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The experimental study of the photochemical reaction CO + Cl, — COCl; is extended by investigating the effect of a ten-
fold variation in light intensity as well as pressure ratio changes. It is established that the true rate equation followed is

d(COCl)/dt = k'(CL)—1 + Vv £"(CO)abs + 1), and that use of this equation eliminates ambiguities in previously re-

ported data.

A convenient and precise method of calculating rate constants based on this equation is derived and applied.

Quantum yields as functions of light intensity and reactant pressures are calculated, and found to be about 104

Introduction

The photochemical reaction CO + Cl; = COCJ;
has been the subject of a series of researches by

Bodenstein and others.®4

It has been postulated

that the following rate steps describe the reactions

In deriving the total rate expression, the chain-
ending step (4) has been used to explain the results
at total reactant pressures of 200 to 600 mm., while
below 30 mm. it has been assumed that step (5)
is controlling. Assuming a steady-state concentra-
tion of intermediates, rate expressions can be

Cly + by —> 2Cl 1 .
Cl 4+ CO + M = COCl + M ()  derived.
COCl + Cl; —> COCL + Cl (3) d(COCL)/dt = (ksKy'/2/ks'/1)(Cla)(CO)/2lubs'/2 (I)
COCl + Cl—» CO + CL (4) (2kaKz)
Cl + Wall —> 1/,Cly + Wall (5) d(COCL)/dt = (Cl)(COMae  (I1)
d(COCL)/dt = (k3k5/4k4)(Clz)(—1 +
' | ! ! /(6K /EFNCO s + D (IID)
o Equation (I) agrees with the experimental ex-
1201 ) pression found at medium total reactant pressures
_1_° o o — of 200 to 600 mm., and equation (II) with that for
50 © low reactant pressures of 30 mm. or high surface/
volume ratios. Equation (III) should be the gen-
eral expression for the entire pressure range studied,
including (I) and (II) as limiting cases. Corre-
4o0b=""%2 0 O — lating with this idea, attention has been variously
e o Q called to the fact that equation (I), although gener-
© ally used, is unsatisfactory, for constants (kexp =
100-2 © k3K5'*/ky"/7) calculated by it always decline in
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value as the reaction nears completion (Fig. 1).

The possibility of extraneous reactions causing
the decline in constants calculated by equation (I)
has been ruled out by the definitive experiments
of Weber® and Manninen® who have examined the
inhibitory effects of various impurities including
oxygen and by the work of Fye and Beaver’ who
showed that induction and retarding effects could
be eliminated by extreme purification of the
reactants, especially the chlorine. It must be
concluded, therefore, that the explanation of the
decline in constants when equation (I) is used lies
in an increasing importance of step (5), which is not
used in the derivation of (I). This has been the
usual explanation offered.®* No satisfactory quan-
titative treatment has, however, been suggested.

Experimental

The reactions are functions of both the reactant pressures
and the incident light intensities, so equation (III) was
tested by determining its applicability over a range of these
variables. The experimental apparatus and procedure
used was essentially that of Fye and Beaver,® which is
capable of giving results of good precision for this long-chain
reaction. A ten-fold variation of light intensity was ob-
tained by using 115-v. alternating current source for the
lamps. This was regulated and adjusted by passage
through a Raytheon constant-voltage transformer and a
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Powerstat variable transformer, These enabled the applied
voltage to be adjusted to a chosen value and maintained
constant within #0.2 v. for the duration of each experiment.
Experiments were made at 70, 80, 90, 100, 110 and 120 v.
The corresponding relative light intensities were measured
with a General Electric barrier-layer cell and a set of glass
filters covering the range of 4000 to 5000 A. The resultant
intensity values were corrected for the absorption of chlorine
in this region, using the data of Halban and Seidentopf.®
The results expressed as ratios to the intensity at 100 v.
are given in Table I, column 2. (Columns 3 and 4 will be
discussed later.)

TABLE I

LiGHT INTENSITIES AT VARIOUS VOLTAGES AND RATE CoON-
STANTS FOUND

Voltage 1/Ie k7 X 107 k* X 104
70 0.29 0.6 1.49
80 .51 1.0 2.28
90 .75 1.5 2.90
100 1.00 2.0 3.53
110 1.5 3.0 4.31
120 3.1 6.2 5.58

The variation in intensity during the course of an experi-
ment at any one voltage due to possible voltage fluctuations
is not more than =+0.3%,.  Combining this with the un-
certainties due to pressure, temperature and time measure-
ments gives a calculated over-all precision measure of 3%
in the rate constants.

Results

For purposes of calculating rate constants from
the experimental data equations (I), (II) and (III)
are written

du/dt = KR/ — 2)b — x)¥» 4
dx/dt = (R'k"/2)(a — x)¥(b — x) Im

de/dt = k'(a — %)[—1 + VE(a ~ 2)(b — x) + 1]

(111)
where x = (COCL); (@ — x) = (Cly); (6 — x) =
(CO), k’ = k3k5/4k4; k” = 16K2k4/k52a10. For
the experimental conditions used I.bs = (Cly)aly,
a being the absorption coefficient. Concentrations
are in mm. Hg.

The experimental rate constants (& = E'B"YY),
calculated by the point-to-point integration of
equation (I), are shown in Fig. 1 for sample experi-
ments at each of the six light intensities. These
experiments covered total pressures of 250 to
550 mm. and (CO):(Cl,) ratios of 1:3 to 2:1.
The usual procedure has been to express the ‘‘best”
value of k1 as the mean of the values in the early
part of the reaction. The uncertainty of this
procedure is evidenced by the curvature of the
graphs, which generally is greater with lower
pressures and low light intensities. Presumably
the ambiguity would be removed if equation (III)
were used as noted above. It can be integrated by
rearranging to read

Y f“dt - Lf"’l + (k" — %)(b — %) + 1]Yadx
h E" S (@ = 0¥ — x)

The result is

/2
Bt — 1) = k}D l:R 4+ IR+ Q1+ In (QR— +

EEED) - (B2 ) e+ R+

(*%5=)]x
_— 2 R]

(9) H. V. Halhan and K. Seidentopf, Z. physik, Chem., B108, 71
(1922).
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where

R=(b—-2x)/(a — %)

Q=R — ("D — 2)R + 1

D=(b-a)
This cannot be further simplified, and computations
with it are arduous. The differential form (given
above) can be used if the assumption is made that
dx/dt = Ax/At, a less exact solution.

Both methods are sensitive to experimental
errors. The values given in Table II are for the
integrated form; simultaneous solutions give
the values of ’ and k” to be used for kit = k'R""2.
The differential form checks these within 1.5%,
so they are not given in the table. Even in this
favorable case, the standard deviation of +79
is considerably larger than the precision measure of

+39%,. We may note in passing that &*, to be dis-
cussed later, shows a standard deviation of but =29,
TABLE II
ExperIMENT No. 90-2, 90 VoLTS

i, k1 krrr k¥
min, (Cly) (CO)  (COCI) X 104 X 104 X 104
0 210.4 220.2 0 .. .. ..
2 188.8 198.6 21.6 2.59 3.00 2.90
4 172.0 181.8 38.4 2,46 2.88 2.78
6.5 154.4 164.2 56.0 2.50 2.61 2.86
9.5 137.7 147.5 72.7 2.45 2.99 2.86
13.5 120.9 130.7 89.5 2.34 2.93 2.78
18.5 104.8 114.6 105.6 2.33 3.10 2.83
25.5 88.6 98.4 121.8 2.26 3.02 2.85
35.5 72.5 82.3 137.9 2.25 3.16 2.94
50.5 57.5 67.3 152.9 2.07 3.17 2.87
81.5 40.8 50.6 169.6 1.89 3.91 2.98
Av. 3.07 2.87
Standard dev. =+0.21 +0.05

In the region where 2”(a — x)(b — x) is larger
numerically than one, the differential form of
(III) can be expanded successively in binomial
series to yield a final series expressible as
SE (e = b — 1+ e -

x)b — %)V 4 [k (@ — 2)(b — 2)] TV 4 L)

These terms can be integrated and the results
summed. Trials showed that no more than the
first three terms are needed for experiments within
the applicable region. The results are within 19,
of those found by using the correction procedure
described below. This latter proves to be better
than any of the preceding forms of equation (III)
because it is simpler to use and it has no limits on
its region of applicability.

By examining equations (I) and (III) it can be
seen that (III) approaches (I) as the numerical
value of ”(a — x)(b — x) increases with respect
to one. The unsuitability of (I) as a description
of the reaction rate will then be a function of the
numerical magnitude of the term denoted by

F=Fk"(a — x)(b— x)
In these terms
(dx/dt), = B'(a — x)F/a 149)
(x/dur = k(e — x)(~1 + VF+1) (1)
and (dx/df): would be the rate during the entire
reaction if equation (I) were always valid; while

kdt =
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(dx/df)1r is the actual rate for the entire reaction,
assuming rate steps (4) and (5) both to be operative.

In defining the experimental rate constant, ki,
calculated using equation (I) the definition should
read to be valid: kr = (dx/df)1/(e — x)V/*(b —
x)¥s. In practice, however, the experimental
data provides the actual rate (dx/df)mr giving the
expression: kr = (dx/ddm/(@ — %)/ — x)'/
which is invalid because the denominator and
numerator refer to different total mechanisms.
This accounts for the drift in the constants as
usually calculated, as illustrated in Fig. 1. This
latter equation can be converted to the valid
form by multiplying by (dx/d#)1/(dx/dt)m, which
is equivalent to FYi/(—1 v/F + 1). Applying
this multiplying correction, a new constant, k¥,
is defined

* o (dx/dt)u F'/2
g (@ — )b — x)/{—1 + v/F + 1) (V)
B* =k Fi/s
-1+ VFEFD

Hence F1/(—1 + A/F + 1) is the function of F
needed to correct the experimental constants as
customarily determined into constants which allow
for both steps (4) and (5) and should remain con-
stant throughout the reaction. In other words,
k* should be a constant independent of the degree
of completion of the reaction, if equation (III)
contains the complete description of the reaction,
and the constancy of k* over a variety of conditions
will verify the correctness of (III).

To calculate values of k¥, kr is obtained by the
usual methods of point-to-point integration of
equation (I). F is computed for the interval by
using the mean pressures of CO and Cl; and the
value of k" from Table I.® The average values of
k* for the various light intensities are listed in Table
I. The standard deviations of these values are
+39%,. The results of nineteen experiments under
various conditions of light intensity and pressure
are included.

Discussion

Consideration of these experimental results in-
dicates that the hypothesis that equation (III) is
the proper description of the reaction is a valid
one within the experimental limits. As previously
mentioned, the data offered by Fye and Beaver
were also examined by the same procedure. In
addition to the confirmation of the value of 2* =
3.53 X 10~*at 100 v., their other data, with added
wire gauze filter, and with unfiltered light, were ex-
amined. With a reasonable choice of £”, values of
k* could be calculated whose standard deviation
for any given condition was +£3.5%,. As a further
trial of the procedure and conclusions presented in
this research, the data assembled by Bodenstein®
were examined. He offers constants from ‘‘first

(10) The values of k” given in Table I were computed by multiplying
the value, 2 X 10-% at 100 v, by the respective (I/Iwe) ratios. 2 X
10 ~* was found to be the value giving the *‘best'’ correction of the con-
stants of the experiments at 100 v. Since Fye and Beaver give the
data of several experiments in the same apparatus at 100 v, d.c., this
value of k” was also used in applying equation (IV) to their data.
k* thus determined for their data varied by no more than =4=39%, stand-
ard deviation, the same as found in this research,
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and last intervals” of some 17 experiments per-
formed at various times. The total pressure
range he covered was 5 to 56 mm. The light in-
tensity was about 4.3 times that at 100 v. in this
work. The average k* calculated was 74 = 1.3
X 10~% The calculated constants are erratic, but
considering the widely varying experimental condi-
tions and precision of measurement, this is not
surprising. There are no definite trends. It
appears that equation (III) is valid over a wide
range of surface-volume ratios and under experi-
mental conditions differing from those of the
present research. ,

The chain-terminating reaction step (5), formu-
lated as Cl 4+ Wall — 1/,Cl; + Wall, has been
shown to be a necessary part of the complete mech-
anism. It might be supposed that the kinetics
would therefore be dependent on the total pressure
as well as on the reactant pressures. This is not the
case. It has been shown by Noyes!!!? that the
explanation lies in the low recombination co-
efficient, 5 X 1078, of Cl atoms on the wall. It
would be necessary to use total pressures much
greater than any that have been tried to realize
any measurable total pressure effect. Noyes!? has
also shown that only 79, of the chains terminate
by step (5) under the experimental conditions of
this work and reactant pressures of (CO) = (Cly) =
300 mm. Therefore, the explanation for the ability
of previous experimenters to obtain useful data at
reactant pressures of 200 to 600 mm. using only
equation (I), A(COCl,)/dt = krlans/*(Cl)(CO)Y1,
which ignores step (5), lies in the small magnitude
of the wall effect at these pressures. Dainton,* for
example, whose experimental conditions are similar
to those of this work, used the initial slope of the
pressure s. time curve in confirming equation (I),
though he notes its inapplicability at lower reactant
pressures and light intensities.

The quantum yield for the reaction is given by
® = B'(Cly)(—1 + E"(CO)laps + 1)/Ians. Values
of Iabs, #' and k” are available from the data of
Fye and Beaver,® Halban and Seidentopf,’ and
this research. Calculated results are shown in
Table III. For convenience, values of ® were
computed assuming equal pressures of CO and Cl..
It is seen that the values are in agreement with
those of Bonhoeffer!? (® = 2.7 X 103), Bodenstein?
(® = 1.5 X 10%), and Burns and Dainton* (& =
6.2 X 10%. The expected increase of ® with de-
creasing light intensity and with increasing re-
actant pressures is shown.

TaBLE III
QuantuM YIELDS
Pgo = Poo =
Pcy, Pciy,

1/ oo mm, & X 103 1/I0 mm., & X 10-2
3.1 200 4.4 1.0 50 1.3
1.5 200 6.0 0.75 200 8.2
1.0 300 11.2 .51 200 9.1
1.0 200 7.2 .29 200 12.8
1.0 100 3.1
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