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Introductory Note.

Although certain trends in the course of the
photo-reaction between hydrogen and chlorine have been
established with moderate certainty, it cannot be
claimed that the complete mechanism and kinetics are
entirely elucidated.

One controversial point concerns the production
of various particles, which act as intermediates in the
reaction. In particular, it has been suggested by
various investigators that a molecule, composed of three
atoms of chlorine, might be formed under certain

circumstances.

The presence of this particle was also
suspected in certain Budde effect measurements. These
have been more intensively investigated, as described

in Part I.

Other photo-reactions, in which it was
anticipated that the particle might be present as an

intermediate, have also been examined.

In Part II are described some of the kinetics
of the reaction between toluene and chlorine, in which
both a photo- and thermal reaction of considerable

magnitude are present.

Part III concerns the photo-reaction between
methane and chlorine, which has here been investigated

as analogous to the corresponding hydrogen-chlorine

reaction.
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2.

EXPERIMENTAL.

Apparatus:

The essential features of the apparastus, as
used in the subsequent investigations, can be seen in
the diagram opposite.

The pressure of gas present in the reaction
vessel was "balanced" with a corresponding pressure
of dry air, in order that the Bourdon gauge pointer
should remain at its null position, the actual amount
of alr added being indicated on the manometer. Small
pressure changes in the gas system were recorded direct-
ly on the Bourdon gauge by means of a telescope
focussed on the gauge pointer. The Bourdon gauge
itself was kept at constant temperature by enclosure
in a cylindrical glass water-jacket,

Reaction vessels of various sizes and
composition were used throughout the investigations,
and either sealed directly on to the apparatus, or
attached by a glass joint, as indicated in diagram.
The vessels were also thermostatted, using a metal box
arrangement with windows placed to allow light of a
suitable wavelength to pass through when certain
shutters were opened, but preventing the entry of

stray light to the reaction vessel.
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The apparatus could, at any stage, be
evacuated by using a Cenco Hyvac pump, capéble of
giving & vacuum of 0.001 mm of mercury. The gases,
before reaching the pump, were passed through a
liquid oxygen trap to remove those easily condensablé
gases, which would attack or dissolve in the oil of
the pump. Before starting a series of observations,
evacuation was normally carried out for at least 30

minutes.
All glass joints and taps were lubricated

using a vacuum grease, Aplezon L, composed of hydro-
carbons of high boiling point, which had previocusly
been foundito possess a good resistance to the action
of chlorine, yielding products which gave the minimum
interference as inhibitors in photo-reactions, In
the chlorine-toluene reaction, a certain amount of
difficulty was experienced, due to the solubility of
the toluene in the Apiezon L grease. A starch-
glycerol lubricant was substituted, but it possessed
the disadvantage of stiffening after asbout four days
use, when renewal became necessary.

The thermostat itself, shown in the photo-
graph, was fed with & steady stream of water, by means
of a constant level device. The heating arrangement
consisted in 2 long carbon filament lamps immersed in

the water, and, if necessary, this was sugmented by
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three electrical heaters placed under the thermcostat
tank. The heating action was controlled by a toluene
regulator, capable of maintaining the temperature of
the water within limits of & 0.02°C. The water flowed
by gravity to the Bourdon gauge, and reaction vessel
water-jackets, thereby producing a constant tempera-

ture of usually 25°C, and was then rejected at the

sink.

A 126 watt pearl Osira mercury lamp was used
as the source of illumination. It was rmun at 230
volte and kept at this value, within a limit of % 1%,
by means of a Solus stabiliser. This gave a suffi-
ciently steady intensity of light.

The lamp was enclosed in a ventilated box
arrangement, with an aperture, about one inch in dia-
me ter, The light beam then passed through a filter
containing a 5% solution of copper sulphate, to remove
heat rays. This was contained either in a plane-
sided glass cell, 2 em in depth, or, if concentration
of the beam was also desired, in a spherical flask,
about 500 ml. in volume.

The light was then filtered to secure the
desired wavelength., In the case of a wavelength of
366 mﬁ, 8 Chance glass filter, number 18a, was used.

For a wavelength of 406 mu, a two-compartment plane-
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sided rectangular glass cell was inserted, one compart-
ment of which contained a solution of Cu(N0s),.(K0(200 g.
dissoclved in 100 ml. water) of 2 cm depth, and the
other compartment, a solution of iodine in earbon
tetrachloride (0.76 g. dissolved in 100 ml. ce1,)

of 1 em. depth, as described by Bowen?

When it became necessary to reduce the light
intensity, the beam was paseed through a variable
nunber of coloured glass sheets, capable of being
readily inserted and removed.

At this stage, a simple shutter arrangement
wes included, allowing the light to be completely and
instantanecusly cut off.

The beam, usually narrowed by an aperture,
was then passed through the one window of the reaction
vessel water-jacket, through the thermostat liquid,
and finally into the reaction vessel itself. Great
care was taken, in all instances, to ensure that the
light beam should pass, to as great an extent as
possible, through the entire reaction vessel, but that
no 1lizht should by-pase it completely. Immediately
behind the reaction vessel, another shutter arrange-
ment was inserted, to allow, if necessary, illumination

of the reasction vessel, without the light penetrating

further.
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Af'ter the light beam had passed through the
rear-window of the water-jacket, it fell immediately
on to the face of an "Eel" photronic cell, contained
in a wooden box, and completely impermeable to other
light. This box was sealed to the reaction vessel
water-jacket in such a way that again no extraneous
light was allowed to enter,

The photo~cell wes connecied to a sensitive
mirror galvanometer, situated nearby, and covered in
by an iron box, to protect it from stray magnetic
effects. In the preliminary experiments on the
chliorine~toluene reaction, a variable resistance was
also connected in parallel with the gelvanometer, to
act as a shunt and secure a suitable deflection of
the mirror. This did not prove entirely satisfactory,
however; and in later observations, instead of the
variable resistance, a fixed 1000 ohm resistance was

substituted.



Final Purification of Chlorine - diagrammatic,

To water
4‘{] and Hyvac pumps.

Chlorine

[ v

t

P
N s2 Se
tr

Tube a Tube. b




7.

Purification of the Reactants.

1. Chlorine:
It has been previously found that cylinder

chlorine can be sufficiently purified to yield
satisfactory results in photo-chemical experiments,
and this source was used.

The chlorine was first passed through two
washbottles containing alkaline 2 N potassium
permanganate solution, followed by one containing
concentrated sulphuric acid. Final drying was
achieved by passage over phosphorus pentoxide.

The dry chlorine was then slowly collected
in the two tubes g and b by cooling them externally
with liquid oxygen. Gaseous impurities were
occasionally drawn off by the oil pump, through
taps p and g.

After sbout 10 ml. of solid chlorine had been
collected in each tube, it was entirely transferred
to tube g8, and, after evacuation for a few minutes
using the oil pump, fractional distillation was
carried out between the tubes g and b. The liquid
oxygen was removed from around tube 8, the chlorine
allowed to liquify, and one-tenth drawn off through
the tap p using the water pump. Tep p was closed,
tap r dpened, and tube b washed out several times

with chlorine gas. Finally, distillation was
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8.

carried out by surrounding tube b with liquid oxygen.
Nine-tenths of the remaining chlorine was distilled
over, the remaining tenth being rejected through
tap p. Occasionally, during the distillation, the
chlorine in both tubes was solidified, and any
extraneous gases remaining were removed by evacuation
using the oil pump. In a similar way, the chlorine
was distilled back to tube a.

These distillations were normally carried
out four times, and the chlorine finally isolated and
kept solid in tube ¢ by surrounding with a flask of

liquid oxygen.

2. Hydrogen:
This was prepared by electrolysing a 10

caustic soda solution containing a little baryta,

the platinum cathode being isolated by a cylindrical
glass tube. The hydrogen was passed, using glass
tubing throughout, to two aspirating bottles, arranged
8o that the collection of the gas would take place
under a slight pressure of water, thus ensuring no
possible direct leakage of air into the apparatus.

This was carried out immediately before the purifica-
tion of the hydrogen, since on standing, air, dissolved

in the water, might enter the gas.
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9.

The purification consisted in slowly passing
the hydrogen over electrically-heated copper gauze
(to remove the bulk of the oxygen) over phosphorus
pentoxide, over platinised asbestos, also electrically
heated, and again over phosphorous pentoxide. This
was followed by passage over a tungsten filament at
dull red heat, the bulb containing the filament being
cooled by a water jacket; and finally passing the gas
through a liquid oxygen trap and again over phosphorus

pentoxide. It was collected in large bulbs,

3. Methene:
Cylinder methane (containing 97.62% CH,

2.42% N,, 0,067 CO, no measurable quantity of ethane,
unsaturated hydrocarbons, O,, GO, H,)® was collected
under slight pressure in the aspirator, as shown in
diagram, and slowly bubbled through two washbottles
containing first, strong caustic soda solution, to
remove traces of any acidie impurities, and then
through concentrated sulphuric acid to remove traces
of basic impurities, at the same time drying the gas to
some extent. Final drying was accomplished by passage
over 12 inches of phosphorus pentoxide in a narrow
glass tube, and the methane liquified in tube A by
surrounding with a flask of liquid air.

% I am indebted to Dr Prot for the use of the figures
quoted above.
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As traces of the "permanent" gases, oxygen

and nitrogen in particular, gradually accumulate at
- this stage, the gsses above the liquid methane were

occasionally pulled off by means of the oil pump.
In this way, about 20 ml. of relatively pure ligquid
methane were collected.

The final purification consisted in distill-
ing the liquid methane twice.between tubes A and B,
removing the first an{ lLast tenth each time. It was
then distilled through molten sodium in tube X,
collected again in tube B, and finally returned
directly as before to tube A.

' The methane was then slowly passed through
the molten sodium in tube X, over molten sodium in
tube Y, and 1mmediately transferred to 2 large glass
reservoirs, in which it was stored. The whole
apparatus, from the aspirator to the storage bulbs,
was constructed of soda-glass, thus ensuring, as far

as possible, no leakage of gases.

4. Toluenes
B.D.H. sulphur-free toluene, dried over

solid ealcium chloride, was transferred after a pre-

liminary fractionation, to a glass bulb on the inert

gas line, attached by a vacuum Jjoint. It was again

weth £ ‘Jtm-”w.
distilled,,rejecting the first and last fifth, into
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another glass bulb, fitted with a large, well-greased,
tap, The toluene was finally solidified by surround-
ing the tube with liquid oxygen, and the space above
evacuated for fifteen minutes using fhe oil pump,

5, Oxygen:
Cylinder oxygen was purified by slowing

passing it through a wash-bottle containing potassium
permanganate solution, then through concentrated
sulphuric acid, over phosphorus pentoxide and through
a liqﬁid oxygen trap. The gas was finally stored

in a 2-litre glass bulb.

6. Nitrogen:
Cylinder nitrogen was purified by slow

passage over heated copper gasuze, then over phosphorus
pentoxide and molten sodium and finally through a
liquid oxygen trap. It was collected in glass bulbs.

DETAILED EXPF
LY 300

G

S8URE OF

REACTION VESSEL.

The apparatus was evacuated for at least
30 minutes with taps 1, 2, 4, and m, open and taps 3
and & closed, assuming that the purified gas is present

beyond tap 3.
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To minimise the presence of mercury vapour
in the reaction vessel, tap m was then closed and
evacuation continued for another quarter of an hour,
Taps 1 and 4 were closed simultaneously, and the
absence of eny slight leaks in the system confirmed
by the Bourdon gauge pointer remaining steady.

At this stage, tap m was again opened,
thus directly connecting the manometer with the Bourdon
gauge.

The required gas was now introduced to the
main gas line by closing tap 2, and opening and clos-
ing tap 3.

It was customary to "wash out" the reaction
vessel with the gas, before its final introduction.
This was done by gradually opening tap 1, allowing a
few mm of gas to enter - as measured on the Bourdon
gauge -~ then evacuating both the main line by opening
tap 2, and finally the reaction vessel itself by open-
ing tap 1. This was carried out several times to
secure the complete absence of gaseous impurities in
the reaction vessel. The pointer of the gauge should
finally return to its original position when evecuation
of the vessel is complete. The main line was again
filled with gas.

The final entry of 300 mm of the gas into
the reaction vessel was carried out by gradually open-

ing taps 1 and « simultaneously, and varying the rates
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of entry of gas and alr so that the Bourdon gauge
pointer remained almost stationary at its null position.
The mercury in the experimented manometer graduslly
dropped and when almost the correct amount of gas had
been added to the reaction vessel, (as measured by

- comparison with the adjacent standard manometer)

tap 1 was closed. Air continued slowly to enter
through tap « , until the mercury in the experimental
manometer reached the correct level for the required
. pressure of gas. Then tap 1 was gradually opened
and gas allowed tﬁ enter until the Bourdon gauge

pointer returned to its null position.

As a final precaution, it was arranged that
the pressure of gas on both sides of the Bourdon gsuge
and in the main gas line, was identical, This was
done by evacuating the gas in the main line to approxi-
mately the same pressure as in the reaction vessel.
Then, on opening tap 4, the gauge pointer probably
moved & small amount, and either by Jjudicious evacua-
tion or admission of air, the pointer was brought back
to its original position. In that way, the pressures
of gas on either side of tap 1 were identical, hence
diminishing any tendency for gas leaks to occur, either

into or out of, the reaction vessel.
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METHOD OF DETERMINING THE PROGRESS
OF THE REACTION.

The way in which the chlorine concentration,
and hence the reaction rate, could be determined at
any time, followed the method originated by Ritchie
and Norrishiin their examination of the hydrogen-
chlorine photo-reaction.

The great advantage this method possesses
is that it does not disturb the equilibrium of the
gas system. In certain cases, when the reaction is
sufficiently slow, its entire progress can be plotted
out as it occurs, - the "graphical"™ method. In most
cases, however, it is necessary to "kill"“ the reaction
at a chosen instant (by addition of sufficient oxygen)
and then to determine how far reaction has proceeded =
the "method of averaging."

Both modifications of the method depend on
the fact that chlorine gas absorbs transmitted light
of a sultable wavelength, to a considerable extent,
and 2 relationship exists between the intensity of the
incident light absorbed and the corresponding concentra-

tion of chlorine present - namely, Beer's Law.
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and measuring its intensity by means of the photo-
electric cell in combination with the galvanometer as
previously described, a series of values of -ﬁﬁm%?
was obtained for various pressures of chlorine in the
reaction vessel. This gave an almost straight line
calibration graph, and hence by noting the values of
the original intensity I, of transmitted light with
the reaction vessel empty, and then the transmitted

light intensity I with 2n unknown concentration of
To
T
culated immediately, 2nd the pressure of chlorine in

can be cal-

chlorine present, the value of .lﬁm

the reaction vessel determined by reading directly

from the graph.

Concentrations of chlorine used for calibre-
tion ranged from 10 mm to 100 mm for 365 mu light,
and 50 mm to 400 mm using 406 mu light. Estimations
of chlorine concentration carried out in this way,

possessed an experimasntal error of, normally, not

greater than 0.5 mm.



= Graph: Logm;f against [Clg,)
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Graph: Lonol-i‘-’- against [Cl,]
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Calibration of j}ﬁygé against Chlorine Concentration.

eaction Vessel ’ X of Light 366 mu,
fer,] z I
(galv, (galv, it T
(mm) scale scale e
divs,) divs.)
10 44,0 39,1 00,0613
20 44,0 56,8 0,0896
30 44,0 32,7 0,1290

40 ' 44,0 30.1 0,1649
860 46,7 27.9 00,2143
60 45,7 20,1 0.2602
80 45.7 21.6 0,3276

100 45.7 i8.4 0,39567

Reaction Vessel II.

X of Light 365 m. : \ of Light 406 mu.
Cl,] T c1 el
o U 2 e
10 0.0316 25 00,0134
20 0.0726 80 0.0331
30 0,0918 76 0.0447
40 0.1202 100 0.0670
B0 O.1484 150 0.0962
60 0.1761 200 0.1260
756 0.2196 300 0.1879

100 0.2767 400 0.2616

Correction for the Volume of the Connecting Tubing.

The usual procedure in actual observations

was to measure chlorine concentrations after the re-
action had been "killed" by the addition of oxygen, —
300 mm in the chlorine-toluene reaction. Hence as a
preliminary examination, the effect of the entry of
this ges was determined, when simply chlorine itself

was present in the reaction vessel.
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The procedure was to take the value of I_,
with the reaction vescel empty and then introduce that
pressure of chlorine, which was to be taken as the
final value at the end of the particular reaction
sequence. The value of I was noted, - the transmitted
intensity with chlorine present. Hence, reading off
the value of .ﬂﬁmZ% from the calibration curve should
corroborate the pressure of chlorine introduced, as
measured by the Bourdon gauge-manometer combination.

Next, the oxygen was introduced slowly into
the reaction vessel, and after leaving for a few
minutes to allow homogeneous mixing of the gases, the
new value of I examined. It was found that slightly
less light was now transmitted than previously, due to
the "washing" of the chlorine in the connecting tubes
into the reaction vessel. The vessel was re-evacuated,
and any change in I, from the first value, noted.,

For exsmple:

In observations on the thermal reaction be-
tween chlorine and toluene, the initial pressure of
chlorine was 30,0 mm, and the final value about 21 mm.
300 mm of oxygen were added to kill the reaction.

Hence, to find the effect of this addition
of oxygen, 21 mm of chlorine were introduced into the
reaction vessel, 300 mm of oxygen added, and the

apparent concentration of chlorine now read off.
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Results.

Initial value of I, = 39,6 em. (on the
galvanometer scale).

Corresponding value of I on introducing
20,8 mm chlorine = 31.8 om.

« dg. Lo = 0,0963

From the graph of j.n}mI-I—" against l:cla] s this corresponds

to 20,6 mm chlorine.
On introducing 30C mm of oxygen,

Altered value of I = 30,9 cm.

Corresponding value of I,, on evacuation = 39,8 em.

cnﬂﬁm%é = 0.1099, corresponding
to 24.2 mm chlorine.

. Bffect of adding 300 mm oxygen to the
reaction vessel, containing about 21,0 mm chlorine, is
to give an apparent value of the chlorine concentration,
5.6 mm too grest.

This procedure was carried out several times,
and the average increese in chlorine concentration as
measured by the photometric system, was found to be
3.4 mm,

The correction, which it would thus be
necessary to apply for each observation, was considered
to be too large for accurate measurement. So, in

order to reduce the discrepancy between the apparent

and real pressures of chlorine present, the glass
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tubing connecting the ground joint at the reaction
vessel to the Bourdon gauge and tap 1 was replaced by
capillary tubing. The reaction vessel already
possessed a capillﬁry stem,

When similar observations were made after
this modification had been carried out, the correction
necessary wae reduced to 2.0 mm. This value was
considered sufficiently small for an accurate correc-
tion to be made to the observed chlorine concentration,

after addition of inert gas.

Illumination of Gascous Mixtures.

The two wavelengths of light employed for
illumination were 3650 mu and 406 mu.

The method has already becn described for
' determining the value of ﬂq“%afar 365 mu light, and
hence measuring the concentration of chlorine present
in the reaction vessel at any stage. From the same
graph of.hm;% against [Cl,] , the value of the relative
absorption coefficients of chlorine for either wave-
length can be obtained.

At a pressure of 100 mm of chlorine, the
actual figures for reaction vessel II, are:-

For 366 mu light: 0-2950

For 406 mu light: 00620
The absorption of light of wavelength 565 mu
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is greater, and the estimation of the intensity of
light absorbed, I, ,,» by a given pressure of chlorine
in the reaction vessel, can be readily found by
cvaluating.ﬂﬁg% from the graph, and calculating, as
in the following example:-

In One observation in reaction vessel I,
the chlorine concentration dropped from 50,0 mm at
the beginning of the experiment to 40,0 mm at the end.
Hence the average pressure of chlorine present is
46.0 mm, and the value of Joy.%: (A= 365 m) for this
pressure is 0.1896,

If the original value of I, for the particu-
lar filter used is 40.0 cm. on the galvanometer scale,

a value of I is calculated from: Dbk
L = = #0-0
‘f,.j,‘,? Jrr @] off 45wms = 001896 = no 45
:.J%mr = h6oU —01/896
= [ HB125

Ay -.r.- = 25. Sb-om an ‘.LIIM *Q-
To,

Bur =1T,~T wo 2585 om.

'ﬂ;. [Sem o gaboan, ack.
In the case of 406 mu light, where the
light absorption of chlorine is small, sufficiently
accurate values of Jﬁm% cannot be obtained by direct

reading from the graph.

)

jj "o _f
[Cs]
was obtained from the slope of the graph, and to find

Hence, in such cases, the value of K=

an accurate value of lqwd at any given chlorine con-
centration, the values of K and ([Cl,] were substituted

in the above relationship. The value of Iy was then
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determined as in the case of light of - 366 mu.

valuation X
Reaction vessel II.
A Light of A = 406 mu.
fﬂ:o% « [0]
= la.]

L Ro= 4%?2Lé?
Leez]

t
o
§}
o~
5

ibra Bou Gauge.

Before carrying out observations on the Budde
Effect in chlorine, a calibration of the Bourdon gauge
was necessary to translate the observed pressure effects,
meesured in scale divisions, to mm of mercury pressure.
| The procedure for carrying this out, ies as
follows:

The apparatus was completely evacuated, and
tap 4 closed, thereby isolating the manometer arrange-
ment. Evacuation was continued for some time, and if
the original evacuation had been sufficient, no move-
ment of the Bourdon gauge pointer occurred.

The telescope, containing a scale, reading

from zero to 100, was focussed so that the 50 mark on



the scale coincided with one edge of the gauge pointer.
Air was now carefully introduced through tap 1 into
the reaction vessel, until the gsuge pointer lay be-
tween the zZero and 10 mark on the scale.

The telescope stand was again adjusted to
bring the gauge pointer once more back in focus to the
60 mark on the scale, and the air in the reaction
vessel evacuated, The pointer moved to sbout the 90
mark on the telescope scale, The apparatus was now
ready for the actual calibration to be made.

The readings on the standard and the experi-
mental manometers were taken. Alr was slowly intro-
duced through tap, and the mercury in the experimental
manometer dropped slightly. Concurrently, the pointer
of the Bourdon gauge moved, and when it reached about
the 60 mark on the telescope scale, tap« was closed,
and accurate readings of the manometer pressures and
position of the gauge pointer carried out.

The procedure was repeated for approximate
readings of 30 and 5 divisions on the telescope scale,
along with corresponding manometer measurements,

At either end of the scale, the telescope
was slightly out of focus, but, by using the method
described, this is kept to a minimum, and the scale can
be read to 0.1 of a division around the 50 mark, and

0.2 of a division near the 0 and 100 marks.
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This 1s the procedure when the reaction
vessel is under a vacuum, A similar calibration of
the gauge was next carried out when the reaction
vessel contained gas at various pressures, - 20 mm,

40 mm, and 60 mm, of mercury. .The sensitivity of the
gauge differed very little in each case.

By this method, th: pressure of mercury
corresponding to one division on the telescope scale
can be found.

Calibrations were carried out for two gauges

of differing sensitivity. Data on following pages.
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The previous account of the experimental
procedure suffices for the Budde Effect observations
in section I.
| The following pages describe the arrangements
necessary to measufa the rate of the thermal and photo-

reactions reported in ssctions II and III.
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EXPERINENTAL MEASUREMENT OF QUANTUM EFFICIENCY,

AND CALIBRATION OF REAGTION VESSELS.

In the subsequent investigations of the
photo=chlorination of toluene and methane, values of
the rate of reaction were found for given concentrations

of reactants and under standard condition of illumina-

tion.
The corresponding quentum efficiency, §, of

chlorine can be deduced from an equation of the type:

e
&, t x Ty,

where Ad,= the change in the chlorine concentration at
the beginning and end of the observation.

t = the time in seconds.
I4 = the intensity (in quanta) of the light

absorbed per second.
Obviously, a value of I, is necessary before

A messure of its

suitable calculations can be made.
gize is given lmmediately from the galvanometer

deflection, in combination with the graph of fﬁm
However, this

I

=]

)

against [pld s 88 previously described.
is merely a relative value, and to obtain values of 8
in molecules per guantum of absorbed light, the factor

necessary for converting Iy in galvonometer scale
divieions to absolute units, light quanta per second,

must be found.
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In the original investigation of Ritchie and
Norriah: in which a thermopile was used to measure the
light intensity, the absolute measurement of I}, was
found by obtaining the value, first, of the number of
quanta per second falling on the thermopile, and then
estimating how much light was lost in various ways in
its passage from the rear-window of the reaction vessel,
through the thermostat liquid, water-jacket window, and
air, before reaching the thermopile, and also by
reflection from certain metallic parts of the thermopile
itself.

Hence, an absolute value of I, , in quanta
per second, was obtalned for the optical system used,
and this value was employed in their calculations of
gquantum efficiency. One series of such calculations
concerned the relationship between the quantum efficiency
of formation of HCl1l and the pressure of oxygen preaentf
In a later paper on oxygen-rich mixtures, using a
similar technique, Ritohie$employed certain of these
quantum efficiency determinations in order to calibrate
the optical system, and hence obtained absclute values
of quantum efficiency from the relative figures measured.
Obviously, this procedure will only yield completely
accurate results, if the original and later systems are
identical in all respects. Despite the slight

dissimilarity in the apparatus used, and even in the
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surfaces of the reaction vescels, - one composed of
quartz, the other of soft glass - the procedure was
Justified by the close agreement between the theoretical
and actual values of the results obtained. This
procedure was also adopted in the observations of
Ritchie and Taylorf and found once more to be entirely
Justified.

In the present observations, this method was
again employed to calibrate the optic=l system and
obtain quantum efficiencéss in absolute units, Details

of the procedure are given in the following section.

Procedure.
The method followed in order to calibrate

the reaction vessels was similar to the genersl technique
whereby observations of the reaction rates between
chlorine and toluene, and chlorine and methane were

later carried out. Hence, as & general example, the
procedure is given in detail. The vessels were
calibrated for both wavelengths employed.

The whole apparatus was thoroughly evacuated,
the manometer isolated by closing tap m, and evacuation
continued further, Taps 1 and 4 were now closed, at
the same time opening tap m once more, thereby isolating
the Bourdon gauge-manometer combination and the reactlion
vescel. The relevant tap was opened to evacuate the

space sbove the solid chlorine in tube c¢ for 10 minutes,
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after which the chlorine was again isolated, and
allowed to liquify by removal of the surrounding liquid
oxygen. When the chlorine was almost completely
liquified, its vapour, and any trace of forelgn gases,
were drawn off ceveral times by evacuation for a few
seconds.,

Tap 1 was now closed, the main gas line
filled with chlorine, and the resction vessel "washed"
with the gas several times. It was finally filled
with 50 mm of chlorine by the method described
previously. (page 11).

Before entering the chlorine; it was customary
to note the value of I, on the galvanometer scale, and
the value of I, the transmitted light intensity, after
50 mm of chlorine had been added. In that way, check
was kept on the .Pm,,o'—:fo against \-_011] graph, and any
slight variation immediately recorded.

The main gas line was now completely evacuated
for some ten minutes, during which time the chlorine in
the reaction vessel was illuminated to destiroy any
possible inhibitors present.

The next gas to be introduced into the re-
action vessel was oxygen. In the celibration using
366 mu light, due to its greater absorption by chlorine
than with 406 mu light, and hence the correspondingly
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greater rate of reaction, 50 mm of oxygen were added.
With 406 mu light, 10.1 mm oxygen were sufficient to
_giVe a measursble reaction rate.

Tap 1 was closed, purified oxygen introduced
into the main gas line, and then evacuated for about
30 seconds, to remove any traces of foreign gas.

Again, the main gas line was filled with oxygen, and
the correct amount introduced into the reaction vessel.
Illumination of the vessel was continued.

The oxygen was evacuated completely from the
main gas line, and then after a preliminary "washing"
with hydrogen, filled with the gas. After taking care
to cut off illumination of the reaction vessel, 60 mm
of hydrogen were introduced into it.

It was customary, at this stage, to leave the
reaction mixture for some mimutes to mix thoroughly.

It was noticed empirically that the results were more
reproducible when this precaution was observed.

Illumination of the reaction vescel and gas
mixture was now begun, and timed with a stop-watech.

In the case of 366 mu light, the time taken, for the
light filter used, was about one-fifth of that for a
406 mu light filter, using a gas mixture of 50 mm
chlorine + 10,1 mm oxygen + 50 mm hydrogen. In either
case, this reduced the chlorine concentration by about

15 mm, i.e. 30% of the original quantity of chlorine
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present as demanded if the values of the corresponding
quantum ef'ficiencies deduced by Norrish and Ritchiex are
- to hold valid. During this period, the photo-cell was
cut off from fillumination by closing the shutter
between the reaction vessel, and the cell itself.

A few minutes before ceasing illumination of
the gas mixture, this shutter was opened and a value
of I, the transmitted light intensity, read off from
the galvanometer scale. .

It was considered unnecessary, in these
observations, to add additional oxygen to "kill" the
reaction, due to its élraady slow rate. In other
observations, usually in oxygen-free systems, in which
this procedure was necessary, the method adopted wes
to cut off illumination, evacuate the main gas line,
introduce the oxygen to the reaction vessel, adding
sufficient to "kill" the reaction and allow a galvanometer
reading to be taken. Again, it was customary to leave
the reaction mixture for a short time to attain
equilibrium, before illuminsting to read the value of I.

In either case, after I had been determined,
the whole apparatus was quickly evacuated (without again
cutting off illumination) and a final value of I,
determined.

However, if for illumination, 3656 mu light of

too low an intensity was being used to sllow chlorine
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concentrations to be measured photometrically, or if

the light was of a wavelength other than 865 mu, 1t was
necessary to change to an appropriate 365 mu light
 filter before determining I, and lster I,.

Hence a measure was obtained of'the concentration
of chlorine remaining in the reaction vessel at the
end of the observation.

A typical example of how the relative value of
the gquantum efficiency was obtained, and further, how
the corresponding absclute value, in molecules per
quantum, was derived, is given below.

ata Reaction Vessel I.
N of light used -~ 366 mu.
Initial Concentration of Chlorine -~ 60,0 mm.
. " " Oxygen - 50,0 mm,
" " " Hydrogen « 50,0 mm.
Time of illumination - 20 mins. = 1200 seconds.
Preliminary Check. Before introducing the chlorine
into the reaction vessel, the intensify of light trans-
mitted through the empty vessel, I,, as measured by the
galvanometer, was found to be 30.0 cm, :

After 50 mm of chlorine, as measured by the
manometer, had entered the vessel, the new intensity
of the light transmitted, I, was 18.3 cm on the

galvanometer scale.



Hence by the method described on page 15,
;&7"" rf > ‘p"’?m%—g{%’ = 04771 — 0:2625 = 021406
and this corresponds on the &yl against [C1,] graph
to 60.1 mm, - within the experimental error.
Procedure. The oxygen and hydrogen are now added and
illumination continued for 20 minutes.

The value of I at the end of that period
was = 21.4 cm on the galvanometer scale, and, on
evacuation, the corresponding value of I, was again
30,0 cm,

Hence the concentration of chlorine remaining
in the reaction vessel was found, as previously:-

fqm%‘— - vpuymg—?fi-’- — 0-1h6Y
corresponding to a chlorine concentration of 35.0 mm.

Subtracting 2.0 mm for the 3§E§:fof the
capillary tubing, gives a final value of 33.0 mm of
chlorine,

The pressure of chlorine which reacted during
the obeservation = 60,0 - 33.0 mm.

A Cl, = 17.0 mm.

Cslculation of Id, (Relative Value.)

The actual pressures of chlorine in the
reaction vessel at the beginning and end of the
observation, due to the effect of adding other gases,
were 52,0 and 35.0 mm.

. The average value of the chlorine concentration

throughout the observation was 43.5 mm.
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~ The average value of the light absorbed
throughout the observation can be found by the method
on page 20,

Hence qu = 10.40 cm on the galvanometer scale.

Calculation of Quantum Efficiency (Relative Value)
B 2 x ANy
HES t x T

AL STRA)
1200 x 1040

0:00272S5

It was by a method, analagous to this, that
relative values of J were calculated in the reactions
between chlorine énd toluene, and chlorine and methane.

Calculation of Absolute Values.

In their original observations, with the
same gas reaction mixture as above and using light of
wavelength 366 mu, Norrish and Ritchiésfound the
absolute value of the gquantum efficiency of HC1l to
be 126 molecules per quantum.
| Hence, introducing a constant "k" into the
equation, thus: ?5 i 5.« A,

HCeL o
and evaluating "k", we have an immediate method of
conversion of quantum efficiencies in the above
equation'from relative units, as calculated previously,

to absolute units, - molecules per gquantum of light

absorbed.,



36,

In the example taken,

2x17Q
1200 X ]0 4O

. K= 45,870

With the hydrogen-chlorine reaction, the final
product of i1llumination is known to be HCl.  However,
in the calculation of quantum efficiencies in the
subsequent observations, where the actual products
formed are nct of a definite nature, it is more con-
venient to be able to convert values of I, in em on
the galvanometer scale to quanta of light absorbed per
second.

The method is first to convert mm of chlorine
present in the reaction vessel to the actual number of
molecules.

Using the data in the previous example, since
22.4 litres of gas at 760 mm pressure and 273°A contain
606 =10° molecules, then 17,0 mm of chlorine at 2987%,

contained in reaction vessel I of volume 31.356 ml, will

contain 23
6:06%10" « 31135 , 273 , 170 _ 0.0~
22,400 298 6 O
= 11738 x 10" webscdss.

Rearranging the previous equation to obtain ;&

9 x |138 x 10"
| 25 x 1200 x J0+4

Iapn:
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= 2,229 x 10" quanta per second

corresponding to 1 em on the galvanometer scale.

Obviously, the values of "k™ and Iy in
absolute units, will vary with the arrangement of the
system of illumination, and, in particular, with each
reaction vessel.

To find the absolute values of O throughout
this investigation, the chlorine concentration was
converted each time to molecules, and the value of I,
to quanta per second, before substitution in the
general equation.

Calibrations were carried out for the 2 reaction
vessels used in the examination of the chlorine-toluene
and chlorine-methane reactions: in the case of reaction

vessel I, for light of wavelength 365 mu; and for
reaction vessel II, for wavelengths of 3606 mu and

406 mu.
In the latter case, due to the much smaller

absorption of light of \ = 406 mu by chlorine, the gas
mixture used, consisted of 50 mm chlorine + 10.1 mm
oxygen + 50 mm hydrogen. The absolute value of the
of HC1 in this case was found by Norrish and Ritchie to
be 560 molecules per quantum of light absorbed.
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Reaction Vessel 1I.

Volume 31,35 ml, N\ of Light =366 mu.

-3 3
[m] - fex) fo] aed, 3, =10 . Taxio
mm mm mm, cm, secs. relative. kx10. absolute
43.56 43.6 B50.0 17.0 10.4 1200 2.75 4.69 2.23
42.9 40.8 B0.9 18,4 9.5 1380 2.80 4.45 2,30
41.6 40.8 50.0 18.5 11,7 1200 2.64 4.74 2.16
41.4 41.4 50.0 17.3 9.9 1200 2.91 4.29 2,38
41.5 41.56 50.1 17.0 10.6 1200 2,67 4.68  2.19

41.7 41.7 bB0.4 17.2 10.5 1200 2.73 4.568 2.23
Average value of "k" = 4. 56x10"

Average value of I.d, in quanta per sec. = 2. 25*10 corres-
ponding to 1 em on galvanometer scale.

Reaction Vessel II.

Volume 21.74 ml. N\ of Light = 366 mu.
[H,] [01,_] [01] acl, I, % ¥x10° Igx10°
mm. mm. cim, secs, .relative. k=10, absolute

42.8 42.8 B50.0 14.4 10.6 2000 1.36 9.20 0.771
42.6 42.7 60.0 14.7 10.6 2000 1.39 9,01 0,787
42.9 42.9 80.1 14.2 10,6 2000 1.54 9.38 0.760

Average value of "k" = 9.18x10}
Average value of I in quanta per sec. = 0. 773&10 corres-
ponding to 1 em on galvanometer scale.

Reaction Vessel 1II.
Volume 21.74 ml. A of Light = 406 mu.

[8) f[o1) fo.] a6l 1. ¢ ¥x107° I4:x10"
mm. WM. mm, mm. CiM. 8ecs. relative.kxlo? absolute

45.6 43.4 10.1 18.2 1.00 10,680 2.47 22,66 0,313
44,0 44.1 10.1 11.3 0,80 10,680 2.66 21.17 0,335
45.3 43.4 10.1 13.3 0.99 10,740 2. 50 22,39 0,317

Average value of "k" = 22,07x10" s
Average value of I, in quanta per sec. = 0.322x10,” corres-
ponding to 1 em on galvanometer scale.
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Calibration of Filters.

In observations in which the quantum efficiency
is measured at different intensities of absorbed light,
it is necessary to gradually "scale down" the incident
light intensity.

In the previous investigations of Ritchie and
Norriah: and Ritchie and Taylorf this was done by
interposing a number of blue glass plates, after first
filtering to secure monochromatic light. In the
present observations, the materials examined for use as
filters, were various blue glass plates, - and .-tone
filters, and another thick 3656 mu filter. Their
relastive intensities are given later.

BodensteiﬂIhaa criticised the use of such blue
glass plates on the following grounds. Ritchie and
Norrisﬁghad shown that, in oxygen-free systems, the
rate of HCl formation was not proportional to the first
power of IJ,, but tended to become proportional to the
square root of I3, , at low values of I, . Bodenstein
explained this tendency by assuming that the alleged
monochromatic hature of the filter is not borne out in
practice. Hence, he estimated the proportions of light
of various wavelengthe which would be transmitted
through blue glass plates, and contrived to prove that
this sccounted for the tendency for the exponential "n"

of IJQ, to change from unity to 0.5.



One method to test the validity of this
criticism, from the point of view of the kinetics, is
to examine a reaction in which the rate is known to be
proportional to the first power of the intensity of
absorbed light. Then if, on cutting down the light
intensity, using the very varied filters under examina-
tion, the rates of the reaction remain proportional to
the corresponding first power of Iy , it can be concluded
that these extra filters do not, as suggested, affect
the monochromatic nature of the light, and are not
responsible for the power of I, being less than unity,
as previously found.

Norrish and Ritchiesproved, in agreement with
all other wdrkers, that the rate of the photo-reaction
between hydrogen and chlorine, in the presence of 10.1 mm
and 50 mm of oxygen, was directly proportional to the
first power of Iy , and hence that the quantum efficiency
was independent of the value of I .

dCuer] oo T,
— ol
ot
¥ L 2 XA K,
Ho. tx Tos

= B60 molecules per quantum
using light of A= 3665 ma, for the gas mixture containing
2& mm oxygen.
Hence, it is seen that if the value of "g" in
the above equation remains the same for varying
intensities of incident light, then the criticism of

Bodenstein will no longer be valid, and the extra glass
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plates used, do not experimentally affect the wavelength
of the light.

Relative
Filter Combination. Intensity.
I. Chance filter 18a (1 mm thickness). 381
II. Chance filter 18a (1 mm thickness)
+ 3 blue glass plates. 222
III. Chance filter 18a (1 mm thickness)
+ 2 blue glass plates + l-tone
filter. 87
IV. Chance filter 18a (1 mm thickness)
+ t-tone filter + j-tone filter, 19
V. Chance filter 18a (1 mm thickness)
+ Chance filter 18a (2 mm thickness) 7
Reaction Vessel I. ) of Light = 3656 mu.
Filter
Combina- [H) (c1] [0 acl, Is ¢ 2
tion. mm, mm. mm. mm. em. secs., o kx10
I 42.8 42.8 10.08 14,5 9.3 240 4,31
II (42,0 42.0 10.1 16,0 6.0 480 4.20
(4.8 485.8 10:1 ' 15.Y 8.0 480 4,28
111 42,6 42,6 10.1 14.8 0.96 2400 4.36
Iv 41.8 41.8 10.1 16,5 0.51 5100 4.41
v 43,3 43.3 10.1 13.6 0,236 8100 3.9656

It is concluded that the effect of altering
the value of Iy 40-fold by the use of various glass

sheets, does not materially alter the value of "k".
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Hence the quantum efficiency of the gas mixture examined
is independent of I, , and Bodenstein's contention that
the use of glass sheets, in changing I, and I, ,
accounts for the variation of the exponential "n" and

of the quantum efficiency of oxygen-free mixtures of
hydrogen and chlorine cannot be conceded for the

present conditions.
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Part 1. THE BUDDE EFFECT IN CHLORINE.
introduetion.

The conception that a modification of
chlorine other than the chlorine atom or di-atomic
chlorine molecule, might exist, has been held for
many yearse. The actual form which this modification
of chlorine would take, has varied according to the
grounds on which it has been postulated.

The two main forms suggested have been:-

(a) a molecule consisting of three atoms of chlorine.
(b) an electronically-excited form of chlorine, either
molecule or ion,

A number of investigations have been carried
out, in which chlorine gas was submitted to various
physical processes but in no case, has any experimental
evidence been produced, pointing directly to such
particles, although their presence would account for
certain observations,

The question has arisen in an acute form in
recent years due to the difficulty of adequately
expressing the kinetics of photo-chemical reactions,
such as the hydrogen-chlorine photo-reaction, without
the assumption of some particle of this kind. |

In connection with an investigation of the

8
Budde Effect in chlorine by Ritchie and R.L. Smith,



a phenomenon was observed not previously recorded,
which might be aseribed to a new modification of
chlorine, It is this particular circumstance that
has been further examined.

(a) Probably the first allusion to a peculiar
condition in chlorine was made by Drape; in 1843,
when he reported that "“chlorine gas which has been
exposed to the dayligﬁt or to sunshine possesses
qualities which are not possessed by chlorine made and
kept in the dark. It acquires from that exposure the
property of speedily uniting with hydrogen gas.

Thiﬁ new property arises from its having absorbed
tithonic rays, corresponding in refrangibility to the
indigo. The property thus acquired is not transient,
like heat, but permanent."

In this particular case, Burgess and Chapmaﬁ°
demonatratég that the reactivity of chlorine by
illumination, as shown by an accelerated rate of photo-
reaction with hydrogen, was due, not to any new sub-
stance produced, but simply to the destruction of
impurities already present. However, the suggestion
was made that at the same time, activation of the
chlorine may also take place in some way.

Other early work by Ricker and Berthelot

pointed to a peculiar condition in chlorine. The
ratio g; for chlorine, (identical to the modern figure)



when substituted into a formula relating it to the
number of atoms in the gas molecule, gave the value
of three atoms per molecule, and the possibility of

a chlorine molecule of formula Cl; wes considered.

It was alternatively suggested that the value might be
due to the two atoms being held only loosely together.

When the production of very pure chlorine
became possible, the question of its activation,
either under the action of light or of an electric
discharge, received much attention.

Hellor? repeating Draper's original experi-
ment of illuminating chlorine, found, on the other
hand, no increased reactivity of chlorine. He also
studied the effect, previously examined by Vernoﬂ?and
Shanstonéf of passing chlorine and mixtures of chlorine
and hydrogen chloride through an ozoniser, and corrob-
erated that no umusual phenomenon occurred.

A measurement of the degree of activation of
chlorine by its reaction with benzene, was carried out
by Rus;i after exposing chlorine simultaneously to an
electric discharge and light. It was also found that
the effect of drying the chlorine decreased the degree
of activation.

ﬁowever, this use of benzene was adversely
criticised by Foateﬁ’in a paper, denying the activation
of chlorine by the electric discharge, and showing
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that no change in its density, before and after the
action of the discharge, could be detected.

A more thorough investigation of the effect
of a silent electric discharge on carefully-purified
chlorine, at a temperature just above its B.P., was
made by Briner and Durante? Their experimental
arrangements could have detected a very slight volume
change, but none wes observed. The activation of
chlorine, noted by Ruasf was attributed to the forma-
tion of ozone or oxides of chlorine.

A different mode of attack on the subject
was made by Kimmell end Wobig. They determined the
vapour deneity of chlorine, under the influence of
light, and found that it had a value 1% higher than in
the dark. This would suggest, not & diessociation,
but a polymerisation, under the influence of light.

In an attempt to differentiate between a
true activation of chlorine, as against the mere
destruction of impurities present in the gas, Bodenstein
and Taylogmcarried out experiments to determine how
long the apparent activity, produced by illuminating
chlorine, persisted. Chlorine was illuminated, then
mixed with hydrogen in a derkened vessel, and the
mixture examined for hydrogen chloride. It was
concluded that the chlorine had completely lost any
activity in 1/1600th of a second, and that statements



47.

that activated chlorine poésessed a long life, are
based on measurements involving impure gases, the so=-
called activity being due to other causes.

Another thorough investigation of the
problem was undertaken by Wendt, Landeuer, and Ewing?
Repeating the original experiments of Draper, they
confirmed that chlorine, illuminated by sunlight, does
react with hydrogen in the presence of light more
rapidly than non-illuminated chlorine. The effect
was persistent (still present to a small extent, after
24 hours), but not permanent (it had disappeared after
several days). This can, however, be explained by
the destruction of inhibitors through illumination,
followed by their gradual regeneration. The same
effect was noticed, on illuminating with a 3000-watt
Bovie mercury lamp.

They then examined the eff'ect of submitting
chlorine to illumination and an electric discharge
followed by admixture with hydrogen in the dark, as
carried out by Bodenstein and others. It was con-
firmed that, in no case, was any hydrogen chloride
formed, and hence concluded that any "activated" form
of chlorine would have a life of certainly less than
8 second, probebly less than 0.01 second, the time
intervsl between illumination and mixture with hydrogen

in the above experiments.
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22
Venkataramaiah claimed, in 1922, not only to

have prepared active chlorine in four ways - by the
action of an ordinary electric discharge, a silent
electrie discharge, ultra-violet light, and thermally,
but also to have exemined its chemical properties, and
concluded that it was more reactive than un-treated
chlorine. In agreement with Kummel and WObiéz he
found that chlorine contracted in volume on activation,
suggesting an allotropie modification of chlorine, and
not the formation of atoms,

Following similar lines, Schaum and Feller
submitted chlorine to the action of light and a silent
electric discharge simul taneously. They carried out
experiments on a series of organic compounds, includ-
ing toluene, using ordinary chlorine and chlorine as
treated above. Greater reactivity was claimed for
the treated chlorine.

An attempt to detect a change in the physical
properties of chlorine, when strongly illuminated, was
made by W, Taylor?' By anslogy with the method used
by Smith for detecting sctive nitrogen, the refractive
index of chlorine was examined using sodium D light,
and agein on strong illumination with light of
frequencies on the ultra-violet side of N\ = 4990 A.

It was calculated that any change in the interference

bands would be small, snd the most delicate methods of



49,

detection, necessary. The results of several experi-
ments were gquite negative.

: The presence of an unstable catalyst in the
Photo-reaction betwesn hydrogen and chlorine was
postulated by Chapman and Grigg;: on the basis that
combination of the gases takes place more rapidly in s
narrow capillary tube than in one of wider dismeter.
Using the sctinometer method, various conclusions
regarding the rate of formation and disappearance of
the catalyst were put forward, but the results gave
no indication of the actual nature of the catalyst.

I A comprehensive examination of the activa-
tion of chlorine was carried out by Willey and Foonﬂ?
and the conclusion reached that "the phenomena are
very probably due to a trace of atomic chlorine, whose
behaviour is markedly dependent upon the surface
characteristics of the vessel." Doubt is cast on the
results of Venkataramai&h?

Under the action of a silent electric
discharge, chlorine was found %o expand to the extent
of 1 : 2000, possibly due to a small concentration of
chlorine atoms or to & small temperature change.

Absorption spectra of chlorine, before and
after the action of electric dis=charges, were examined
over the range 5000 - 2100 R. No additional sbsorp-

tion to that of normal chlorine was found.
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Various reactions with ordinary and treated
chlorine were carried out. In reactions with ferrous
salts, oxalic acid, acetic acid, methane, hydrogen
and dyes, the results did not allow definite conclu-
sions to be drawn between the action of ordinary and
treated chlorine.

The amount of hydrogen chloride formed, by
the action of chlorine on water, was found to be three
times greater, when the chlorine had been previously
passed through a spark discharge. _

In the case of the action on liguid toluene,
no difference occurred in the amount of substitutional
chlorination, but a 10% increase in the total chlorina-
tion was recorded, using sparked chlorine.

It is with the action on benzene, as
previously carried out by Ruagf that the most evidence
for the activation of chlorine arises. The use of a
silent electric discharge gave more convincing results
than the spark discharge, and a definite increase in
the total chlorination of benzene was observed. The
effect of sdding impurities, such as oxygen, nitrogen,
or air, on the amount of activation of chlorine was
examined, by measuring the action on benzene. Only in
the case of air did chlorine, previoucly passed through

a spark discharge, give increased reaction with

benzene.



51'

The question arose as to whether the
increased reaction was due to active chlorine or to
some compound of nitrogen and oxygen, or nitrogen,
oxygen and chlorine. Such compounds were tested to
find if their presence hastened the reaction between
chlorine and benzene, but no increase was observed.

The effect of the irradiation of chlorine
was also examined. No activity whatever was observed,
as measured by the reaction with benzene, after the
simple irradiation of chlorine. Also, the activity
of chlorine was not further increased by irradiation
of chlorine, before passage through the silent dis-
charge, or irradiation during the actual discharge.
Irradiation, after passage through a discharge, gave
rise to anomalous results, sometimes an increase,
sometimes an actual decrease in activity.

Recently, & new effect has been noted by
Joshi and Deé? on paseing an electric discharge
through certain gases in a Siemens' ozoniser. Apply~-
ing simultaneous irradiation, an instantaneous diminu-
tion in the conductivity was observed, the effect being
most noticeable in the halogens, especially in chlorine.

Two explanations have been put forward.
Parshad”considers that the radiations, falling on the
chlorine gas, excite it to higher vibrational and
electronic states, with a corresponding decrease in the

30
dielectric constant. However, Sahay suggests that the
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decrease in conductivity is due to some mechanism by
which a recombination of the ions takes place, on
irradiation.,

It must be concluded that, in the empirical
investigations so far carried out, the evidence for
the abnormal reactivity of chlorine in certain circum-
stances 1s more probably due to such causes as the
presence of atomic chlorine, surface action, and

inhibitors, than to any hypothetical particles.

(b) In connection with the kinetics of the
hydrogen-chlorine photo-reaction, it has been found
that the presence of a particle such as the Cl;
molecule, would allow a more satisfactory interpreta-
tion of the reaction mechani sm,

Nernséﬂproposed the chain mechanism as the
basis of the photo-chemical reaction between hydrogen
and chlorine, the only forms of chlorine present being
chlorine atoms and di-atomic chlorine molecules.

o W IR
ClL + H, — HCl + H
H+ Cl, — HCl + Cl

It was Gohring who first introduced the Cl,

molecule inteo his reaction scheme. Thirty-four

possible reactions occurring in the system are listed,
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nine of which concern the Cl; molecule.
The basic equation is
Cl + C1,— 01,
and the two other equations of importance are
Cl, + H,—— 2HC1 + Cl
Cl; + 0,— €10, + C1,

In his mechanism, Thoz?conaiders that the
reaction is brought about by Cl atoms end Cl; molecules,
rather than activated Cl, molecules., This view is
supported by the fact that no reaction occurs in
yellow-orange or orange-red light, i.e. light of a
wavelength, of which there is no question of the
dissociation of molecules to atoms. An analagous
expression to Thon's for the rate of reaction was
obtained by creme;? who also included the Cl; molecule
in her scheme of reaction.

On quantum-mechanical grounds, Rollefson
and Eyrlnéﬁéhowed that molecules of the halogens of
the type X, possess a comparatively long life at room
temperatures. By assuming a value of the entropy
change for the reaction

X +X,—> X
and applying the values deduced of the heat content
change, corresponding values of the equilibrium
constant, Kp, for the above reaction were obtained at

various temperatures, and hence, it was easily shown
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that at room temperature, the principal molecule
other than X,, is X;, but at high temperatures, is X.
The concentration of X; calculated is of a reasonable
experimental size.

Ritchie and Horrishf examining the photo-
synthesis of hydrogen chloride in the oxygen-free
system, give three slternative explanations of the
mechanism of recombination of chlorine atoms,

Instead of combination of the atoms, with or without
a triple collision (see later), one mechanism
stipulates that every Cl atom liberated reacts to
form Cl;. These, in turn, may react

201,—— 8&C1,
without the necessity of a triple collision.

In their experiments®on the same reaction
in which the pressure of hydrogen is low compared
with that of chlorine, Craggs and Allman&wround that
values of the quantum efficiency were 30 -~ 407 less
for vltra-violet light than for visible light, and
this was suggested as being due to the formation of
Cl; molecules at a concentration higher than under
normal conditions of illumination.

In these experiments, the chains are almost
entirely broken on the walls by esdsorption. Compari-
son of the quantum yields with the rates of diffusion
of chlorine atoms to the walls, shows that the
efficiency of the walls in removing chlorine atoms is

very small. However, one might expect Cl; molecules
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(due to their greater size) to be sdsorbed more read-
ily, resulting in a shorter chain length, and hence
a smaller value of the quantum efficiency.

The asaumptiozi“of Cl;, present in equili-

brium concentration as given by the equation:
£ o 101

Ty ey

enabled a satisfactory explanation of the effect of
normal light intensity on the reaction, and explains
the retarding effect of chlorine.

The reactions are assumed:

Cl + C1, — 01; (1)
Cl; —> Cl1 + C1, (2)
2C1; —— 3Cl,

Cl + Cl;—> =2C1,

Equations (1) and (2) can involve a third
body, M.

It was shown that in observations where the
exponential "n" of the absorbed light intensity (Iu.)
was equal to unity, the reaction chains are believed to
be terminated by sdsorption of chlorine atoms and Cl;
molecules on the walls, as in the case of ultra-violet
light. Values of "n" between 1.0 and 0.6 are due to
the gaseous reactions

2 015——-——> 3 Clz
Cl + CL,—> 2 Cl,

whereas values of "n" less than 0,5 are the result
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of localised illuminetion and diffusion of chlorine
atoms out of thie zone into the dark space in the
reaction cell.

Ritchie and Smitg? carrying out experiments
in the oxygen-free system using a high light intensity,
and Ritchie and Taylorf examining the same system from
the point of view, especlally, of added inert gases,
concluded that there is no proportional relationship
between the rate of reaction and a constant power of
I139,, but rather that an exponential will be obtained,
progressively changing as the intensity is reduced,

Considering those reactions involving Cl,:

ClL +Cl, + M —» Cl; + U
2 01— 301,
Cl, (+ M) —> C1, + C1 (+ M)

Where I is the only variable, an expression was

deduced of the type: o I
6. = st =CU['+__']
e 1. b

At low intensities, the reaction rate becomes
proportional to Id?’ where "n" approaches 0.6 i.e.
the ¥ tends to be inversely proportional to I’

At high intensities, "n" tends to unity, and
the rate of reaction becomes directly proportional to
the intensity of the absorbed light. Assuming the

presence of 013, this can be explained by the high
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concentration of Cl; combining with itself, and hence
the quantum efficiency becomes independent of the
absorbed intensity.

However, slthough it is now generally agreed
that the assumption of a Cl, pariicle facilitates tﬁs
Kinetics of reactions, such as thﬁt between hydrogen and
chlorine, Bodenstein, who hae carried out many
investigatione on this reaction, denies its existence
and considers it an unnecessary factor in a reaction
scheme.

The only case in which he refers to the
poseibility of a C:I.3 molecule is in a papefwon the
photosynthesis of phosgene, when he criticises, some-
what scathingly, the inclusion by Rollefsoﬁmof the
Cl; particle in his reaction scheme, pointing out
that it 1is not essential. However, nc reason is
offered ageinst the possibility of its presence.

In a review of the hydrogen-chlorine photo-
reaction cver the last hundred years, published just
before his death, Bodensteingakes ne reference to the

possibility of the presence of Cl; molecules in the

reaction.

A further theoretical reason for the presence
of Cl, molecules, and their mode of formation, arose
B
out of an investigation by Ritchie and Smith into the

Budde effect in chlorine.



Previously, Born and Frannﬁﬁ%ad deduced
that a triple collison was necessary to form a
homopolor diatomic molecule from two atoms. This
was shown to be true in the case of bromine by
Herzfeléﬁin his "dreierstoss" theory, and confirmed, inter alios
by Smith, Ritehie and Iudlam. i.e.

Br + Br + M—Br, + M

Ritchie and Smith found that the Budde
effect in chlorine could not be similarly explained.
If the mechanism

Cl+Cl +H—Cl, + M
did hold, the value of Ap, the pressure change, would
not be proportional to I.,. This was not so.

A second mechanism was based on the re-
actions

Cl + Cl, —+ Cl,
2 Cl;—»r 8 C1,
Removal of Cl and Cl; on the wall.

If this were so, Ap should be proportional
to Iy (which it is), but also inversely proportional
to 8 + K [01J where S is the factor representing the
rate of diffusion of chlorine atoms to the wall.
This was lndirectly tested and found not to hold.

The third mechanism depended on the re-
actions

ClL+Cl, + M —>Cl; + M
2 Cl,— & Cl;

Cl — % Cl,, at wall.
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This gives rise to the equation,

Ap = 1

RK (1 +32)

where R is é constant, K the thermal conductivity of
the inert gas, and Z is a term including the [C1,].

This was found to hold well over pressure
ranges, up to 600 mmes for the inert gases - nitrogen,
argon, oxygen, HCl, and CO,, acting as the third body
M in triple collisions.

During these observations, an interesting
pressure effect was noted, after a number of Budde
effect experiments had been carried out.

When certain mixtures of chlorine and inert
gas were initially illuminsted, instead of a direct
rise in pressure taking place, an increase to a maximum
was obtained, which dropped slightly to a final steady
value. Similarly, on cutting off the light, the
pressure decrecased to a minimum, before rising to the
original value.

The maximum was attained approximately 20
seconds after the vessel was first illuminated. The
minimum, on cutting off the light, took slightly
longer.

Using 50 mm of chlorine, and varying amounts
of the inert gases, - oxygen, nitrogen and argon, it

was found that the effect was zero at low and high
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(600 mm and over) pressures of the inert gas, and
pPossescsed a maximum value at 300 mm, corresponding to
0.8 of a scale division on the Bourdon gauge, i.e.
.038 mm mercury pressure for the gauge used. The
effect was not observed when using hydrogen chloride
and carbon dioxide as inert gases.

It was shown that the effect was not
attributable to a temperature ehange. This might be
considered possible, on illumination of the vessel,
before thermal conductivity equilibrium was attained,
but this could not explain the analagous effect, on
cutting off the light.

The effect was attributed to a species pro-
duced by illumination, the final decrease in pressure
being due to ite adsorption on the walls of the vessel.
This adsorption continues throughout illumination.

On cutting off the light, a minimum value is
reached, gradually rising to the final value, as
desorption ocecurs.

Chlorine atoﬁa were not considered responsible,
as the effect was not observed when no added gas was
present. It was suggested that Cl; molecules are
produced by triple collisions, on adding the inert gas.
At very high pressures, however, the inert gas impedes
the Cl; molecules from reaching the walls and being

adsorbed, and hence prevents the occurrence of an
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analagous effect. The absence of the effect in the
presence of hydrogen chloride and carbon dioxide is
ascribed to their own considerable powers of adsorption,

thus altering the nature of the walls.

The following section gives an account of an
8
attempted repetition of Ritchie and Smith's work from

‘this point of view,
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rocedure a Resu .

The apparatus used, was as described previous-
ly, but with a few slight modifications. The photo-
metric system was not included, the manometer being
considered sufficient to measure the pressures of
gases involved.

Rigid temperature control of the reaction
vessel was an essential throughout the measurements.
This can be seen from the fact that gases at a pressure
of 360 mm (& normal value) in the reaction vessel, will
glve rise to a pressure change of 0.01 mm for a corres-
ponding temperature change of ~C. The largest value,
under the most favourable conditions, obtained by
Ritchie and Smith?for their pressure effect, was
0.04 mm. Hence, the flow of water through the reaction
vessel thermostat was maintained at as steady a rate as
possible. Further, in order to check any change in
temperature which may occur, a Beckmann thermometer,
capable of reading to =% C was immersed in the thermostat
water, and frequently read during any measurement taken.
Observations were discarded, when a temperature change
occurred.

In the following tables, the actual conditions
under which the experiments were conducted, are recorded,

along with the corresponding Budde Effects observed.
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In no case, throughout the whole series of
observations, was the effect, previously noted by
Ritechie and Smith, satisfactorily repeated. Several
times, a small pressure change (in the neighbourhood
of 0.01 mm) was seen, which could have been accounted
for by the special effect, but in every case, a small
change in temperature in the thermostat occurred
simul taneously, and, when the observation was repeated
shortly afterwards under conditions of constant
temperature, in no case was the change again observed.
Observation 1.

The original measurements carried out by
Ritehie and Smith were made ueing & spherical 1500 ml
reaction vessel of soft glass. The only filter
arrangement was a 5% solution of copper sulphate
(2 em depth, to remove heat rays) contained in a
spherical 500 ml flask, which also acted as a focussing
arrangement.

In the early experiments, these conditions

were observed as far as possible.

Conditions:
Temperature 26°C.
Lens Spherical bulb (500ml).
Filter gem. 5% CusS0, solution.
Vessel 1500ml, spherical, soft glass,
Inert gas Nitrogen.

Sensitivity of Bourdon gauge: 0.07 mm per scale
divieion.



Chlorine. Inert Gas. Budde Effect.
(mm) (mm) (scale divisions)
60 0 0.9
100 1.1
200 1,3
300 1,9
100 0 2.1
100 2,8
300 3,6
200 0 3,0
' 100 3.8
200 3.5
Observation 2.

Other vessels of varying sizes and composition
were now tested, in place of the 1500ml spherical tulb.

Since this effect was considered by Ritchie
and Smith to be influenced by the surface - with regard
to adsorption of the gas, - it was presumed that the
shape and composition of the vessels might have some
effect.

ndit

As in Obeservation 1, except for:

(a)Vessel: 200ml, spherical, soft glass.

Chiorine. Inert Gas. Budde Effect.

(mm) (mm) (scale divisions)
25 0 0.3
100 0.6
200 0.8
300 1.0
B0 0 0.7
100 1.2
200 1.6
300 1.7
75 0 1.0
200 1.6
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(b) Vessel 50ml, eylindrical, silica.

Chlorine. Inert Gas. Budde Effect.

(mm) (mm) (scale divisions)
50 0 046

100 0.9

200 1,2

300 1.6
100 0 1,3

100 1.6

200 1.8

300 2.1

Observation 3.

The sensitivity of the Bourdon Gauge, as used
by Ritchie and Smith, was 0.048 mm per scale division.
So far, the sensitivity of the gauge used throughout
these experiments has been 0,07 mm per scale division.

To approach as closely as possible to the
original conditions, a new, more sensitive gauge was

sealed into the apparatus.

Conditions:-
Temperature 85°C.
Lens Spherical bulb (500ml).
Filter 2em. 57 CusSO, solution.
Vessel 1500ml, spherical, soft glass.
Inert gas Nitrogen,

Sensitivity of Bourdon gauge: 0,046 mm per scale
division.



Chlorine. Inert Gss. Budde Effect.

(mm) (mm) (scale divisions)
50 0 1.4
200 2.8
300 3.2
100 0 2.2
100 3.0
200 3.6
300 4.3
160 0 3.0
100 3.9
200 4.6

Observation 4.
Due to the desirsbility of obtaining as

rapid a thermal equilibrium as possiblerin the gas
mixture, a special thin glass vessel was tested.
ions: As in observation 3, except for

Vessel: 1000ml, spherical, thin soft glass.

Chlorine. Inert Gas. Budde Effect.

(mm) (mm) (scale divisions)
80 0 1.0

100 1.8

200 2.8

300 3.1
100 0 2.3

100 2.9

200 3.7

Obgservation &.

The temperature of the gaseous mixture is
coneldered to be an important factor in connection with

the stability of any modification of chlorine produced.
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Rollefson and Eyringz;s in their original
calculations from quantum-mechanical data, showed that
the value of Kp, the equilibrium constant, foé the
reaction Cl + Cli——é 013 would vary with temperature
in faet would become greater, the lower the temperature.
Since conditions are desired, in which the [013] is
as high as possible, a series of observations at low
temperature were carried out.

The matter may also be regarded from the
point of view of the inert gas, acting as the 3rd body,
in a triple collision mechanism.

If Cl; is formed by the mechanism proposed

in the hydrogen-chlorine combination, then

Velocity
Goefficient
c1,—2Y} €1 + Gl K,
Cl +Cl, + M —— C1; + M K,
Cl, + M —> C1, +C1 + M K,
cl, + Cl,—> 3Cl1, K,
Cl + Cl,—— 201, K¢

Neglecting surface actions, the concentration
of[plg under equilibrium conditions can be found thus:
In the photostationary state,

8 - kL -l el + [ ] - ke[l [e] = 0

O] o oLl ~ k0] ~ k[, b falla] = O
sk [W]* = kI, — 2k [alle]
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If[c1,] attains any measureable concentration,
“f@][d;] will be small compared with L*[CE;,]?'

Neglecting kg [CR][ce,]
k, T3

(0] = fRed
~[c1,] will increase as the temperature is
lowered. This will probably not be a large effect,
since the energy of activation of reaction 4 is probab-
ly small.

The temperatures, at which observaticns were
now carried out, were 3,5°C and -8°C,

The experimental conditions were complicated
by the importance of maintaining the temperatures at as
constant a value as possible over a pericd of minutes,

A disgram of the apparatus, by which a
constant temperature of 3.5°C was attained, is shown

opposite.
Weater is slowly passed through a coll immersed

in a mixture of crushed ice and water. It cannot be
directly led to the thermostat due to inconstancy of
the temperature over a time-period. This difficulty
was eliminated by first leading it to a 4-litre, thick
glass vessel surrounded by an ice-water mixture. In
this vessel, the water is thoroughly stirred, before
passing it finally te the thermostet.

To obtain a temperature below the freezing-

point of water, a strong brine solution was used as






69,

the thermostat liquid. The brine could not be pumped
directly from the refrigerator to the reaction vessel
thermostat, due, not only to the temperature-~variation
as before, but also to myriads of minute bubbles pro-
duced in the pumping process, hence obscuring complete-
ly the reaction vessel from the light. .An interven-
ing vessel was employed as in the previous case. The
temperature of the brine in the refrigerator reached
~-15°C, and in the thermostat itself, -8°C. Diagram

as opposite.

6(a) Conditions:
Temperature 3.5°C.
Lens Spherical bulb (500ml).
Filter 2cm. 5% CusSQ,
Vessel 15600ml., spherical, soft glass
Sensitivity of Bourdon gauge: 0,046 mm per scale
division.
Inert gas Nitrogen.
Chlorine. Inert Gas. Budde Effect.
(ram) (mm) (scale divisions)
50 6] 1.4
100 1.8
200 2.5
300 3.0
100 0 2.6
100 2.9
200 3.8
300 4.2
200 0 4.2
100 5.0
200 5.6



70.

5(b) Conditions: As in 6(a), except for

Tempersture -8°C,
Chlorine. Inert Gas. Budde Effect.
(mm) (mm) (scale divisions)
80 0 1.2
200 2.6
300 3.2
100 0 2.2
200 3.7
300 4,1
200 0 3.7
200 5.2

Observation 6.

In thelr original experiments, Ritchie and
Smith obtained their effects with O, as well as N,.
Hence, cylinder oxygen, purified as previously described,
was substituted for nitrogen as the inert gas.

Conditions:
Temperature 25 C.
Lens Spherical bulb (500ml).
Pilter 2em., 57 CuSO, solution.
Vessel 1500ml, spherical, soft glass.

Sensitivity of Bourdon gauge: 0.046 mm per scale
division.

Inert Gas Oxygen.
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Chlorine. Inert Gas. Budde Effect.

(ma ) (mm) (scele divisions)
50 e 1.1
100 1.9
200 2.8
300 3.1
100 0 2.2
100 8.7
200 3.4

At this stage, & much increased intensity of
light was obtained by removing completely the protec-
tion round the mercury lamp. This resulted in a
corresponding increase in the Budde effect by a factor
of about 10,

It was expected that such an increase in the
size of the Budde effect would make more evident any
associated pressure change. In the original experi-
ments of Ritchie and Smith, the special pressure change
noted by them was approximately 107 of the magnitude
of the Budde effect.

By using this technique, Budde effects of
the order of 20-50 scale divisions were found. A
corresponding temporary pressure change of 2-5 scale

divisions would have been expected.

Observation 7.
The effect of variation of the surface of the



72,

reaction vessel was next examined, from two peints of
view.

First:  Coating the surface of the glass vessel with
a thin film of KCl. This was done by washing out the
inside of the bulb with a 57 solution of KCl, ejecting
all surplus liquid and drying under & vacuum,

(7a) Conditions:
Terperature 26°C.

Lens Spherical bulb (500ml).
Filter gem, 677 CuSQ, solution.
Vessel 1600ml, spherical, soft glass,

interior coated with KC1.
Sensitivity of Bourdon gauge: 0,046 mm per scsle

divieion.
Inert gas Nitrogen.
Chlorine. Inert Gas. Budde Effect.

(mm) (mm) (scale divisions)

50 0 13.1

100 17.8

200 23.9

300 30.1

100 0 22.1

100 27.5

200 36,9

200 0 a7.2

200 48.7
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Second: In place of the 15600 ml spherical, soft-
glass vessel used in most of the experiments, vessels
of silica, of various sizes, were tested out.

(7b) Conditions: As in Observation 7(a) except for:

Vessels Of various sizes (1000 ml, 500 ml,
2560 ml) spherical, composed of
gilica.
Chlorine. Inert Gas, Budde Effect.
(mm) (mm) (scale division)
Vessel,
1000 ml 50 0 7.9
200 12,1
300 16.7
100 0 11.8
200 16.7
Vessel,
500 ml 60 0 Ted
200 11.3
300 14.9
100 ¢) 11.6
200 156.1
Vessel,
260 ml 60 0 B4
200 6.5
300 8.9
100 0] 7.9
200 12.0

Observation 8.

As no direct evidence for the effect obtained
by Ritchie and Smith could be obtained, indirect
evidence was sought by examining the rates of cooling

of gas mixtures, when illumination was cut off.
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By applying Newton's law of cooling to the
resultant data, it was intended to find whether there
was a good agreement experimentally, amd if not,
whether any discrepancies could be attributed to an
unusual form of chlorine.

The same 1000 ml vessel was again used as in

the last observations, and two gas mixtures examined.®

t time in seconds.
ap the pressure change.
AT the corresponding temperature change.
Sy the average relative temperature over the

time interval.
T the final relative temperature.

Gas Mixture: 50 mm chlorine + 300 mm oxygen.

Time t Pointer Reading dap  daT 1
secs, Scale divs. 'iﬁﬁq dt Taw =T
2 . 2.88 11.2
8 25.1 0.86 ST
12 24 .0 0.28 1.8
16 25.5 0.18 0.6
20 23,1 0,06 0.1
30 23.1 2 g
=0 25.1 - ki
60 23.1 ” -

%#1 am indebted to Mr. W. Lonie, B.Sc., for his
assistance during these observations.



daT
dt

Graph:

dAT
dt

S50mm Clz; + 300mm O,.

against

J.OO'MmC]z + 300mm (0 P
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Gas Mixture: 100 mm chlorine + 300 mm oxygen.

Time t Pointer Reading dap dar —

secs. Scale divs. dt dt T =
g b 3.26 13.4
8 53.0 1.00 4.9
19 51.1 0.48 2.0
20 50. 2 0.075 0.26
o4 50.1 0.026 0.06
30 50.1 ¥ 91
40 50.1 ¥ L
60 60.1 - =

By Newton's law, the rate of loss of heat,

AT
ot

proportional to the excess of the temperature of the

s from the body at any instant is directly

body over the surroundings, if other conditions remain
constant,

Hence, if the law holds here, on plotting
-%%T against T,r -7 , & straight line should be obtained.
The.graphs opposite show this to be very nearly the
case, = certainly no definite trend otherwise could be

asserted.

Discussion.

The previous observations, carried out under
vastly different conditions, have not given any definite

evidence of unusual phenomena occurring on ceasing
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to illuminate gas mixtures of chlorine and inert gases.

It remains to attempt to explain how the

previous observations could have been found. Threé

possible explanations can be suggested.

1. The effect might come about due to an
expansion of the glass, after illumination has been
commenced. The previous pressure change, due to
the Budde effect raising the temperature of the gas,
having taken place completely, the glass itself
might then expand, and cause a decrease in volume
to occur, registered as a pressure change on the
Bourdon gauge.

However if the expected magnitude of the
effect is calculated from Ritchie and Smith's
results, it is found that the temperature of the
gas would increase by 0.,245°C for a corresponding
Budde effect of 6 scale divisions (= 0.288 mm pressure
change), and assuming normal values of the temperature
coefficient of glass, this would result in a pressure
change of at most 0,06 of a scale division, compared
with 0.8 obtained experimentally.

It 1a.concluded that this effect alone cannot

account for the observation.

2 While the previous effect might take placé

to a very small extent when illumination is commenced,
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it cannot take place, even qualitatively, when
illumination is cut off, if the whole volume of gas
is surrounded by water at constant temperature.

Under the latter conditions, the assumption
would have to be made that, when illumination
ceases, the gas cools before the vessel has had time
to assume the temperature of the thermostat water.
This cannot occur if the water entirely surrounds
the vessel, otherwise we would have heat passing
from a cold body (gas) to a hot body (the vessel
wall) and thence to the water.

The explanation would only hold, if the gas
is cooled rapidly to a lower temperature than that
of the vessel walls, by, for example, a not entirely

covered vessel.

When the gas expands, on illumination, some
might be driven from the vessel into the connecting
tubes, and then subsequently cool to room temperature,
a decrease in pressure thereby taking place.

For a vessel capacity of 1600 ml, and a
difference in temperature of the air and thermostat
water of 10°C, such an effect would produce a
pressure change of about 0.2 of a scale division,
for the previous conditions, defined by Ritchie and
Smi th, This is one-quarter of the effect originally
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observed, but might partially account for the
phenomenon.,
No satisfactory explanation of the effect
found by Ritchie and Smitha, has thus been devised.
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Part II,  THE PRIMARY PHOTO- AND THERMAL REACTION
BETWEEN TOLUENE AND CHLORINE
IN TIHE GAS PHASE.

Introduction.
While it has been possible in the past to

attribute certain experimental phenomena, e.g. Budde
effect observations, to a chlorine molecule of three
atoms, the theoretical evidence arising from attempts
to elucidate the kinetics of the hydrogen-chlorine
photo-reaction gives much more convincing sanction for
its existence.

Little investigation has been made of the
photo-reaction between toluene and chlorine in the gas
phase, The corresponding liquid phase reaction has
been examined to some extent, but due to the obvious
complexity of such a system, no comprehensive mechanisms
have been suggested. It was hence decided to look into
this gas reaction further, with the ultimate object of
finding other evidence for or against the existence of

new forms of chlorine.

A very early investigetion by Luther and
Goldhergﬁon photo-reactions of chlorine with various
organic substances in the gaseous state, showed, as
expected, that oxygen exerte & strong retarding action.

In particular the reaction with toluene is mentioned.
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Other examinations of this photo-reaction in
the gas phase are described in two papers on the
industrial production of chloro-derivatives of toluene.
Gibbs and Geiger%describe a process whereby toluene,
mixed with varying proportions of chlorine, produce
elther benzyl chloride, benzal chloride or benzo-
trichloride, almost completely, on irradiation with
U=~V light, A similar type of process for the production
of benzyl chloride was described by Ellié? In thie
case, the reaction is carried out at a temperature of
150°C, and under the influence of mercury light.

The reaction of chlorine with ligquid toluene
is described by Book and Rggeré? When toluene was
chlorinated Just below its boiling-point, they found
that benzyl chloride was almost the only product, no
‘matter whether the reaction wes carried out in light
or in darkness, provided that no chlorine carriers
were present. At a temperature of - 80°C, whereas the
dark reaction was almost entirely suppressed, a photo-
reaction could be brought about by suitable illumination.
The quantum efficiency of this reaction was about 26
molecules per quantum of light absorbed, and the
products were chlorotoluene and benzyl chloride, along
with HC1. Under these conditions, a trace of iodine
or phosphorus pentachloride accelerated the reaction.

However, both these statements were refuted
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by Bergel? In a series of reactions in the presence
and sbsence of sun-light, he found that the reaction
was materially accelerated, in the latter case. He
also found no evidence for the belief that phosphorus
pentachloride catalyses the chlorination.

Carrying out analogous, but more comprehensive,
observations to those of Book and Eggergf it was shown
by Olivier that the producte formed and their proportions
depended on the type and intensity of light used.
Knowing values of the velocity constants of the possible
reactions taking place, conclusions were drawn as to the
proportions of each product formed, Since the
reactions producing both benzo-trichloride and benzyl
chloride possess high velocity constants, an initial
rapid rate of reaction would suggest their formation.
This was found experimentally to be the case, on
illumination with each light source. In the second
stage of the reaction, the rate falls, but not far
enough to suggest that only compounds of the type
Qe and Cenoe are formed. He suggests derivatives
of cyclo=-chloro-hexane as poeéihle products of the
reaction.

Whereas the chlorine has initially been intro-
duced in the gaseous state in all the previous examinations,
a series of experiments in wiich rcaction occurs between
liquid chlorine and liquid toluene is described by
Kharasch and Berkman, At a temperature of 0°C and in



the total absence of air, it was found that both in

the dark and on illumination, out of the 997 of chlorine
which reacted, 547 was used by substitution in the side-
chain, and 457 by addition to the nuecleus. While

this result was obtained after 20 hours in complete
darkness, the same result was found after 30 seconds
illumination. . Under these latter conditions, the
presence of oxygen appeared to retard the reaction

only slightly. This is in contradiction to the results
of other investigations, and is probably explained by
the fact that the presence of oxygen will not be so
effective in the entirely liquid-phase reaction.

A short investigation was carried out by
Taylo;zinto the gas-phase reaction, employing a similar
type of apparatus to that used in the present research.
The reaction was carried out in a vessel of about
1 litre in volume, illuminated by 406 mu light. The
residual chlorine and HCl was determined volumetrically.

It was found that the reaction in the absence
of oxygen was very rapid, the quantum efficiency being
in the region of 10° or 10" molecules per guantum,
indicating a chéin mechanism present. The addition of
even 1 mm of oxygen cut down the reaction rate
considerably.

The presence of a thermal reaction was also

noted at the temperature of the observations, but was
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observed to be inconsiderable compared with the photo-

reaction.

In the present investigation, it was decided
first to determine to what extent oxygen retards the
reaction, as observed previously. During this
examination, the presence of the thermal reaction -
also retarded by oxygen - became obvious, and a measure
of 1te magnitude was carried out.

This thermal reaction, in the absence of
oxygen, was next examined quantitatively. Finally,

a value was obtained of the quantum efficiency in the

oxygen-free system,

Bxperimental.
The main distinction in the experimental

procedure using toluene, in place of hydrogen, was that
the toluene must be the first substance to be introduced
into the reaction vessel, due to its low vapour pressure
at the temperature of the observation.

After allowing the toluene to liquify in the
reservoir, and drawing ot? the vapour several times, it
was found convenient to surround the reservoir with
water at a temperature, about 10° sbove that of the
room. The reaction vessel was "washed out" several
times with the toluene vapour, and finally exactly
16 mm were introduced. Depending on the room temperature,

it was occasionally possible to obtain a few mm higher
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pressure of vapour, but as this maximum varied from day
to day, the figure of 156 mm was taken each time.

The gradual solution of the toluene vapour
in the tap-grease has been referred to previously in

the experimental procedure.
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PHOTO~ AND THERMAL REACTIONS IN THE PRESENCE OF OXYGEN.

Although the strong inhibiting effect of :
oxygen was noted by Luther and Goldberéwgnd by‘Taylof?
no systematic quantitative examinstion has =0 far been
carried out.

The magnitude of the photo-reaction in the
presence of varying pressures of oxygen was examined
- with these objects: to find out if it obeyed the
analogous relationship to the hydrogen-~chlorine case,

in which the product of oxygen concentration and quantam
efficiency attains 2 maximum value at high pressures of
oxyegen; and also, to decide, for future reference,

what pressure of oxygen must be added to the chleorine-

- toluene gas mixture in order to "kill" the reasction
sufficiently to allow the chlorine concentration to be
determined photometrically.

Due to the comparative slowness of the photo-
observations, with oxygen present, their progress was
followed using the "graphical™ method. Briefly, a
value of I, was observed with the reaction vessel empty,
the toluene introduced, followed by the oxygen, and
then the chlorine - in that order to suppress the oxygen-
free thermal reaction, referred to later, - and
illumination commenced, taking galvanometer reasdings

(and hence I) at various time intervals. Finally, the
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gases were evacuated, and I, again determined. If I
had changed to a small extent from its initial value,
the assumption was msde that the change occurred
linearly with time, and so values of JQ;? and corres-
ronding chlorine concentrations were obtained.

In observations of the photo-reaction in the
presence of oxygen pressures between 3.5 and 60 mm,
light of wavelength 365 mu was used. 'With pressures
of oxygen greater than 60 mm, the reaction became too
slow for accurate measurement using 365 mua light, and
hence unfiltered light - except for the usual filter
‘of 5% copper sulphate solution - was employed. The
observation in the presence of 60 mm oxygen was examined
with both types of light, and scted s a connecting
link between the resction 2t low and high pressures of
oxygen in the subsequent cuantum efficiency calculations.

The presence of a thennai reaction between toluene
and chlorine was suspected, and the corresponding dark
reaction in the presence of oxXygen was exesmined, The
procedure followed similar lines to that described in
the subsequent section. In this case, the “graphical®
method of measurement cannot, of course, be used, and
80 one value was taken in each case, 20 minutes after
adding the reactants, This value is giien at the end
of each of the following tables, for the corresponding

oxXygen pressure.



87.

In the final calculations, the assumption
was made that, in the observations in the presence of
light, the rate of the reaction could be regarded as
composed of the sum of the thermal and photo-recactlons.

The assumption was also made that the quantum
efficiency of the reaction in the presence of 80 mm of
oxygen could be regarded, at a first approximation,
as the same using both 365 mu and unfiltered mercury
'1ight. Thus, the quantum efficiencies in mixtures
Iwith high precsures of oxygen were calculated and
related to those illuminated with 365 mu light.
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[Cln] in mms pressure.

—
O

RQ ] ] =3 .
8 ture: 15mms Toluene + 30mms Chlorine + OXxygen.

Light of wavelength: 365mu.

= (0]
- o
. S z a
30mms Og
10mms Og
T

3.5mms O,

1600 2000 3000

Time (in secs.)



Oxygen Prescures:

88.

5.5- 60 mim.

\ of light: 3656 mu.

Photo-reaction

[0,] mm. I, om.| Time secs.> O 20 40 60
3.6 | 37.7=37.5 29,9 | 29,5 28.5 | 28.0
5 41.1-40.4|  [c1,] 29.8 | 29.4 | 29,0 | 28.7

10 41.6-41.2 30.1 | 29.5 | 28.9 | 28,7

30 39.5-38.9 mm. 29,7 | 29.2 | 27.8 | 27.6

60 88.2-37.8 80.3 | 30.1 | 28.5 | 28.5
[0] | sees.+ 90 120 160 180 210 240 270
8.5 27.4 | 27.3 | 27.0 | 26.6 | 26.4 | 26.0 | 25.8
5 | [c1] |=28.3|27.5|27.3 | 27.0 | 26,7 | 26.5) 26.3

10 28,4 | 28.2 | 28.1 | 27.8 | 27.6 | 27.4 -

30 mm, 2705 27-2 2701 26.9 e 26.4 .

60 28.4 2802 - 27- - 27.5 -
[0,]| sees.» 30O 360 420 480 600 720 900
8.5 26,3 | 24.6 | 23.9 | 23,1 | 21.7 | 0.4 | 19.0
5 [C1;) |25.8 | 25.1| 24,7 | 24.2 | 23.2 | 22,8 | 21.6

10 27.0( = |26.9| - |24.2 - | 28.4

50 mm. 26. 2 - 26.1 - 25.2 _— 24-2

hermal reaction

Time - 1200 secs.
[0.]| sees.» 1200 1800 1800 2400 3000 [C1y)
3.5 16,5 | 14.8 | 18,1 | = - 21.1
6 | [c1,) |19.4|18.7 | 17.8 |16.7 | 18.7 23,3
10 22.2 | 21.6 | 20.8 | 19.7 | 17.9 24.9
30 mm. 23.5 | 23.0 | 22,56 | 22.3 21.8 20.93




8

[€lg] in mms pressure.

10

Reaction in Presence of 60 - 450mms OXygen.

Gas Mixtyre: 15mms Toluene + 30mms Chlorine + Oxygen.

Light: from mercury lamp, unfiltered.

i

1000 60 3000

20
Time (in secs.)
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Oxygen Pressures:

60 « 450 mm. Light - Unfiltered mercury.

O] mm.| I, om.|Time secs.| O 120 300 600
60 33.6 0.0 | 26.0 | 28.0 | 20.1
130 33.8 [e1,] 80.4 | 26.5 [ 23,9 | 21.5
200 | 32.6-32.8 30.1 | 26.6 | 24.5 | 22.5
300 | 34.5-34.2 mm. 30,0 | 26,9 | 26.0 | 22.8
450 | 33.8-32,8 30.4 | 27.0 | 26.5 | 24.6

hermal reaction
Time - 1200 secs.

[0]| sees.| 900 1200 1500 1800 2400 [c1,)
60 1?-7 14.9 - 11.4 24 26.5
130 | [o1y] | 19.2|17.2| - |18.5| - 28,2
200 20.1 - 16.5 - 1109 98.8
300| mm., | 21.4| - |18.8| =~ |14.8 29, 4
450 - | 85.8]| = - | 21,2 30.0
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When the product ¥+0.)is plotted against [0,
a graph is obtained possessing a similar shape to the
corresponding graph for the oxygen-rich hydrogen-
chlorine recaction, as found by Norrish and Ritchief

In the present case, with [Toluene) = 16 mm,
[c1,] = 30 mm, and at high oxygen concentration - sbove
300 mm - the quantum efficiency becomes inversely
preportional to the[0;] . In the case of the hydrogen-
chlorine reaction, under the experimental conditions
described by Norrish end Ritchie ([i,] = 44 mm ,[C1,] = 44 mm)
this relationship !ﬁi;occurred with oxygen concentrations
of 10 mm and over.

Since the final product of the hydrogen-
chlorine reasction is known, an expression relating
the quantum efficiency to thé oxygen concentration can
be deduced for oxygen-rich mixtures. Such a rdation-
ship was found by the above authors, and simplified to

an equation of the type:
Wi By
i""’[oz]
where "a" and "b"™ are constants, referring to the
concentrations of the various substances present in the
vessel.
Taking various points on the graph opposite,

values of "a" and "b"™ ean be found for the chlorine-

toluene reaction.
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Hence, taking mean values of "a" and "b™ over
the entire range, the corresponding values of ¥xb,] ecan
be found. On comparing these calculated values with

the previous experimental values, a good agreement is

observed.
The previous equation becomes:
0
B X [Oz] = _E‘L".‘]_
£+ [0,
[09_] 3 x[0g] ¥ x [0]
mm. from graph. a b calculated
50 340 346
100 680 1970 240 581
160 770 2090 268 761
200 910 2060 203 901
260 1030 2090 268 1013
300 1130 2110 260 1104
360 1180 2010 246 1180
400 1206 1890 228 1243
450 12186 1820 218 1298
Mean value of a = 20086,
Mean value of b - 245,
Conclusions:
1. Comparing the values of the quantum efficiencies

obtained here, with these in the oxygen-free state
(in a later section) it is found that, in agreement
with other 1nvestigator:-’,“ oxygen exerts a powerful
inhibiting action.

A hitherto unrecorded observation is that the
thermal reaction, with oxygen present, plays an
important part in the total rate of reaction at 25°C,

under the experimental conditions of this investigation.
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S
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Also, 1t is found that the rate becomes
inversely proportional to the oxygen concentration
at high values of the oxygen concentration, obeying

an analogous relationship to the case of the hydrogen-

chlorine reaction. ¥ = 2005
@, LS + [Oﬁl ™mm,

The addition of 300 mm of oxygen is considered
to be ample to "kill" the reaction in the oxygen-free
state, for sufficient time to allow the concentration
of residual chlorine to be determined photometrically,
using 365 mu light.
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THERMAL REACTION IN THE OXYGEN-FREE SYSTEM.

The presence of a vapour-phase thermal reaction
between toluene and chlorine has been investigated at
temperatures of 250°C and upwards by Mason et aligf using
a flow system. They found that the resction proceeds
smoothly and rapidly to give side-chain chlorination
products - chiefly benzyl and benzal chlorides. '
However, in the presence of chlorine carriers, such as
traces of iodine, ferric chloride, and aluminium
chloride, nuclear substitution also occurs.

Before examining the photo-reaction in the
oxygen-free state, it was thus necessary to find to what
extent a corresponding thermal reaction occurs at the
temperature of the subsequent observations, i.e. 25°C.

The reaction vessel was carefully screened
from any light, before entering the 15 mm toluene and
30 mm chlorine, Thermal reaction proceeded, and after
various time intervals, 300 mm of oxygen were added, and
the chlorine concentration determined in the usual way,

puring the progress of the thermal reaction itself, the

Bourdon gauge pointer remained quite steady throughout,
only a small decrease (about one mm) in pressure
occurring, which could be explained by slight solution
of the toluene in the tap gresse. Also, after a dozen
such observations, the reaction vessel showed no
evidence of any deposit of tarry material (see case of

photo-reaction).
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Early observations indicated the presence of
a thermal reaction, but not to a great extent. Later,
however, when the effect was examined in deteil, it was
found to be of a considerable size. This discrepancy
between the two observations (taken several weeks apart),
suggests that the nature of the surface may be a factor
to be considered.

Observations in each case were taken using
30 mm pressure of chlorine, with toluene pressures of

16 mm, 10 mm, and & mm.

Reaction Mixture I. 16 mm toluene + 30 mm chlorine.

Time of Final
Thermal Reaction (c1] A Cl,
(mins. ) mm,

24.1
1 26.7
24.4
1 24,1
2 23,6
3 21,6
5 20.6
0 (13.7
18.1
16 (16.4
17.4 12.6
85 i16.6 13.4

Reaction Mixture 1II. 10 mm toluene + 30 mm chlorine.

Time of Final
Thermal Reaction *3 ¥ A Cl,
(mins.) mm.
5 26.1
10 23.5

22.0 8.
20 8

21.7
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Reaction Mixture III. 5 mm toluene + 30 mm chlorine

Time of Final X
Thermal Reaction [c1,] AcCl,
(mins.) mm,
5] 27.6
10 26.8
20 (26.0 4.0
(26.2 3.8

Using the above data, the graph of [Clz]
against time was plotted, and a curve drawn as evenly
as possible through the various points, Hence, values
of the rate of change of [Cl,] with time were obtained
from tangents at various time intervals.

If the assumption is made - and Jjustification
will be given for it later, - that, 1ﬁ the absence of
light, the principal reaction is:

Tdiwne + o —> Bumy 8 i + Hyeregam vl
then the corresponding concentration of toluene can be
immediately obtained at various time intervals.

Calculation showed that the rate of decrease
of [plél could be expressed by a 256 oréder equation:
RE o s  pag
] sl %o — AL ][ ]

With the rate in mm per minute and the gas

concentrations in mm, values of "k" thus obtained all
lay between 0.0045 and 0.0056 in the case of the three

reaction mixtures.



Og-free Thermal Reaction.

- 5Smm toluene
n N\ 30( Gas mixture: 30mm chlorine + 10mm toluene
15mm toluene

A of light: 365mu.

©
4
3
=
u
Q@
ot
By
~ 20
S,
15 2 B 16 15 20

T ime (mins.)
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Another curve was drawn, using values of
-45§ derived by substituting verious chlorine and
toluene concentrations, along with a constant value
of K = 0.00860. As can be seen, reasonable correspondence
is obtained between the deduced curve and the experimental
points, between the time limite ¥ - 26 minutes with
Reaction Mixture I, and 6 - 20 minutes in the case of

Reaction Mixtures II and III.

Reaction liixture 1I.

t
Time. (C1;) mm. [Toluene] Rate
(mins) from graph. mm. k mm,./min,
24.1 9.1 0.0050
¥ 26,7 10,7
24.4 9.4
(average) 24.7 9.7 1.20
1 24.1 9.1 1.10
2 28.1 8.1 0.94
3 22.3 7.3 0.8156
4 21.6 6.6 0.71
5] 20.9 5.9 - 0,615
6 20.3 5.3 0.564
. 19.8 4.8 0.475
8 19.3 4.3 0.415
9 18.9 8.9 0.387
10 18,5 3.6 0.326
11 18.2 3.2 0.29
14 17.6 2.6 0.23
16 17.4 2.4 0.21
16 17.2 2.2 ¥ 0.19
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Reaction WMixture II.
=
Time. [C1,] mm, [Toluene] Rate
(mins) from graph. mm. k mm, /min,
4 20.7 b.7 0.00860 0,73
5] 2b6.1 6.1 0.64
6 24.56 4.5 0.56b
o 25.9 3.9 0.47
10 28.6 8.5 0.41
11 25.1 3.1 0.36
Reaction Mixture III.
19 Rate
Time, [Cl,| mm. [Toluene| k mm. /min,
(mins) from graph. nam,
4 28.0 3.0 Q.00860 0.42
b 27.6 2.6 0.36
6 27.3 2.3 0.91
9 26.8 1.8 0.24
10 26.6 1.6 0.21
11 26.4 1.4 0.18.

With reaction mixture I, it is seen that a
much more rapid rate of reaction occurs within the
first 20 seconds, An explanation can be given for
this. After the toluene has been added to the reaction
vessel, the chlorine is next introduced. When it
firet enters the vescel, it can be assumed that thermal
reaction starts immediately. Gradually more chlorine
is added, until 30 mm is registered on the manometer.
The whole process of introducing the chlorine in this
way takes a finite time, - about 80 seconds, varyling,
however, in each observation. The chlorine concentration

is also simultaneously increasing from zero to 30 mm.



99.

Although it is not feasible to regard the reaction as
having begun until the chlorine is completely introduced,
in actual fact, reaction has been proceeding at a
gradually increasing rate since the chlorine first
entered the vessel.

Hence, at the beginning of the reaction, the
actual value of the time of reaction "t" is considerably
larger than that measured. As "t® increases, this
factor becomes of less importance, until at high values
of "t", it can be neglected, without appreciable error.

By assuming this value of K = 0,006, a value
of the rate of thermal reaction at zero time can be
found, for reaction mixture I, thuss-

At t=0 [Toluene]= 15,0 mm.
[Chlorine] = 30.0 wm.
Rate of reaction = 0,006 x 15.0 x 30.0

= 2.20 mm per minute.

Similer graphs were plotted at 2 time intervals,
in the case of reaction mixtures II and III. Due to
the smazller changes in chlorine concentration compared
with reaction mixture I, after equal time intervals,
further deductions as to the rates at the beginning of

the observation, were not made.
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Finally, an interesting point was noted about

the extent to which thé reaction proceeds in all three

instances.
After 25 minutes in the case of reaction

mixture I, and after 20 minutes with mixtures II and
III, reaction virtually ceases, the amounts of chlorine

having reacted, being:-

Average [Gl z] Original

reacting [?oluene _
Reaction Mixture I - 13.0 16.0
II 8.2 10.0
III 3.9 5.0

It would hence appear that some simple
quantitative relationship exists between the amounts of
chlorine reacting, and the initial amount of toluene
present. |

If it iz assumed that the only reaction which
takes place quantitatively during the thermal reaction,
is: -

C M C Ry~ = Sl HSC T CUN HEL
after the completion of which, very little further
reaction occurs, then the simultaneous disappearance of
equal pressures of toluene and chlorine is accounted
for. It might, however, be suggested that this does
not eliminate the possible production of other, more

highly chlorinated substitution compounds. The absence
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of an apprecisble prescure change during the thermal

reaction suggests that no non-volatile products are

formed, such as the more highly chlorinated addition
and substitution compounds, e.g. benzal chloride would
liquify out, and cause a distinct decrease in pressure.

Taking these two facts in conjunction, the above

equation is believed to express satisfactorily the main

chemical change occurring during the thermal reaction.,

Conclusion;

1. While llason et aliﬁmobaerved the presence of
a thermal reaction at temperatures of 250°C and
above, it has been found that a considerable thermal
reaction takes place at 25°C between chlorine and
toluene in the gaseous pnhase. The value of the
veloeclity constant, k, has been found to be in the
region of 8.8 x 1043(concentration of reactants
measured in molecules, and time in seconds),
Experimental results were not as reproducible as
desired. surface action is probably the controlling
factor,

2. A mechanism of the thermal reaction has been
submitted, which explains its almost complete
cessation after 20-30 minutes. It is suggested that
the toluene present is converted almost entirely to

benzyl chloride, but that no further substitution or

addition occurs.
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The presence of this thermal reaction
considerably complicates the examination of the
photo-reaction. It is found empirically that
20 seconds after the chlorine has been completely
introduced into the reaction vessel, approximately
one-sixth of the chlorine (and presumably one-third
of the toluene, if the previous mechanism is correct)
has reacted. This change is not due to an sbnormally
high rate of reaction, but to the time interval which
must, of necessity, occur, during the introduction
of the reacting materials. It is, however, too
large & change to permit the usual methods of
examining the photo-reaction to be applied in this

case,.
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PHOTO-REACTION IN THE OXYGEN-FREE SYSTEM.

Ae has been seen, the presence of a thermal
reaction considerably complicates the examination of
the corresponding photo-reaction.

However, two observations were made on the
rate of the total reaction, thermal plus photo-.

15 mm of toluene were introduced into the reaction vessel,
30 mm of chlorine then added, and illumination
immediately commenced. The light-spot on the galvano-
meter scale was read at various time intervals and

hence an approximate value of the chlorine concentration
found, a2t any instant.

The pressure of the gas mixture, which was
registered on the Bourdon gauge during illumination,
is of interest. When the light was first passed, an
increase in pressure immediately occurred, but after
about 10 seconds, the gauge pointer became stationary
and then the pressure gradually decrecased, the pointer
passing the original zero position another 10 seconds
later, and continuing to move slowly in the same
direction for some minutes..

This pressure variastion can be explained thus:
the first increase is due to the presence of the Draper
effect, i.e. the heat evolved by the exothermic reaction,
increasing the gas pressure. When the pressure ceases

to increase and starts decreasing, another effect is
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evident, It has previously been noted by Olivierfb
and Kharasch and Berkma£2 that not only does
substitutional reaction between toluene and chlorine
occur in light, but also addition reaction in the
micleus, Were substitution reaction occurring alone,
the pressure would remain constant, assuming, of
course, that the product were sufficiently volatile to
remain in the gas phase.
i.e. XH +Cl, —>X.C1l + HC1
_ (vobatide

When addition reaction also occurs, the
chlorine reacts without producing compensatory HCl to
keep the volume and pressure of the gas mixture at the
original value. Also, the addition producte of
toluene, necessarily nuclear, are comparatively non-
volatile, and it would hence be expected that a deposit
would occur inside the reaction vessel. This was
found to be the case - there remained a tarry organic
residue, which could be removed with alcohol. It has
been previously noted that this residue was not obtained
during the thermal observations, suggesting in that
instance, no addition, only substitution, of chlorine
occurring in the toluene molecule.

This experimental procedure has two
disadvantages.
1, Due to the initial raplid rate of reaction,

the galvanometer spot moves quickly. Until the
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reaction becomes less rapid, a slight time-lag in
the galvanometer readings must be expected, i.e.
there will be a tendency for values of I, the
transmitted intensity, when substituted in the
J?a«,.o% factor and taken in conjunction with the
calibration graph, to give corresponding values of
the chlorine concentration, higher than actually
present. In effect, the reaction rate will be
elightly faster than the galvanometer reading
sugges ts.

When the light is first switched on, the
galvanometer spot takes a finite time to move from
its zero position to a real value.

Either possible source of error cﬁn'bo
considered of a negligible size after reaction has
procecded for 60 seconds. As the rate of reaction
is still comparatively large after this time-
interval, extrapolation to zero time can be carried

out, with a good degree of accuracy.
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Total Reaction:
Reaction Mixture:

106.

Thermal + Photo=.

16 mm toluene + 30 mm chlorine.

A of light: 365 mu.
Time
(mins.) 0 4 % |
Observation I | 38.2 | [c1.] 30.0 |18.6 [14.9 | 12.0
I II | 38,2 | mm, 30.0 [15.9 [10.3 | 6.9
Time (1% 1% 2 2§ 2% &8 8% 8% 4
I c1] 9.9 B8 | Ted | 6.2 5.2 (4.3 [3.6|3.1] 8.0
Il A | 5.1 | 4.0 | 3.6 | 3.1 (2.6 2.1 |2.0(1.8]1.7
Time (4% 4% 6 5% 6 7 8 10
I [c1,] 2.6 2.3 2.0]1.8[1.8|1.7]|1.4|1.4]1.4
II el 6| 1.8 | 1B | 2ed | 248 | 1.8 | 1.8 | 251/ 1a2

By estimating the rate of the reaction at

various time intervals, and plotting the log, rate

against time, an almost straight line is obtained,’

which can be extwopolated to zero time, again with a

good degree of accuracy.

Observation I Observation II

Time
(mins)

U0

Rate
mm. /min,

9.1

COO0OHW
. 8 & » B
WNOGRHO

Rate
mm./min.

8.4
S.4
2.2

cOoBr
WO

Mean.

e s o ® + »
Wik~ ®

Log Rate.

0.9445
0.50861
0.2304
-0.15649
=0, 3979
-0, 6990
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A value is thus obtained of the total rate
of reaction, thermal + photo-, at zero time. By again

assuming that the total rate can be regarded as the
sum of the thermal + photo-, and subtracting the
previously estimated value of the thermal reaction
(2,26 mm per minute), the rate of the photo-reaction
alone at time = 0 can be found.

From the value of the incident light intensity
& measure of the absorbed light intensity can be found,
and thus the guantum efficiency deduced for zero time.

At time = zero.

Log Rate.= 1.22 (by extrapolation)
Rate of total reaction = 16.6 mm per minute.
Rate of thermal reaction = 2.20 mm per mimate.

Rate of photo-reaction zlone = 14.35 mm
per mimte.

1,382 e 2 Loy = 9o
Rt Jois L _Ss
Oy 60 x 149
0016/

0§, b = 1385 % /0% faud.
m& ST
Conclusion.
A measure of the magnitude of the quantum

efficiency of the photo-reaction between toluene and
chlorine has been obtained. The presence of an
accompanying thermal reaction was taken into account,
On {lluminating a nixture of 15 mm toluene
and 30 mm of chlorine, by light of wavelength 365 mu
and absolute intensity 8.59 x 10" quanta per second,
the value of Q% was found to be 7.35 x 10" molecules

per quantum of light ebsorbed.
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Part III. THE PRINARY PHOTO=-REACTION

BETWEEN METHANE AND CHLORINE

Introduction.

Many anelogies can be drawn between the
chemical behaviour of hydrogen gas and methane gas.
In particular, they both react with chlorine forming
the corresponding chlorides, and when this occurs in
the presence of light, the reaction in either case is
very rapid, indicating the presence of a c¢hain mechanism
of high quantum efficiency. Whereas the photo=
chlorination of hydrogen has been exhaustively examined
in the past, surprisingly little investigation has been
made into the photo-reaction with methane.

Using the present type of apparatus, which
had proved very successful in yielding reproducible
results with the hydrogen-chlorine reaction, an examination
of the photo=-reaction between chlorine and methane in
the gas phase, was carried out. The effect on the
gquantum efficiency of the variation of chlorine pressure,
methane preesure, and the absorbed light intensity, and
the effect of the addition of varying pressures of
oxygen, nitrogen, and hydrogen chloride have been

examined in detail.
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Except for a simple determination by Berthelots*
of the quantity of methyl chloride produced by mixing
methane and chlorine in diffused day-light, the only
other early examination of the photo-recaction was made
by Whitsoéf to determine its technical poseibilities
for the production of methyl chloride. Employing an
apparatus, not dissimilar to the one used in the
present investigation, he determined the methyl chloride
formed, by freezing it out and measuring the residusal
gases, The inhibitory action of nitrosyl chloride
was observed. However, it was concluded that the
yields were not sufficient to make the process an
economic proposition.

The first actual determination of the gquantum
efficiency of the reaction was made by Coehn and Cordes, .
when they examined, not only the photo-reaction between
chlorine and methane, but also between chlorine and
CH,Cl, CH,Cl,, CH Cl; respectively. They found that
the gquantum efficiencies in each case were of the same
order of magnitude. In the case of methane, in
particular, the value of §, on initial exposure to
light, was found to be of the order 1.6 x 10" molecules
per guantum, where the proportion of methane to chlorine
was 1:1. In this reaction the products formed, other
than HCl, were CH,Cl, CH,Cl,, CH Cl,, and 0014. No

chloroefXthanes were detected. As has been confirmed
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in the present investigation, it was found that the
effect of impurities was very marked indeed.

Various chain mechanisms are discussed, and
finally the reactions

c1, +%s c1 + Cl
Cl + CH, — CH, + HCl
CH; + Cl, —* CH,Cl + Cl
were proposed, in preference to the reaction
c1, 23 c1 + c1
Cl + CH, — CH,Cl + H
H + Cl, —> HC1 + C1
This decision was arrived at from a consideration of
the separate heats of the various reactions.

Jones and Bateé? in a short paper, also
coneidered the previous two mechaniems, and carried out
observations in order to differentiate between them.
Using a flow system, they worked under the immediate
disadvantage that both their chlorine and methane
contained a small amount of oxygen - 0,25% and 0,8%
respectively,

However, illuminating with a Pyrex mercury
arc, they obtained observations at three temperatures,
5°C, 26°C, and 45°C, measuring the residual chlorine
and HCl volumetrically.

33
Using an analogous equation to Thon's, for
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the hydrogen-chlorine reaction,

dlewse] _ K Lowd[a]?
dt Lo2T (k [ergd + [xx,])

they found that K was constant, if the CH# - Cl,ratio

was varied, only when k = 1, instead of = 10, as in
the case of the hydrogen-chlorine reaction.

They finally conclude that, of the two
mechanisms originally suggested by Coehn and COrdeaf‘
that involving the GH3 radical is the more suitable.
Were chlorine to react with methane to produce directly
methyl chloride and hydrogen atoms, it can be visualised
that a chlorine atom, on approaching one of the triangular
faces of the carbon tetrahedron of methane, would interact
with the three hydrogen atoms at the apices of the
triangle, and would produce a strong repulsion, as the
chlorine atom requires a high activation energy for
reaction to occur, If, however, the chlorine atom
approaches along the line of the C-H bond, it might
react with the single hydrogen atom to produce CH; and
HCl. This would require a much lower activation energy,
due to its large distance from the other three hydrogen
atoms.

Also, if hydrogen atoms were formed during the
reaction, it would be expected that small amounts of

H,0, and H.CHO would be formed. On testing for these
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substances in the reaction mixture, no trace of either
was found.

A more rigorous examination of the reaction
velocity was carried out by Tamur;i using a method of
thermal analysis. In this case, great care was taken
to exclude impurities, especially oxygen, to as great
an extent as possible. A good degree of reproducibility
of the results was claimed.

The actual observations made, were direct
measurements of the reaction velocity of a mixture of
methane and chlorine at a total pressure of 390 mm.
The only variable was the intensity of the incident
light, - three values were employed.

Tamura found the reaction velocity to be
proportional to a power of I approaching 0.5, and
concluded that the reaction chains are terminated mainly
by mutual recombination of chaln carriers, rather than
by inhibitors or on the walls of the vessel.

He estimated the mean life of the reaction
chains and the quantum efficiencies under the given
conditions.

On calculating the collision yield of the
reaction:

Cl + CH, — CH; + HCl
and assuming certain values of the dimensions of the

particles involved, the energy of activation was found
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to be not greater than 6,2 kilocals, - the maximum
value for the rate determining partial reaction.
The alternative possibility for .the above
reaction:
ClL +CH,— CH,Cl +H
is endothermic by about 21 kilocals., and hence this
reaction cannot be considered as a partial reaction
in the final mechanism.
Calculation of the life of a chlorine atom
showed that the reaction:
Cl +C1L + M — Cl, + M
was not of lmportsnce, 3ut assuming the formation
of Cl; molecules, followed by their removal by various
mechanisms, a good agreement was obtained for the values
of their existence~times in theory and experimentally.
Tamura finally put forward his own scheme
of reaction, the main features being the assumption of
the particles, CH; end Cly, as unsteble intermediates.
cl, — Cl1 + Cl'
Cl + CH, — CH; + HC1
CH,+ €1, —> GH,C1 + Cl1
Cl +Cl, + ¥ — Cl; + M
Cl, + M —> C1 + Cl, + M
Cly + Cl; —> 301,
Cl + C1l; —> 8Cl,
Cl —r surface
Cl,—/> surface
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Experimental Note.

Due to the entirely gaseous nature of the
reaction, greater ease of manipulation of the various
reagents was possible, compared with the case of the
chlorine-~toluene reaction. An important precaution
for the elimination of inhibitors - namely, the
preliminary "washing" of the reaction vessel with
chlorine, - could now be put into effect. This was
actually carried out in each case, before adding any
other gas to the reaction vessel. A check on the
degree of sensitivity of the photronic cell-galvanometer
system was also able to be made at-each observation,
when the chlorine concentration was determined from
the ﬁﬁmég graph, and compared with the manometer reading.

B As expected with an exothermic reaction,
such as that between chlorine and methane, an effect
was observed, corresponding to the Draper effect in
the hydrogen-chlorine reaction. An important
indication of the degree of purity of the reactants was
given by noting the size of this effect on first
illuminating the gas mixture. A typical case with a
gas mixture of 50 mm methane and 50 mm chlorine, on
11lumination with 366 mu light, and I = 7.9 x 10"
quanta per second, was to give an increase in pressure

of 1.1 mm. The size also gave a rough indication of



116.

the reaction rate, and hence a suitable length of time
of illumination.

The observations in this investigation were
carried out in a cylindrical silica vessel of volume,
21.74 ml., the light entering and leaving through the
pPlane-sided faces of the cell. Unlike the case of the
chlorine-toluene reaction, no deposit was observed to
have formed at any stage in the investigation indicating
the essentially volatile nature of the reaction products.

Also unlike the chlorine-toluene reaction,
when the existence of a thermal reaction between
chlorine and methane at the tempersture of the
investigation (25°C) was early examined, it was found
to be completely absent. Gas mixtures contalning
50 mm CHqr - 50 mm C1,, and 100 mm CH, - 100 mm C1,
were left in the darkened reaction vessel for 30 minutes
and 1 hour respectively, after which the chlorine
concentration was found to be identical to the initial
value. At higher temperatures (260°C) Pease and Ws::,'u'.zsgi
have observed'that a thermal reaction does take place
to a considerable extent, and that it possesses a
mechanism of the chain type.

One set of readings was carried out in the
presence of HC1l gas. Instead of intrpducing the

previously-purified gas, it was prepared in the reaction
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vessel itself, by illuminating, at first cautiously

and then using white light, measured quantities of
hydrogen and chlorine. In this way, the purity of

the resultant gas was proved by the size of the
corresponding Draper effect. The order of introduction
of the hydrogen and chlorine into the reaction vessel
was of importance. Chlorine was the first gas to be
introduced, then the hydrogen, and finally more chlorine.
In that way, it was intended that all the hydrogen

would be "washed" into the vessel and converted to HC1.
Bufficient chlorine was added to convert the hydrogen

to HC1l and also to react later with the methane.

A point arose from this procedure which
obviously involves large chlorine pressures. It was
found that if the amount of chlorine was determined
using the photocell-galvanometer system after reaction
with the hydrogen was complete, a slightly lower
concentration was recorded than expected. This
discrepancy was finally traced to the order of entry
of hydrogen and chlorine, hence determining which gas
would remain in the connecting tubes, and was corrected for
by measuring the chlorine concentration immediately
before reacting with methane., The size of the
discrepancy would obviously have been smaller, had the
volume of the reaction vessel been larger than 21..74 ml.

The purification of methane has been described

in the main experimental section. As the procedure
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was lengthy, requiring extreme care at each stage to
prevent the introduction of inhibitors, a comparatively
large volume (4 litres) was collected at one time.

The procedure was actually carried out twice during the
investigation.

The two samples were found to differ only
slightly in their degree of purity, as determined by
the quantum efficiencies of similar mixtures with
chlorine. It was thought that by passing the gas,
first through, and then over, molten sodium, the last
traces of oxygen - the most probeble inhibitor - would
be removed, However, when the extreme sensitivity of
the gas mixtures to small pressures of oxygen was
observed, the possiblility that a trace of oxygen might
yet be present in the methane had to be considered.

The ﬁossibility wes agalin suspected, after
determining the effect of varistion of methane concentra-
tion on the quantum efficiency of the reaction. It
wag found that, with btoth samples of methane, the
quantum efficiency decreased with increasing methane
concentration. This csn be very readily explained by
the presence of a trace of an inhibitor, such as oxygen,
which becomes increasingly effective, the greater the
concentration of methane present.

As a final attempt to destroy inhibitors,
without allowing time for their regeneration; the small
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sodium trap, as in the diagram opposite, was incorporated
in the main gas line.

Immediately before introducing methane into
the reaction vessel, any gases above the molten scdium
were removed by a short evacuation, and the taps so
arranged that the methane had toc pass over the sodium,
before directly entering the reaction vessel. As
can be seen from the appropriate graph, using this
technique, the quantum efficiency tended to approach
a constant maximum value as the methane concentration

increased.
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Results:
Zfable 1. aria £ .
A of light: 3656 mu.
Average Average LI,
fo.]  [cH] fc1,] acl, Time relative ¥ absolute
mm, ., mm, mm. secs. cu. relative _x 10
0.1 45,9 45.8 8.2 80 10.3 0.0100 0.913
.85 46.5 46.5 7.1 120 10.4 0.00669 0.522
1.0 45.0 45.0 10.0 600 10.2 0.00167 0.153
5.0 46.8 46,7 6.7 1200 10.4 0.0008567 0.0493
6.0 45.8 48,7 8.7 3000 10.2 0.000283 0.0260
10.0 44.1 44,0 12.0 7200 10.0 0.000167 00,0153
On additlion of 200 mm HC1.
6.0 46.1 46,0 9.1 3000 10.2 0.000207 0.0273
Grsph 1.
Graph: ¥ x [0] against [0g)
0'15'(() (O] b
0-10

)

(mom. )

10

8 x[od «6°

0.0913
0.151
0,153
0.148
0.156
0.1563
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Table 2. Varistion of 8 with I .

N of light: 365 mu and 406 mu.

Average Average I, -3

[cu]  [Cl] ACl; Time relative 14X 10 ¥ absolute
m mm. mam. mm.  Secs. cm. guanta/see. xrelative _x10
8365 46.7  45.5 9.0 40 10,8 7.87 0.0221 2.02
365 45.1  45.1 9.8 40 10.2 7.87 0.0240 2.20
3656 46.3  45.3 9.5 40 10.2 7.87 0.,0233 2,14
365 44.1  44.0  12.0 80 5.8 4.48 0,0269 2.37
366 44.8 44.8 10.6 420 0.98 04757 0.0266 2.34
366 45.4  46.4 9.3 600 0.68 0,402 0.0298 2.73
406 44.4 44,6 11.0 B00  0.86 0.277 0,0160 3.562
406 44,4 44.4  11.2 1000 0.54 0,174 0.0207 4.56
366 43.7 45.6  12.8

600 0.1856 0.143 0,115 10.58

Gra 2
Q
10 +
Graph: 5 against I.L-
3’
5 |
o)
$
0 1 : 3 5 6 g ]
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Table 3.  Variation of O with [l .

A of 1ight: 565 mu and 406 mu.

X Average Average I, 5 g

[GH,J [Cl1;] ACl, Time relative E absolute
mu mm. mm, mm. secs. cm. relative x 10
365 45.9 12.2 9.3 300 1.567 0.0197 1,81 “Wi
3656 44,0 19,0 12.0 180 2.80 0,0238 2.18 %-
366 44,2 44.1 11.8 170 6,81 0,0291 2467 u-ud
365 43,9 63.9 12.2 50 7.80 0.0313 2.87 b 8
365 38,7 88.7 22.6 70 10,0 0.0323 2.96 298
406 44.4 44.5 11.0 800 0.86 0.0160 3.52 0:1)
406  42.8 92,8 14.5 300 1,66 0.0291 6.41 pee
406 33.5 183.56 33 300 2,97 0.0370 8.156 )-96
406 | 26.6  275.5 49 400 4,08 0.0304 6. 70 Lo

Graph 3.

p . GTaph: ¥ against [Clg

7

6

5

6:)6’

4

3

2

1

o 100 300 300 400

[c15) (mm)
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Table 4. Variation of 5 with ng,l S

N\ of light: 565 mu.

Average Average Ids \6 5
[GH;JS [Cla ACl, Time relative absolute
\ mm, mm. secs. cm. relative x 10°°
21.2 46,2 TeT 80 6,06 0.0160 1.47
44,0 43.9 12.0 80 5.80 0.0269 2,38 —
44.8 44.9 10'5 50 6000 0.0286 3.65
194.6 44.6 10.8 60 5.86 0.0369 5.39
294.7 44,7 10.7 60 5.88 0.0364 5.34
394,53 44,3 11.5 b5 5.81 0.0360 3. 30
Graph 4.

Graph: ¥ against [CH]

(o) 100 200 300 400 s00

[cH,] (mm)
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Table ©O. ariat f 25 h [§Jd %

X of light: 365 mu.

Average Average I ?S
vl [oH(] [c1]] acCl, Time relative absolute
mm., ma. mm, mm. gecs. cm. relative x10°3
0 44.4 44,3 11.3 35 10.0 0.0323 2,96
50 45.5 . 46.5 8.9 356 10.4 0.0244 2424
100 46,3 46.4 7.3 35 10.6 0.0197 1.81
200 45.8 45.8 8.3 60 10.4 0.0160 1,47
300 44,7 44.8 10.4 70 10.2 0.0146 1,34
400 46,1 46.1 7.8 70 10.5 0.0106 0.97
400 45,2 45,2 9.6 80 10.2 0.0116 1.07
0 46,7 46.8 8.3 480 0.189 00,0971 8,91
50 45.8 45.7 8.7 600 0.188 0.0771 7.08
200 47.3 47.3 7.5 760 0,190 0.0626 4,84
400 48.1 48.3 6.5 1000 0.195 0.0282 2.59
400 48.5 48,56 5.0 1200 0,197 0.,0212 1.94
Graph 6.
1-0f

Graph: ¥ against [Ng

A A A _— |
0 100 200 800 4500

(Ng (mem. )
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Table 6. Variation of ¥ with Crcal .

X of light: 365 mu.

Added 5
Average Average aCl, ACl,; 14,
[Hc]:] ECH,,] [c1;) expt. corrected Time relative ?S ab solu_tse
mm. . mm. mam. mm. secs. em. relagive _x 10
60 44.5 44,5 11.0 9.0 356 10.0 0.02867 2.36
60 4.1 44.2 11.5 9.6 356 10.0 0.0871 2.49
100 44.8 44.9 10.2 7.2 35 10.2 0.0202 1.85
200 44.5 44.4 11.0 7.6 36 10.0 0.0214 1.96
300 42.7 42.7 14.5 6.3 36 9.7 0.0186 1.70
400 41.1 41.1 17.8 6.3 36 9.4 0.0191 1.76
400 41.3 41.4 17.2 5.7 36 9.4 0.0173 1.69
100 44.1 44.1 11.8 8.8 660 0.183 0.0874 8,02
200 43.3 43.4 13.2 9.7 6560 0.181 0.0826 7.67
300 41.0 41.0 18.0 9.8 760 0.172 0.0760 6.97
400 38.5 38.56 23.0 11.6 900 0.160 0.0806 7.39

Graph 6.
Sraph: D against  [HCY)
1.0 ¢
o Low Iqﬂn
© o}
O
-3
Y x10
0.5
High I,
"0 100 T80 300 200

(Hc]  (mm.)
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Discussion.

It was found that experimental determinations
of quantum efficiencies showed, on repetition, an
aversge variati?n in magnitude not greater than 100,
Thies tended to E:Erease immediately after the various
taps on the apparatus had been newly greased, or if any
particular part had been renewed or replaced.

Such a degree of reproducibility of results
was considered satisfactory, and suggested the absence
of any occasional inhibitors in the gas system. It
also pointed to a good degree of purity of the wvarious
gases employed in the investigation. The exceptional
case of methane has been referred to already. The
complex procedure for its purification was the most
liable to bring about the introduction of inhibi tors.
In previous investigations on the subject, actual
percentages of oxygen present in the gas have usually
been quoted, and in only one 1nstanc;whas the claim
been made that the methane was quite pure.

In the case of chlorine and nitrogen, there was
no erratic behaviour in the experimental values to
indicate the presence of inhibitors, and when hydrogen
chloride gas was formed in the reasction vessel, the
accompanying large and constant Draper effects were a

good guarantee of ites purity.
As the possibility cannot be entirely ruled
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out that a trace of oxygen was present in the gas
mixtures, its effect on the quantum efficiency was
examined quantitatively.

The retarding action is very large, and when
the product 3x [0,] is plotted against [0,], it can be
gseen from the graph that the maximum on the curve,
beyond which the product becomes independent of the
oxygen concentration, takes place at a pressure of about
1 mm of oxygen ([Gla:l = 43 mm. [_GH;,_] = 43 mm.). The
corresponding pressure of oxygen at which this occurs
in the case of the chlorine-toluene reaction (page 91)
was found to be about 300 mm ([Clz] = 26 mm.

[Toluene] = 10 mm.), while Norrish and Ritchie found
that, with the hydrogen-chlorine reaction, it occurred
at a pressure of 10 mm, under the given experimental
arrangements ([Cl,] = 43 mm. [ﬁz] = 43 mm.). Such a
comparison indicates how powerful is the retarding
influence of oxygen in this reaction.

As mentioned in the introduction, two possible
chain mechanisms for the reaction have been examined
in the past. The initial step, the dissociation of
chlorine molecules into atoms by light of wavelength

365 or 406 mu, requires no discussion.
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01, ¥ o1+
Cl + CH, — CH; + HCl1
CH; + C1,—) CH 1 + Cl1
c1z—“-'J—> Cl + Cl
Cl + CH,—% CH,Cl + H
H+Cl,—> HCl1l + Cl

In every case, previous investigators have
agreed, usually from considerations of the heats of
the various reactions, that the chain, involving the
CH; radical as an intermediate, is more probably the
correct mechanism, than that involving a hydrogen atom,

In the kineties, which follow, both cases
were examined, and it was found each time that the
same final expression was obtained. S0 this method
does not allow any decision to be made between the two
possibilities.

However, the aaéumption that a CH; radical
is formed, gives a very convincing explanation of the
great sensitivity of this reaction to oxygen, as
compared with the hydrogen-chlorine reaction.

A point against the formation of hydrogen
atoms in the system is that the gquantum efficiency of
a 50 mm methane - 50 mm chlorine gas mixture in the
presence of 6 mm oxygen, gives an almost identical value

when 200 mm of HCl are now added to a similar system.
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It has been found that one effect of HCl1l in
the hydrogen-chlorine photo-reaction, with oxygen
present, is to cause a retardation, attributed to the
mechanism;

H+ O, + HC1 —> HO, + HCl1
HO, + C1, —> HCl1l + Cl0,

No retardation is found in the analogous
reaction with methane (page 119) and this provides
further evidence against the presence of hydrogen atoms
in the gas system.

The effect of the variation of the intensity
of absorbed light on the quantum efficiency, showed that
it decreased rapidly with increasing values of I,
until a value was reached, beyond which it became
independent of I .\, . The two values of the guantum
efficiency using light of \=406 mu closely fit the
curve, obtained from determinations with 366 mu light.

If the rate of reaction is expressed by an

equation of the type: Lo ocatlitl) KT
e ~ala
_ Al
:‘ -t
g
then values of "n" can be deduced from the equation:
T O R R

jﬁul‘daz i "P"'?EIJ";_
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The following values of "n" were obtained in

this way:

~18 -

IS x 10 ¥x 10
guanta/sec. mols./h? W

8.0 2.26
4.0 2, 30 0.97
1.0 2.46 0.95
0.5 2.80 0.81
0.4 3.00 0:69
0.3 3,40 0.56
0.2 4.10 0.54

It is seen that, over a wide range of I, ,
there is a definite trend in the values of the indices
from almost unity at high I.)l. to slightly above 0.5
at low Il . This same result was obtained by earlier
investigators in the corresponding reaction between

hydrogen and chlorine.
L

The effect was explained by Bodenstein as
due to the system of filter arrangements, used to cut
down the light intensity, and hence I., . This explana-
tion has now been denied (page 39) and the observed
variation of guantum efficiency with I.,), must be
interpreted in some other way.

b The effect of variation of chlorine pressure
showed an initial increase in quantum efficiency with
inereasing chlorine concentration, followed by a
decrease, at pressures above 200 mm, In order to

observe changes in chlorine concentration at pressures
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above 100 mm, it was necessary to use light of A= 406 mu.

At such high pressures, the same degree of
accuracy in measuring the chlorine concentration cannot
be obtained as at pressures below 100 mm, using light
of A= 365 mu.

The effect of the addition of various pressures
of the two inert gases, nitrogen and hydrogen chloride,
was similar, At both high and low values of I, ,
inereasing preesures of the inert gsses slightly decreased
the quantum efficiency, the effect being somewhat
greater in the case of nitrogen, than with hydrogen
chloride.

Values of "n" were determined, as in the

previous cese, for gradually increasing pressures of the

8 ¥

inert gases.

el o 7
mm. (I =79.62x 10 ) (I ) = 1.48 x10 ) n

0 3030 90560 0.73
100 2110 7820 0.67
200 1810 7230 0.66
300 1790 7160 0.65
400 1770 7070 0,65
[0,

mm.

0 2960 8910 0.72
100 1890 6100 0.71
200 1510 4750 0.71
300 1290 3600 0.75

400 270 2690 0,73
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In this instance, it can only be said that
a slight change in "n" occurs over a large range of
inert gas pressure.

In considering possible mechanisms of this
reaction between methane and chlorine, it has been
assumed that the main product formed is methyl chloride:
to that end, the times of illumination have been kept
small, when possible, to minimise further substitution.
Coehn and c:uﬂe;bahowed that the quantum efficiencies of
photo-reactions between chloro-substituted compounds of
methane and chlorine were high, - in the case of the
photo-chlor;nation of methyl chloride, almost as high
as with methane itself, However, it is considered that
the assumption that monc-chlorination takes place
predominantly is justified by the similarity of the
trends shown by this reaction, and the corresponding

photosynthesis of HC1l.

It vould appear that the interpretation of
the results may be approached in two main ways. The
fact that the rate of reaction tends to become
proportional to the square root of the absorbed 1light
intensity, under certain conditions, suggests that
chain-ending may occur, either by mutual recombination
of chlorine atoms or CH; radicals, by the reactions

Cl+Cl + ¥M— Cl, +M
CH; + CH;—> C,H,
or by CH; + C1 —> CH,;Cl
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It is fairly certain that the firet of these
reactions would require a third molecule as a stabiliser
or energy remover: in the second and third reaction,
the complexity of the resultant molecule may render the
presence of a triple collision unnecessary. On the
other hand, indices of I, approaching 0.5 may be
achieved by the mechanism

ClL+Cl, + M —Cl; + M
Cl; + M —Cl +C1, + M
Cl; + Cl,— 3C1,

This has been already envisaged by Ritchie
and Taylorfas applying to the hydrogen-chlorine reaction.
In both these general mechanisms, the possibility of
diffusion and convection of chain carriers to the wall
must be considered.‘

The overall reaction is exothermiec:

CH, + C1,—> CHSGI + HC1l + 23,000 cals.
and at high rates of reaction, increased convection
will tend to facilitate surface removal of chain carriers.

Since the corresponding heat liberated in

the case of the hydrogen-chlorine reaction is 44,000 cals,

the effect of convection might be less pronounced in

this case.
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Consider first the following reaction

mechanism:
c1, 223 1+ 1 k,
Cl + CH, —) CH,+ HCl1 ke
CH; + C1l, —3> CHLCl + Cl1 k,
Cl+0ClL+N —> Cl, +M K,
Cl — #C1, 8

where S represents surface removal of chlorine atoms
either by diffusion or convection. Applying the

Bodenstein stationary state method, we have

%E:gl = ki Ly, -k, elfen] + kyfers)la,] -k, [eq*[m] - S[ed = O

L] <k [llen] — ks [eus] (@] = O

and hone  k,L*[M] + S [e] ~k Ty =0

o 0] = 2SS+ 4k Lo bl
2 k]

The sign before the square root must be
positive, since the chlorine concentration must be

positive.
The quant.m efficiency of Cl, removal is
large, and since the complete reaction is accomplished

by the cheain reactions, 2 and 3, the rate of disappearance

of C1, is given by:
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The K,[}] terms are composite, in the sense
that each of the molecules present in the system may
play the part of a stabilising third molecule in the
triple collision of reaction 4,

It is first noted that if surface removal of

chlorine atoms is negligible, the expression reduces to

I k 2 [l \/-E
e (

Jil Ty, s A)
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This would mean that, for all intensities,
the rate of reaction would be proportional to IJ;% 9
contrary to experiment. Hence this simple mechanism
does not explain the results,

Next, considering the extreme case when all
the chain carriers are removed by surface action by

the mechanism;

c1,2% c1 + c1 k,
Cl + CH,—% CH, + HC1 k,
CH; + Cl,—> CH,Cl + Cl k,
we have
BRI CyAY :
T i ’-(, LS l“'a&ﬂ[m"&] ““k.afwsﬂi‘:ﬁz] =S.lee] =0
o [exe] |
cl;.‘H =k, [elCs] - ks[tHsl[ee,] = O
fanes SLee] = |, Ty, . fee] = e Lo

S

T — {E_‘é&] = % (ko [eaien + kslens][exd)
= kz[ﬁl[b”%]

S

ol By, = L ksz =0 (aptn B)
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If & is determined solely by diffusion, the
valge of 8 will remain constant for all values of I, ,
and the quantum efficiency will then become independent
of X b s Experimentally, the quantum efficiency is
proportional to I,uhk for low intensities, becoming
independent of I,, at high intensities. At first
sight, it might appear that with changing I, , the
conditions alter, so that the chlorine atom recombination
mechanism holds at low intensities, and the surface
removal by diffusion at high intensities. This is,
however, contrary to theoretical expectation; when
the chlorine atoms are removed by two possible processes,
one proportional to the sguare of the Cl concentration,
and the other directly proportional to the concentration,
then at high Iy , the former will be favoured and the
rate, proportional to Iy, at low intensities, will
become proportional to Idgi at high intensities, again
contrary to the present experiments. This change in
index to n = £ at high intensities has been recorded
in the hydrogen-bromine photocombinationfo

If 8 is determined mainly by convection, and
again, surface removal of chain carriers is predominant,
the convection 8 will increase as I, 1is increased,

due to the increased rate of reaction and the consequent

increase in heat evolution. The quantum efficiency

will then show & constantly decreasing value, since a&;=¥'8
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It would thus appear that the chlorine atom
recombination mechanism, with or without diffusion and
convection processes, cannot explain the present

experimental results. Similar difficulties arise if
the chain-ending processes involve CH 4 radicals.
Further, the above schemes are not in agreement with
the observed variation in concentration of reactants.
Although, at low methane concentrations, the quantum
efficiency is directly proportionsl to [pH#], the
previous equations do not indicate any conditions where
the quantum efficiency becomes independent of [pH;},
as indicated experimentally. The methane molecule
must be considered as playing the part of an M
stabilising molecule: then at high [CH, , the quantum
efficiency is proportional to./faﬁz] in egquation A,
and would still be proportional to [CH,]in equation B.
In this latter case, the increased convection would
reduce the efficiency, but it seems improbasble that
the reduction would exactly compensate the expected
increase due to linearity. In the same way, since
Cl, will play the part of an M molecule, the quantum
efficiency in equation A becomes inversely proportional
to,fﬁgij : the present results are not sufficient to
decide this point exactly, but the results of Ritchie
and Taylo;?on the hydrogen-chlorine reaction, wihich

show a distinet similarity to the present instance,
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indicate that the %, is inversely proportionsl to the
first power of the chlorine concentration at high
values of[Cl)]. The results would come into line for
both CH, and Cl,, only if the convection effects were
proportional to the square root of the concentrations
of these gases, The results of Mlller and Schumache;“
on the photo-reaction between acetylene and bromine,
show that at high pressures of added inert gases, the
quantum efficiency becomes constant and independent of
the nature of the added gas, the rate belng proportiocnal
to I, eand all thé chain carriers being removed at

the wall by convection.

In the present case, the addition of hydrogen
chloride and nitrogen retards the rate to an approximately
equal extent, and the index remains more or less
unchanged. The retardation might be due to the effect
of the K[u] term in the denominator of equation A, and
the fact that the rate index does not approach unity,
due to increased convection, might be due to the
compensating reduced diffusion, which would tend to
produce"ﬁ*valuea, tending to 0.6

In view of the various discrepancies and
difficulties shown above, it appears unlikely that the

previous mechanism can explain satisfactorily the

results obtained.
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We shall now consider the alternative mechanism
involving the formation and removal of the intermediate
Cl;. This must also be taken as capable of removal
by diffusion and convection processes: for simplicity,
however, only the Cl atom removal by such means is,
for the present, included.

A poesible scheme is then:

c1,+%y c1 + C1 ;

w

k

Cl + CH,—3 CH, + HC1 k,
CH; + C1, —% CH,C1 + Cl1 k
k

Cl +Cl, + M —Cl; + M b
Cl, +¥M —3CL +0Cl, + M ko

Cl —>3Cl,, at wall S
By the stationary state method, the quantum

efficiency of chlorine molecule removal is:

_dlad
e R
o Tl (
1:: ke CCH4] ( , n krl ks‘[ﬂl
(KeCtdml +S) \ ' T kE VI,

If I, is the only varisble, as would be
the case if 8§ is determined solely by diffusion, the

expression is of the form:

)
-+ —
ESCQQ:‘ a(i’_ “Iﬂfh)
Calculation of quantum efficiencies from

experimental results, using the above formula, when

a = 2,48 and b = 0,75, gives the following results:



140.

\ Ig % 10°

ma quanta/seec. 25 0)41t. ESCJ;,_
3656 78,7 2.14 2.14
3656 44.8 2.24 2.2
365 7.6 2.34 2.76
365 4.0 2.90 3.10
406 8:.77 3,62 3.36

This equation is then in agreement with
experiment in that the quantum efficiency is approximately
independent of Iy, at high values of I, , the value
of the index n thén spproaching unity. At low values
of I, » the quantum efficiency will become lhversely
proportional to JI—‘&: and the index n will approach
0.5, agein in agreement with experiment. This concordance
thus suggests, for the present conditions of alteration
in light intensity, that S is either constant or small
enough in comparison with K Jc1jfu] to make negligible
any variation in its magnitude. 'Ir convection were
to play an appreciasble part, the value of S would
increase as I ,), (and the consequent rate of reaction)
is increased, and the formula would_ then indicate a
steadily decreasing value of the qguantum efficiency.

No pronounced tendency in this direction is to be
observed experimentally,

As before, CH, and the other reactant and
resultant molecules must be considered as playing the
part of M molecules. At low values of [GH,;[, M will

remain approximately constant, and the quantum efficiency
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will be directly proportional to i?ﬂk]' For conditions
where the guantum efficiency is independent of I.).
i.e. where I.). is sufficiently high, so that the
term is small in comparison withﬁﬁ;;nthe formula
indicates that such linearity with [cH,] will no longer
exist, and at very high|CH,] values, since CH, plays the
part of an M molecule, the guantum efficiency will
tend to become independent of the CH, concentration.
Indications of this have been observed experimentally
(page 122). At the same time, since the Jf%f term
contains an M factor, this term will tend to increase,
with a consequent lowering of the index, This was
not investigated experimentally, because of the difficulty,
attributed to minute traces of oxygen in the methane,
of obtaining strictly reproducible results. It is
under these conditions of very high methane pressures
that convection effects will be at a maximum, with a
corresponding lowering of the quantum efficiency.
Again the effect of convection, as shown by increase
in 8, will tend to be minimised by the corresponding
increase in Kiblmyﬂ

In the same way, K,(C1]M]will increase with
addition of nitrogen or hydrogen chloride. No increase
in guantum efficiency was observed for such additions,
and it must therefore be concluded that any marked

reduction in 8 due to decreased diffusion,is abgent.
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The experimentally observed retardations by these gases
is thus to be ascribed to the removal of Cl atoms by
equation 4. In other stabilisations brought about by
such additions of inert gas, the effect of hydrogen
chloride is usually much greater than that of nitrogen,
and to this extent, the similarity here in the retarding
effects is unexpected. Also, the formula indicates

an approach to index 0.5 as inert gas is added. Some
slight indication of this is to be observed in the

HC1l observations at the hgher HCl concentrations,

That such a tendency does not continue may be due to
incressed convection, which, as already shown, tends

to give an index value approaching unity.

There remains for consideration the effect
of altered chlorine concentration. Since again, Cl,
may play the part of an M molecule, a retardation by
chlorine is to be expected. This was realised
experimentally only at a relatively high chlorine
pressure. It is difficult to discuss the effect of
altered chlorine concentration on the rate of diffusion
of Cl atoms to the wall, because of the relatively
altered distribution of such atoms initially produced
by light absorption. Certainly at low chlorine
concentration, the value of & will rapidly increase,
with a corresponding decrease in the overall quantum

efficiency. At the same time, some other reaction
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removing chlorine atoms, may be in operation:
introduction of the reverse of reaction 3 will, for
example, introduce a term acting in the required

direction.
It may be said in conclusion that this second

scheme, involving Cl,, does offer a possible explanation
of the main features of this complicated reaction.

There is a genergl similarity to the hydrogen-chlorine
photo-combination, to which a Cl; mechanism can be

applied.

Farther experimental work will be necessary
to obtain greater detail of the magnitudes of the
various reactions: every care will be necessary with
regard to the purity of the reactants: the extent of
removal of chain intermediates by diffusion or convection

will also reguire more investigation.
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An attempt has been made to repeat and
examine further a pressure effect previously reported
by Ritchie and Smith? namely, the increase in
Pressure to a temporary maximum when mixé&rea of
chlorine and inert gas are illuminated, and the
existence of a temporary minimum pressure when
illumination ceases, Varying conditions of temperature,
surface composition, size of vessel, inert gas, and
light intensity have failed to confirm the existence
of such effects, and accordingly, no support can be
given for Ritchie and Smith's view that such

pressure changes were due to the formation and

adsorption of Cl; molecules.

Reaction between chlorine and toluene vapour
has been observed to take place at 26°C, thermally
and under the action of light. Both reactions
occur to a considerable extent, and both are'
inhibited by oxygen. Quantum efficiency determinations
in the presence of between 3.5 and 450 mm of oxygen

have shown that its effect is rendered by an equation

5 a

"b+ (0]

of the type

analogous to the case of the hydrogen-chlorine photo-

reaction.



S

145,

The thermal reaction obeys a 2nd order
relationship, and the velocity constant under the
given experimental conditions equals 8.2 x 10 -
molsr secaﬂ. It is considered that the equation

C H;CH, + Cl,—> C H.CH,Cl + HCl
represents the quantitative mechaniem of the thermal
reaction.

The presence of this thermal reaction only
allows M =n indirect measure of the quantum
efficiency of the oxygen-free photo-reaction to be
made. Taking into account the size of the corres-
ponding oxygen-free thermal reaction, the quantum
efficiency under detailed experimental conditions
was calculated to be 7.4 x 10" molecules / quantum

of light sbsorbed.

The photo-reaction between methane and
chlorine has been observed under varying intensities
of asbsorbed light, and at varying prescsures of
methane, chlorine, and the added gases, oxygen,

HCl, and nitrogen.

The inhibitory effect of oxygen was fcund to
be extreme.

A chain mechanism is undoubtedly present,
and indirect evidence has been advanced, that 1t
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possesses the form
Glzﬁ)—) Cl + Cl
Cl + CH,— CH; + HC1
CH; + Cl,—> CH,Cl + Cl

Two poeslble mechanisms have been examined
in order to explain the various trends in the
reaction, observed experimentally.

For oxygen-~free mixtures, the guantum
afficiency tends to approach inverse proportionality
to the square root of the absorbed light intensity
at low values of light intensity, but at high
values, the quantum efficiency becomes independent
of the absorbed light intensipy: it is directly
proportional to the methane concentration at low
pressures of methane, but at high preesures, it
approaches an approximately constant maximum. It
is retarded equally by nitrogen and hydrogen chloride,
and reaches a maximum at an intermediate pressure of
chlorine.

With due consideration of diffusion and
convection factors, it is regarded as possible that
chains are brought to an end by the removal of

chlorine atoms by formation of 013 molecules.
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