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THE AIM 01? THE HCBSEiTT RESEARCH.

The Budde effect in chlorine and the

hydrogen-chlorine photocombination are two of the

earliest observations in photochemistry, yet up till

now their investigation has not been brought £o a

state of satisfactory completion# The Budde effect,

the increase in pressure observed when chlorine is

illuminated, is now recognised as due to the recom¬

bination of atoms initially produced by the photo-

dissociation of the chlorine molecule; such recom¬

bination is an important factor in the mechanism of

the hydrogen-chlorine reaction# Thus a complete

study of the former paves the way to a better analysis

of the latter# The mechanism of the combination of

chlorine atoms is similarly of importance in many

other reactions, and if, as has been suggested, a third

otherwise inactive body is involved in it, all rates

of reaction under similar conditions might be

dependent on the pressure of added gas or of otherwise

inert products of reaction.
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THE SCOPE OP THE RESEARCH.

The Budde effect in chlorine was investigated

with the addition of the following inert gases :-nitro-

gen, oxygen, argon, carbon dioxide and hydrogen-

chloride. To establish whether or not slight traces

of water vapour influence the magnitude of the Budde

effect, experiments were also performed, both with the

vessel baked out at 350°C together with evacuation by

a me-'cury distillation pump, and with the intentional

addition of small quantities of water vapour. The

relation between the magnitude of the Budde Effect

and the intensity of the light absorbed was studied

by varying the illumination with a rotating sector.

As no value could be found in published work

for the thermal conductivity of hydrogen-chloride,

and as it was uncertain to what extent it was justifi¬

able to calculate the thermal conductivities of

mixtures of chlorine with the above mentioned inert

gases, as the sum of the partial values, actual

measurement of relative values was carried out.

In the third part the information obtained

about the mechanism of recombination of chlorine atoms

was applied to the hydrogen-chlorine reaction.

Experiments/
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Experiments were perforiaed with light of wave-length

3660 A.U. The work of Ritchie and Norrish (1)

suggests, as an essential part of the mechanism,that the rate of
reaction would be proportional to the square root of

the absorbed intensity if surface action could be

eliminated. To this end a high intensity source of

light was here used, and the time of reaction thereby

reduced, for comparable concentrations of reactants,

by a factor of ten as compared to the work referred to,

to obtain a high concentration of chlorine atoms; it

was hoped thus to obtain a rate proportional to the

square root of the intensity. Measurements of the rate

of reaction were made \vith mixtures in which the

concentrations of chlorine, hydrogen and hydrogen-

chloride were varied, together with variation of the

intensity of the light in each case. The hydrogen-

chloride used was prepared exclusively in the reaction

vessel by the action of light with the normal hydrogen

and chlorine supplies, thereby avoiding the criticism

levied against the results of Ritchie and Norrish,

that impurities might have been introduced into the

system along with this gas.



PAST I

THE BUDDE EFFECT IN CHLORINE
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1. HISTORICAL INTRODUCTION. •

The photo-expansion of chlorine, that is

the increase in pressure (Ap) observed when chlorine

is exposed to light, was discovered by Budde (2), after
whom it has been termed the Budde effect. He showed

that the phenomenon is due to some chemical change

and not merely to the absorption of light. He also

noticed that for constant light intensity the increase

in pressure remains the same, and that the gas always

returns to the original pressure when the light is

shaded. Richardson (3) demonstrated conclusively

that the effect was not a result of heat rays, and

he believed that the increase in pressure was proportion¬

al to the intensity of the light. Baker (4) claimed

that dry chlorine did not show the photo-expansion.

Various workers have confirmed and contradicted this

observation. A similar state of disagreement existed

till lately for bromine, but it was shown by W, Smith,

Ritchie, and Ludlarn (5), and is now generally accepted,

that the removal of the last trace of water vapour,

both from the bromine gas, and from the walls of the

reaction vessel, does not appreciably decrease the

effect for bromine, and it has been concluded, that

the apparent non-existence of the Budde Effect in

perfectly dry bromine, reported by many workers, was

due/
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due to the introduction of inhibitors in the process

of drying. It was shown by Martin, Cole and Lent (6),

and by Kistiakowsky (7), that the careful drying of

chlorine does not prevent the photoexpansion, a

conclusion which is confirmed in this work. The

mechanism, which will be shown to offer a consistent

explanation of the results, does not admit of the

necessity of water vapour; while in those experiments

in which traces of water vapour have been intentionally

added, it will be found that its effect is small and

due only to a modification of the surface of the

reaction vessel.

Mellor (8), by means of an Ingenious gas

thermometer apparatus, showed that the photoexpansion

is a thermal effect, the heat being liberated in a

secondary process.

The primary process of the dissociation of

chlorine molecules, should, according to the general

principles worked out by Franck (9) and others take

place in the forms-

Gig + hy- » CI + 01*
*

where 01 is an excited atom. This was verified

experimentally by Turner (10), who showed that the

heat of dissociation of the chlorine molecule is

56.9 kilogram calories (spectroscopic), while the

excitation energy of the excited chlorine atom is

2. 5 /
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2.5 kilogram calories. It may be pointed out here

that if the light quantum absorbed is just sufficient

to dissociate the molecule into a normal and an

excited atom (light of the wavelength corresponding

to the convergence limit), then the kinetic energy

of the resultant atoms can be taken as the same as

that of the original molecule, and any change in

pressure on dissociation will be due to the energy of

excitation of the excited atom transferred in

collision. This effect will be smaller if the

wavelength employed is greater than that of the con¬

vergence limit, in which case dissociation will occur

only after collision of an excited molecule with

another body. If the quantum be of greater energy

than that required for dissociation, the excess energy

will appear as kinetic energy of the products with

a consequent increase in temperature. The nature

of the light absorbed is considered later, but it

may be said here that the importance of these factors

is small under the conditions of experiment compared

with the heat produced in the subsequent recombination

of the chlorine atoms. If all the chlorine atoms

recomblne in the gas phase the heat so produced will

of course be equivalent to the energy absorbed from

the light beam.

It is now necessary to make a short

historical/
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historical survey of some aspects of the hydrogen-

chlorine reaction in oxygen free mixtures, where the

recombination of chlorine atoms has been considered

as a chain-brcaking mechanism. Only points relevant

to the mechanism of recombination will be dealt with

now, and the more complete discussion of this reaction

will be left to Part 3 of this thesis.

The earliest papers of Bodenstein and his

co-workers did not envisage the recombination of

chlorine atoms in the gaseous phase, and even his

mechanism of reaction in 1916 (11) did not introduce

any chlorine atoms at all. Nernst (12), in his

chain reaction scheme involving the primary dissociation

of chlorine molecules, introduced the equation

CI + CI MIL
m

as a chain breaking mechanism. The possibility of

the formation of d molecules during the reaction
3

was first suggested by Gohring (13), who introduced

the reaction

CO. + Clg—* ci3 ,
but neglected all reactions involving the Cl„ molecule

3

in his kinetic expression as unimportant. Thon (14)

introduced the G1r, molecule into his scheme of re¬

action, as did also Cremer (15).

In 1925 Born and Franck (16), from quantum

mechanical/
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mechanical considerations, concluded that the formation

of a homopolar diatomic molecule required a triple

collision of two atoms and a third body acting as a

stabilizer. Thus a simple reaction of the type

01 + CI—vd2
was not to be expected, while if the original con¬

clusions of Born and Pranck were correct a reaction

of the form

CI + CI + M-^Clg + M
would be required. In th© case of bromine this

mechanism has been proved correct by Rabinowitch and

Wood (17) and confirmed by ¥. Smith, Ludlam and

Ritchie (loc. cit.). In 1932 Rollefson and Syring

(18) from quantum mechanical equations for the

potential energy of systems of three atoms, showed

that for all halogens the molecules of the type

were relatively stable at room temperature with

respect to decomposition into Xr and X. The formation

of COL was put forward as a two body mechanism:-5

CI + 01 ? CI
2 3

without the necessity for a third body as stabilizer.

Craggs and Allmand (19) assumed the formation

of Gl„ molecules in their investigation of the
o

hydrogen-chlorine reaction. They found it necessary

to assume under certain conditions a higher ratio

for (GLa)/(d) than that corresponding to the
equilibrium:-/
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equilibriums-

(31 + 01r.^=± 01,^ 3

They alao suggested that CI molecules are more
3

readily adsorbed on the walls than are 01 atoms. In

a later paper Craggs, Squire and Allmand (20) in

considering the removal of Clgmoleculea suggested
1. <31 >01 + <31

3. 2
2. 201- >3d

3 2
3. CI + <31-—>201

3 2
but concluded that only 2 was significant though at

very low pressures of chlorine 3 migfct play an increas¬

ing part. Craggs and Alliaand (21) further suggested

the possibility of the triple collision

01 + <310 ♦ M > GL + M
a 3

as a recombination mechanism, but no definite experi¬

mental evidence seems available. As already pointed

out the question is of importance in view of the fact

that all rates of reaction involving chlorine atoms,

under similar conditions, would then be dependent on

the pressure of added gas or otherwise inert products

of reaction. Ritchie and Norrish (loc. cit.) gave

data to show that in oxygen-free mixtures of hydrogen

and chlorine the rate of photocombinatlon was retarded

by hydrogen-chloride itself, and this apparent effect

has been the object of considerable investigation and

discussion/
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discussion (inter alios j- Craggs, Squire and Allmand

(loc. cit.); Potts and Hollefson (22). Recent

investigation has favoured the view that any possible

effect of hydrogen-chloride is connected with surface

action only# Since the analysis of the Budde Effect

in bromine involved consideration of surface effects,

as well as the kinetics of atomic recombination in

the gas phase, a similar examination of the Budd©

Effect in chlorine was thought likely to be most

effective in settling the matter.
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2. DESCRIPTION OF APPARATUS.

The apparatus is shown diagramatically in

Figure 1. The reaction vessel was a spherical bulb of

soft glass of capacity about 1500 c.c., immeroed in

water thermostatically controlled by a circulating water

system. The source of illumination was a 200 watt

Osira mercury vapour lamp run at 220 volts, the voltage

being controlled by means of a Solus stabiliser, which

reduced variations in voltage to - !%• The light

passed through a 5% solution of copper sulphate con¬

tained in a 500 c.c. flash, which acted as a focussing

lens as well as a light filter. The light emerging

from the reaction vessel was re-focussed by a similar

flash of distilled water on to a photronic cell,

enclosed in a wooden box with blach matt interior and

small circular aperture. The current from the cell

was recorded by a mirror galvanometer, the light

absorbed being measured as the difference of galvano¬

meter readings.
Figuyft 1.
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Cylinder chlorine was passed through two

wash bottles containing alkaline potassium permanganate

and one containing concentrated sulphuric acid. It

was then passed through a tube of phosphorus pentoxide,

and fractionated several times by means of liquid air

between the traps T_ and T , and was kept in the solid
l a

state in Tg surrounded by liquid air. Nitrogen,
oxygen and argon, obtained from cylinders, were passed

through phosphorus pentoxide and the liquid air trap

Tg before storing in the flasks and Pg. Carbon
dioxide was obtained both from cylinders and from

the action of dilute hydrochloric acid on calcium

carbonate, and was purified by successive treatment

with sodium carbonate, concentrated sulphuric acid,

phosphorus pentoxide and a carbon dioxide - ether

mixture. Hydrochloric acid was prepared both by

the action of concentrated sulphuric acid on concen¬

trated hydrochloric acid and by photosynthesis within

the apparatus as will be subsequently described. The

hydrogen-chloride from the concentrated acid was dried

with phosphorus pentoxide and fractionated by liquid

air traps.

The pressure in the inert gas line was

measured by the manometer Mg, which was closed when
desirable by the tap t^g. Hydrogen was prepared by
electrolysing an aqueous solution of potassium hydroxide

and baryta, and was collected temporarily in a

reservoir/
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reservoir over distilled, water saturated with the

gas (not shown in diagram), before passing through

a catalyst tube containing copper foil maintained at

350°C by a heating coil covered with asbestos windings,

and then over a tungsten filament at dull red heat.

The gas was passed over phosphorus pentoxide and then

stored in the flask F . For the experiments with
o

water vapour, a sealed tube with ground glass tap tgg
was filled with distilled water, freed from residual

gas by boiling at reduced pressure at room temperature.

The tube was connected at the main inert gas line. It

was attached only just before it was required and

was drawn off immediately it was no longer necessary.

The high vacuum line led from the Hyvac

oil pump through the tap t^ to a phosphorus pentoxide
tube. During those experiments connected with the

study of a baked-out rdaction vessel a mercury pump

system was fitted in here, consisting of a mercury

distillation pump with taps tg7 and tgg at either
side, and also a direct by-pass through, tap tgo for
use in evacuating large quantities of gases, especially

chlorine, until a small residual pressure only

remained. Thence the high vacuum line passed

through a liquid air trap used to prevent chlorine

reaching the pump. After passing through the tap

t there were two junctions. The first led through

the tap t^ to the low vacuum line, while the second
through/
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second through the tap t^, led to the reaction vessel
and the Bourdon Gauge. Another function further

down the line passed through the tap t to divide into
o

three lines; one to the outer surface of the Bourdon

gauge, the second to the mercury manometer through

tap t1Q, and the third to the two-way tap tg. One
line from t^ opened to the air through a tube con¬
taining anhydrous calcium chloride and phosphorus

pentoxide to remove impurities. Air was admitted

in this way to the manometer and to the outer part

of the gauge. The other arm led to the low vacuum

line. Beside the manometer was on the one side a

second manometer M, closed by the tap t__ to register3 J. JL
the vacuum obtainable by the pump, and on the other

a barouaeter tube to indicate atmospheric pressure.

The low vacuum line passed to the water pump

throu^i the tap t^, a T junction with tap tg being
inserted so that the vacuum at the pump could be

relieved before turning off the water. For con¬

venience in fractionating chlorine, the low vacuum

line led through the taps t and t to either side
xo 13

of the tap t^4 separating the liquid air traps T^ and
Tg.

The temperature of the reaction vessel and

Bourdon gauge was kept constant at 25°C by means of a

circulating/
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circtilating water system. Water from a thermostat

tank was pumped to a constant level reservoir above

the apparatus, whence it descended through a glass

wool filter, which was renewed every day; one branch

passed through the jacket of the Bourdon gauge, while

the other lead to the base of the water bath surround¬

ing the reaction vessel. The overflows returned to

the thermostat tank.

The pressure of gas in the reaction vessel

was measured by slightly opening both the taps t^ and
ta simultaneously when admitting gas and regulating
the inflows so that the pressure difference indicated

by the pointer of the Bourdon gauge remained zero.

The pressure of gas in the reaction vessel at any

moment was that registered by the manometer S4^. Before
commencing any experiment the reaction vessel was first

washed out with chlorine.

Where photoaynthesised hydrogen-chloride

was used as the inert gas, the volume of chlorine

equivalent to both the chlorine and the hydrogen-

chloride required was first admitted, and then the

hydrogen equivalent to the hydrogen-chloride was added.

The vessel was illuminated with slowly increasing

intensity of light, and was finally given at least an

hour's full illumination after the reaction was

apparently complete.

The/
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The mercury vapour lamp was enclosed In a

wooden box with circular aperture in front of which

was a holder in which a monochromatic glass plate

could be fitted. In front of this was a sliding

copper foil shutter on a rod, which could be moved to

and fro to obscure the light when required. For

experiments with light of varied intensity a rotating

sector was inserted between the lamp and the focussing

lens.



-18-

3« THBORBTIGAL PISCUS SION.

Before quoting the main results and

discussing the possible mechanisms of the recombination

of chlorine atoms, it is convenient to mention a series

of observations which were not observed in the

corresponding experiments on the Budde effect in

bromine by W. Smith, Ritchie and Ludlam (loc. cit. ).
These form such a marked inaicatt©n of the possible

.

mechanism that it is essential to discuss them when

reviewing the latter, and therefore they cannot be

given later with the other experimental results. In

certain mixtures the initial illumination, Instead of

causing a direct rise of pressure to a 3teady value,

produced an increase to a maximum which was not

maintained, a slightly smaller value being finally

reached. Similarly, when the light was cut off, the

pressure as shown by the pointer of the Bourdon gauge

decreased to a minimum less than the initial pressure

of the mixture, but then increased and regained this

value exactly. Figure 2 and Table 1 show the Increase

of pressure with time of illumination for a particular

gas mixture. Accurate determination of the value was

difficult in view of the siaallness of the effect, but

Figure 3 and Table 2 show the mean differences from

several series of observations for 50 m.m. of chlorine

with/



-19-

with varying pressures of nitrogen. The effect was

found to have the same values within the possible

accuracy of measurement for nitrogen, oxygen and argon.

It waa not observed in the case of carbon dioxide or

of hydrogen chloride.
TABUS 1.

Movement of the gauge pointer with time of illumination

Clg - 50 mm. 03 « 300 mm.

TIMS 0. 5 10 15 20 25 30 35 40 50 60
(sees *)

Light, on
P0BJTSR47t0 51,0 53.0 53.6 53.8 53.7 53.5 - 53.2 53.1
BEADING

53.0

POLITER 53.0 49.0 <8.0
READING

47.0 - 46.4 46.2 46.4 46.8 47.0

Figure 2

MOVEMENT OF G-AUG-E POINTER

WITH /ME OF I LLU N\l NATION

2.0 3 O 4-0 4o

T I /V\ E (secowds).
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TABLE 2

PRESSURE OP
ADDED OAS 0 100 200 300 400 500 6000
(mm. )

MAGNITUDE OP
EFFECT 0 0.2 0.4 0.8 0.5 0.2 0
(divisions of
telescope scale)

Figure 3

to A &• IV I TU D E OF "THE SURFACE EFFECT

WITH VPiRlf D PRESSURE OF A t> fc> ED Gr ft S

pressure of added oas (w,.^.y
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Data are also given for the time to attain the

minimum and equilibrium readings of the gauge pointer

when the light is masked for 50 mm, chlorine with vary-

ing pressures of oxygen. Vary similar results were

obtained on exposing the vessel to the light,
table 5

Tto attain equilibrium mid maximum deflections of

the gauge -pointer vfaen the light is shaded.

50 mm, Cl2 with varying concentration of oxygen.

PRESSURE OF
OXYGEN (mm,) 0 100 200 300 400 500 600

TIME TO
EQUILIBRIUM 13 25 45 60 90 120 180
(seconds)
TIME TO MAX,
DEFLECTION 13 15 20 35 60 100 180
(seconds)

Figure 4.

Relation/ between the times to attain

PRESSURE OF ADDEt> &FS(.v^.w.V
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The value of the pressure difference of the

abnormal effect is the same both on illuminating and

shading the reaction vessel. The maximum when the

vessel is illuminated appears to be attained more

rapidly than the minimum when it is shaded. The

final equilibrium value is attained in about the same

time in each case.

The effect, when the vessel is illuminated,

might be attributed to an excess of heat energy in the

gas before thermal conductivity equilibrium is completely

established, the time value being in general agreement

with this hypothesis. A similar explanation cannot

hold however for the decrease observed on cutting off

the illumination. It is unlikely therefore that the

cause is connected with a rise or fall in temperature

of the main body of the gas. Some species must be

produced as a result of illumination, which is ad¬

sorbed to some extent on the walls of the vessel. This

species is completely desorbed into the main body of the

gas when its equilibrium concentration is no longer

maintained by continued adsorption after the light is

cut off. The pressure Increase (Ap) of the steady

state is less than the value which would be recorded

if no such adsorption occurred. Correspondingly

when the light is cut off the pressure falls to less

than/
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than the original value, and only returns to the

initial pressure when the adsorbed product escapes

into the gas phase. The effect is negligible at

zero pressure of added g&3j adsorption of chlorine

atoms is thus not regarded aB responsible, since the

number of atoms then reaching the wall would be at its

maximum. It is therefore due to a species which

becomes increasingly important as the inert gas added

prevents chlorine atoms reaching the walls by diffusion,

At the highest pressures employed the species is

regarded as prevented from reaching the wall by the

inert gas. It does not accumulate, but is removed in

the teas phase. The effect at 600 mm. of inert gas

is substantially zero. Such observations Indicate

that the process occurring in illuminated chlorine is

essentially differait from that in illuminated bromine.

If a Cl„ molecule is formed in the process
o

of recombination of chlorine atoms it could play the

part visualised above for an adsorbed species and

explain this abnormality in the Budde effect. It is

necessary from the above observations that the species

COL- should be formed by a three body collision since
o

otherwise the effect would at a maximum at low pressure

of added gas, and would progressively decrease with

each addition. If formed by a three body collision

however/



however, the effect will increase until the added gas

finally prevents the 01^ though increasingly formed,
from reaching the wall in a3 great a number. This

agrees with the observations. This effect thus

indicates that any true mechanism of recombination

should include a species such as a Cl„ molecule, which,
%J

in addition, is formed by a triple collision.

In view of the above adsorption effect the

true Budde effect is not the difference between the

original dark pressure and the pressure in the steady

state of illumination, but rather the change in

pressure which would have been observed if no adsorption

had occurred. The maximum pressure difference observed

was therefore taken as the 3udde effect. This value
be

willAsoiaewhat less than the true increase, as adsorption

orossorption must be taking place even in the short

time taken for this difference to reach its maximum

value. The error thus introduced is regarded as small

since the adsorption effect AB of figure 2 is, at its

maximum, about 10% of the total change. An examination

of the slope of the curves of figure 2 after the

maximum and the minimum suggests also that comparatively

little adsorption and desorption occurs before the

attainment of the maximum difference, as the initial

gradient after this point is small and subsequently

increases/
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increases before finally tailing off.

The absence of the effect in the case of

hyclrogen-chlorlbe and carbon dioxide la perhaps not

unexpected. Physical adsorption at a surface occurs

readily with substances whose boiling point lies not

greatly below the temperature of the experiment, and

with increasing difficulty as this interval increases.

■The ''permanent" gases such as oxygen, nitrogen and argon

are thus very sparingly adsorbed and will not hinder the

adsorption of the Cl^ molecule, while carbon dioxide
and hydrogen-chloride will be relatively easily adsorbed,

and will entirely change the nature of the wall.

Budde effects(A p) are given in the results

as divisions of the telescope scale, with an approx¬

imate error of £ 0.1 divisions (1 division » 0.0476 ana.).

In the examination of each mechanism of

reaction, chlorine atoms are taken to be formed as the

direct result of the absorption of the light of the

wavelengths transmitted by the system. The nature of

the light absorbed by the chlorine will depend on the

absorption spectrum of chlorine, the absorption of

light by the glass bulb and focussing flask, and the

spectrum of the mercury arc. Consider the glass first

as this is the chief limiting factor. The extinction

coefficient of soda glass (23) is given in tabic 4.
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TABLE 4,

Extinction coefficient (£ ) of

soda glas3.

WAVELENGTH EXTINCTION COEFFICIENT

A. U.

3150 7.6

3200 5.0

3400 1.29

3600 0.45

£ is defined by I as I e~€<i where d is the thickness
o

in cms. From this table it appears that all the lines

of the mercury spectrum of wavelength less than 3400

A.U. may be neglected. The copper sulphate filter

solution will cut all lines in the red and orange and

hence we may neglect lines beyond 5800 A.U.

The absorption of light by a gas at various

wavelengths is commonly expressed as the extinction
*m ^ d

coefficient defined by the equation I * I 10

where oC is the decadic extinction coefficient, I and

are the intensities of the transmitted and incident

light respectively and d is the thickness of the

absorbing layer. Values for chlorine have been given

by many workers(84) and Figure 5 is drawn from accepted

results.
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Figure~5.

EXTINCTION COEFFICIENT C°0 OF ClgL«

WAVELE MG-TH.

The absorption curve shows a maximum at about 3340 A.U.

and a minimum in the yellow. From the yellow the

absorption increases and reaches a second maximum

between 6140 and 6460 A.U., but as already stated a

second portion is cut out by the filter solution. From

the graph it is evident that no appreciable absorption

will take place beyond 4500 A. U.

It is therefore only necessary to consider

that portion of the mercury arc spectrum lying between

3400 and 4500 A.U. The exact output in quanta for the

various lines of the mercury spectrum varies v/ith

different/



-28-

different lamps, but the following values of A.J.

Maddock (25) give an indication of the relative values

TABLE 5.

Output at different wavelengths of a mercury

vapour lamp.

Wavelength in A. U. Output in quanta per sec.
per sq. cm. at 100 cm.

4558, 4329 1.89 X 1014
4078, 4047, 3984 9.5 X 1013
3906 2.6 x 101S
3704, 3663, 3655, 3650 2.5 X 1014

For simplicity take the groups of lines at

the approximate mean values conventionally given them.

We then have four lines 4360, 4050, 3906 and 3660 A.U.

with relative intensities 1.89, 0.95, 0.026 and 2.5.

By reference to the graph of extinction coefficients

for chlorine we get the following approximate

corresponding values of o( j -0.12, 0.35, 0.6 and 1.5,

which lead to values for 1, 1 and d being taken as
o

unity, of 0.7586, 0.4476, 0.2512, and 0.03162. Hence

1 - 1 ■ 0.2414, 0.5535, 0.7488 and 0.9684 respectively

But the true I is output x (1 - 1), the values of
abs °

which are given below in Table 6.
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TABLE 6.

Intensities of the wavelengths of light absorbed

by chlorine.

WAVELENGTHS

4360 4050 3906 3660

RELATIVE OUTPUT 1.89 0.95 C.026 2.5

(10 - *> 0.2414 0.5535 0. 7488 0. 9684

Iabs 0.456 0.525 0.195 0.242

The absorption of light at 3906 A. U. is

evidently insignificant, and the effective absorption

may be considered as consisting approximately of

2/5 of the intensity at each of 4360 and 4050 A. U. ,

and 1/5 at 3660 A. U. These figures take no account

of the exact absorption of light by glass where the

bulk is transmitted.

The convergence limit of chlorine is 4785 A.U.

(59.4 K. cals) and the energy of dissociation 56.9 K.

cals. while the proportional mean of the wavelengths

of the 3 lines effectively absorbed is 4100 A.U.

(69.4 K. cals. ).

Mechanism I.

The examination of the Budde Effect in

bromine/
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bromine "by W. Smith, Ritchie and Ludlam (loc. cit. )

established the mechanism

1. Brg > Br + Br
2. Br + Br + M » Br + M

2

3. Br + wall > ^Br
2

The concentration of atoms in the gas phase

is reduced by removal of atoms by the walls of the

reaction vessel. At higher pressures of bromine

this effect decreases. The addition of inert gas

will hinder atoms diffusing and where as in this case

the reaction is a three body mechanism it will still

further increase the preponderance of recombination

in the gas phase by increasing the concentration

of third bodies.

If the reaction in chlorine is of the same

form as that for bromine, then the mechanism becomes

No. Reaction Velocity
coefficient.

1. CI + CI k2 1
2. CI + CI + M 5.01g + M
3. CI + wall—* idl S

S [d] is the rate of removal of atoms from

the gas phase to the wall, and includes the rate of

diffusion to the wall through the gas mixture as well as

the collision factor depending on the nature of the wall

itself. With a large reaction vessel and a high

cone en trat ion/
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concentration of reactants reaction 2 will predominate

over reaction 3. The total heat evolved In the gas

phase is then proportional to Iaba» At equilibrium
the increase of temperature is dependent on the rate

of conduction of heat to the thermo3tated walls, and

hence on the thermal conductivity of the gas mixture.

In the photostationary state:-

d [01]/dt » k1Iaba - ^ [Cl]l[M]- S [pi] a 0
Any rise in temperature in the gas phase

results from reaction 2 and any heat evolved in

reaction 3 is lost on the walls. Hence the heat

produced in the gas phase is proportional to

^[ci] [m]. In the steady state, the rate at which
heat is transferred to the walls will be equal to

the rate of heat evolution in the gas phase, and the

rise in temperature will be dependent on the thermal

conductivity of the gas mixture.

The beam of light used in the experiments was

relatively narrow, fixed in position, and traversed

a gas mixture between thermostated walls. We can

use the general conductivity formula

Q = K A AT/x

where Q is the heat quantity transferred per second

across an area A, AT is the difference in temperature

between two planes at a distance x, and K is the

thermal conductivity coefficient of the medium between

the/
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the two planes, in the form:-

Q c< AT. K.

where At represents the rise in temperature of the

mixture in the illuminated steady state. The increase

in pressure in a gas mixture is proportional to the

rise in temperature. Therefore

Q ©< Ap. K.

and Qo< k [d]* [m]
Hence K Ap k [Cl]2 [m]M

or R K Ap = ^ Loi]1 [a]
where H is a constant.

Proifl equation (1)

M 8 - /^7^rSl)/»W j
k^ may be taken as 2, and [Cl^ must be positive.
Therefore

[01] . (- 3 + /32 - 8 1^3 kH [Ml) /
But R KAp = ^ LM1[G11 = 2 Iabs " S[G1]
Hence, substituting for [Ol]
r k Ap = 2 iaba - 3(y3* + a iabs 4 [a]- u

For mixtures of chlorine and one inert gas [m] k^ must
be replaced by ^[ci^] k^ + where X is the
pressure of the inert gas. Equation 2 then becomes

R K Ap = 2 Iabs - S (£*8 Iabs ( [Clgl ^ - [X] 4-3
2 (LcaJ na> + [X] 4)2

or R K Ap = 2 l0bB - Y
whence

I . = i (E K Ap + Y)
abs
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The thermal conductivity K will differ for each gas

mixture. Actual measuranents of these were made in

Part 2 of this research.

Where a species diffuses through a mixture

of gases whose diffusion coefficients are D]_, D2 e"kc«
respectively, t the time required to diffuse a given

distance is proportional to the sum of the reciprocals

of these coefficients,

t h * )
Nov/ S the rate at which chlorine atoms reach the walls

of the vessel and are removed is inversely proportional

to 19 hence
/

S = m )
where m is a constant depending on the vessel dimension

nature of the wall etc. and

D

x (ud: ^ 1/MA + 1//Mx ) "2
Here is the molecular weight o-f the particle

diffusing i.e. the chlorine atom. is the molecular

weight of the inert gas X. [x]is pressure of

the inert gas and (T~~t is the sum of the radii of theAX

inert gas molecule and atom. Possible convection

effects are neglected as "being of small importance,

while the possible increase in pressure due to the

dissociation itself has already been discussed and

found/
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found negligible.

The full analysis of the resulta will be

delayed till later but certain indicationa may now be

given briefly. The formula

Iaba " i <a sA5 ♦ r>
can be tested by reference to the variation of Ap due

to for a given mixture all other factors remain

constant. If the above mechanism is the correct one

the observedAp will not be directly proportional

to Iabs'
The sensitivity of the photronic cell varied

with the wavelength and therefore the use of filter

solutions or glas3 plates to alter the intensity could

not conveniently be employed. The rotating sector

method was accordingly adopted to give a reduced inten¬

sity of half the initial valuej a greater reduction

gave values ofAp too small for accurate measurement.

As will be found in the results laterAp is proportional

to Iaba within the limits of experimental accuracy
over the entire region from zero pressure of inert

gas to 500 mm. Further, the adsorption effect

described above cannot be explained on the basis of

this mechanism. The demonstration of the impossibility

of fitting the general Budde effect results to equation

3 will be given under calculation of results.

Mechanism 2.

The second mechanism which will be considered

is/



-35-

is based on the work of Rollefson and Eyying (loc.

cit.) who suggested from quantum considerations

01 + 01 01
2 3

CI + CI > 301
33 2

no third body being held to be necessary as a stabilizer.

This leads to the full mechanisms-

COL +/ M-" > 01 + 01 k.
2 *

CI + CI > CI k
2 3 2

Gl„ + CI,, > 301 k3 3 2 3

d > iClg at surface S
G1 > 3/2 d at surface S,

3 2 1

The rise in pressure on illumination will be due to

the heat liberated in reactions 2 and 3. Adsorption

of chlorine atoms and Clg molecules on the wall will
reduce the heat effect, and hence the diffusion of both

species to the walls should be considered. 3jt does

not follow that such adsorptions will occur at every

collision with the wall, and Cragg3, Squire and

Allmand (loc. cit. ) have indicated that different

surfaces may have different efficiencies of adsorption

of CI and Cl_. The Cl_ molecule by virtue of its
O o

size and weight will diffuse much more slowly; the

difficulties of calculation of the effective diffusion

of both CI and CI are such that the assumption has
3

been/
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been made that the adsorption of Cl„ ia not appreci-
5

able. This, of course, will not be exactly correct

as indicated by the '"abnormal effect" above mentioned,

but in view of the siaallness of this effect the broad

conclusions drawn are regarded as justifiable.

Furthermore, the adsorption effect indicates a high

degree of stability in the CI^ molecule when adsorbed
on the surface of the vessel, since, for instance,

at 400 mm. inert gas a measurable concentration is

present 60 seconds after the light is cut off.

If the Gig molecules formed are then converted
in the gas phase to Gig molecules, the heat produced
in the gas phase is proportional to [Cl] [CI ], and

in the steady state will be equal to the heat trans¬

ferred to the walls per second. The rise in

temperature will depend on the thermal conductivity

of the gas mixture. As was stated under the previous

mechanism the general conductivity formula may be

applied in the simpler form Q=< K AT.

For any gas mixture the increase in pressure is pro¬

portional to the rise in temperature ; hence

Q o< k A p

and

K Ap [Cl] [Cl ~]
2

In the photostationary state, by mechanism 2

~—

= *1 J.b. " *2 LCl1^ " 8 M = 0
dt

where/
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where S is the factor representing the rate of diffusion

of CI atoms to the wall.

Hence [d] = *abs

(S + kg [Cl2] )
and

K Ap kl Iabs
<3 + k8 [^sJ

This expression meet3 the requirement that A p ^a^a*
It may be further noted that if an appreciable number

of CL„ molecules should be adsorbed on the walla and
0

destroyed,the competition between this process and the

bimolecular recombination to Ci0 molecules would yield
« &
"t

an I . * term in the expression forAp contrary to
abs

experiment.

If we consider equation 2 as reversible by

introducing

a3 . ci
with the coefficient k., the heat produced in the gas

4

phase then involves three terms : k [d] [ciJ »
X *5

k^ » anci * Since as much heat must be
absorbed in the reverse action as is liberated in the

forward action

« = *2 <"8 t01! K] - k4 ttt»l > * *3 *3 Kl1
where k' and k' take account of the fact that different

o 3

amounts of heat are involved in the two stages. For

equilibrium conditions represented by the reversible

equation

(XL +01^^ Cl3
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the equilibrium constant k = [Gl] [d "] / {^Cl_] ,

application of the previous method gives

^bs tosl / <S + (ks - *3 / k) K1 >
which is of the same general type as before. No

distinction thus appears between the two mechanisms.

If the 01 equilibrium is not attained, the analysis

is more complicated, and yields terras in .

As was shovm earlier, the variation of the

surface effect with inert gas pressure indicates,

not merely the formation of the Cl^ molecule, but also
that this process is brought about by the action of

third bodies, which is contrary to this mechanism.

The testing of this formula with regard to variation

of cannot be conveniently examined, because

increase of chlorine pressure causes the position of

maximum absorption to move nearer to the wall where

the light enters, thus altering the position of the

source of Gl atoms and increasing the difficulty of

calculation of the diffusion factors for the various

pressures. It can however be tested in relation to

S by the addition of other gases.

Mechanism 5.

Craggs, Squire and Allmand (loc. cit.) suggested

the possibility of the triple collision

CI + Clr> + M > CI + M2 3

whicV
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which leads to the mechanism:-

1. Cl0Is + /Lv * CI 4- CI

2. CI + <31 4- M ^Cl_ ♦ M k02 ts «

3. «aa ♦ d3 » 301g k3
4. Cl¬ > 2 CI at surface S

2
in this case the heat produced in the gas phase is

porportional to;

La] i—>aH cg_, Is1 1—1

Since
dt

= kl Iab8 " kj}M M -8 [ail =

[01] = 4 [*1 + s>

and KAM "l U»1N
4- S)

2

Since M may he either of the gases of the mixture

fcgM becomes (k [ClJ + k^ [m])
o.

therefore K A p c<

<L0121 t:VMJ + s)
But I _ is constant during the experiment* and if the

ah 8 *

triple collision coefficients are referred to chlorine

as unity, and R is a constant*

rkAp
_ loi2] ([ca^ ♦ k [*] )= M

L^al < lCTal - \ M> - s
But S is proportional to the diffusion efficient

of/
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of the mixture defined in Mechanism 1.

Henoe
shp = [aj ([oig] ♦ *„[*]>

( [Clgl ( [cigl + !Cm [M]) + m D)
Putting (

and hlD

[asly
we have Ap =

HK(1 + z)

It should be pointed out that if equation 2 is

reversible and the equilibrium

CI + Clg + M ^ Cl3 + M
is established, the heat then produced in the gas

phase can be expressed b, an equation of the form

Q^lQlgl IabB / (3 + k' [Olg] [M])
which is of the same general type as before, Presen

calculations therefore do not admit of distinction

being made between these two mechanisms. *
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4. EXPERIMENTAL PROCEDURE AND RESULTS.

The first step was to calibrate the Boijrdon

gauge at various pressures. The procedure was as

follows:- with the lines between the two sides of the

gauge open the vacuum was reduced by admitting dry air

through the two-way tap till the manometer registered

the approximate pressure at which it was desired to take

a reading. The tap to the reaction vessel was then

closed and the pressure on the other side of the gauge

reduced by the water pump via the low vacuum line, till

the gauge pointer registered a reading of between 90

and 100 on the telescope scale, the exact reading being

recorded. The vacuum reading of the closed manometer

and the pressure reading of the manometer were then

taken - the difference being the pressure of gas in

the jacket of the Bourdon gauge. Air was then

cautiously admitted through the two-way tap till the

pointer of the gauge registered between 0 and 5

divisions on the scale. The readings were again

taken. Prom the difference of the readings before

and after the admission of air the relation between the

pressure variation and the gauge reading was ascertained

for that range of pressure. These readings are

recorded in Table 7. It 13 evident from them that

the gauge has the same sensitivity throughout the

whole/
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whole range, and it will be unnecessary therefore later

to convertAp from scale divisions to millimetres in

the calculations.

The experimental accuracy of any gauge reading

may be taken as + 0.1 divisions of the telescope scale.

TABLE 7

Calibration of the Bourdon Gauge

Appeox. A p Gauge Ratio
Gas Diff. Gauge

Pressure Diff.
(am. ) (mm.)

Pressure
Diff.

738.0 704.0 699.3 96.5 2.0 38 4.7 94.5 20.0

740.0 591.5 587.0 97.8 4.5 150 4.5 93.3 21.2

742.0 407.0 403.0 91.3 2.5 337 4.0 88.8 22.0

745.0 210. 0 205.5 97.0 3.8 538 4.5 93.2 20.7

747.0 71.0 67.0 88. 5 1.5 678 4.0 87.0 21.7

The mean ratio is 21.02 divisions per ma.

Therefore 1 division of the telescope scale is equal

to 0.0478 mm.

Two series of readings were now performed to

decide the most suitable pressure of chlorine to use

in the main experiments. The two pressures of

chlorine used were 45 and 100 mm. Dry air was used

as/

Manometer Manometer Gauge
Readings

Ms ^
2
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as the Inert gas. The experimental procedure, which

was practically the same as in all subsequent series,

was as follows. The reaction vessel having been well

chlorinated, and the apparatus thoroughly evacuated,

the Hyvac pump was opened direct to the solid chlorine

in the tube T . Any traces of air etc. were removed.
A

The taps were then closed. The flask of liquid air

surrounding the chlorine was removed and the solid

chlorine allowed to warm gradually. The tap t^0 was
opened. When a small surface layer of liquid chlorine

had developed the tap leading to the reaction vessel was

slowly opened and clilorine gas allowed to enter. At

the same time dry air was admitted to the manometer line

through the two-way tap at such a rate as to keep the

gauge pointer central. When nearly the required pressure

had been admitted to the reaction vessel the tap leading

to it and the two-way tap v?ere closed. A little later

the tap t was closed and the liquid air jacket

replaced on the chlorine tube. Air was now admitted

through the two-way tap till the manometer registered

the exact required pressure. Sufficient chlorine had

been trapped in the high vacuum line to allow of a

further addition to the reaction vessel sufficient to

centralize the gauge pointer. When the exact pressure

of chlorine had been admitted the tap to the reaction

vessel was closed and the tap tg opened and the
residual/
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residual chlorine in the high vacuum line was frozen

out into the trap T^. The high vacuum line was now
evacuated with the oil pump to remove any residual

traces of chlorine. After the experiments the frozen

chlorine in T^ was removed by the water pump.
The mercury vapour lamp having been turned on

for not less than 30 minutes so that maximum intensity

was attained, the copper foil shield was drawn back and

the reaction vessel exposed to the light. At the

same time the reading of the pointer was noted at the

initial equilibrium position, the position of maximum

deflection and the final equilibrium position. The

shield was then drawn forward and the readings repeated#

True experimeatal equilibrium was only considered to have

been attained when the corresponding equilibrium values

were substantially constant over a series of readings.

In the initial experiment to decide on the

pressure of chlorine to be used, only the true Budde

effect (initial equilibrium to maximum deflection) is

given, as it was only in this experiment that the

"surface adsorption effect" was discovered and its true

nature was, of necessity, only realized after the

readings were completed. It was however, accurately

investigated in the later experiments and the "dry

air" experiment was in any case not intended as an

accurate series but as a guide to the desirable pressure

rt-f* r»hir»T»ine to be used in later work.

The/
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The addition of inert gas was performed

by a technique sufficiently similar to that of admitting

chlorine for description to be unnecessary. After each

addition of gas about 15 minutes were allowed for

complete mixing. In the special case of the initial

series with dry air a slight modification was necessary,

the tap between the high vacuum and the manometer lines

being opened so that the air which was admitted to the

gauge by the two-way tap could also be admitted to the

reaction vessel by opening the tap t^. The results
for the "dry air" series are recorded in Table 8 and

plotted in Figure 6.

TABLE 8.

Magnitude of the photo-expansion at

different pressures of

chloride.

Pressure of Budde Effect with

Inert 0a3. 45 mm. Cl„ 100 mm. 01
2 2

(mm. )

0

200

400

600

2.0

5.2

7.2

9.2

4.6

6.9

9.0

10.6
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Figure 6

It will be seen from Figure 6 that while the

Budde effect with chlorine only is highest with large

pressure of chlorine, the slope of the graph is best

observed at low pressure. It was decided that 50 mm.

chlorine was the most satisfactory compromise

between these two factors, as the pressure increase

with chlorine only would be sufficient for accurate

measurement, while the increase with additions of

inert gas was sufficient to allow of accurate

study of the inert gas effect.
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Meaaurements of the photoexpansion (Ap)
for 50 mm. chlorine with varied pressure of the gases

nitrogen, oxygen, argon, carbon dioxide and hydrogen

chloride were now performed. The results are given

in Table 9 and Figure 7.

TABLE 9

Variation of the Budde Effect for 50 mm. 010 with
<0

Added Oases.

Pressure of Budde Effect
Mded Qaa. wilh'tKe inert gaa

'mm.) Hs °s A CO, HOI

0 2.5 2.5 2.5 2.5 2.5

100 3.9 3.7 4.8 4.5 4.4

200 5.2 5.3 6.3 3.2 7.2

300 6.4 6.3 3.0 7.7 9.9

400 7.2 7.1 9. 6 9.0 12.1

500 7.6 8.0 10.7 10.1 13.7

600 7.9 6.6 11.6 11.2 15.1
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Figure 7.

PRESSURE OF ftDDED OAS (w,.^.).

The values for HOI prepared from concentrated acid and

by photo-synthesis, and for 00 from cylinders and
2

prepared from calcium carbonate were the same, and

accordingly the above figures are the mean of all values

obtained. At the same time as these readings were

being taken complete study was made of the surface

effect and the results have already been given above.

Several methods were tried before a satis¬

factory one was found for measuring the variation of

the /
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the Budde effect with alteration of the intensity of

light absorbed. A Weston photronic cell was used to

measure the intensity of light transmitted, and the

variation of sensitivity of this instrument with the

wavelength of light is given in Figure 8 (26), on which

is also indicated the approximate limits with which light

was transmitted "by the system, and also absorbed by chlorine.

It will be seen from this graph that it was not

possible to measure variation of intensity absorbed

by difference between the deflections due to the light

transmitted, as the light absorbed lies only in a

relativelv/

Figure 8

comparison of sensitivity of

photronic cell with \n/\veLEIV&th s

OF LIOHT TRANSMITTED BY Sy ST E N\

A M £> ABSORBED BY chlorine,
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relatively insensitive portion of the region of

sensitivity, and moreover t e sensitivity actually

more than doubles between the boundaries of the region

of absorption.

With the use of the unimpeded light and

through one and two copper gauses series of readings

were obtained over the fullrange of inert gas pressure

related to one another by the constant factors

1 i 1/2 s 1/3 (approximately); but these could not

be exactly related to the values derived from the

galvanometer readings. With a Chance's ultra-violet

plate in the beam of the light the intensity was

reduced so much that the Budde effects could no longer
no

be read with any great accuracy, while it wa3 byAmeans

certain that the light was thereby rendered effectively

monochromatic towards the photronic cell. The

rotating sector method was accordingly adopted as the

only way of overcoming these difficulties. The

sector was inserted between the shutter and the

focussing flask. It consisted of a circular frame

rotated about its centre, in which alternate quadrants

were obscured. A circle round the pivot was also

solid, so that the ratio of intensities was not

exactly 1 : 0.5. Experiments were first carried out

to find the most suitable rate at which to run the

sector. When thi3 is very alow the pointer of the

gauge/
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gauge and the galvanometer spot light swing to and fro

and as the speed increases the limits converge till

a steady state is obtained. It was found that when

rotated at about 3 revolutions (6 light quadrants) per

second there was no noticeable fluctuation, and the

actual readings were made at 10-12 revolutions per

second. Continuous vision occurs at about 16

revolutions per second, but it was found that if the

velocity of rotation was taken as high as this the

vibration had an adverse effect on the steadiness of

the gauge.

Two series of readings were performed with

Argon and HQ as inert gases the ratio of intensities

being determined before and after each series.
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TABLS 10.

Argon

Variation of the Budde effect with altered
Intensity."

Intensity of 1
Light absorbed]

Reduced » 17.3 divisions
Full = 32.15

Ratio of Intensities = 0.535

Pressure
(mm.)

Budde effect

Full Reduced Full x 0.535

0
100
200
300
500

1.0
2.0
2.5
3.3
4.3

0.5
1.0
1.35
1.7
2.2

0.53
1.07
1.34
1.77
2.3

Hydrogen chloride

Intensity of \ Reduced = 15.5 divisions
Light absorbed] Full =29.0 "

Ratio of Intensities = 0.535.

0 0.8 0.4 0.43
100 1.7 0.9 0.9
200 2.3 1.3 1.23
300 3.3 1.8 1.77
400 4.0 2,1 2.14
500 4.5 2.4 2.4
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It will be seen from Table 10 that the

Bud.de effect is proportional to the intensity of the

light absorbed to the attainable accuracy of measure¬

ment (± 0.1).

We will now consider which of the three mechan¬

isms outlined above will fit the results given in

Tables 9 and 10.

Mechanism 1.

01 + d + M ^ 01
g + M

This gave the equation

a/ /a2 + e i , (Tcaol + MkJ-
R K A p =21 - V abs^- 2-1 CI2 L J M'

StD3 ..»—■!■■■ ■■ 1 ... ...i—..... ■■.... —.... -

»(t«n-al ka2 + M V
This formula can be tested at once by reference to the

variation of the intensity. For a given gas mixture

all the other factors remain constant. Jf the above

mechanism were correct the observed Ap should not

be directly proportional to Iat)a* The results
recorded in Table 10 however show that for nitrogen

and argon there is strict proportionality over the

entire range of pressures.

Further examination of the above equation in

relation to A.p for the given conditions (Table 9)

shows that even for nitrogen ana argon where a constant

triple collision efficiency is indicated (27) and

where/
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where gas addition offers the minimum disturbance from

the point of view of altered wall film, stich a formula

cannot be made to cover the experimental results. If

constants are chosen for the equation to fit one

portion of the nitrogen curve of A p plotted against

[» ] the remainder of the curve shows ever increasing
divergence, and examination of the corresponding argon

series theoretically calculable from the nitrogen

curve, leads to similar conclusions. It is therefore

deduced that under the given conditions recombination

of chlorine atoms does not take place by a process

analogous to the recombination processes of bromine

and iodine atoms.

Mechanism 9.

d + Gig ^ G3.g
8 Cl„ > 3 01oO

This gave the kinetic expression

H K Ap = [Clg] 1CX Iab/(S ♦ kg [013]).
This equation, it will be noticed, fulfils the

requirement of the results in Table 10, since Ap

is proportional to I^s* As» for re8UH's 111
Table 9, remains constant and independent of added

gas, this equation may be put in the fona

H K AP « tclo]/(S + [Clg] ) = l/(m D/50 + l)
where m and R are constants, and D is the factor

(1/D„ + Apply to this equation the values
GUI M

for/ 2

»
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for No0 and. N 300 mm.2 2

12
= 0 K = 0.72 A p = 2. 5 D = 5.26 x 10

R x 0.72 x 2.5 = l/(m x 5.26 x 1012/50 + l) (l)

N2 = 300 mm. K = 2.06 A p = 6.4 D = 1.04 x 1012
"

R x 2.06 x 6.4 = l/(m x 1.04 x 1012/50 + l) (2)
When simplified this becomes

R x 19.0 x 1010 x m + 1.8 R = 1 (l)

R x 27.45X 1010 x m + 13.2 R = 1 (2)

Eliminating m, R = -0.042

But if R is negative the heat evolved is negative which
-10

is impossible. Similarly, eliminating R, m =»-1.345 x 10

But a negative value of m is impossible, since it would

imply that the liberation of heat at the walls brought

about an increased liberation of heat in the gas phase,

which is the very opposite of the truth. If other

results are treated in the same way the same conclusions

are reached.

Hence mechanism 2 is untenable as an explanation

of the experimental results.

Mechanism 3,

G1 + CO.g + M CO.g + M
2C13 —> 3Gig

This gives the formula ;-

A P = 1
R K (1 + Z)

where

m"0

Ldg] Y and Y = ( ^C12]+ KmM ^
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The calculations for the various gas mixtures are

given in Table 11. Use was made of the following

constants

& do = 3.6 x 10 ® era. , o'k = 3.1 x 10 8 cm. , / = 3.9 x 10 8,
«g 0

_p -6 .

<y^ = 2.86 x 10 cm., ^jjqi = 3.0 x 10 cm., =-3.8 x 1(
2

was taken as 2.0 x 10" cm.

K = 0.72, K « 2.28, K_ « 2.33, K « 1.58, K = 1.37,
012 2 2 A °°2

and = 1.61 (see Part 3 of this thesis).
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TABLE 11.

Calculation of the Budde Effect results

according to Mechanism 3.

Nitrogen m =

, mm.
»

D :x 10" 13 mB/50 Y

0 5,.26 505 50
00 2,,24 215 99
^00 1,.42 131 148
00 1<.04 100 197
<00 0,.82 79 246
-00 0,.68 65 295
=00 0,.58 56 344

Argon m

0 5,.26 610 50
00 2,.58 876 76
■00 1,.53 177 102
■00 1,.12 130 128
■00 0,.90 104 154
■00 0,.74 86 180
■00 0,.63 73 206

Oxygen m

0 5,,26 568 50
00 2,.29 247 104
•00 1..38 143 158
■00 1,.08 117 212
■00 0..85 93 266
■00 0,.70 75.6 320
■00 0,.59 63.7 374

01, =s 50.0 mm.

0.48 x 10~8,

1 + Z

K, = 0.49, S
*2

K A p
(calc.)

= 0.050

Ap
$obs. )

A p calc.
A p obs.

10.1 11.1 0.72 2.50 2.5 1.00
2.17 3.17 1.65 3. 92 3.9 1.01
0.88 1.88 1.97 5.40 5.2 1.04
0.51 1.51 2.06 6. 42 6. 4 1.00
0.32 1.32 2.10 7.21 7.20 1.00
0.22 1.22 2.14 7. 66 7.6 1.01
0.16 1.16 2.16 7. 98 7.9 1.01

0. 58 x HO
100

IIm* 0.26, R = 0.050

12.2 13.2 0.72 2. 51 2.5 1.00
3.63 4.63 1.15 4.47 4.8 0.93
1.73 2.73 1.41 6. 20 6.3 0.98
1.015 2. 01 1.46 8.07 8.0 1.01
0. 675 1.67 1.49 9. 55 9.6 0.99
0.48 1.48 1.50 10.7 10.7 1.00
0.35 1.35 1.52 11.6 11.6 1.00

-8
0.54 x 10 , k°2 =

• 0. 54, R = 0.045

11.35 12.35 0.72 2. 50 2.5 1.00
2.37 3.37 1.79 3.68 3.7 1.00
0.905 1.905 2.01 4. 80 5.3 1.09
0. 55 1.55 2.10 6. 82 6.8 1.00
0.35 1.35 2.15 7. 64 7.1 1.07
0.24 1.24 2.18 8.20 8.0 1.02
0.17 1.17 2.21 8.60 8. 6 1.00
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TA3LI3 11 (contd.)
mQ

BX&X&em ffhlQSAdfl n * 0.33 x 10

^iCl S 0#26» R a 0»0608

D
-12

x 10 b£>/50 Y Z 1+2 K f P A P
(calc.} {oba,)

5.26 873 50 17.4 18.4 0.72 2.50 2.5
2.19 364 76 4.79 5.79 1.30 4.40 4 .4
1.38 229 102 2.24 3.24 1.42 7.19 7.2
1.01 168 128 1.31 2.31 1.47 9.75 9.9
0.74 123 154 0.80 1.80 1.50 12.2 12.1
0.66

, 109 130 0.61 1.61 1.52 13.5 13.7
0.555 92 206 0.45 1*45 1.53 14.9 13.1

•Q
Carbon dioxide m » 0.455 x 10 »

k„ » 0.13, R • 0.0518
w3

5.26 479 50 9.58 10.58 0.72 2.54 2.5
2.02 184 63 2.92 3.92 1.15 4.29 4.5
1.25 114 76 1.50 2.50 1.24 6.23 6.2
0.90 82.4 89 0.925 1.93 1.28 7.85 7.7
0.76 69.5102 0.69 1.69 1.30 8,80 9,0
0.58 53.1115 0.46 1.46 1.31 iai 10.1
0.495 45.0 128 0.35 0.36 1.32 10,9 11.2
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It will ber observed that the above expression

gives calculated values in good agreement with the

experimental results. In Figure 7 the curves for the

various gases are drawn from the theoretical values

according to Mechanism 3, while the points marked are

the observed pressure differences. It does not

appear that any better curves could be drawn through

these points. The values of the constants m and R

are sensibly the same for N0» Ar» 0o and C0o, although
<5 O O

for HC1, m is somewhat greater and R less. The constant

m expresses the rate at which atoms reach the wall

and are removed; the high value for HC1 would therefore

indicate a greater efficiency of adsorption of chlorine

atoms by a surface carrying adsorbed HC1, in agreement

with previous conclusions.

In considering the values of k as used in the

above table, it is to be remembered that such values

represent relative triple collision velocity coefficients

only when stabilization of GLg is concerned; if any
other reaction occurs, k would give relative values

for the product of heat of reaction and velocity

coefficient. For 01o, N0 and Ar where the CI
* a 5

stabilization is the only probable process, the k

values, taking k^ as unity, are 2.03, 1.00 and 0.53
respectively.

In/
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In table 12 the relative values of the

triple collision coefficients, k^ taken as unity, are
w2

compared with values obtained by workers on other

reactions.

TABLE 12.

Comparison of values for triple collision

coefficients.

Reaction HC1 CGU2 oo2 °2 N2 A Referen c<e

Br + Br 1.13 1.12 1.0 0. 63 (5)
Br + Br 2.16 1.28 1.0 0. 52 (28)
Br + Br 1.38 1.38 1.0 0. 64 (29)

I + :E 2.72 1.59 1.0 0.58 (30)
CI * 018 0.53 2.03 0.27 1.10 1.0 0.53 Present values

CI + NC13 2.24 2.24 1.47 1.0 0. 94 (31)

H ♦ <}2 5.4 3. 57 2.23 0. 58 1.0 0.60 (27)

0 + ("*2 0.44 1.0 0.63 (32)

0 + < 2.0 2.0 1.0 0.2 (33)

The kv. : k. ratio compares very favourably
«2 a

with ratios determined in other stabilizations

(03, Brg, 1^, H0(,); the value for oxygen (1.10) is
similarly in agreement with the conclusions of

Rabinovitch and Wood (17), that such efficiency is

higher for diatomic than for moneatomic molecules,

and increases with growing molecular size and the

intensity of the molecular fields of the colliding

particles./
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particles. The value for kjjG1 / k^ (0.53) here
obtained is considerably different from that recorded in

the H-0g reaction (Ritchie, (27)) where the value is
5.4; the present value may be more consistent with

size and molecular weight than the higher figure,

obtained for a triple collision which may not result

in the stabilization of H0o, but which may give as

products HgO and 01©.
The ratio s k^ = 0.27 is much less than2

the ratios obtained in other stabilizations (1.4 to

2.7), and it is difficult to visualize other suitable

reactions which might occur on the collision of CI,

Cl0 and 00g. In the examination of the Budde effect
in bromine (5), carbon dioxide was abnormal in that

/

no constant values of m and R could be found to fit

experimental results over the entire pressure range, a

progressive change in surface conditions being regarded

as responsible; it is possible that the small value

of 0.27 may not be unconnected with similar phenomena.

It may also be of importance in this connection that

the "adsorption effect" discussed earlier was not

observed for Gig - C02 and Clp - HC1 mixtures, and
this may be taken to indicate a difference in surface

conditions in these gases when compared with the more

permanent gases N0, Ar, and Op. It is possible that
conditions in the presence of CQp and HC1 are not
to be regarded as comparable with those in the presence

of/'
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of the other gases, and accordingly while the values of

the triple collision coefficients of these gases may be

compared with each other, they cannot be compared with

those for Ng, 0g, and Ar. It will be seen that the
value for is twice that for which is in

8
conformity with the results of other workers.

The effect of water vapour on the Budde

effect was now studied. As the light system had been

upset by the introduction of the rotating sector for

the intensity measurements, a new standard series with

nitrogen as the inert gas was carried out, while for

HC1 and C0g the proportional values are calculated
from the new nitrogen figures. Three series were now

carried out with nitrogen as the inert gas, two with

11 iam. of water vapour and the third with 2 mm. of

water vapour. The values were substantially the

same. In the same way series were pefformed with

HG1 and C0g as inert gases with 8 mm. of water vapour.
A long evacuation without baking-out was performed, and

a series with dry nitrogen now gave results almost the

same as those with 2 mm. of water.

The reaction vessel was now baked-out by

building an asbestos oven round it which was heated by

Meker burners to 300°G. At the same time the vessel

was evacuated by the mercury vapour pump backed by the

Hyvac pump. After two days' treatment the oven was

dismantled/
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dismantied, and the light system replaced. The

intensity was adjusted to the same value by the help

of the photronic cell system. A series with nitrogen

as the inert gas was then carried out. The oven was

refitted and the procedure repeated, except that the

treatment was carried out for three hours only. A

repetition of the nitrogen series gave concordant

results. A series with nitrogen and 2 mm. of water

vapour wa3 now twice performed with results substantially

concordant with those before baking-out.

TABLE 15

Effect of water vapour on magnitude of

Budde effect.

State of Vessel Inert G-as Pressure (mm. )

N
2

0 100 200 300 400 500

Baked out 3.1 4.65 6.0 7.4 8.7 9.9

2 mm. water 2.9 4.2 5.9 7. 5 9.0 10.4

Long evacuation
1

.

100 4.2 5. 6 7.3 mm

°°s
2 mm. water 2.9 4.8 6.6 8.3 9.5 11.1

Normal (calculated) 2.7 4. 8 6.8 8.4 9.7 10.9

HG1

2 mm. water 2.9 5.6 8.3 11.1 13.2 14.5

Normal (calculated) 2.7 5.5 8.0 10.6 12.8 14.3

It/
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It will be seen from the above results that the

differences resultant on baking out and on the addition

of water vapour are small. The baked out value is

slightly higher at low pressures, but this difference

disappears at high pressure of inert gas. This is in

agreement with Craggs and Allmand (loc. cit. ) who

found that the addition of water vapour slightly

decreased the rate of photo-synthesis of hydrogen

chloride under conditions where surface action was

appreciable; a surface carrying adsorbed v*ater was

considered slightly more efficient in removing chain

carriers.

Tffhere Hd and OOg are the inert gases there is
good concordance between the normal and wet readings,

suggesting that in the presence of these gases water has

no appreciable modifying action on the wall. Sodebush

and Spealman (34) in studying the reaction of hydrogen

atoms with HC1 found that the presence or absence of

water vapour has no effect on the adsorbed layer of

HG1 in conformity with the above conclusions. It is

of interest in this connection to quote the results of

■Whytlaw-Gray and his co-workers (35 and 36) and of

Moles (37 and 38) on the adsorption of gases on glass

and silica. As a silica vessel was used in Part 3 of

this work, we may conveniently consider- here their results

with both types of surfaces.

Silica/
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Silica and glass behave quite differently as

regards adsorbed gas. With silica not only is the amount

of gas given off much smaller, but it comes off completely

on one evacuation, whilst from glass it coiaes off

slowly and is only finally eradicated after prolonged

treatment. The gas removable from a silica surface is

perfectly constant, while from glass it depends on the

previous history and treatment of the vessel. Hartley,

Henry and Whytlaw-Gray (35) give the following figures

for volumes of gas adsorbed in c. c. x 10"* per sq.. cm.

of surface at different pressures at 21°G. on silica

TABL'iS 14

Adsorption of gases on silica at 21°G.
6

(c. c. per sq.. cm. x 10 ).

Gas pressure in mm.

760 400

S'..r .».Mp.

200 100

0Q{, 1.45 0.96 0. 56 0.30

Na 0.74 0.42 0.23 0.11

Ar 0.42 0.25 0.14 0.071

0o 0.20 0.14 0. 08 0.041

They give the following table of comparison between

their results for silica and those of Moles for glass

(37). The third column in the table is inserted

to give another set of results by Moles (38) stated to be

made under the same conditions.
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TABL5 15,

Adsorption on glass at 760 mm. and room

6
temperature. (c. c. per squ. cm. x 10 )

Gas * Silica Soda Glass Soda Glass

C°2 1.44 89 89.5

N
2

0. 74 - -

Ar 0.42 mm -

0
2

0. 20 41 39.0

HC1 210.0

Burt and Whytlaw-Gray (36) stated that HC1 was

adsorbed on glass almost directly proportionally to its

pressure, and that the correction to pressure amounted

to 1 part in 10,300. These figures lead us to the

conclusion that HC1 and OOg are very much more
readily adsorbed than the other three gases we have

used, and it is not improbable that in their presence

the wall consists effectively of molecules of these

gases regardless of the presence or absence of water

vapour, whereas for N„, 0„ and Ar, water vapour will

without doubt modify the nature of the surface very

considerably. A factor also tending in the same

direction may be the comparatively great solubility

of the former two gases in water.
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5. SUMMARY AND CONCLUSIONS,

The results obtained for the Budde effect in

chlorine are consistent with the mechanism

1* ^"^2 * hy * CH + 01
2. 01 + Olg <f M 013 + M
3. 2 Olg—* 301g
4. 01—? ?01_ (at wall)

which gives the kinetic egression

R K -A p ss Qlg ( Olg ^ M )
(Gig ( Gig + fcjj M ) + mD)

They are not consistent with any other mechanism which

has been suggested.

A new effect has been observed during the

making of these observations, which can be explained in

strict conformity with the mechanism, and, in fact,

may be held to form an additional proof thereof. This

is, that with certain gas mixtures the gauge pointer,

both on exposing the light and masking it, after

attaining the deflection which constitutes the true

Budde effect, moves back to a position slightly less

than the point of maximum deflection. This is

explained on the assumption that a species (namely the

Clg mdecule) is formed as a result of the reaction
which is adsorbed on the surface of the wall, and is

sufficiently stable thereon for an appreciable

concentration to be built up, but is slowly desorbed

again/
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again, though whether as such, or as a result of

reaction to form the normal 01o molecules, it has not

been found [possible to establish. In accordance with

this explanation, the effect is at a minimum at zero and

at high pressures of inert gas, i.e. when there are too

few third bodies to permit of reaction 2 proceeding at

such a rate as to build up an appreciable concentration,

and when the pressure of inert gas i3 so great that the

Cl3 molecules, though formed in increased numbers, are
uhable to diffuse to the wall before being decomposed

by reaction 3. The effect reaches a maximum at an

intermediate pressure, namely 300 mm., where the

concentration on the walls was equivalent to 0.038 mm.

It has not been found possible to establish

whether or not reaction 2 is reversible, as the kinetic

expression is of the same form in both cases.

The absence of the "surface effect" referred

to above when C0o and HC1 are the inert gases, has been

explained as due to a changed condition of the wall due

to their presence. The high values for the constant m

for HC1 in the kinetic expression indicates a greater

efficiency of adsorption of 01 atoms by a surface

carrying adsorbed HC1. The low value for the triple

collision coefficient for C0p can scarcely be explained
as due to some other reaction resulting on the collision

CI - Clp - C0g. Both these factors are therefore held
to/



to be an additional suggestion of abnormality of the

surface in the presence of these gases as compared to

the condition when the "permanent" gases are used as

third bodies.

The effect of water vapour on the Buade effect

is slight. The baked out value is slightly higher at

low pressure, but this difference disappears at high

pressure of inert gas. These results confirm the view

of Craggs and Allmand that a wet wall is slightly more

efficient in adsorbing chlorine atoms or Cl3 complexes.
l»here HC1 or C'Og are present the results are almost
identical regardless of the presence or absence of water

vapour, and the results of 'Shytlaw-Grey and his co-workers

are quoted to show that these gases are adsorbed on a glass

surface to a much greater extent than the so-called

"permanent" gases. The abnormal nature of EC1 and COg
is regarded as consistent throughout all the experiments.

It appears probable from the Budde effect

results, that in any reaction involving chlorine, where

the recombination of chlorine atoms is of importance,

added inert gas or products of reaction will tend to

reduce the concentration of chlorine atoms by means of the

triple collision process: G1 + Cl« + M Cl„ + M
o

The rate of photo-combination of hydrogen and chlorine

should be retarded, under certain conditions, by the

product hydrogen chloride.
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PART 2.

THE THERMAL CONDUCTIVITY

OF CERTAIN GASES AND OAS MIXTURES.
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1. INTRODUCTION.

As already stated in the General Introduction

no value could be found in published work for the

thermal conductivity of hydrogen-chloride; and the

assumption, that the thermal conductivity of the

mixtures of chlorine with other gases used in the

measurement of the photo-expansion, could be taken

as the sum of partial values, required some experimental

justification. Considerable divergence from this

rule takes place with some gas mixtures, more particular¬

ly those approaching a 50/50$ composition, according

to the scanty data available in published papers.

The method employed was the standard one,

originated by Schleiermacher (39), of measuring the

change of resistance of a hot wire in the various

gases and gas mixtures. The electrical circuit

employed was the "constant voltage" type (40), The

general conductivity equation is AQ = K A AT / d,

where AQ is the quantity of heat transferred per

second across an area A, AT is the difference in

temperature between two planes at a distance d, and K

is the thermal conductivity of the medium bet\veen the

two planes. The potential across the Wheatstone

bridge was kept constant, and hence as the resistance

at/
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of the filament wire rose, the potential across it

increased, while the current dropped. The product,

which is the electrical energy expended in the wire,

remained very constant# Hence since AQ is

approximately constant K 1 / AT. Rf the

resistance of the filament must obey the general

expression for the change of resistance of a wire with

increase in its temperature ; R^. = RQ (1 + <=< T). But
RQ, the resistance of the wire at a standard temperature,
and o< , the temperature coefficient of resistance

of the metal, are constants for the system#

d R^d T ■ R <* , or ARf ^ at.
But K 1/ AT, and therefore K «*< 1/AR^.
But if the variable resistance R of the Wheatstone

bridge is the opposite arm of this circuit to the

filament, R is inversely proportional to R^. There¬
fore K / A R as constant# Prom this we may deduce

that the relationship between conductivity and value

of the resistance R for any three gases, whose

conductivities are K, and Kg, and which give values
for the variable resistance of R, and Rg, will be
given by

(K - K^/CR - R1) « (% - Kg)/(R1 - Rg),
or in the form found moat suitable for numerical

substitution

K = Kx + (Kg - K1)(R1 - R)/(R1 - Rg).
It/
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It was unnecessary for the present purpose

to measure absolute values, and accordingly relative

conductivity measurements only were made, and converted

to absolute values by reference to the corresponding

quantities for the known gases. For comparative

values the resistance of the leads to the conductivity

vessel may be neglected, as these constitute a constant

correction which is cancelled out in comparison.

It is customarily assumed that the thermal

conductivity of a gas is independent of its pressure.

This is not strictly the case, although Maxwell, from

a consideration of the kinetic theory of gases,

predicted that there should be no change over a wide

variation. This depends on the fact that halving the

number of molecules by halving the pressure allows the

molecules to travel twice as far. However, if the

pressure is lowered so that the mean free path of the

molecule becomes comparable with the size of the

vessel the thermal conductivity increases. The

results of Senftleben and Reichmar (41) show that

for their apparatus the conductivity of gases such as

here considered reached a steady value at about 10 mm.

The vessel here used is much larger and therefore the

limit will be smaller. We shall accordingly assume

that the conductivity of all the gases used are constant

in the region 50 - 650 mm. here studied.
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S. DESCRIPTION OF APPARATUS AMD EXP7SRDCSKTAL

PRQC1SDURS.

The apparatus employed was basically the

same as that described in Part 1 of this thesis, with

the following modifications. The reaction vessel was

out off and joined to the female portion of a ground

glass joint. The male portion was rounded off at

it3 free end and two thin glass tubes were sealed through

this end. One tube was 7 cm. shorter than the other,

and they were of such length thst $hen the reaction

vessel was fitted on by the ground gla ss joint the mid

point between the two ends was in the centre of the

flask. Short pieces of 0.5 mm. diameter platinto.

wire were sealed through the ends of the tubes. A

straight Pt filament 7 cm. long and 0.0076 cm.,

diameter was spot welded to the two thick Pt wires.

The other ends of the Pt wires were connected to the

leads from the electrical circuit by mercury contacts

in the thin tubes. A T-piece was made in the tube

between the male joint and the end seal to connect the

conductivity vessel to the gauge and the tap t^.
Figure 9 shows the details of this portion of the

apparatus.



coivpuctivity vesSEL.
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The electrical circuit is given in Figure 10. It

consists of a source of direct current derived from

large accumulators, and reduced to a suitable voltage

by a potentiometer; and a normal Wheatstone bridge

circuit. The conductivity flask was thermostated in

a water bath in the usual manner. All gases were

prepared and purified as in Part 1, except that HC1 was

only prepared from the concentrated acid.

The conductivity vessel was thoroughly

evacuated, and the potential across the bridge adjusted

to a constant value of about 4 volts. ThiB made the

potential across the filament about 3 volts, which gave

a heat evolution, as measured by the increase of

pressure, comparable with, but slightly greater than,

that in the 3udde effect measurements, and made the

wire glow a very dull red. The Wheatstone bridge was

now balanced. 10 ohms and 5000 ohms were found

convenient values for the two fixed arms, and these

were used throughout. The value for the variable

resistance at balance for complete vacuum was then read.

While this value can theoretically be made use of in

calculations of conductivities, it is so susceptible

to the least traces of any gas that it was found more

convenient to use it only as a very accurate check on the

complete evacuation of the vessel. All the unknown

values to be determined lie within the range covered

by the known values for single gases.

50/
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50 rata, of a particular gas were now admitted

by the usual technique, and the bridge accurately

balanced. The value of the variable resistance was

noted. Another 100 ma. of the same gas were now

admitted and the same procedure gone through. This

was repeated up to 650 mm. pressure of each gas.

Measurements were made in this way with 0g, Ng, Hd,
and 00g.

50 mm. of chlorine alone were admitted to

the evacuated conductivity vessel, the bridge balanced

and the variable resistance measurement recorded.

Then oxygen was admitted 100 mm. at a time with

corresponding measurements until a mixture of 50 mm.

Clg and 600 mm. 0g was reached. This procedure was
repeated with the other gases.
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3, RESULTS AND GALCULAT IONS.

The following results were obtained for the

value of the variable resistance with the single gases

studied.

TABLE 16.

Pressure of Value of Variable Resistance
Qaa (mm.)

N2 °2 HC1 °°2 Clg
50 2246 2232 2440 2506 2700

150 2197 2186 2393 2458 -

250 2171 2156 2363 2430 -

350 2147 2133 2342 2411 -

450 2132 2116 2325 2392 mm

550 2119 2105 2311 2379 -

650 2106 2092 2298 2369 -

Contrary to expectation the resistance of the

wire did not remain at constant value for different

pressures of added gas, but decreased regularly as

the pressure was increased. Taking the resistance at

single gas pressure of 50 mm. as standard however, it

is found that the same corrections for all gases

restores the compensating resistance (inversely

proportional to the resistance of the filament) to

the standard values for 50 mm.

The values of the corrections are given in

Table 17.
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TABLS 17.

Pressure of Correction (ohms)
Gas (ma. )

N 0o HCOL 00o Mean
2 " 2

50 - » — - -

150 49 46 47 48 48
250 75 76 77 76 76
350 99 99 98 95 98
450 114 116 115 114 114
550 127 127 129 127 128
650 140 140 142 137 140

Convection currents are considered to be

the cause of the divergence from the expected constant

values. The heat evolution is here concentrated at

the surface of a short wire in a large vessel, a

condition likely to give rise to vey much greater

convection than the more even distribution of heat

evolution throughout the gas phase occurring in the

Budde effect experiments. It is accordingly con¬

sidered justifiable to correct here for the convection

effect, and assume that any such effect is negligible

in the photo-expansion results. Since the same

correction is applicable to all single gases studied,

it is considered applicable to mixtures of chlorine

with these gases. If we apply the mean corrections

to values obtained for R with the various pressures

of HG1, we get an average value for R&0
of 2439.4 ohms.
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If x and y are any two standard gases, then

the thermal conductivity of any other gas is given by

K = Kx + (Rx - R)(Ky - Kx)/(Rx - Ry)
where R is the value of the compensating resistance.

In the case of chlorine and nitrogen this becomes

K * KC12 + ^R50 Cl2~ " KC12)/(R50 d2*"R50 N2>
a 0.718 + (2700 - R)(2.28 - 0.818)/(2700 - 2246)

« 0.718 + (2700 - R) X .003435

An expression giving practically identical values for

K may also be obtained from other suitable pairs of

gases e.g. CZLq/0gt Clg/CDg, Ng/OOg, or 0^/00^.
By the use of the equation we get

KHC1 38 °'718 + (2700 - 2439.4) x .003435
a 1.61.

The following values for the variable

resistance were obtained with mixtures of 50 ma. 01o
with varied pressure of other gases.

TABUS 18

Pressure of Value of variable resistances for 50 mm. Clg
—r— with the added gases(mm.) a

N2 °2 HC1 00g

0 2700 2700 2700 2700
100 2344 2339 2452 2528
200 2250 2237 2383 2471
300 2202 2189 2337 2436
400 3174 2160 2318 2412
500 2148 2138 2293 2395
600 2132 2115 2278 2379
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In Table 19 the above values are corrected in

accordance with Table 17, and from the corrected

values so obtained the corresponding values for the

thermal conductivity of the gas mixtures are calculated

by the above equation. In the same table are

recorded the values for the conductivity of gas

mixtures obtained by the formula assuming conductivity

to be a linear function of composition

K " (Ka " KcaJMA t®J + M) + Kca0id &

where the values for single gases are

ds 0.718 Ng 2.28 0g 2.33
HC1 1.61 COg 1.37

Also from the theoretical values so derived a reverse

calculation is made of the variable resistance. A

comparison between the values of the resistance so

obtained shows good agreement between the two. The

smallest change in the variable resistance R to which

the galvanometer wa3 definitely sensitive was 1 ohm.
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TA3LE 19

Added R Correction R' Conductivity R* R
Gas Oba. Theor. Theor. Theor.

essure (mm. )

50 mm. chlorine with varied nitrogen.

0 2700 mm 2700 0.718 0. 718 2700 2700
100 2344 48 2392 1.75 1.76 2396 2348
200 2250 76 2326 1.97 1. 97 2326 2250
300 2202 98 2300 2.06 2.06 2300 2202
400 2174 114 2288 2.10 2.10 2288 2174
500 2148 128 2276 2.14 2.14 2276 2148
600 2132 140 2272 2.15 2.16 2270 2130

50 mm. chlorine with varied oxygen.

0 2700 _ 2700 0.718 0.718 2700 2700
100 2339 48 2387 1.763 1.792 2388 2340
200 2237 76 2313 2.01 2.01 2315 2239
300 2189 98 2287 2.10 2.10 2287 2189
400 2160 114 2274 2.14 2.15 2273 2159
500 2138 128 2266 2.17 2.18 2264 2136
600 2115 140 2255 2.21 2. 21 2255 2115

50 mm. chlorine with varied hydrogen-chloride.

0 2700 2,700 0. 718 0.718 2700 2700
100 2452 48 2500 1.30 1.31 2497 2449
200 2383 76 2459 1.42 1.43 2456 2380
300 2337 98 2435 1.49 1.48 2438 2340
400 2318 114 2432 1.50 1.51 2428 2314
500 2292 128 2420 1.53 1.53 2421 2293
600 2278 140 2418 1.54 1.54 2418 2278

50 mm. chlorine with varied carbon dioxide.

0 2700 2700 0.718 0.718 2700 2700
100 2528 48 2576 1.13 1.153 2570 2522
200 2471 76 2547 1.23 1.24 2545 2469
300 2436 98 2534 1.27 1.28 2533 2435
400 2412 114 2526 1.30 1.30 2527 2413
500 2395 128 2523 1.31 1.31 2524 2396
600 2397 140 2519 1.32 1.32 2521 2381
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4. CONCLUSIONS.

1. From relative measurements made "by the hot wire

method the thermal conductivity of hydrogen chloride

has been found to be 1.61.

2. It has been found justifiable from experimental

determinations to calculate the thermal conductivity

of mixtures of chlorine with the following added

gases, oxygen, nitrogen, hydrogen chloride, and

carbon dioxide, between the compositions

33.3$ chlorine / 66.7$ added gas and 7.7$ chlorine /

92.3$ added gas, on the assumption that conductivity

is a linear function of composition i.e. by the

formula

K = (Km - K^) [M]/ ( [d2] + [M]) +
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1. HISTORICAL INTRODUCTION.

The formation of hydrochloric acid by the

action of light on a mixture of hydrogen and chlorine

was first recorded by Cruickshank (42) in 1801. It

was investigated, inter alios, by Seebeck, Gay-Lussac,

Thenard, Favre and 311beraann. Draper (43) stated

that the photochemical effect was roughly proportional

to the light absorbed. The increase in pressure

during illumination is named after him the "Draper

Effect", though it is doubtful that he was truly the

first observer of the same. Bunsen and Roscoe (44)

between 1855 and 1859 repeated with greater accuracy

the measurements showing the proportionality to the

light absorbed.

A very large number of workers have in¬

vestigated the problem in the la3t half century, and the

accepted conclusions will be briefly summarized before

considering in greater detail recent work.

The reaction is caused by light absorbed by

chlorine.

There may be an "induction period" due to

nitrogenous and other impurities. From the point of

view of this investigation these "inhibitors" are of

note only as an experimental difficulty, and the action is

instantaneous when complete purity of reactants is

obtained.

The/



-86-

The Blinstein law is not even approximately

obeyed. One quantum of light may bring about the

union of 10^ - 105 molecules. A chain mechanism is

thus involved.

The presence of oxygen leads to the formation

of water, and, by breaking the reaction chains, reduces

the quantum efficiency of HOI formation. Oxygen-rich

systems are an entirely separate study in themselves,

and the only importance of oxygen in the present work is

that its addition slows down the reaction so much that

the gas mixtures become, for practical purposes,

insensitive to the light intensities used experimentally

for oxygen-free mixtures. The amount of light of

3650 A.U. absorbed by a fixed amount of chlorine is

unaltered by the presence of oxygen.

As in the case of the Budde effect in chlorine

and bromine the necessity of the presence of traces of

water vapour for reaction to take place has been postul¬

ated by some workers and denied by others. The

results of Goehn and Jung (45) appear self-contradictory,

suggesting the necessity of water vapour with ligit

of the visible spectrum, and yet showing that in the

ultra-violet region it plays no part.

Bodenstein and Bernreuther (46) have shown

that water plays no part, and that the contradictory

observations of other workers were due to the intro¬

duction of impurities in the processes of preparing

and drying the reactants.
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Seebeck (47) and Silbermann (48) stated that

red rays were without action, while blue and violet

rays gave rise to the reaction. Ur. Taylor (49) stated

that no reaction occurs with light of wavelength

greater than 4900 A.U., whilst Coehn and Jung (loc. cit.)
calculated the limit as 5400 A.U. equivalent to 58.5 K.

cals., and Weigert (50) gave it as 5900 A.U. Craggs

and Allmand (loc. cit.) recorded that photocombination

occurs at 5460 A.U., but not at 5790 A.U., while

Bateman and Allmand (61) found that the quantum yield

at 5400 A.U. was about 0.4 that at 4300 A.U. The

decrease in efficiency began at approximately 5000 A.U.,

which corresponds roughly to the dissociation energy of

the chlorine molecule. They showed that as the

wavelength of the exciting li^it increases beyond the

wavelength of the energy of dissociation, where the

amount of energy which must be supplied by collision

increases, the quantum yield drops rapidlyi Bayliss (52)

has recalculated the results of Craggs and Allmand,

and arrives at the conclusion that the energy of

activation is independent of wavelength. Dissooiation

does not end at the convergence limit but continues

beyond it to about 5460 A.U., though here the dissociation

is possibly not instantaneous, but may occur through

the mechanism of an activated molecule colliding with

another/
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another molecule, the remainder of the energy required

being derived from energy of collision.

Omitting the earlier mechanisms of reaction

proposed and now discarded, we may commence with the

scheme of Wernst (53) which had the form

1. Gig + hy- > CI' —*
2

3. 01 + Hg ——> HGL + H

3. H + 012——» HC1 + GL

4. 01 + 03. ——* 01
2

5. H + 01 ——> HC1

6. H + H —* H

The exact form of reaction 1 was discussed in Part 1 and

this need not be repeated here. It was shown from

experiment than the probable form of reaction 4 is

01 ■+■ 01 + M —> CI™ + M
S o

2<a3 > 3<as

where the first equation may or may not be reversible.

Reactions 5 and 6 are highly exothermic (102 and 103

K. cals. approximately respectively), and can conse¬

quently not occur in simple form, but only at a wall or

as a result of a three body collision.

We must consider the experimental data which

has been published in direct support of (the chain system

01 •+ Hg * HC1 + H
H + Gig —v HOI * 01
01 + Hg » HG1 + H etc.
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The formation of the initial centres of reaction is

undoubtedly resultant on the action of light on the

chlorine molecules, since the spectral region inducing

the reaction is absorbed by these molecules, but not

by hydrogen. Whether hydrogen plsya an indirect

part in the formation of the initial centres has been

tested by Jost and Schweitzer^54). They exposed chlorine

to illumination immediately before it was mixed with

hydrogen to see whether the reaction could proceed in

the dark. The chlorine was drawn at great speed

through a tube exposed to illumination, while the light

was prevented from entering the vessel where the gases

mixed. A measurable reaction was found to take place

provided the velocity of the gas was large, and that
-4

not more than 10 seconds elapsed between illumination

and the mixing of the gases. The shortness of thi3

interval was explained as follows. The centres, which

originate in the chlorine on illumination, are

destroyed on coming into contact with the walls of the

tube. If diffusion alone were responsible for their

reaching the walls, then their average life under the

conditions of experiment would be about 6 x 10 seconds,
-4

or about sixty times the observed value of 10 . Owing

to the large velocity of the gas and the existence of

intense convection currents, the centres might be

expected to reach the wall sooner, and the experimental

values/
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values were considered to conform to this explanation.

It can therefore be assumed that the initial centres

are originated from the action of light on the chlorine

molecules, and that hydrogen does not take part in

their formation.

Geib and Harteck (55) have proved experimentally

the formation of hydrogen atoms in the course of the

reaction. A weak stream of chlorine was passed through

a narrow capillary into the vessel containing hydrogen.

The illumination was very intense, and the whole mass

of chlorine combined into hydrogen-chloride at the

very mouth of the capillary. Thus for lack of a

partner xaolecule of chlorine, the hydrogen atoms set

free during the development of the chains could only

recombine to molecular hydrogen. The latter process

is very slow, requiring either a collision at the

walls, or a three body collision

H + H + M + M

in the gaseous phase.

The collision of a hydrogen atom with a para-

hydrogen molecule results in the formation of ortho-

hydrogen. At room temperature one encounter out of

2 millions leads to the reaction:-

n2 + H 4. H + H2
para ortho

Geib and Harteck showad that in the process of HC1

formation/
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formation para-hydrogen actually changes to ortho-

hydrogen, and calculations showed that concentrations
-5 -5

of from 0.8 x 10 to 4.7 x 10 mm. of hydrogen atoms

were involved. Thus the formation of hydrogen atoms

during the chain reaction is amply proved. The

formation of chlorine atoms in the secondary stage

H + 0lo > HCl + CI

cannot be directly proved experimentally, but no

reasonable doubt can be cast upon it.

The experimental methods by which the

photo-combination of hydrogen and chlorine may be

studied have been limited by the fact that no permanent

change of pressure accompanies the reaction in a vessel

of constant volume, and while a small decrease in

pressure takes place in mixtures containing oxygen,

this change is so small that it does not appreciably

alter the concentration of oxygen. Bunsen and Roscce

(loc. cit.) developed the water actincmeter method

in which by addition of a sufficient quantity of

liquid water to the reaction vessel,the hydrogen chloride

formed is removed, and the progress of the reaction can

then be studied by the change in volume at constant

pressure. This method suffers from several disadvantages.

The action of HCl on the reaction velocity cannot be

studied as it is removed as formed, and the conclusions

arrived at will therefore only be exactly true under

conditions/
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conditions where the product HC1 can be entirely

ignored i.e. only at the very commencement of the

reaction. The presence of water is a great disadvantage.

It is impossible to obtain a wall which is not water

saturated; chlorine itself is very appreciably soluble

so that the concentration of reactants is almost cer¬

tainly only approximately known; reaction might occur

between the illuminated chlorine and the water vapour;

and there is great danger of introducing inhibitors

to the reaction with the water. In recent times this

method has however been used by Ohapmsn and his co-workers

(56).

Bodenstein and Dux (57) introduced the method

of freezing out the chlorine and hydrogen chloride,

which is free from the objections raised against the

water actinometer, but is open to the objection that

at high pressure complete freezing out i3 not attained

with certainty in the presence of an inert gas nor

even of much hydrogen itself, while the original

concentrations of the reactants may not be effectively

regained before the experiment is resumed, o"ing to

difficulties of mixing and slowless of diffusion.

To overcome the shortcomings of previous

methods, a new method was applied by Ritchie and

Norrish (loc. cit. ) which involved no addition to, or

disturbance/
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disturbance of, the reaction system, and it is this

method which is made use of in the following worle. It

consisted in determining the extent of reaction at any

time from the relative amount of light which was trans¬

mitted by the residual chlorine. The graphic

relationship between chlorine pressure and log l^/l,
where 1 represents the transmitted light when the

o

chlorine pressure is zero, and I that transmitted by

chlorine at any other pressure, is represented by a

straight line passing through the origin. In

mixtures where the reaction was suitably slow the

chlorine concentration was determined continuously through¬

out the period of illumination, and the rate of reaction

was then calculated from the slope of the resultant

curve showing the relationship between the pressure of

chlorine and the time of illumination. This was

called the "graphical method". On the other hand,

when the reaction velocity was too hi^i, or the

intensity used too low to permit of accurate measure¬

ment this, way, the concentration of chlorine after a

given exposure was determined with full intensity

light afger an excess of oxygen had been added to

render the mixture insensitive. Calculation was then

performed on the assumption that the changes in

concentration of the reactants, and in the intensity

of the light absorbed, were linear over the range.

This/
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This procedure was called the "method of averaging".

The disadvantages of the earlier methods,
a

have in the past played so great part in obscuring

the exact nature of the various factors controlling

the rate of reaction, that it has been thought

advisable to give this summary here rather than post¬

pone it to the description of experimental method.

Bodenstein and Uhger (58) stated that the

rate of the hydrogen chlorine reaction in the oxygen

free mixtures of their experiments was proportional

to the first power of the absorbed light; while

Chapman and Oibbs (69) found a rate nearly porportional

to the square root of the intensity. Ritchie and

Horrish (loc. cit.) found that the quantum efficiency

over a wide range of conditions was given by the

formula

8.8 x 10S [Hj [Clg]

[Cigl + 1.7 [HOI] ilab/-4
¥

Their scheme of reaction was;-

1. Clg ^ CI + CI ^
2. CI + H0 -> HC1 + H (0.8 K. cals. ) kg
3. H + <R0 . HC1 + CI (4^.8 " " ) kg
4. H + HC1 > Hg + CI (0*8 " " ) k4
6. CI + CI -Clg (57.4 " ) kg

which/
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which gives the formula:-

2 k2k3s/5f [H2] [Cl2]
r

[*s fclgl +
which agrees with the empirical equation except that

the power of the intensity is 0.5 instead of 0.6.

They first recorded the retarding effect of

HC1 in the photo-chemical reaction, which they ascribed

entirely to reaction 4, a conclusion which now appears

to be inadequate. Christiansen (60) had already

recorded this retarding effect in the thermal reaction

of hydrogen and chlorine.

Allmand with his co-worhera Craggs and Squire

(loc.cit.) have investigated the hydrogen chlorine

reaction, mainly under conditions of very low pressure

of hydrogen. They found the intensity exponent of the

rate of HCl formation to vary between the limits 1 and

0.05, becoming leas the higher the chlorine pressurd

and the higher the incident intensity. As the pressure

of chlorine was increased at constant intensity, the

rate of reaction was found to pass through a maximum

and .then decline.
t

For the conditions under which an I ,

abs

relationship was observed they proposed the mechanism

1. /
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1. ci2 + hy —^2C1
2. CI + H2 ^ HC1 + H
3. H + Cl2 > IIC1 + CI
4. CI + 012 » Cl3
5. Cl3 * CI + Cl2
6. 2C1" * 3Clg

from which they derived the kinetic expression

y,h . • k2 [h2i / i, tci2l (vinta)''
2'

They considered that HCl under varying conditions hoth

accelerates and retards the reaction. They found that

intensive drying of the hydrogen and chlorine does not

inhibit the reaction. On the contrary, the addition

of small quantities of water vapour to dried gases

retarded the reaction somewhat, which they suggested

was due to a surface carrying adsorbed water having

a greater efficiency in removing chain carriers.

Potts and Rollefaon (loc. cit.) found that

at temperatures below 172° K the rate of reaction was

proportional to the square root of the intensity, but

under other conditions they were in general agreement

with the results of Bodenatein and Unger (loc, cit,)

H* Tamura (61) found that the rate of formation of

HCl/
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0*6
HC1 was proportional to I , in confirmation of theabs

results of Ritchie and Horrish. He considered that

chains were terminated chiefly by self neutralisation,

but concluded that the mechanism involved was not

the simple triple collision

CI + CI + M »C1- + M
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2* TI1S0RE I'lCAL DISCUSS IP,,.

We shall adopt here the method of first

setting out the reactions which appear fairly well

proven, and then give consideration to the various

additional reactions which may, or may not, talce

place, without attempting at this stage to derive any

kinetic expression. Later, after the statement of

the experimental results, and the analysis of the

tendencies shown therein, we shall consider what

equation best satisfies these new results, and,

in conjunction with the conclusions of previous

workers, attempt to formulate a consistent mechanism.

The initial dissociation and the Nernst

chain are now well established J -

1, Clg +hy—► CI + Cl
2, Cl + H * HC1 + K

3, H + Cl —» HC1 + Cl.

It would appear from Part I of this work that the

recombination of chlorine atoms in the gas phase occurs

in the form*-

4, Cl + Cl- + M i CL + M
2 o

5, 2C1S—> 3Cl£ .

There is every indication that under suitable conditions

chlorine atoms recombine at the surface of the vesselt-

6. Cl—> #C1_ at surface,
2

It/
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It is possible that the Cl^ molecule may
dissociate to some extent in the gas phase, though

this possibility rests not on any proof, but on a lack

of disproof.

Clg—* CI + cl (with or without third body).
It is uncertain whether the magnitude of the

third body action of HCl, as found in the examination

of the photo-expansion of chlorine, is sufficient to

explain the whole of the retarding action of HCl in the

hydrogen-chlorane reaction observed by Ritchie and

Norrish* and thus while their suggestion that equation 2

is reversible has been strongly attacked by Potts and

Rollefson (62) and by Bodenatein and Winter (63), it

does not appear justifiable to exclude altogether from

consideration the possibility of some such reaction as:-

H + HCl » H2 + Cl
If as would appear possible HCl has some other effect

on the reaction besides the role of stabilizer in the

three body collision (reaction 4), then the reversal

of equation 2 seems definitely the most probable. It

has a heat evolution of about 0.8 K.Cals. whereas a

reversal of reaction 3 would require 44.8 H.Cals, as

energy of activation. In addition it my be pointed

out that Schwab (64) has shown that HCl does not

react with atomic chlorine, whilst Bodebush and

Spielman (34) have found that the reaction

HCl + H—> Hg + Cl does take place under suitable

conditions./
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conditions, Craggs, Squire and Allmsnd, in their

examination of the retarding effect of HCi, expressed

the opinion that, of the retardation of 20*30$observed

hy them, only 2*3? could be attributed to this reaction.

The remainder of the effect they ascribed entirely to

third body efficiency.

One might also suggest the reactions*

CI, + HC1 * H + 2C1„
3 2

but this is no more than the result of combining the

equations:•

CI, + M * CI + CI- + M
o 2

Cl + HCl —>H + 2C12
where M is limited to the special case HCl. These two

have been considered sepafately already.

There ard three other possible reactions of

the Cl, molecule. It may be adsorbed on the surface
u

of the wall and there destroyed,

Cl > surfa.ce.
3

It may also react in the gas phase with a chlorine atomi¬

cs + Cl * 2Clg
but as stated in Part 1 it is considered by Allmand that

this reaction is unimportant except at low pressures

of chlorine.

Thirdly, Cl may react with hydrogeni*
O

C!3 + H2 > HCl + Clg + K
hut this would give rise to terms in (Hg)"4 the

kinetic/
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«
kinetic expression, and make (ho) where n > 1

which has never been observed. .Further, Cragga and

Allmand considered that the efficiency of the Cl3-Hg
collision is considerably less than that of the Cl-Hg
collision. Kisflsall and gyring (65) gave the ratio

-3 -4
of efficiencies ao 10 - 10 , whilst according to

Rollefscn (66) it is 10*1 - 10~2.
A summary may conveniently be madei-

1. C'l2 +hy >C1 + CI
2. CI + Hg— ->HC1 + H
3. H + Cl2—»HCl + CI
4. CI + Cl2 + M > Clg + 11
5. 2C1- * 3C1£
6. CI > &C1 at surface.

tZ»

It would appear that the above must form part of any

scheme of reaction,

The following reactions have varying pro¬

bability.

H + HC1 » H0 + CI certainly takes

place, but it is uncertain whether it attains a

magnitude to make it really important,

Cl7—»C1„ + ,C1 (whether spcntane9usly or° * after collision),

IIo experimental data in support of such a reaction

is known, though it cannot be excluded from

consideration.
i

Clg—> destruction at surface.
According to Allmand Cl3 is more readily adsorbed

than/
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than the chlorine atom. To what extent it is

decomposed when desorbed is not known,

Cl3 + CI —* 2C12
Important only at lew pressures of chlorine.

Cl3 + E2 » KC1 + CI + H
. .

, n
This requires t (Hg) where n > 1, which is contrary
to all existing observations.

>



103-

3. DESCRIPTION OF APPARATUS.

The apparatus used in the hydrogen-chlorine

experiments was the same as that U3ed in measuring the

photo-expansion of chlorine (Figure 1), with the

following modifications. In the purification of

hydrogen the copper catalyst was renewed and the

platinum filament catalyst replaced by a tube filled

with palladlualsed asbestos maintained at 300°C. by a

heating coil. Two phosphorus pentoxlde tubes were

used, one after each catalyst. The mercury pump

system was not included#

'Hie soft glass reaction flask was replaced

by a cylindrical quartz vessel with plane-end faces,

of volume 31.34 c. c. Connection was made to the

main apparatus by a ground glass ^cint. The reaction

vessel was immersed in water at constant temperature,

maintained by the circulating water system, and con¬

tained in a metal bath with lid, entirely painted black,

and fitted with two thin glass windows on opposite

sides.

The light source was a quartz aerciry vapour

lamp, rated at 100 volts D.C», but run. moat eteadily at

about 70 volts from a 100 volts D»0. system, derived

from large capacity accumulators which gave a steady

voltage. No readings here recorded were made during,

or immediately after, the charging of the accumulators,

nor/'
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nor when they v?ere excessively discharged. The

voltage was controlled by rheostats specially intended

to maintain constant resistance under heavy load.
> • ./ ■ ... ( . 'I

The lamp was enclosed in a wooden box with

a small circular aperture level with the central

region of the arc. The light was passed successively

through a Chance's ultra-violet glass, a focussing

lens consisting of a spherical 500 c. c. flask filled

with a solution containing 4.4 gra. CuSO^. 5HgO and
150 c. c. amuonia 0.8 s. g. in 1 litre, and 3 blue glass

plates to reduce the intensity to a suitable value.

Finally a second circular aperture was placed in front

of t he window through which the light beam entered,

so that only the central portion of the beam was

admitted. practically all the reaction vessel volume

was then iluainatea. The light emerging from the

other window was focussed by a quartz lens on to the

photronic cell, which was contained in a black wooden

box with a circular aperture in immediate contact

with the second window. A movable shutter in a

wooden frame was placed between the focussing flask

and the blue glass plates to obscure the light as

required. The whole light and reaction system was

draped in black cloth, while the tubing leading from

tap t7 to the reaction vessel and the Bourdon gauge was

bound with black insulating tape. The Bourdon gauge

was/
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was also screened from light. A test was carried

out to show that any residual light had no appreciable

action on a mixture of 50 mm. Clg and 50 mm. Hg, during
at least 10 times the maximum time elapsing, during

experiments, between the admission of an active

mixture to the reaction vessel and the inhibition of

further appreciable action by the addition of oxygen.

'When it was required to reduce the intensity

during any particular experiment, a half-tone light

filter v;as clamped in the path of the light between

the Chance's ultra-violet plate ana the fosussing

flask. Every reading in such experiments was made

with and without the filter, and it was found, that

over the whole range of readings, the filter reduced

the intensity by a constant factor within the attainable

accuracy of measurement.

Chlorine and oxygen were prepared and

purified as in Part 1 of this worlc. hydrogen was

again prepared by the electrolysis of an aqueous

solution of KOH and baryta, and was purified from

oxygen by the two catalysts described above. HC1 was

in every case obtained by photosynthesis within the

reaction vessel from the normal hydrogen and chlorine.

Apieaon M grease was U3ed on the taps, and

was thoroughly chlorinated with illumination, when it

hardened somewhat and did not inhibit the reaction.

Draper/
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Drapep effecta wore sharp In every case. The

minimum quantity of tap grease was used and the t ore

of the taps was kept, completely free.

Pressures were read, to a tenth of a milli¬

metre with a probable error of i 0.1 sua. The

intensities were read as scale readings of the spot

light of the mirror galvanometer. The total intenait

wore of the order of 3?.0 scale divisions (full) and

7.0 (reduced), with la^3 IS.0 and .'5.3, with a possible
error of * 0.1 divisions. In experiments with

intensities reduced by the half-tone filter, the

experimental error was reduced by calculating all

reduced values from the equivalent full value, by

applying the mean observed constant for the filter

(0.2778) to the full intensity value, so keeping the

error to the equivalent of •* 0.1 divisions in 13

divisions for Iabc, or in 27 divisions for IQ.
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4. KQ>.'a :I&5HTAL PHOOdDTHh ."IIP -tddULTd.

The apparatus was first thoroughly evacuated

by the Hyvae oil pump for some considerable time.

Before the first experiment each day the windows of

the bath and the end faces of the reaction vessel were

washed with alcohol and then water. The water-alcohol

mixture was removed completely from the bath by suction,

and the bath allowed to fill up again in the normal

way. The alignment and focussing of the light beam

was checked and the light-proof coverings replaced.

The above procedure thus described was performed once

per day; the sequel holds for every series of reading®

in so far as it is appropriate.

The Intensity of the light was measured by

the galvanometer deflection. The high vacuum line,

gauge, and reaction, vessel were washed out with chlorine,

the vessel being illuminated during this process. The

system was evacuated once more and the intensity again

determined. The requisite pressure of chlorine was

admitted and the system illuminated for 10 minutes,

during which the intensity transmitted was observed

and recorded. For experiments where neither oxygen nor

HG1 were required in the initial mixture the required

pressure of hydrogen was now added. For the exposure

the shutter was drawn back quickly while watching the

pointer/
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pointer of the Bourdon gauge, since the sharpness and

magnitude of the Draper effect forms a reliable

immediate indication of the purity of the reactants and

the absence of inhibitors. At the end of the required

exposure the shutter was moved back. Large excess of

oxygen (say 200 am.) was now quickly added to the ga3

mixture. The intensity transmitted was again

determined. The vessel was then evacuated and the

total intensity of the light measured again.

For the purpose of calibrating the system,

experiments with starting mixtures of 50 mm. Glo /

50 mm. 0^ / 50 mm. Hg were performed at intervals
between other series, and the absolute quantum

efficiencies calculated by the formula of Norrish and

Ritchie

Y = 5.77 x 104 [Ho] [Olol
H01 9. 25 [o^Clg] + 1. 7 [HC1]"J+ + 4 [H01] + 140^

Relative quantum efficiencies were in all cases cal-
%

culated by the formula

*H01
(relative)

A [HOl]
t I .

aos

and were subsequently converted to absolute values by

multiplying by the constant k where

k A [HCl]
_____*1101

absolute

k
HCl

relative abs

This method assumes that Y ie independent of the volume

of/
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of the reaction vessel, and the formula is based on

experiments with 4060 A.U. light. However the method

was found satisfactory by Ritchie in subsequent work
'

in oxygen rich mixtures (27). He also used the formula

fcr 3650 A»U« light instead of 4060 A.U., and his

vessel of approximate capacity of 35 e,c. was even

larger than that here used (31.34), while neither are
.

very different from the vessel of 25.4 c.c. for which

the formula was obtained. It may be said that

conditions here differ little from those of Norrish and

Ritchie, and further it is only the order of magnitude

of the absolute quantum efficiency which is required

for our present purpose. The procedure £>r oxygen rich

experiments was the same as the above, up to the

measurement of the residual intensity after the admission

and illumination of chlorine. Oxygen was now added

and the intensity again measured after 5 minutes

illumination of the mixture. Hydrogen was then added.

The shutter having been drawn back the galvanometer

pointer was read every 10 seconds. The mean of all

readings in the (x + 1) minute was tajien as the true

value at x minutes 30 seconda. It was in practice

found that such mixtures, under the conditions of

experiment, had reacted to the desired amount after

about 20 minutes illumination, and accordingly 19

minutes 30 seconds was taken as the exposure in each

such/
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such series. The best value for this time was found

by plotting intensity values against time from 14

minutes 30 seconds to 24 minutes 30 seconds. After

evacuation the total intensity was redetermined.

Por all experiments where an initial concen¬

tration of HC1 was desired, chlorine was added equivalent

to both the chlorine and HC1 required, after which

sufficient hydrogen was added to form the necessary HC1.

The mixture was illuminated for 60-90 minutes, after

which the residual chlorine was determined by means of

the intensity transmitted. The additional hydrogen

required for the reacting mixture waa now added, ana the

remaining procedure waa as already described above.

As already partially stated in the historical

introduction the measurement of unknown chlorine con¬

centration depended on the application of Beer's Lawt-

log = constant x (Clp)1C ^

where I0 is the total intensity transmitted by the

system when the reaction vessel is evacuated, and I the

residual intensity unabsorbed by a concentration of

chlorine (Clg)* It waE found most convenient in such

calculations to determine the best value for the Beer's

Law constant from the mean of as many determinations as

possible (40 readings with chlorine varying from 35 mm.

to 100 mm. were actually made use of), end then to use

this value in all subsequent calculations. The mean

value/



-Ill-

value so determined was 0.00593, The value for

I__ (or other known initial concentration as
00 HOI}, Clg
the case may he) is now obtained* and can be used to

determine a calculated value for I0 at that moment,

which forms an additional check on the constancy of

this magnitude, which (at least in the form of apparatus

here used) is only directly observable at the beginning

and end of a "run* and ret. intermediately.

The value for I ^ required in calculations
of the quantum efficiency of KC1 formation, is the

difference between the constant I0 and the mean value

for Ixcig (where 1^^ is the intensity transmitted by
a gas mixture containing en unknown pressure of chlorine

XC12)» The method by which X was determined was
XC12

to take the value of XGlg when half the reaction which
takes place during the exposure had occurred, and

calculate from this a value for i«e» antilog

(log Io/0.00593 x (Clo)). This is perhaps more
10

exact than taking the arithmetic mean of at the

beginning and end of the exposure, though the values

obtained by the two methods differ only by a small

and almost constant amount.

The calculated concentration of chlorine

after all exposures, and also the calculated initial

chlorine concentration for HC1 rich mixtures me found

by the formula:-

(Cl_) * (logioIo/D / 0,00598.2
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RESULTS .

Calibration of the system.

The following results were ootained with

gas mixtures of initial approximate composition of

50 mm. 0lo / 50 ram, H / 50 ram* 0 ♦ The aerial number*
here as later, denotes the ordor in which all experiments

were performed.

Y} y' and x, and their methods of calculation, have
"been already defined.
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y' "4%| * x 30
Cote.

122.0 6.0

129.0 6.5

126.0 6.43

127.3 6.34

124.1 6.29

From Table 20 the mean value for k i3 approx*j
4

imately 6.4 x 10 • This value will be used in all

later calculations. As the result of any particular

experiment may be made use of to illustrate more than

one tendency, it is considered most convenient to first

give a table of all oxygen-free results, and then to

arrange them in separate tables to illustrate the

various tendencies shown by them. All relevant data

is given in the main tablei while the comparison can

then be reduced to a very simple form, since any

further information about the aeries can always be

obtained by reference back to the main table. As it

seems well established that the quantum efficiency is

porportional to the pressure of hydrogen, all results

will be given corrected to 40 mm. H0 on this assumption

in tables of comparison.

Serial
Number

43

44

50

51

70

TABLE 20.

Io lime
(sees.) ci2 H2 HC1 0., Y'«

I04

28.3 1170 42.65 52.55 14.9 49.9 12.6 20.20

26.2 1170 43.15 43.15 13.7 49.8 11.75 19.92

27.2 1170 42.85 42.45 13.9 50.3 12.11 19.6

26.7 1170 43.0 45.1 14 .0 50.0 11.92 20.07

30.2 1170 42.3 43.7 15.4 49.5 13.34 19.73
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T/u3L£ 21

Serial
Nunbei

L Io
?

Tine
(sees.] C12 H2 HC1 AlCl r, x

JO4 V 2T
H2=40

30 7.2 50.0 44.61 40 .61 14.77 14.77 3,31 1785 11270 11090

32 25.5 25.0 41.38 37.33 21,23 21,23 11.08 1538 9690 10390

33 26,55 15.0 45.1 41.1 13.7 13.7 12.29 1488 9370 9120

34 7.43 35.6 46.3 42.3 11.4 11.4 3.50 1830 11530 10900

35 25.25 15.5 45.1 41.1 13 .8 13.8 11.69 1523 9600 9345

36 7.3 49.7 43.65 45.35 16.3 16.3 3.304 1988 12520 10930

38 30.35 18.0 36.3 59.8 31.4 31.4 11.95 2920 18400 12310

40 26.55 38.0 33.2 33.9 128.9 21,6 10.85 1075 6770 7990

41 27.75 16.0 4*4 . 22 40. 92 15,55 15.55 12.64 1539 9695 9480

42 26.8 31.0 37.15 56.15 126.9 16.9 10.73 1014 6390 7080

45 27.0 21.6 28,27 42.47 16 • 25 16,25 8,66 1733 10950 10320

46 26.45 16.0 59.1 36.5 17,4 17.4 14.74 1478 9310 9680

47 26.65 15.0 45.0 41.0 14.0 14.0 12.31 1517 9550 9320

56 3.37 41.0 50,6 44.8 L07 .0 13.2 4.2 1532 9660 8620

57 8.05 62.4 47.0 53.8 114.0 14.8 3.845 1233 7780 8020

58 29.3 30.5 43.31 35,31 120.58 21.18 13.5 1028 6470 7240

59 3.2 60.6 45.35 37.85116.3 14.1 3.843 1210 7630 8060

60 29.0 63.0 41.56 31,46226,6 17.08 12,65 397 2502 3186

61 30.75 15.6 43.4 39,2 17 .3 17.3 13,84 1601 10100 10300

62 30.3 47.7 37.9 65.2 227.6 29.2 12.52 978 6160 3780

63 30.3 53.0 40.75 31.0E 227.8 16.7 13.02 442 2735 3590

64 8.31 315.6 40.85 33.Ot 226.8 11.9 3.54 582 3668 4445

67 8.30 378.0 38.2 37.9 235.5 17.2 3.4 569 3535 3790

72 29.6 40 • 1 23.4 37.35 126.25 14.5 8.16 886 5590 5995

73 29.5 41.5 23.2 35.55 126.45 14.3 8.07 855 5395 6070
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Variation of quantum efficiency with increasing

TABLE 22.

Serial
Number

012 HC1 *abs
Hg a 40

45 28.27 16. 25 8. 56 10320

38 36.3 31.4 11.95 12310

32 41.38 21.23 11.08 10390

61 43.4 17.3 13.84 10300

41 44.2 15. 55 12. 64 9480

47 45.0 14.0 12.31 9320

35 45.1 13.8 11.69 9345

33 45.1 13.7 12.29 9120

46 59.1 17.4 14. 74 9680

Froia Table 22 it will be seen that the

quantum efficiency rises to a maximum where the pressure

of chlorine is about 36 mm., and then steadily

declines.
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Variation of quantum efficiency with Increasing

chlorine concentration (HC1 pressure approximately

125 mm, ).

TABLE 23.

Serial
Number

012 HC1 T
Aabs

II t

73 23.2 126.45 8.07 5995

72 23,4 126. 25 8.16 6070

42 37.15 126.9 10.73 7680

40 38. 2 128.9 10.85 9480

58 43. 81 120.38 13.5 7240

From Table 25 it will be seen that the quantum

efficiency rises to a maximum somewhere in the region

Clo = 38 ma,, and subsequently declines.
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Variation of quantum efficiency with increasing

chlorine pressure (HG1 concentration approximately

225 mm. ).

TAiiLK 24.

Serial
Number

do HC1 "^abs
Hg=40 )

62 37.9 227.6 12.52 3780

63 40.75 227.8 13.02 3590

60 41.56 226.6 12.65 3136

From Table 24 it will be that the quantum

efficiency declines as the chlorine concentration

rises from 57*9 am. to 41.56 mm., but no data is

available outside this region.

From the last three tables it apj^ears, that

under these conditions of experiment, where the

pressure of HC1 is in the regions 15 mm. or 125 mm.

the quantum efficiency rises as the pressure of

chlorine is increased to about 57 mm.; whilst above

38 mm. in all the experiments carried out it declines

with increased pressure of chlorine.
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Variation of quantum efficiency with increasing

concentration of HC1.

TABLE 25.

Serial
1Jumber

dp HOI *abs
H0 « 40 mm.

Rull Intensity

36 36.3 31.4 11.95 12310

32 41.38 21. 23 11.08 10390

61 43.4 17.3 13. 84 10300

41 44.22 15.55 12.64 9480

42 37.15 126.9 10. 73 7080

40 38.2 128. 9 10.85 7990

58 43.81 120.38 13. 5 7240

62 .37.9 227. 6 12. 52 3780

63 40. 75 227.8 13.02 3590

60 41.56 226.6 12. 65 3186

Reduced Intensity

36 43.85 16.3 3.304 10930

30 44. 61 14. 77 3.31 11090

34 46.3 11.4 3.50 10900

59 45. 85 116.3 3.843 8060

57 47.0 114.0 3.845 8020

56 50.6 107.0 4.2 8620

67 38.2 235.6 3.4 3790

64 40.35 226.8 3.54 44 45
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From Table 25 we may interpolate a set of

results for the conditions {CI3 = 40 mm, j Hj 3 40 mm,)

for both full and reduced intensity, and for the three

ranges of HC1 pressure studied,

TABLE 26

CI2 = 40 mm. Ha s 40 mm,

HC1 Pressure Quantum Efficiency
mm. Full Seduced

Intensity

20 10500 11000

125 7500 8000

225 3650 4400

These interpolated results are plotted in

Figure 11,
Figure "11
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It will be seen that each set of three points form

approximately straight lines nearly parallel.

The equations of the simplest curves going

through each set of points arei-

= 10980 - 21.7 (201) - 0.0474 (IIC1)3
(full intensity)

- 11484 - 23,47 (KCl) - 0.0354 (HCl)*
(reduced intensity)

, t a
Were the lines completely straight the terms in (HC1)

would disappear.

Also from Table 25 we may construct an

interpolated table to show the variation of quantum

efficiency with absorbed intensity under the conditions

cf experiment at various pressures of HC1. This

relationship has customarily been given by the exponent

n in the expression "the rate of HC1 formation is

proportional to the nth power of the absorbed intensity",

which may also be expressed as x I constant.
aba

TABUS 27.

Pressure of I V" Ratios 1 • n n
HC1 (mm.) al33 I v- 1

abs 0
__

10500
20 3.73 1.05 0.037 0.963

3.3 11000

11.7 7000
125 3.0 1.07 0.0616 0.938

3.9 8000

12.7 3650
225 3.68 1.20 0.140 0.860

3.45 4400

Thus the exponent n decreases with increasing

concentration of HC1.
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In order to compare the present results

with those of other workers, it is desirable here to

give a table showing the absolute intensities in

quanta per second f'or the system. The calculations

for this are as follows
r

~-p Number of HC1 moleculesNumber of quanta =

Quantum Efficiency

=s d HG1 x Avogadro * s number x Vol, (c. c. ) x 273

760 x 22.4 x 1000 x 298

Number of quanta d HOI x 6.06 x 1023 x 31.34 x 273
per second —— *

t(secs.) x 760 x 22,4 x 1000 x 298

The following table gives the results so calculated

for 16 experiments, which cover the whole scope of

the results.
TABLE 28

Absolute Light Values No. of Qu anta per sec.

Approx. Glp
Pressure

Approx. HCi
Pressure

Intensity- No, of Quai
per sec. x 11

its Serial
D13 Number

45 mm. 15 am. Pull
9.0
10.0
9.5

32
33
35

Reduced 2.68
2.84

30
34

28 mm. 16 mm. Pull 7. 04 45

36 mm. 31 mm. Full 9. 72 38

59 mm. 17 mm. Pull 11.95 46

45 mm. 125 mm. Pull
8.6
8. 74

40
42

Reduced 3 7 a
SAl

5*7
56

45 rv->nn. 1 rv^rrs . Foil io.
10 . to

60
6U

Redoced. 1. 68
a. 76

64
67
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As stated in the General Introduction, in

these experiments the time of reaction was shortened

to approximately one tenth as compared with those of

Ritchie and Norrish, by increasing the intensity, as

it appeared from their conclusions that the value of

the exponent of the velocity of HOI formation would

thereby tend to the value 0.5. Their observed value

was 0.6. Actually the result has been the very

reverse. The conditions of experiment of the two

researches are very similar apart from the magnitude

of intensities. It seems probable therefore that

there is no proportional relationship between rate of

reaction in the gas phase and a constant power of the

absorbed intensity, masked under conditions of experiment

by surface action, but that instead of a constant power

we may expect to obtain an exponential progressively

changing as the intensity is reduced. That in fact

a condition of this type does exist has been established

in this Department by other workers (M. Ritchie and

D. Taylor) since the completion of these experiments.

As the intensity increases the index of the quantum

efficiency (1 - n) approaches zero. If a mechanism

involving CI, molecules is concerned, high concentration
U

of' Clg combining with itself will lead to an expression
in which the quantum efficiency is independent of the

absorbed/
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absorbed intensity.

The tendencies which appear to be shown in

these results may be summarized as follows

1. The quantum efficiency rises with increasing

chlorine pressure till a maximum is attained at

approximately 37 mm. whereafter it steadily declines.

This appears to hold with HC1 concentrations up to

at least 125 iaia.

2. The magnitude of the retarding effect of HG1

on the quantum efficiency ia approximately proportional

to the con. cen tret ion of this gas. If third body

recombination alone were responsible for the variation

of the quantum efficiency with the concentration of

HC1 then

dg(aLg + It HOI)
yO) 1 ,,

hence <> _ +
yW - A

Cl2 + k Hci1'
From Figure 11 extrapolating values for HC1 = 0 with

Gig = Hg ® 40 mm. we get Y = 11000 (full intensity)
V ~ 11500 (reduced intensity). From the above

formula we can then calculate values for the constant

k.

TABLE 29/
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TABLE 29

ca2 « Hg = 40 mm.

HCO.^ HC#) k

Pull Intensity

0 20 11000 10500 0.095

0 125 11000 7500 0.15

0 225 11000 5650 0.358

Reduced Intensity

0 20 11500 11000 0.091

0 125 11500 8000 0.14

0 225 11500 4400 0.287

Prom Table 29 we see that the value of k 1b

not constant, as It would be were third body action

the only effect of HOI.

There would appear therefore to be some

other factor, which is greatest at low pressure of HC1

and falls off as the pressure of that gas rises. If

surface action is present the expression will have

the formj-

01g(012 + k JIC1 ) + S
where a is a factor representing surface action. If

k ie to be constant then S must decrease with increase

in/



125-

in the pressure of HC1. Thus the results would

appear not inconsistent with HC1 having two roles, both

of which were present in the photo-expansion experiments,

namely action as a third body in bringing about the

recombination of chlorine atoms in the gas phase, and

the prevention of recombination at the surface of the

vessel.

3. With increasing concentration of HOI the

intensity exponent of the rate of reaction declines.

The actual results were j~

at 20 mm. HC1 n r 0.963

at 125 mm.HOI n= 0.938

at 225 mm. HOI n = 0.860.
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5. DISCU33I0N AMD CONCLUSIONS.

The preceding analysis of the experimental

results has indicated that, in agreement with the

data of Allmand and co-workers, the quantum efficiency

of hydrogen chloride formation rises to a maximum and

then declines as the pressure of chlorine is increased.

This appears to be true even when the concentration of

HC1 is varied from 15 to 125 mm, , although the data are

unfortunately insufficient to show whether or not the

change in HC1 pressure causes the position of the

maximum to alter. For the particular reaction vessel

employed, the optimum pressure of chlorine is of the

order 40 mm.

At low pressures of chlorine, relatively

many atoms will reach the walls of the reaction vessel and,

by adsorption, will be prevented from participating

further in the reaction chains of the gas phase. As

the pressure increases, diffusion to the walls will

become less and less, and consequently the quantum

efficiency will increase. In so far as diffusion

alone is the main factor under consideration, increase

in pressure of any gas should act in the same way,

although the mag nitude of the effect will be dependent

on the diffusion constants of the particular molecules

concerned. At very high pressures of added gas,

diffusion/
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diffusion to the walls will become inappreciable and

then the quantum efficiency should be at a maximum.

The previous study of the Budde effect, however, has

shown that added gases may have effects other than

that connected with diffusion alone; the reaction

CI + Clg + M » Clg + M has been found to be
necessary. As the pressure of Clg or other added
gas is increased, CI atoms will be removed by this

means in increasing numbers, and if the resulting Cl„

complexes are removed by mutual recombination, a fall

in quantum efficiency is to be expected. The

existence of a maximum at an intermediate pressure of

chlorine may thus be accounted for. From this point

of view, the position of t e maximum with reference to

the optimum chlorine pressure would in general differ

with the pressure of hydrogen chloride which is present;

as has been noted, the data at present available are too

scanty to enable a decision to be made on this point.

One other factor which must be considered

in this connection is the efficiency of removal of CI

atoms at the walls. Allmand and co-workers have

shown that the presence of water vapour may decrease the

quantum efficiency by reason on an enhanced efficiency of

adsorption of chain carriers by a wall carrying adsorbed

water-vapour. There is no doubt that a considerable

amount of HC1 is adsorbed by a silica surface such as

is/
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is involved in the present experiments, and it has

already "been noted that a soft glass surface will

relatively adsorb much more# In general, one would

expect the moat easily condensable gases to show the

greatest adsorption, and a consequently relatively

great change in surface efficiency of adsorption of

chlorine atoms; from this point of view the non¬

appearance of the "abnormal" effect (p. 19) with HC1

and COa in the photo-expansion of chlorine is perhaps

not surprising. In the present case of the quantum

efficiency of HC1 formation, it may be deduced that

the relative rates of removal of Cl atoms from the gas

phase are not necessarily given by the diffusion

calculations previously applied, since the surface

factors are probably different; at the same time, at

high pressures of such gases the proportion of atoms

reaching the wall will become very small and this

effect will in turn become negligible. Thus there

will always arrive a pressure of chlorine at which

wall reaction is extremely small, whilst an increasing

number of Cl atoms will be removed in the gas phases

with a steady decrease in quantum efficiency. Similarly,

HCl may accelerate or retard the main reaction, by

diffusion and third body effects respectively,

With increasing concentration of HCl the

intensity exponent (n) of the rate of reaction decreases,

the/
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the rels tive reduction of intensity being kept the same

for each pair of results. While from a comparison

of the present results with those of Ritchie and

Norrish, and of Chapman and Gibbs, we have concluded

that it is probable that no fixed value of n is likely

to be found where I^g is a complete variable, yet this
in no way invalidates the use of the exponent as a

measure of variation of quantum efficiency, with a fixed

ratio of intensities used throughout, while altering

the concentration of HC1. The decrease of the

exponent with increase in the pressure of HC1, means

that the more HC1 there is present the greater is the

relative increase of the quantum efficiency when the

intensity is reduced by a constant factor.

In the region studied in these experiments

the retarding effect of HC1 is approximately proportional

to the concentration of that gas. In our consideration

of the possible reactions of HC1 we were able to find

only two which appeared at all probable.

1. Action as a third body.

01 + 01 + M—»C1„ M
a o

2. Removal of hydrogen atoms.

H + HC1—» H2 + CI
In addition however, the extent of its prevence

modifies the values of the constants for the wall

reactions of CI and Cl^. We are faced here with the
rt 1 ffi mil tv/
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difficulty that the line relating quantum efficiency and

HC1 pressure is only approximately straight, and may be

the sum of more than one tendency none of which may

obey a straight line law.

It was conolded earlier that there are 6 well

established reactions which almost undoubtedly take

place.

1. Cl2 > 01 + CI kx
2. CI + Hg J. HC1 + H kg
3. H + Gig 3- HCl + 01 kg
4. 01 + Gig + M v Gig + M
5. 2Clg > 3Gig kg
6. G1 » at surface 3

Consider what kinetic expression these reactions alone

would give rise to;

= kp[a] [Hg] + fc3 [h] [ca^l = 2kg [h] [dgl
= kp[ca] [Hg] - k3 [H] [dgl . 0
* Vabs " ^sL01]^! ♦ - fcMLal[a4[ij]- s[a] = o
= VabB AfcM[Clgl [B] + 3)
* 2kg [Hg] [Cl] = /(^j[Clg] M + 3)
- 2\+ s)

This expression has the following features

1. The quantum efficiency 1b proportional to the

concentration of hydrogen. This is a generally accepted

requirement.

2. The concentration of chlorine term, appearing

in/

d HCl/dt

d H/dt

d Cl/dt

[a]
d Hcl/dt

r
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in the divisor, would give rise to a steady fall in the

quantum efficiency with increased chlorine pressure,

3. The concentration of third body M term, in the

divisor, would give a retarding effect for HG1, which

might under certain conditions approximate to a nearly

linear condition over a limited region,

4. As the expression stands there is nothing to

allow of change of quantum efficiency with intensity.

Consider now how the expression is varied

if we admit other reactions to our scheme# In our

previous consideration we suggested three others as

possible. These weres-

7. Cl3 > Cl2 + CI k^,
8. H + HC1 * H + CI kQ
9. CI *■ destruction at the wall Sf

If we add reaction 8 to our mechanism, then

a[ca]/dt = - h8[oi][h21+ kgtayiH] -k„[<a][caJ[«J
- 8 [CI] + kg[H][HCll = 0.

d[H]/dt = kgLHsltca] - kglH] [eg- ke[H][HCl] = 0.
from which we obtain the relations-

8 *1 kS [«sl [oq]

(k3[caa] ♦ k8[Hca]) (kM [cig][u]+ s)
This varies from the previous equation by containing

the factor

*a fogl
k3 [da! + kg [HQl]

To/
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To a limited extent this factor might sometimes cause

an optimum value for the quantum efficiency with

increasing chlorine. But this tendency can be accounted

for by the variations of S, and it is agreed by nearly

all workers that the extent of reaction 8 is small.

This factor will accordingly approximate to unity

throughout, unless the concentration of HC1 is very

large. We cannot hope by this method to get much

information of the extent of the reaction, and can

only fall back on the conclusions of other workers

that it takes place to a limited extent only.

Reaction 9. dg > destruction at surface
is unlikely to give rise to any chlorine atoms which

are not almost immediately adsorbed on the walls, and do

not enter the main body of the gas phase. So long

as this is the case the above kinetic expression will in

no way be altered.

!Fe have now to consider reaction 7

a3 >oia ♦ a
which may occur with or without the assistance of a third

body. If any chlorine atoms should have entered the

gas phase as a result of reaction 9 such an occurrence

may be considered as only a special case of reaction 7.

For reactions 1 - 7 we obtain by the usual methods

the kinetic expression

V - 8 kg "l^ 8 *2 frdHgltclj
k^CljM]* S + (katcylMl + 3) Iabs
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where / 2

ja,-j = "k73 +/(V) + + ks3>kxIabsk« KJM1
S(kM + k5S)

At high pressure of HCl, 3 tends to zero, as relatively

few chlorine atoms will now reach the walls. Put

3 = 0.

* = 8 *8 "lftil 8 *8 k?M
M + Kn/*1

Thus at high HCl we have the quantum efficiency equal

to the sum of two terns, in the first of which the

rate exponent n is unity, and in the second tends to

0.5. This agrees with the tendency of the quantum

efficiency to become independent of Iabs at high
intensity, while at low intensity it tends to become

porportional to 1/'>ylaba* I* wil1 *>e seen from the
expression that, neglecting surface action, Clg not
merely retards the reaction, but under certain conditions

will do so proportionally to the square of its

concentration, since if [do] is large compared with
2

[HCl] then k^^Glg] [M]will approximate to kM[Clg] .
We may modify the above expression to allow

the decomposition of d in the gas phase to occur after
o

collision with another molecule This alters

to k^[M] but otherwise makes no change.
Then

Bk &1[H2] S kg k7 [M] tigtcaj
r ♦

1cm[rU1Lm1 + s I<-r1[CU][M]+ 3
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where r— —g

[01]- -k73M VlyM) ♦ 4(kM[018|[MlkB 4.3

sdc^tcaglM + kgS)

Where the concentrationa of gases are sufficiently

great to make surface action negligible the approximation

becomes

2 kg ^[Hg] 2 kg k?[Hgl
T = J + _—

k^toigi [Ml
If the intensity is very great the first term will

be the most important and the quantum efficiency will

become nearly independent of I^s* On the other hand
if the pressure of HG1 or an inert gas is very great

while the intensity is relatively small we may omit

the first term and

Y - 2 ^2 ^7^*2)
t.clsl k5Wh

Hence at high pressure of HG1 the reaction ceases to

be ftirther retarded by it. This is perhaps one of

the reasons why this retardation was not observed by

many workers.

Since we are dealing here with very high

values of I ^ it is possible that the reactionaba

CI + Cl_—2d0 should also be considered. This
o

leads to a very complicated calculation, and there is

no/
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no advantage In di3cu3sing it further without fuller

data.

The following summary may be made of t he above

conclusions. The results obtained are not inconsistent

with the mechanism s-

1. 01 01 + CO.

2. Cl + H0 > HC1 + H
&

H
kg

3. H + 01
g > HOI + 01 k3

4. 01 + 01 ■¥ M > 01,, + M k
S 3 M

5. 2 Cl3 > 3 Gig kg
6. 01—> h Gig at surface S
7. Cl3 - (M) , Gig + 01 k,p
with the probable additional reactions

8. H + HG1 » H0 + 01 k
o O

9. 01 * destruction at surface S'

This on analysis appears to exhibit all the tendencies

which the present results in conjunction with those of

certain other workers require.

Reactions 1-7 give the expression

2 kg kx [Hg] + 2 k2 k?[Mj [HglfGlglr =

where

[<aj =

kjj [OlgltMlt S kjjtaglbil + 3

2(1^[01,1 [Ml k 8)

1. The quantum efficiency is proportional to the

concentration/
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concentration of hydrogen.

8. The divisor term (kj^Glg] [m] + S) would cause the
quantum efficiency to increase initially with the

concentration of chlorine, due to the decline of surface

action represented by the factor 3. As surface action

becomes relatively unimportant the steady growth of

lEy [Clg] [m] causes the quantum efficiency to pass
through a maximum and then decline. The observed

retarding effect of HC1 is also not inconsistent with

this divisor.

3. Where the concentrations of gases are sufficient

to render surface action negligible the quantum

efficiency would be given by

which can be tested by two limiting cases.

4. In 3 as the intensity increases the second term

declined and the quantum efficiency tends to become

independent of the intensity. This is in accordance

with comparison of these results with those of Ritchie

and Norrish, which shows that the exponent for the

rate of HC1 formation tends to increase with increasing

intensity.

5. Where the pressure of HOI or an inert gas is very

great, the first term declines, and the quantum

efficiency tends to

v . 8 *8 VW ♦ 8 *2 \ t%]
Km [pig) [M]

K" = " K? iHg]
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Thus as the pressure of HC1 increases the quantum

efficiency should become proportional to l/l _ x which
aos

is consistent with the present results. The retarding

effect of HC1 should tend to disappear at high pressure

of this gas.

In conclusion, attention may be directed to

an alternative process to which some of the experimental

trends above noted may be partly due. The combination

of hydrogen and chlorine is attended by the production

of a considerable quantity of heat, as expressed by

the equation H + Cl0—> 2HC1 44000 oals. Thus,
if the rate of reaction be large, as it is In these

photo-experiments, convection may be a factor of

importance. It is, for example, possible that an

increased will cause considerably increased

convection by reason of the greater heat evolution, and

such increased convection would decrease the measured

quantum efficiency by increasing the surface removal

of chain carriers. In the limit, where all chain

carriers were 30 removed, the rate would be directly

proportional to Iabsi in other words the higher Iat)8»
the higher the index n, as experimentally indicated.

Evidence for such a mechanism has been given for the

reaction between illuminated bromine and acetylene (67).

Such convection effects will in general be at a

minimum at low pressures; if at higher pressures of

chlorine convection increases until surface action is

predominant. « sMKlYfeflroverall" quantum efficiency might

result,/
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result, as is also experimentally found-

There is, however, reason to believe that

such convection effects should, be approximately

independent of the nature of the added gas, at least in

the cases of A, Ng and HC1. In the bfomine-acetylene
reaction referred to above, the increase in rate was

more or less independent of the nature of t he added

gas; further, while the thermal conductivity of a gas,

by kinetic theory, is independent of the pressure of

such a gas where pressures are not too small in

comparison with the size of the containing vessel,

the actual measurements of relative thermal conductivities

as described in Part II, showed discrepancies, attributed

to convection increasing with increasing pressure but

the same for similar pressures of the gases A, N0

and HC1. The rates of diffusion of CI atoms through

these gases are approximately the same for correspond¬

ing pressures; as far as the Budde effect measurements

are concerned, therefore, the differences observed

between the effects for different gases, cannot be

explained by convection alone. Further, in the

photosynthesis experiments, the retardation by HC1

might be due to convection effects and surface factors,

but in this case there is then no reason why the index

n should decrease as HC1 is added. V/hile, therefore,

the possibility of convection effects is to be

admitted/



admitted, it seems that the experimental results above

cannot be explained solely on such a basis. The

conclusions drawn regarding the mechanisms of Budde

effect and hydrogen chloride photosynthesis are thus

regarded as essentially correct, and it is hoped

that they may prove a useful ground-work for further

investigation.
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The mechanism of the recombination of

chlorine atoms in the gas phase has been examined

by the measurement of the photo-expansion in the

presence of varied concentration of added gases. The

results so obtained are in accordance with the '

reactions

01 + Glp ♦ M * Cl3 + M
2G13 > 3Olg

and are not consistent with any other mechanism.

In the course of these observations a new

effect has been observed, which is ascribed to the

adsorption of Gig molecules on the surface of the
vessel. When the vessel was illuminated, the

pressure, after increasing to a maximum, declined to a

slightly lov/er steady value; while on extinction of the

light the pressure fell slightly below the original

dark pressure of the gas, to which it then returned.

This effect is at a minimum when the pressure of added

gas is zero, and chlorine attos will most readily reac

the surface; and again at high pressure of added gas

(600 mm.) when diffusion to the wall of any relatively

unstable species such as Clg is most unlikely. It is
at a maximum at an intermediate pressure where there

exists a balance between formation of the Gig complex,
diffusion to the surface, and its removal by mutual

reoombination.

The/
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The absence of this effect in the presence

of the "condensable" gases HG1 and COg is ascribed to
modification of the nature of the wall by an adsorbed

layer of these gases. This is in agreement with an

abnormality noticeable in the values of the triple

collision coefficients, obtained, from the data for the

various added gases. Whilst the ratios of the values

for Og and A with reepect to Ng, and for COg to HG1,
are in agreement with results of other workers, it is

probable that direct comparison cannot strictly be

made betvveen the values for the "permanent" and the

"cohdensable" gases.

The effect of water vapour is slight, though

small traces appear to lower the Budde effect a little.

Relative measurements of the thermal

conductivity of HC1, and of the gas mixtures used in

studying the photo-expansion of chlorine, have been

made by the hot wire method. The thermal conductivity

of HOI was found to be 1.61. For gas mixtures within

certain limits, it was found that the conductivity can

calculated with sufficient accuracy on the assumption

that conductivity is a linear function of composition

i.e. by the formula:-

K - (km - Vj5 M/ dcigi + W ) ♦ K^.
The hydrogen-chlorine reaction has been

studied in oxygen-free mixtures, with variation within

certain/
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certain limits of the factors the intensity of the

light, the concentration of chlorine, and of the

product HOI. The following tendencies were observed

for the conditions of experiment

1. The quantum efficiency of HOI formation rose with

increased chlorine concentration till about 37 mm.

and thereafter declined.

2. At Olg = Hg « 40 mm. HOI retarded the rate of
reaction. The retarding effect was apixroximately

proportional to the concentration of that gas.

3. With increased concentration of HOI the exponent

n decreased, in the expression d HC1_ in* abs
dt

Prom consideration of possible reactions and

the kinetic expressions derived therefrom, it has been

found possible to formulate a mechanism consistent with

these results. The initial dissociation, the Nemst

chain, and the recombination process derived from the

photo-expansion results, require the following

equations.

1. Gig + hy » 01 + 01
2. 01 + H > HOI + H

3. H + Cl_ > HC1 + 01

4. 01 + dp + M ^ ^
5. 201 > 301o3

6. 01 > iClg at surface
The following reactions are held to take place from

consideration/
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consideration of the present results in conjunction

with examination of those of other workers and of

theoretical considerations.

7. Cl^ > Cl2 + CI
8. HC1 + H > 01 + Hg
9. d3 » destruction at surface
Reaction 8 is known to occur in an isolated system,

though with small probability for any particular

collision. It will occur to a very limited extent in

this system. It introduces into any kinetic expression

a factor which will usually not vary much from unity.

The combination of the destruction of chlorine

atoms at the wall:~

6. 01 > sur:£,ace»

and of the triple collision

4. CI + Clg + M > Cl3 + M
leads to an expression for the quantum efficiency in

which the denominator is (^[Clg) [m] + 3). At low
pressure of chlorine the first term is small, and

this factor aapproximates to 3, which is large as a

high proportion of atoms reach the walls. As chlorine

increases fewer atoms will diffuse to the surface and S

decreases causing the quantum efficiency to rise to a

maximum from which it declines due to growth of the

term k4 [<31?] [m].
In conjunction with equations 1-6 the reaction:

7. 01s-^-> Cl2 + CI
gives the expression/
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V * 2 Si + a ^ MMlN [gla]
jy«.j [m] + s (ngCcig] [it] + a)tm

where

[C1J - + (^[GlglMks ♦ k6k5 4k1Ia1)alctl[Clj[M]
8[VB1s]Mk5 + *6 *s]

Hhere the concentration of gases is sufficient to

permit surface action to he neglected, this approximates

to

Y - 2 LhJ + 2 ky[Hg]
^

[^1
Ihere in addition the intensity is high, the quantum

efficiency should tend to become independent of the

intensity, which is in accordance with a comparison of

the present results with those of Ritchie and IJcrrish.)

On the other hand, as the pressure of HC1 increases the

second term becomes more important than the first, and
n

the exponent in the equation = constant should

tend to 0,5. Such a tendency has been observed.
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