming over at 118.0-118,l at 

740 mm, ,,ras retained, ( It constituted most of the sample. ) The 

product (of which two different preps.rations were used) yielded a 

li t tle acid on shaking with water but the ~~ount was small enough to 

i gnore in all experiments except at very high C2 Cl4 concentrations; 

in these a small blank correction was applied. 
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Chlorine, The Cl2 was t a.ken from a commercial tank. It 

was passed successively through glass-connected wash bottles contain

ing KMn04 solution, dilute HzS04 , concentrated HzS04 , glass wool~ and 

finally desicchlora. The effluent gas was passed directly into CC14 

in a glass-stoppered bottle. The chlorine solutions so prepared 

i'rere found to be completely acid-free. 

THE PRODUCTS OF THE REACTION 

Inhibition of Chlorination. The effect of OX'Jgen in pre

venting the disappearance of free chlorine is shown by the following 

pair of experiments carried out with solutions initially 1. 6 molal 

in C2 Cl4 and 0.075 molal in C~. In one experiment, the reaction 

vessel (Fig. 1) was filled with oxygen and then enough solut ion in

troduced to fill cell A. The solution was illuminated in A for 

20 minutes; the illumination was occasionally interrupted and the 

solution run back and forth be~neen cells A and B to keep the solu

tion supplied i'nth oxygen. The chlorine concentration showed no de

tectable decrease in this time, A second sample was illuminated in 

the same way except that the cell was initially filled with nitrogen 

and was not disturbed during the illumination. At the end of five 

minutes most of the chlorine had disappeared; its molality was now 

0.012. The non-disappearance of chlorine in solutions containing 

oxygen was verified in many experiments, 

Fonna.tion of Hydrolyzable Product . That oxygen not only 

inhibited the chlorination but also produced an oxidation was evident 

from the phosgene-like odor from the illuminated solution. It was 

shown more convincingly by the fact that when the illuminated solu

tion was shaken with water and the free chlorine removed with iodide 
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and thiosu1fate, the water was found to be acid. The photochemical 

formation of oxidation products hydrolyzable to acid is the feature 

which we have made use of in following the reaction quantitati·..rely. 

Analysis for Acid. The method used in determining the num

ber of equivalents of acid obtainable by hydrolysis of the illuminated 

solutions was as follows. The illuminated solution (containing, of 

course, free chlorine) was poured from the reaction vessel directly 

into a weighed, glass-stoppered flask containing abour 30 cc. of water; 

the weight of the sample was obtained by difference. The solution 

and wat er were shaken together for five minutes. Fifteen cc. of 

2% KI solution were added and the flask a.gain shaken. The liberated 

iodine was just removed with 0.1 ! thiosulfate using the disappearance 

of pink color from the carbon tetrachloride as end-point. Then 5 cc. 

of 4% KI03 solution were added, iodine being set free presumably ac

cording to the equation : 

The number of cc. of standard thiosulfa.te necessary to discharge the 

color due to this additional iodine was determined. 

Than any carbon dioxide (arising from the hydrolysis of 

phosgene) would have no effect on the titration was shown by the fact 

that an aqueous solution saturated with C~ gave no free iodine with 

KI and KI03 • That sufficient time was allowed for the hydrolysis 

of the products of the photochemical reaction was shown by ta.king 

three equal se..rnp1es from an illuminated solution. The first sample 

was shaken with vrs.ter and treated as usual; the second was shaken 

with water containing a measured amount of dilute Na.OH; the third 

was allo·wed to stand 18 hours with Na.OH. In the last two cases, 
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the excess NaOH was removed by an excess of standard HCl and the 

titration finished with KI and KI03 ,as usual. The three samples 

yielded results in satisfactory agreement. 

Dark Reaction.- Several solutions similar to those used 

for illumination were allowed to stand in the dark for periods ex

ceeding the times required for the light experiments; one solution 

was as high as 3.2 molal in C2 Cl4 , and another was kept at 36°. 

In no case was either chlorination or oxidation found. 

Equivalents of Acid per Formula Weight of C2 Cl4• A series 

of experiments was made starting in each case with a solution of the 

same composition, viz. 0.0113 volume molal in C2 Cl4 and 0.07 in C~. 

A supply of oxygen was maintained in the solution in the manner des

cribed above. (The oxygen present in the vessel was several times 

the amount needed to oxidize all the C2 Cl4 to COG~.) The samples 

were exposed for various times to the white light source under iden

tical conditions of illumination, and were then hydrolyzed and ti

trated for acid. The results of this series are shown in curve A of 

Fig. 3, in which the equivalents of acid found per formula weight of 

C2 Cl4 taken are plotted as ordinates against the times of exposure 

in minutes as abscissae. It may be seen that in the early part of the 

reaction the amount of acid-producing material formed is nearly linear 

with the time; this suggests that the rate of oxidation is not strong

ly dependent on the C2 C14 concentration. With continued illumination 

the formation of acid-producing material ceases abruptly and before 

the C2 Cl4 is at all completely oxidized to phosgene; for complete 

oxidation to COC12 would give four equivalents of acid per formula 
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weight of C2 Cl4 in accordance with the equations: 

2(COC¼ + lieO = COz + 2 HCl) 

Oxidation to trichloroacetyl chloride would, however, give two 

equivalents of acid per formula weight of C2 Cl4 : 

CC1 3 COCl + ~O = CC1 3 COOH + HCl 
\ 

Since, in this series, the original solution was prepared 

volumetrically e.nd the concentration of C2 Cl4 was not known to better 

than a few percent, two more experiments were ma.de with solutions 

carefully prepared by weighing. These gave, after 60 minutes of the 

same exposure as before, the values 2.22 and 2.28 for the equivalents 

of acid per formula weight of C2 Cl4 • 

In another series of measurements a solution 0.0113 molal 

in C2 Cl4 and O. 05 molal in C¼ was exposed in a larger cell (not shown) 

under slightly different conditions of illumination. The cell was pro

vided with an oxygen reservoir into which the solution was occasion

ally run. Successive samples of solution were withdrawn and titrated. 

The illumination was continued for six hours although the initial 

r eaction '.'ras apparently over in a little over one hour. 

The results are shown in B of Fig. 3. The experiment 

makes it clear that the products of the oxidation of C2 Cl4 undergo 

little if any further oxidation even on prolonged illumination. On 

the assumption that the oxidation is to trichloroacetyl chloride and 

phosgene, the average value of 2.25 equivalents of acid obtained per 

fonnula weight of C2 Cl4 leads to the conclusion that 87.5% of the 

C2 Cl4 oxidized goes to trichloroacetylchloride. 
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Isolation of Trichloroacetic Acid. An experiment was 

made to detennine whether trichloroacetic acid could be isolated 

from the products of hydrolysis of an illuminated solution. Twenty 

cubic centimeters of a solution approximately 0.1 molal in C2 Cl4 

and 0.1 molal in C~ were illuminated with the visible radiation 

from a mercury arc for 2 hours (the ultra vioiet was removed by a 

filter); the solution was frequently shaken with oxygen. At the 

end, the solution was shaken with 5 cc. of water and both liquids 

evaporated together at 40°; When the volume had become small, 

the residual solution was placed in a desiccator over sulfuric acid. 

An extremely hygroscopic solid was finally obtained. A small amount 

of this was placed in a capillary tube which was then evacuated to 

remove water, and sealed off. Two separate samples, so treated 

melted at 55° and 56° respectively; trichloroacetic acid melts at 

57°. F'urthermore, the solid gave a solution which was strongly 
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acid toward litmus , When heated with KOH solution and aniline it 

gave a distinct isocyanide odor. 

Ratio of Acid to Chloride. An independent estimate of the 

fraction of the oxidation leading to trichloroacetylchloride was ob

tained from a determination of the ratio of equivalents of acid to 

equivalents of chloride in the hydrolysis products; this ratio would 

evidently be 2 were the oxidation completely to trichloroacetylchlo

ride and 1 were it completely to phosgene. We have accordingly~ in 

ce r t a i n experiments, supplemented the titration for acid with an 

electrornetric titration for chloride on a separate sample. The pro

cedure was as follows: Twenty cc. of CC1 4 solution were illwninated 

i n white light (oxygen being present) until a suitable amount of reac

tion wa s judged to have occurred. The solution was then shaken with 

10 cc, of water in a small separatory funnel and the carbon tetra

chloride layer rejected. Separate distribution experiments showed 

that the aqueous layer should retain all of the trichloroacetic acid 

and hydrochlori c acid but only a portion of the free chlorine. The 

aqueous layer was diluted to 30 cc. Ten cc. of this solution were 

ti t rated for free chlorine and then for acid using KI and KI03 and 

0.01 normal thiosulfate. To another 10-cc. sample was added 1 cc. of 

0.1 normal sodi um sulfite t o convert the free chlorine to chloride. 

The t otal chloride in t his s ample wa s then determined by electrometric 

titration with 0.01 normal Ag~03 solution. The chloride in the ori

ginal hydrolysis products was then obtained by subtracting from this 

total chloride, the number of equival ents of free chlorine found in 

the first titr ation. 
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The results of these experiments are sh~vm in Table I. 

The composition of the original CC1 4 solution is shown in the first 

two columns; the results of the titra.tions are shown in the next 

tt.<ro colu.r~ns, and the ratio of acid to chloride in the hydrolysis 

products in the fifth column. In agreement with expectations. the 

value of t his r atio is much greater than 1 but less than 2 in all 

cases. If x be the fraction of the reacting C~Cl4 which gives 

CC1 3 COC1 and ( 1-x) the fraction which forms COG½, then per formula. 

weight of C2 Cl4 oxidized the hydrolysis prod~cts contain 

2x + 4(1-x) equivalents of acid and x + 4(1-x) equivalents of 

chloride; the ratio of acid to chloride is then (4 - 2x)/(4 - 3x). 

With this relation, values of x were calculated from the observed 

acid-to-chloride ratio; t hese values of x are given in the last 

column of Table I. The avere.ge value 0.86 agrees with that previous

ly obtained (0.875) in indicating that the oxidation is ma.inly to 

trichloroacetylchloride, 
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TABLE I 

Ratio of Acid to Chloride in Hydrolyzed Products 

02 014 Cl✓,a Equiv.Acid Eq.Chloride Ratio of Fraction of 
in 10 cc. in 10 cc. acid to Oxidation to 
sample sample chloride CC1 3 COC1; X 

0.097 0.01 12.69 X 10-5 8.57 X 10-5 1.48 o.79 

.097 "' • 07 11.18 6.84 1.63 .87 

.097 .01 2.64 1.80 l.4t1 • 78 

.097 .07 4. 27 2.57 1.66 • 89 

.485 .os 9.57 5. 73 1.67 . 89 

. 97 .05 7. 43 4.04 1. 84 . .95 

.97 . 05 23. 64 15.19 1. 66 .84 

Mean 0.86 



The Kinetics of the Reaction 

A considerable number of experiments on the effect of 

various factors on the reaction rate was made using white light 

since such experiments could be carried out with comparatively 

short exposures. Another series of experiments was then made us

ing monochromatic radiation ( /\. 4358). In view of the facts that 

the latter experirnents were more precise and unambiguous than those 

with white light, and that the experiments with white light led to 

no conclusions at variance with those obtained with A 4358 1 we 

are giving in detail only the results of the latter experiments. 

They were all carried out by illuminating various solutions in 

cell A of Fig. 1, using the photometer to determine the absorp-

tion and chlorine concentration, and hydrolyzing the final solu

tion and titrating the products for acid as described above. 

The results are given in Table II. 

In column 5 is given the intensity of radiation in arbi

trary units (cm. of galvanometer scale deflection). Since the thermo

pile as used was at the thermostat temperature, and since its sensi

tivity was found by separate experiment to decrease with rising tem

perature 0.24% per degree, the tabulated intensities for temperatures 

other than 20° have been reduced to the deflections which would have 

been obtained with the thermopile at 20°. In column 6 is given the 

fraction of radiation absorbed in the thin cell A as computed from 

measurements in cell B. These absorption measurements were all made 

at about 20°. However. we have found in a separate experiment that 

the absorption of a CC14 solution 0.05 molal in Cl:a did not differ 



appreciably (i.e •• by more than 1%) at 7° and 30°; it is safe to 

take the values in column 6 as those actually prevailing in the 

experiments at other temperatures. In column 8 is given the amount 

of acid found by titration; and in column 9 the yield. i.e .• the 

amount of reaction per unit time per arbitrary unit of radiation 

absorbed. These data permit the following conclusions concerning 

the effect of various factors on the rate of oxidation. 



TABLE II 

Results of Illuminating Solutions with )\ 4358 

1 2 3 4 5 6 7 8 9 
Expt. 02 014 c~ Temp. Intensity Fraction Exposure Equivs.acid Yield 
No. cm. defl. or rad. time. per g. soln 

m/1 m/1 of galv. absorbed min. 
d a t ~ q/adt - -

1 0.0220 0.0619 20° 2.11 0.149 60 0. 876 X 10-5 0. 0465 X 10•5 

2 o.0420 .0318 20 2.16 .081 120 1.022 .0489 
3 9.0420 .0658 20 2.23 .159 60 1.062 .0600 
4 0.0420 .0726 20 1.97 .172 60 1.059 • 0520 

5• 0.0420 .0987 20 2. 74 .226 30 0.977 .0527 
6 0.0420 .1147 19 o. 567 .258 90 o. 700 .0531 
7 0.0420 .1260 20 2.65 .283 30 1.164 .0517 
8 0.462 .0614 20 2.13 .150 60 1. 558 .0813 

9 0.881 .0460 20 2. 37 .113 60 1. 593 .0994 
10 1.615 .0129 20 2. 52 .151 50 2.260 .1181 
11 2.426 . 0348 20 2.16 .086 60 1. 950 .1758 
12 3. 235 .0213 20 2.33 .053 60 2.310 .3120 

13 0.0420 .0476 3 1.09 .117 . 120 o. 564 . 0369 
14 0.0420 .0766 3 1. 52 .178 90 0.905 .0372 
15 0.462 .0458 3 1. 74 .112 90 1.033 .0589 
16 o.0420 .1026 36 2.00 • 236 40 1. -248 .0664 

17 o.462 .0582 36 2.18 .140 45 1. 639 .1121 
I-'' 
.....,, 
• 

*solution saturated with air instead of oxygen 



18. 

Oxygen Concentration. That the concentration of oxygen., 

when not too low., has little effect on the rate of oxidation is sug

gested by the coherence of the results shown in Fig. 2 since there 

was no attempt to maintain constance of oxygen concentration in those 

experiments. It is shown more directly by the equality in yield 

{column 9) in experiments 4., 5., and 7., which differ mainly in that 

air instead of oxygen was used to saturate the solution in experiment 

5. Similar results have been obtained with white light. From the 

solubility of (l..a in CC14 given in the International Critical Tables., 

the concentration of Qa in solutions saturated with air is calculated 

to be 0.002 molal. 

Light Intensity. The rate of oxidation is proportional to 

to the first power of the intensity of the incident light. This is 

best shown by a comparison of experiments 6 and 7., which involve a ' 

nearly 5-fold intensity range but are otherwise similar. With white 

light., 4-fold changes in intensity have been made using calibrated 

screens with similar results. 

Chlorine Concentration. Experiments 2., 3., 4 and 7 differ 

mainly in chlorine concentration which is here varied 4-fold. The 

rates per unit absorption probably do not differ by more than the 

error of the experiments. For a thin layer of solution., then., the 

rate of oxidation is proportional to the chlorine concentration., 

i.e • ., the chlorine concentration affects the rate only by affecting 

the amount of absorption. 

Tetrachloroeth)lene Concentration. In experiments 1 to 10 

inclusive., the concentration of tetrachloroethylene is increased 
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73-fold while the rate per unit absorption increases only 2.5-fold. 

At very high concentrations, the rate begins to increase much more 

rapidly. The results of the first ten experiments may be very satis

factorily represented by an empirical expression of the form: 
J. 

Rate= kl b (1 + b(C2 Cl4 ) 2 ) a s 

but at very high C2 Cl4 concentrations this expression leads to lower 

values than those observed. 

Temperature. Most of the experiments were made at 20°, 

but measurements have been made at 3° and at 36° at two different 

C2 Cl4 concentrations. The yields under various conditions are sum

marized in Table III. In the third and fifth columns are given the 

ten-degree multiplications of the yield. In the range studied, i.e., 

from 0.04 to 0.5 molal in C8 Cl4 , the temperature coefficient shows 

no evident dependence on the yield. Since the absorption coeffi

cient of the chlorine solutions is substantially independent of the 

temperature, these ten-degree multiplications may be regarded as 

applying to either the specific rate constants or to the quantum. 

yields. 

TABLE III 

Effect of Temperature on the Rate of Oxidation 

Temperature Yield at kT+lO Yield at kT+lO 
(~C14 ) = 0.0420 

~ 
(C:aC14 ) = 0.462 kT 

3 0 0 03 70 X l◊-5 1.21 0.0589 X 10-5 
1.21 

20 0.0514 0.0813 
1.17 1.22 

36 0.0664 0.1121 
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QUANTUM YIELDS 

In view of the character of the dependence of the 

reaction rates on the C2 Cl4 concentration and on the temperature, 

an extremely precise determination of quantum yield would appear to 

be without present interest; a fair estimate of the quantum yields 

can be had from the experiments already described. 

The intensity of radiation at the front surface of the 

reaction cell corresponding to a deflection,!• in the experiments 

of Table II was found by locating the mercury arc and thermopile in 

the positions they occupied in those experiments, and comparing the 

deflection obtained with that obtained when a second, calibrated 

thermopile was placed at the position normally occupied by the reac

tion cell. It was thus found that the intensity at the reaction cell 

2 was 56 x 10 ! ergs per sq.cm. per sec. If now A be the illwninated 

area of liquid (the entire liquid in the cell was illuminated) and 

a the fractional absorption, then since the nur.i.ber of Einsteins per 

erg of radiation of wave-length 4358 ! is 3.66 x 10-13 , the number of 

Einsteins absorbed by the liquid int minutes is 3.66 x 1013 x 56 x 

102 x !.~Ax 60 t. If .3. be the equivalents of acid produced per 

gram of solution,~ the density of the solution (1.59 g/cc). and 

1 the thickness of the solution in the cell, the equivalents of acid 

per ! l cc. of solution is .3. t_ ! £. The quantum yield expressed in 

equivalents of acid per Einstein absorbed is then 64 x 106 x .i / !.!!; 

i.e., the quantum. yields so expressed may be obtained by multiplica

tion of the numbers in column 9 of Table II by 64 x 106• The values 

obtained in this way range from 2.4 in experiments 13 and 14 to 20 in 
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experiment 12. The above calculation assumes that the illumination 

was (1) pa:rallel and (2) spatially uniform; these conditions particu

larly the first, were only approximately satisfactory. 

Two measurements of quantum yield largely independent of 

the above were made by illuminating the solution in cell B of Fig. 1. 

using a uniform collimated beam defined by a circular diaphragm with 

an opening only 1.00 cm. in diameter so that the entire beam was in

tercepted by the solution. The intensity was measured by a thermo

pile giving a deflection of 1 cm. for an intensity of 1.340 ergs per 

sq.cm.. per sec. The results are given in Table IV. 

TABLE IV 
C, 

Quantum Yield Determinations at 20° - >-= 4358A 

~Cl4 Cl,a Intensity Fraction Time Total equivs. Eq.Acid per 
m/1 m/1 ergs/om. absorbed min. acid Einstein 

sq/sec 
1.34 X 10-S 0.0420 0.0761 2340 o. 729 232 1.95 

0.0420 0.0119 1570 o. 737 301 1.36 2.26 

The intensity given in column 3 has been corrected for re

flection losses and represents the intensity of the radiation enter

ing the solution. The yields of Table IV are only about 66% of those 

calculable from Table II. but are more reliable. For a solution hav

ing (<;aC14 ) = 0.04~0. our best estimate (good to 20%) of' the quantum 

yield is 2.5 equivalents of acid per Einstein. Assuming 8?% of the 

oxidized C2 Cl4 to form CC1 3 COC1 this corresponds to 1.1 mols of C2 Cl• 

oxidized per Einstein absorbed at 20°. The values of the yields in 

Table II should be good to within a few percent relative to each other. 
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If they are all multiplied by a constant factor so as to give the 

the absolute yields shown in Fig. 4 are obtained. 

Equiv. 
per 

Einst. 

Figure 4 

0.5 1.0 1~5 
Cone. C2 Cl4 

DISCUSSION 

As far as the present reaction has been studied, it is 

found to exhibit considerably similarity to the chlorine sensitized 

formation of carbon dioxide from gaseous carbon monoxide and oxygen. 

It is well known that carbon monoxide and chlorine unite under il-
5 

lumination and form phosgene; when, however, oxygen is present the 

chlorination of carbon monoxide ceases, and oxidation to carbon 

dioxide occurs instead. The rate of formation of carbon dioxide 
d(C().a) .J.. 

is given by the expression --- = k I b (C0) 2 when the 
dt a a 

pressures are low and when vessels with large surface are used. 6 
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The kinetics of the tetrachloroethylene oxidation in solution and 

the carbon monoxide oxidation at low pressures, agree with respect to 

the effect of intensity, chlorine concentration, and oxygen concen

tration and further agree to the extent of involving no strong depen

dence on the concentration of <;aC14 or CO. 

A mechanism has been given to account for the rate of car

bon dioxide formation. An essential feature of this mechanism is the 

achievement of first order dependence on the light intensity through 

wall recombination of the chlorine atoms. It is difficult to suppose 

that wall recombination is of importance in the case of a solution 

reaction. Accordingly, in spite of the formal resemblance of the 

tetrachloroethylene reaction to some aspects of the carbon monoxide 

reaction, we are unable to make direct use of the mechanism proposed 

for the latter. 
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SUMMARY 

The photochemical chlorination of tetrachloroethylene in 

carbon tetrachloride solution has been found to be strongly in

hibited by oxygen. 

In the presence of both oxygen and chlorine. photosen

sitized oxidation to trichloroacetylchloride and to phosgene occurs; 

most of the oxidation (~87%) leads to trichloroacetylchloride. 

With radiation of wave-length 4358 1 the rate of oxida-

tion in a uniformly illuminated layer is found, in the ranges studied. 

to be proportional to first power of the intensity of the incident 

radiation. the first power of the chlorine concentration, independent 

of the oxygen concentration and only moderately dependent on the 

tetrachloroethylene concentration except when this is very high. 

Rates have been measured at 3°. 20° and 36°; the ten

degree :multi~lication of the yield has been found to be 1.20. 

Quantum yields for the oxidation have been determined. 
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