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L. H. BEasson, B.Sc., and R. W. Armour, B.Se. Communicated
by Dr E. B. Lupram, M.A,

(MS. received July 22, 1927,  Read November 7, 1927.)

THE rapid progress which has been made in the last few years in the
knowledge of the rotational, vibrational, and electronic energy of
molecules has extended the range of chemical investigation, particularly
in the region of chemical kinetics. This knowledge is derived chiefly
from the study and interpretation of band spectra, and one of the most
obvious cases to examine is that of “active” nitrogen which emits a
characteristic spectrum and is capable of energetic chemical reaction with
a wide range of substances. For most of the early work, including
spectroscopic observations, we are indebted to the excellent and thorough
investigations of Strutt.

The fact that the yellow glow in nitrogen, produced by a powerful
condensed electrical discharge, disappears so slowly that its rate of decay
can be measured accurately, suggested that this rate of decay might be
made the subject of careful investigation in the presence of foreign gases,
and this was the starting-point of the present work. While it was in
progress, however, a paper was published in the Journal of the Chemical
Society by Rideal and Willey (Jowrnal Chem. Soc., July 1926) which
pointed to the conclusion that the energy of active nitrogen was much
smaller than seemed compatible with the spectroscopic observations. Our
experiments with iodine having shown that the reaction of this vapour
with active nitrogen was, in the ordinary sense, instantaneous, we turned
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our attention to spectroscopic evidence as to the amount of energy com-
municated to the iodine molecule by the nitrogen. We pointed out, in a
letter to Natwre (Oct. 23, 1926), that Strutt had observed the excitation
of the line 206 wuu in the spectrum of the blue iodine glow which is
produced by the interaction, and for the production of which an amount
of energy about four times as great is needed as that postulated by
Rideal and Willey.

In a letter in Nature (June 25, 1927) Willey outlines new results
which he has obtained which go some way to clear up the diserepancy
between spectroscopic data and his earlier results, but adequate discussion
of this work must be delayed until the details are published. In these
latest experiments the glowing active nitrogen is produced in one
discharge tube, then passed into another through which a feeble discharge
is passing, thereby destroying the glow, but on passing the nitrogen
after this treatment into nitric oxide, nitrogen peroxide is produced ; even
with the feeble discharge alone, which produces no visible glow, abundant
formation of nitrogen peroxide is obtained. The conclusion is that the
glow is due to the recombination of the atoms, with a heat of formation
of the molecule of about 250,000 calories per gram-molecule, and that,
nevertheless, the chief constituent is the chemically active form, with an
energy content of only about 45,000 calories per gram.-molecule; its nature
is admittedly obscure.

In our opinion this recognition of different states of excitation in the
gas which leaves the discharge chamber is timely; the use of the word
“active” as though it signified one and only one state of activation is no
longer appropriate. It may still remain convenient to speak of the glow
produced by the condensed discharge as active nitrogen, but it will be
understood that the term is being used loosely, in a historical sense,
subject to qualification. “Atomic” nitrogen may be an adequate term
for the nitrogen atoms, for the line spectrum of nitrogen is no necessary
accompaniment of the production of the glow, which is produced by the
combination of neutral atoms, but the complex spectrum of the glow is
evidence of the many different states of activation which are responsible
for the emission of the bands, quite apart from the non-luminous state
which Willey concludes to be the major portion.

The spectrum of the yellow glow has been thoroughly studied recently
by Birge (Naiure, 1926, 117, 81, 300), and Sponer, and also by R. C.
Johnston (Nature, Jan. 1, 1927). It consists of three groups of bands, («)
a selection of the “first positive ” bands of the nitrogen molecule; (B3) and
(y) bands due to nitric oxide. With a few per cent. of oxygen the (a)
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band is suppressed, but the (8) and (y) bands persist strongly; being in
the ultra-violet they are invisible. With excess of oxygen a green glow
is produced but is short-lived.

The spectroscopic evidence in favour of the glow being due to the
recombination of atoms is twofold: (a) the spectrum of the glow itself,
and (b) the spectra of other substances which it can excite. The peculiar
limitation of the first positive band receives a satisfactory explanation
if eleven quanta of vibrational energy (21 volts) and 9-3 volts of elec-
tronic energy are assumed, the two together giving 114 volts, equi-
valent to 263,000 calories, this being the energy of recombination of
neutral atoms.

Evidence of the second type was first emphasized by Saha and Sur;
we have pushed it as far as possible with quartz apparatus to the extreme
ultra-violet in the case of iodine; Constantinides (Natwre, Jan. 29, 1927)
finds that iodine is actually ionised, which carries the range much further
into the Schumann region, indicating an energy beyond 9 volts.

In order to investigate the spectrum of iodine excited by active
nitrogen, several different types of apparatus were used. In all cases
the nitrogen was rendered active in the discharge bulb A shown in
fig. 1 (a). '

In the first experiment the glass tube (fig. 1 (b)) was attached to this
bulb; the union was accomplished by tapering slightly the end of this
glass tube and pushing the taper into the component of the ground-glass
joint fixed to the discharge bulb; the union was then surrounded by a
rubber tube, well waxed. A quartz plate was fixed by means of wax on
to the other end of this glass tube, and near this end was sealed on a
side-tube connected to the pump. A small amount of iodine was intro-
duced into the glass tube through a side-tube (not shown in figure) which
was closed by means of a rubber stopper.

A slow stream of purified nitrogen was then passed through the
apparatus at such rate that a good bright yellow glow extended right
to the iodine, above which a brilliant blue glow was visible. The slit
of a small Hilger quartz spectrograph was placed opposite the quartz
plate and an exposure of nine hours was given, using an Imperial
“ Eelipse ” plate (H. & D., 650).

On this plate was seen a large amount of fogging in the violet and
near ultra-violet, and the iodine line at 206 uu was very strong. Also,
there was very faintly seen a line at about 185 upu.

It was then decided to repeat this experiment using an apparatus
which would allow the placing of the slit of the spectrograph very
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close to the iodine glow. Also a fluorite window was substituted for a
quartz plate, in order to obtain somewhat greater transparency in the
region of 180 uu. Using this apparatus an exposure of fwenty hours
was given, employing the same type of plate as previously and treating
it with paraffin in order to sensitize it to ultra-violet light of short
wave-length.

This plate showed no trace of a line at 185 uu, and also the iodine
line at 206 uu was very much fainter than on the previous plate.

In both experiments there was a length of glass tubing of 25-30 cims.
between the discharge bulb and the iodine, in order to hinder the passage
of charged particles from the former to the latter. No doubt such
particles could be more completely eliminated by passing the stream
of gas between two metal plates with a potential difference applied
to them. This method was tried and the line 206 was obtained as
before. It must be remembered, however, that the decay of active
nitrogen emits ultra-violet light, and therefore there would always exist
the possibility of electrons being emitted photo-electrically from the
metal plates.

In order to ascertain if the line at 185 wu photographed in the first
experiment was really a component of the iodine spectrum, the latter
spectrum was photographed directly, using a fused silica tube containing
iodine vapour, and provided with external electrodes between which the
non-condensed discharge from an induction coil was passed. The photo-
graph thus obtained showed the lines at 206 ww and 185 uu, both of
which coincided exactly with the lines obtained on the previous plate.
Further, the relative intensity of the two lines was very similar on the
two plates.

As far as we know, the shortest line previously excited by means
of active nitrogen was the iodine line at 206 uu (Hon. R. J. Strutt, Proc.
Roy. Soc., 1912, 86 (A), 105). This line gives an energy content for
active nitrogen corresponding to 60 volts, while the line at 185 up
observed by us corresponds to a voltage of 67 volts. We believe, then,
that we have extended the spectroscopic evidence for the energy content
of active nitrogen from 6:0 to 67 volts. Further extension will not be
possible by means of the ordinary quartz instruments of the laboratory,
as quartz absorbs a large proportion of light of shorter wave-length
then 180 up.

From some experiments which he made on the effect of compression
on active nitrogen, Strutt early arrived at the conclusion that the process
of decay of active nitrogen cannot be of a monomolecular type, and
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tentatively suggested that it might be bimolecular. He pointed out,
however, that actual determinations of the rate of decay of the active
gas were necessary definitely to settle the point. In 1921, Angerer
(Physikal. Zeitsch., 22, 97-102) published the results of such deter-
minations ecarried out by him. By measuring the intensity of the
radiation from nitrogen enclosed in a sealed globe and activated by the
electrodeless discharge, and by assuming that this intensity was pro-
portional to the amount of active nitrogen present, he obtained results
which led him to conclude that the decay of active nitrogen is essentially
bimolecular.

The extension of these experiments to cases in which the active
nitrogen is not allowed to suffer simple decay, but is made to act on
some other substance, is of interest in various ways. For example, it
would be of considerable assistance in deciding whether any chemical
reaction takes place, with the formation of more or less stable compounds;
and in investigating the nature of any such reaction. Certain experi-
mental difficulties, however, arise immediately. These may be stated
as follows :—

(1) The active nitrogen is itself decaying and so emitting radiation
during the production of radiation by the second substance. (The method
is of course only applicable to those cases in which luminosity is produced
by the action of the nitrogen on the substance.)

(2) As the nitrogen must be activated before being mixed with the
second substance, and the operation cannot therefore be carried out in a
simple closed vessel, and as it is very difficult to obtain constancy in all
the conditions, it is not possible to introduce a correction for (1) by means
of a blank experiment.

(3) If the “reaction” be made more rapid (by increasing the concen-
tration of the second substance), then rate of mixing may become the
determining factor in rate of decay.

In spite of these difficulties, however, it was thought that there might
be some possibility of obtaining, at least, approximate results for the
velocity of such a “reaction,” and it was with a view to the settlement of
this question that the preliminary experiments about to be described were
performed.

The Apparatus Used.—The main portion of the apparatus is shown in
fig. 1 («). The bulb A of about 1500 c.c. capacity constitutes the discharge
vessel, having sealed into it two aluminium electrodes (not shown). The
exciting discharge is obtained from a large induction coil, a jar and spark-
gap being included in the circuit. The bulb A communicated by means
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of a wide tube and a tap of 10 mm. bore with a second bulb B of about
two-thirds of its capacity. This is the “reaction” chamber, the pressure
of iodine in it being controlled by varying the temperature of the tube C,
which contains a little solid iodine. These bulbs could be evacuated
separately by means of a “Hyvac” two-stage rotary oil-pump, driven
electrically. Pressures could be read by a manometer and a M‘Leod gauge,
not shown in the figure. In order to prevent as far as possible radiation
from the discharge bulb reaching the window W, the wide tube was bent
through about 45° at the dotted line, and the whole of this bulb was

encased in a light-tight box.

Discharge

Bulb

A

i

s eSS
"ﬂ Active
Iu}rnsan

To pumpy (b)

lodine

Fic. 1.

The nitrogen used for the experiments was the ordinary commercial
gas, purified by passing twice through alkaline pyrogallol, twice through
concentrated sulphuric acid, over phosphorus pentoxide, and finally through
the liquid alloy of sodium and potassium.

The First Experiment—The object of this experiment was to determine
what pressure of iodine vapour was required in order to make the velocity
of the “reaction” with iodine so great that simple decay could be neglected
altogether.

It was necessary to devise a method of arriving at some idea of the
relative amounts of energy being radiated as ordinary nitrogen afterglow
and appearing as radiation from the iodine. At first it was thought that
there might be sufficient differences between the photographic properties
of these two radiations to enable the desired results to be obtained by
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simply placing a photographic plate at a quartz window at W (this
window was waxed on, so that it could be made of any desired material),
and comparing the depths of the photographic images produced by the
total afterglow at various concentrations of iodine vapour. It was found,
however, that the images were all of the same density, no matter what the
nature of the afterglow. A glass window was now substituted for the
quartz one, but with no better results. Various forms of monochromator
were also tried, but in no case was there sufficient intensity of radiation
to affect the plate at all. The method finally adopted was that of using
a light-filter. This consisted of a small glass cell, about 5 mm. in thickness,
and filled with a solution of methyl orange in water. The concentration
of this was such as to cut off practically all the radiation except that
between about 300-370 pp, in which region the strongest bands of the
iodine glow lie. The procedure adopted was as follows : —

The bulb B was evacuated to a pressure of about ‘05 mm., having
been previously thoroughly washed out with nitrogen, the tap to the
tube C remaining closed. The bulb A was evacuated also to a pres-
sure of 5 mm,, and the discharge started. The tap communicating with
the bulb B was opened, and the discharge immediately stopped. The
photographic plate, which was contained in a holder which exposed only
a small area at a time, was placed in contact with the window during
this operation.

The bulb B was again evacuated to ‘05 mm., but this time the tube C
was cooled in liquid air and allowed to communicate with the bulb.
After about thirty minutes another exposure was made as just described,
the photographic plate having been moved to a different position. This
was repeated at a number of different temperatures, gradually rising to
16° C.

On developing the plate definite differences in the density of the image
was observed as the iodine pressure rose. In the entire absence of iodine
the image was only very faint, increasing in intensity until the iodine tube
had attained a temperature of somewhere about —15°, above which increase
of iodine pressure had very little effect. Now from the results of Haber
and Kerschbaum (Zeitsch. fiir Electrochemie, 1914, 20, 302), the vapour
pressure of iodine at this temperature is about ‘005 mm. Also the pro-
portion of active nitrogen in the bulbs is of the order of 2} per cent.
(Strutt, Proc. Roy. Soc., 85, 223 ; 86, 58). Taking the final pressure in the
apparatus as 8 mm., it will be seen that the pressure of iodine required to
produce practically nothing but iodine glow is of the order of s part of
the active nitrogen present. It would appear from this, taken in con-
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junetion with the fact that the glow is practically instantaneous in these
circumstances, that any chemical action is extremely unlikely, the iodine
merely receiving energy and radiating it over and over again. This view
receives additional support from the facts that at about —50° (the lowest
temperature investigated by Haber and Kerschbaum) there is a very
decided photographic effect from the iodine, the pressure of the vapour
at this temperature being less than ‘00006 mm., or {3 of the partial
pressure of active nitrogen; and that at even a lower pressure of iodine
a considerable and comparatively short-lived blue glow was observed
visually.

Second Ewxperiment—During the course of the experiments just
described it had been noticed that, as had been expected, the duration of
the luminosity when the iodine pressure was such as to produce the
greatest photographic effect was so small as to cause the glow to appear
instantaneous to the eye. We therefore endeavoured to obtain the order
of this velocity by the use of a kinematographic camera. This was a
small pocket model of extremely short focal length. The lens was placed
close to the window of the same apparatus as was used in the first
experiment. The iodine tube was maintained at a temperature of 0°C.
The procedure was exactly as before, except that the discharge was not
stopped immediately after opening the tap. The exposure was started just
before opening the tap, and stopped after the blue flash had taken place.
This was repeated several times, at inereasing camera speeds.

When the film was developed it was found that previous to opening
the tap no mark had been made on it, but that when the tap had been
opened a slight image always appeared, due in all probability to reflected
light passing through the tap. In some cases, however, a single strong
exposure was obtained. In no case was there more than one of these. It
would, therefore, appear that the duration of the blue glow is less than the
interval between successive exposures at the most rapid camera speeds
used. In fact, it must be considerably less, as in a large number of cases
no exposure of this kind was produced at all, so that in these cases the
flash must have begun and ended between two exposures. (It was estimated
that the greatest speed attained with the camera was more than one
hundred exposures per second.)

These results led us to the conclusion that if the velocity of the
“reaction” with iodine is made high enough to eliminate the effect of
the decay of the active nitrogen, then this velocity is too great to allow
of its measurement by ordinary means. That the rate of “reaction” was
largely influenced by rate of mixing of the two gases was in fact directly
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observable, a distinet streaming of the blue luminescence being noticed
where the active nitrogen issuing from the tap came into contact with the
iodine vapour.

Conclusions.—Spectroscopic observation shows that glowing “active”
nitrogen can excite the line 185 pup in the spectrum of the iodine atom:
there is, therefore, some form of nitrogen present capable of imparting an
energy sufficient to dissociate the iodine and raise the atom to the level
of electronic energy necessary for it to emit this line, a total of 35,000+
154,000 = 189,000 calories, equivalent to 1'7+6'7 =84 volts. This supports
the view that the glow is produced by the combination of atoms of nitrogen,
which accounts for the high energy level. When the pressure of iodine
vapour is of the same order as that of the “active” nitrogen, the visible
reaction is an instantaneous flash, which even with imperfect mixing, did
not last one hundredth of a second.

Our thanks are due to Professor Sir James Walker and Dr E. B. Ludlam
for their interest and advice, and to Messrs Brunner, Mond & Co. for a
grant to defray some of the cost of apparatus.

CHEMICAT, LABORATORY,
UNIVERSITY OF EDINBURGH.

(Issued separately February 9, 1928.)
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THE PHOTOCHEMICAL EQUILIBRIUM OF HYDROGEN BROMIDE

EXPOSED TO LIGHT IN THE EXTREME ULTRAVIOLET,

INTRODUCTORY,

The fact that light is necessary for the progress
' of some chemical reactions has been known ever since
it was recognlzed that plantg could only aseimilste
their nourishment in sunlight, In more recent times,
. the processes of photography have furnished the most
striking exemples of the photochemical reaction,

In the development of photochemlstry as a science,
two hypotheses must be considered as of gupreme im.
portance, as they have led tc so much regsarch,
The first of these ies the Quantum Theory, put forward
by Planck in 1900, Though this theory has no direct
conmnection with photochemlstry, ite importance lies
in the fact that it led directly to the second of the
two hypotheses, namely the Law of Photochemical
Equivalence, put forward by Einstein (Ann, Physik. IV,
37, 8323 19123 also ibld.IV, 17. 1323;1905), which
supplies an explanation of the mecheniem of the photo.
chemicel reaction from the point of view of the
Quentum Theory, The testing of the validity of this
:hypothesis has led to some of the most brillisnt work
in/



in this branch of physical chemistry, especilally by
Warburg (Sitz, Kgnig.Preuss.Akad,Wisaen., 1912-1¢18).
It was early recogniged that to be effective
in producing a photochemical change in a substance,
the 1light employed must be of a wave.length which 1s
absorbed by that substance, Hence the study of photo-
chemistry has always been intimately linked with the
investigation of the absorption spectrs of substances,
In the case of organic compounds, this particular
brench of the subject has made great strides within
recent years, since it has been discovered thet there
is a falrly closge relationship between the structure
of & substance and its absorption spectrum,
Photochemical reactions have been studied for
substances in solution, in the solld state, and in
the gaseous state, As 1n other branches of chemistry,
- the gaseous state is by far the simplest from the
polint of view of theoretical treatment, and most
photochemical work of a quentitative kind has been

performed in the case of substances in this state,

THE PHOTOCHEMISTRY OF THE HYDROGEN EALIDES,

In the whole region of photochemistry, probebly
no series of compounds has been more fully investi.
gated than that of the compounds of the halogens with
hydrogen, The modern study of the photochemistry
of/



of these compounds may be sald to date from 1912, when
Warburg and Bodensteln applied the quantum conceptions
of Planck to this branch of chemistry, and in the same
year Einstein introduced his law of photochemical
equivalence,

Warburg (Sitz.Konig,Preuss,Akad,Wissen,, 1912-
1918), in his classical series of researches on the
validity of Einstein's law, investigated the photo.
lyeis of hydrogen bromide and hydrogen iodide from
the point of view of this law, He found that with
both these compounds the ultimate result of this
photolysis was the decomposition of two molecules of
hydrogen halide per quantum of radiation absorbed;
_thia is explained by eassuming that the primary re.
action obeys Einstein's law exactly, and consists in
the decomposition of one molecule of hydrogen halide
per quantum:.

HBr+71Y = H+ Br ......... (1),
and it can then be shown that the following secondary
reactions will take place independent of the rediation,
and, in particular, that they are the only reactions
thermodynamically possible:.

H W Be & Bk Br oo (8),

Br+Br = Br, e L

80 that the final effect of the radiation is the de.
 composition of two molecules of hydrogen heslide per

' quantum /



quantum of light absorbed, In the case of hydrogen
iodide, Warburg's results have been confirmed by
Bodenstein and Lieneweg (Z,physikal,Chem,,119, 123;
1028), As an alternative explanation of the mechanism
of this photolysis, Stern and Volmer (Z,Wiss,Phot,,
19, 2753 1920) suggested that the primary reaction
consisted in the production of an 'activated' hydrogen
halide molecule by its absorption of a quantum of
radiation, and that this molecule by collision with

a normal molecule brings about the decomposition of
bothia

HI + AD HT!

1l

BY!+ HI = H8+I8
so that again two molecules are decomposed for each
quentum absorbed, For hydrogen iodide, however, it
has been shown by B,Lewls (Nature,119,493;1927), that
at very low pressures the quantum efficiency of the
reaction is the same, viz,, two, as at ordinary pres.
gures, and, since the life of an activated molecule
must be very short (about loﬁvsecj, the occurrence of
collisions cannot be essential for the decomposition
of the hydrogen lodide molecule, and hence it must be
concluded that Warburg's explanation of the mechenism
of the reaction is preferable,
Warburg's work, and especially the above

quoted example of the photolysis of hydrogen bromide
| and hydrogen iodide, has led to the conclusion, now
- generally accepted, that Einstein's law ig universally

valid/



valid for the primary reaction produced by the light,
though in probably the iarge majority of cases, at
least with the reactante present at ordinary pressures
or concentrations, the primary reaction is obscured
by subsequent secondary reactions,

In connection with the photosyntheses of hydrogen
chloride and hydrogen bromlde from their constituent
elements, 1t 1s well known that the tmion of hydrogen
and chlorine takes place explosively in bright 1llght,
and that even with feeble illuminatior. a considerable
amount of hydrogen chloride 1s formed, so that a
mixture of hydrogen and chlorine has been made use
of as an actinometer by measuring the amount of
hydrogen chloride formed, Calculations on this
reactlon, based on the experiments of Bodenstein and
pux (Z,physikel,Chem,,85,2973;1913), by Bodenstein
(ivid,,p.333), and Gohring (Z,Elektrochem,, 27, 511
1921), led to the conclusion that at ordinary pres.
sures about 500,000 molecules of hydrogen chloride
are produced per quantum of radiation absorbed Nernst
(Z,Blektrochem, ,24,335;1918) expleine this by stating
that the primary photochemical reaction obeys Eingtein's
law, and consists in the decomposition of one chlorine
molecule by one quantum of light into chlorine atoms:.

< Al (U B S VRS SORRRER ¢

He then states that thie is followed by two secondary

reactions,

c1/
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01+ H, BV B socamessss (2),

H+01, HOL 4 0 . awmemines, (5);

and by successive repetitions of (2) end (3), & chein
of reactions 1s set up, so that the number of mole.
cules of hydrogen chloride ultimately formed 1s very
large; indeed 1t would appear that the above serles

- of reactions could only be stopped by the union of
the hydrogen or chlorine atoms, or of the chlorine
and hydrogen atomg, It can be shown by means of the
Nernst heet theorem that both resctions (2) and (3)
are thermodynamically possible, and recent optical
measurements on the energy of dissociation of chlorine
and hydrogen show that reaction (2) is feebly exo.
thermic while (3) is strongly so.

The photosynthesis of hydrogen bromide differs
from thet of hydrogen chloride in that it does not
take place exploslvely, and corresponding to this it
is found that even strong illumination results in the
formation of but little hydrogen bromide, Evidently
in this case the chain series of reactions is not
possible, and this is proved by Nernst (loc,.cit,) by
meens of his heat theorem, which shows that the
reaction:.

Br4+ Hy = HBr+ Br
i1s thermodynamically impossible, This particular

case/



case of photosynthesis has been most carefully studied

by Bodenstein and Lutkemeyer (Z.physikel,Chem,,6 114,

2083 1924), who show thet the mechanism of the re.
action is somewhat complicated, as no less than four

| gecondary reactions take place following the primary

photochemical change, which obeys Einstein's law:.

Bry+A7 = 2 Br (primary reaction) .,.. (1),
Br+ Hy, = HBr+ H ..iiievveceecnseess (2),
H+Bry = HBr+ Br ....icieeveeneees (3),
HtHBr | = Hg“‘ Bl oisenvmve seessens Ay

BY = Bry .s.eeeececsescscssensces (B

This mechanism leads to the following result for the

rate of fbrmation of hydrogen bromidse, d gir) -

HB - N A |
a(mer) . gl%ﬁ;%% Lol 7

where k. and kg are constants, and N is the number of
quanta of radiation absorbed by the bromine in unit
time, This expression 1s completely confirmed by

experiment, which shows that the rate of formation of!
| hydrogen bromide is directly proportional to the
pressurs of hydrogen, and that the reaction 1s accel.
erated by increase in the pressure of bromine and
retarded by increase in that of hydrogen bromide, The
most important experimental confirmation, however,
lies in the fact that the amount of hydrogen bromide
formed in unit time is proportional to the square root
of the number of quanta absorbed, That 1s, the

velocity of formation of hydrogen bromide from its /
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its constituent elements is directly proportional to
the square root of the intensity of illumination;
as may be seen from the primary reaction (1), this
means that the rate is proportional to the concentra.
tion of bromine atoms in the system, This reaction,
therefore, furnishes an apparent exceptlon to the
Grotthus-Draper law, and gives a good example of the
fact that it 1s extremsly difficult to check the
accuracy of any hypothesis about the mechanism of a
purely photochemical reaction, as the changes brought
about by this latter may be almost completely obscured
by subsequent secondary reactions,

In connection with this reaction, Bodenstein
and Lind (Z,phyeikel,Chem,,57,1883;1906) showed that
the rate of formation of hydrogen bromide in the dark
could be represented by & similar expression, in which
the square root of the concentration of the bromine
was substituted for the square root of the intensity

of the illumination, viz:.

1
. 1
d(HB) _7 HJ [B] ™
dt” =0+ £, B
L 13,_;]
80 that the velocity of the reaction is again pro.
portional to the concentration of bromine atoms, Thip

proves that the kinetics of the photochemical and

thermal formation of hydrogen bromide are precisely

. the same, except that in the first case the bromine

atoms are produced by the action of light, while in
the /
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| the gecond the thermal energy of the bromine molecules
produces bromine atome by dlssociation,

It should be noted that though the kinetics of
the union of bromine with hydrogen are somewhat com..

| plicated, the photochemical union of bromine with

' gome organic substances follows Elnstein's law in a
very simple mamner, Thus it has been shown by Nernst

' and Pusch (Z,Elektrochem,,24,335;1914) and by Noddack
(z.Elektrochem, ,27,35931921), that in the reaction
between hexahydrobenzens and bromine, the absorption
of one quantum of energy leads to the disappearance
of one molecule of bromine,

Einstein's law postulates that in a photochemical
reaction, a certain minimum, or threshold frequency
is.necessary for the light involved, in order that
the quanta may contein sufficient energy to produce

| the reaction, Now in the photosynthesis of the
halogen hydrides the primary reaction consists in the
splitting of the halogen molecule into atoms, and so
it becomes interesting to investigate what frequency
of radiation is necessary for this purpose, In this
connection it has been shown by Franck (Trans, Far,Soc, ,
21,5363;1925) that the halogens exhibit in their
absorption spectrs a series of bands converging to a
limit, or 'Konvergenzstelle', the wavelength of which

| corresponds to the amount of energy necessary to

dissociate/
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dissociate the halogen molecule into a normal and an
excited atom, In order, then, that the light should
be effective in producing photosynthesis of the halo.
gen hydrides, it is necessary that its wave.length

ghould be not longer then this limiting value, and as
it is also necessary that a certain amount of surplus
energy be supplied, the light must be of somewhat

gshorter wave.lengths, It should be remembered that the

' actual threshold value of the wave.length will be to

gome extent influenced by the tamperatufe, and up till
now but little exact quantitative work has been done
on the subject, so thet Franck's indirect treatment

of the problem supplies figures which, though probebly
only approximately indicating the position of the
threshold wave.length, are the only ones available

at the present time,

In the cage of chlorine and bromine, the
'Konvergenzstellen' are situated at wave.lengths
478,8pp and 510 pp respectively, and as the absorption
bands of both these substences lie at considerably
shorter wave.lengths (350pp« and 420 py-respectively),
it will be seen thet light absorbed by these halogens
will be capable of producing the photosynthesis of
thelr hydrides, With iodine, however, both the

'Konvergenzstelle' and the absorption band in the

' visible 1lie at BOOpse 4 and consequently light in the

visible /
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| visible gpectrum absorbed by this halogen has not

gufficient energy to produce the photosynthesis of
hydrogen iodide,

This leads to the consideration of the effect
of light of different wave.lengths on the photosynth.
esis and photolysis of the halogen hydrides, The
problem has been investigated by Coehn and Stuckardt
(Z.physikal, Chem,,91,122,1916), Who performed work on
the egquilibrium between these compounds and their
constituent elements under the influence of light
of different wave-lengths, and also discussed the
relationship between the position of equilibrium and
the eabsorption spectra of the components of the system,
Since the research to be described is an extension of
that of Coehn and Stuckardt, it is desirable to ex.
amine the work of these authors somewhat clogely,

It is well known that the spectral properties
of the three halogens . chlorine, bromine and iodine .
resemble each other closely, and that the correspond.

ing spectral characteristics show a displacement

' towards the longer wave.lengths on passing from chlor.

ine to lodine, Coehn and Stuckardt (loc.cit,) have

 demonstrated this fact for the absorption spectra, not

only of the halogens themselves,but also of their

compounds Wwith hydrogen, In addition, Ludlem and

West (Proc,Roy,Soc,Edin,, 44 1II, No,17) have shown
that /
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that the emission spectra of the three halogens exhiblt
this property,
Tt seems then reasonable to anticipate that the
gtate of the photochemical equilibrium in the reaction:.
Hg -+ Xg = 2HX
(where X represents Cl, Br or I,)

will be related to this property of the absorption

gpectra of the gases involved, For the purpose of the

investigation of the equilibrium under the influence

of light of different wave.-lengths, monochrometic

light ought to be employed, but up to the present it
hes been found impossible to obtain such light (in the
ultraviolet especially) of sufficient intensity, 1In
their researches, therefore, Coehn and Stuckardt
employed a mercury vapour arc as source of illumina.
tion, and investigated the equilibrium (1) under the
full radiation from the lamp, (2) with the spectrum
terminated at 254 p. by means of a 'Uviol' gless screen,
and (3) with the spectrum cut off beyond 300 p-by

'Jena' glass, It would appear from the results

' obtained that in meny cases effects which can only

be attributed to the shortest wave.lengtha present in
the radiation seem greatly to preponderate over those
arising from the longer wave lengths,

Briefly, Coehn and Stuckardt's results were

as/
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;as follows .

Hydrogen Iodide, With the spectrum extending elther

Ito 300 O tO 254 pp, equilibrium lies at complete

| decomposition, With the full spectrum, reaching to
220 pp-, 7.5 per cent of hydrogen lodide 1s present

at equilibrium,

IHydrogen Bromide, With the spectrum cut off at 500#T‘:

' complete formation of hydrogen bromide takes place;
with the full spectrum, equilibrium lies at complete
| decomposition, while in the intermediate case, Wwith
the spectrum extending to 254pM, 80 per cent. of
hydrogen bromlde is present at equilibrium,

Hydrogen Chloride, Under the influence of the full

' radiation of the mercury arc, traces (<1per cent)
of deooﬁposition appear, With the other conditions,
equilibrium lies at complete formatlon,

On comparing these results with the ebsorption

spectra of the three halogens and their hydrides,

| it is seen thet in a gpectral range where the halogen
absorbs, formation of the hydride is produced, while
' in a range where the halogen hydride is the more
active absorbent, decomposition of the latter tends
to take place,

Thus if we examine in some detail the system
of iodine (and hydrogen) and hydrogen iodide, it is
| seen that the former absorbs in the green of the

. spectrum and also in the further ultraviolet, while
' absorption/
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absorption by hydrogen iodide also takes place 1n this
latter regioni however the absorption coefficient
of the halogen hydride rises much more rapidly with
decreasing wave.length than that of the halogen, Thuse
hydrogen iodide is virtually opaque at 280~ , while
jodine is not so till beyond 230pp, In accordance
with this, we find that with the radiation reaching
.to 300 pp~ OT 254f7“: complete decomposition of the
halogen hydride takes place, as under these circum.
gstances the latter is the active absorbent, However,
if the spectral range be extended to azorr_, where
absorption by the iodine in the ultraviolet becomes
comparable to that by hydrogen iodide, 7,5 per cent
' of the latter remeins undecomposed at equilibrium,
It might be expected that light of wave.length about |
500 ppwould cause the formation of hydrogen lodide,
gince light of this wave.length is absorbed by iodine
only, However, the work of Franck (loc. cit,) has
shown that light of this wave.length does not possess
sufficient energy to bring about the reaction,

In the case of hydrogen bromide, we find the
same characteristics of the photochemical aquilibrium:
ocourring in definite spectral ranges, but in each
case the wave.length is shorter than in the corres-
ponding spectral range for hydrogen iodide, Thus
analogous to the absorption band of iodine at BOO pupe |
and the formation of hydrogen iodide which might be
expected/
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expected (but for the work of Franck) to be brought
about by light of thils wave.length, there is the
;absorption band of bromine at 420 prpey and also it is

found that light of wave.lsngth not shorter than 300mpg

produces complete formation of hydrogen bromids,

Absorption by hydrogen bromids does not become con.

giderable till 240mp, and hence the complete de-
composition of this substance requires light of wave-
Ilength 220 M, in contrast with 300ppmfor hydrogen
iodide, Extending this comparison further, it is
geen, that, corresponding to the ultraviolet absorp-
tion band of iodine, absorption by bromine begins at
 about 230 mp, and it will presumably increase with

decreasing wave-length, Moreover, since light of

iwave_langth 220 causes a pertial formatlon of

hydrogen iodlde, one would expsct that light of some.

| what shorter wave.length might induce partial forma.
ltion of hydrogen bromide from its elements, To test
‘the validity of this hypothesis, the work described
\below was undertaken,

The shortest wave.length present in the light
used by Coehn and Stuckardt was 220pm, It was
therefore decided to extend thelr research, in the
case of hydrogen bromide, to the shortest wave.length
possible with ordinary quartz espparatus, viz, about
185 ppe The object of the work was therefore
two fold/
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twofold:- (a) to examine whether any trace of forma.
tion of hydrogen bromide could be detected when a
mixture of hydrogen and bromine was subjected to light
of wave.length 18Fm~, and, if possible, to determine
the amount of halogen hydride present at equilibrium;
and (b) to measure quantitatively the coefficient of
absorption of bromine in the further ultraviolet as
far as thls wave.length, that is, in the spectral

I'&nge 254‘ f"!f”“ - 185 .{\"]}n‘ .
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PART I.

EXPERIMENTAL WORK ON THE FORMATION OF HYDROGEN

BROMIDE FROM HYDROGEN AKD BROH;NE,

The ideal method of investigating the equilibrium
state of the system:.

H8—+- Brg = 2HBr

would be to seal up hydrogen bromide or a mixturs of
its constituent elements in s suitably transparent
vessel, and expose the latter to monochromatic light
of wave length 185qufor a period of time sufficient
to allow the system to reach its final state of
equilibrium, Thie procedurs, however, involves meny |
difficulties, In the first place, only fluorspar is
perfectly transparent to light of such wave.length,
though crystalline quartz is nearly so; it 1s not
safe, however, to employ & glass vesgel provided wimﬂ
a window of one of these substances, as no cement is
known which can bs relled upon to withstand attaclk by
bromine for a long period, and any action between the
cement and bromine would introduce errors into the
fingl astats of equilibrium, The only alternative
would bs to employ B vessel of fused pilicas n pood
specimen of thile substancs sbout 1 mm, thick will
transmit A0 per cent, of redistion of wave.lsngth 188K
Ki-falling vpon 1t, In thils cage, however, difficult.
ies/
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difficulties arise in determining ths initisl and
' final states of the system, since ths rssctants ars
gealed up in a closed vessal, It was thesrsfcore
dscided, bsfore attempting to measurs quantitativsly
the ultimate state of equilibrium, to perform &n
experiment designed merely to dstermine gqualitativsly
whether any trace of formation of hydrogsn bromids
could be detected when a mixture of hydrogen and
bromine was subjected to light to wave.length 1885y |
Another modification of the idssl experimentsl
procedure had also necessarily tc be sdopted, Ko
gsource of light exists which emits monochromstic light

of wave-length 185 p -, and hence such rediation can

b
fedi

only be obtained by means of & monochromator, sar

this entails ths snfeosblement of ths radistion to such

an extent that no appreciable photochamiosl chsngs
could bs expected within reasonable time, t was

therefore decided to follow Coshn and Stucksrdi's
mothod and to employ radiation consisting of s hetero.
gensous nmixture of differsent wave.lengths extending

as far as 185pp, Under thess circumstances, it was
then nscessary to show that any photochemicasl chsnge
produced could only bs attributed to the sotion of
the shortest wave.lengths present in the radistion,
'In the case of the system under investigation, it is
known from the work of Coshn and Stuokardt that under

the influencs of the full radiation from the meroury

arc/



arc (extending to 220p ), equilibrium lies at com.
plete decomposition of the hydrogen bromide into 1ts
constituent elements, Hence, any formation of hydrogen
bromide taking place under the influence of light
containing radiation of shorter wave.length than this,

can only be sttributed to the effect of these shorter

Iwave_lengths. Further evidence in this comnection is

described later,

A search was firgt made for a suitable source
of light, the spectrum of which should extend as
far as 18Bppm, The light emitted from a discharge
tube, provided with a quartz window and containing
hydrogen at a relatively high pressure (0,5 mm),
ylelded, under suitable conditions, a continuous
spectrum extending as far as this wave.length, but it
was found impossible with this source to provide a
gsufficient intensity of illumination, On the other
hand, the aluminium spark sesmed partlcularly suitable

as a sourcs of radlation, as it gives a strong group

of lines near 185 p ., and further provides the nsarest

known spproximation to monochromatic light of this

wave~length, as 1t has been shown by Pflﬁger (Ann,

Physilk, ,13,890;1904) that more then 35 per cent, of

| the energy radiated from thls source consists of

Ilight of this wave.length, Hence it was decided to

subject a mixture of hydrogen and bromine to light

from this source, and to attempt to detect qualitet.
ively/
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IquﬂlitatiVely any formation of hydrogen bromids which
might occur,

For this purpose, an apperatus, part of which
1s shown in fig,1, was constructed, It was necessary
that the mixture of hydrogen and bromine should be
free from traces of oxygen, as, under the influence
of light, this substance decomposes hydrogen bromide
thus .

4 HBr+ 0g = 2 Hg0 2 Brg.

To this end, the hydrogen used was prepared by electro-
lyeis of 20 per cent sodium hydroxide solution, and
' was passed through the tungsten filament electric
lamp (115 volts,100 watts) E, which was supplied with
sufficient electric current to meintain the filement |
at a bright red heat, Any traces of oXygen present
in the hydrogen were here converted into water, which
was removed by means of the calcium chloride tube C
and the phosphorus pentoxide bulb P,, The hydrogen
' was then passed through bromire in the bubbler B,,
which congisted of a tube about 20 cm, long filled
Wlth bromine, and very slightly inclined to the hori.
- zontel; the bromine could be introduced as required

 from the fumnel F by means of the stopcock T The

2.
' resultant mixture of hydrogen and bromine contained
the latter gas at a partiasl pressure of about 110 -
| 140 mm,, this being the vapour pressure of bromine at

room temperatures, This mixture of gases was dried
in/



Fig. .




_contained in the bubbler B

in the phosphorus pentoxide bulb P and then passed

2!
through the spirsl S, made-of thin walled transparent
silica tubing, and atteched to the remsinder of the
apparatus (constructed entirely of glass) by means of
the ground joints G, and Gy, Which were sealed ex-
ternally with paraeffin wax, Finally, the gases were
led by means of the narrow.bored tube N into water

9 consisting simply of a
bent, wide glass tube (3 cm, bore), which could be
removed when desired, Any hydrogen bromide which
might have been formed was hereby dissolved slong with
the bromine, and the resulting solution was enalysed
ag described later,

By means of the three.way tap Ts, the apparatus
was exXhausted previocus to the commencement of experi.
ments; by repeeted evacuation end filliﬁg with hydro-
gen, all traces of alir could be removed. The stop.
cocks Ty Tg and Tg,
of bromine, could not be lubricated with any organic

which were exposed to the action

grease; hence syrupy phosphoric acid was employed
as a lubricant,

All phosphorus pentoxide used was freed from

| lower oxides of phosphorus, which are voletlile, by

sublimation over platinized asbestos in a current of

| OXygen, The bromine was purified as follows, After

washing with water, it was dissolved in a concentreted

solution/
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solution of pure potassium bromide, and the solution

was decanted from any insoluble residue (presumsbly

 organic matter), The bromine was recovered from this

' solution by distillation in steam, and in this way it

was freed from chlorine and any organic matter in.

goluble in potessium bromide solution, The bromine
wag then distilled over a mixture of calcium bromide
and qulcklime, to remove water and hydrogen bromide,
and finally it was shaken up with, and then distilled
over, phosphorus pentoxide (purified by sublimation as
described above) in an atmosphere of nitrogen, in
order that the resultant pure bromine might contain
a8 little dissolved oxygen as possible, All ﬁhesa
manipulations were conducted in apparatus consisting
exclusively of glass, and the purified bromine was
stored in a 'Jena' glsss bottle, It was proved by
test to be free from chlorine, iodine, organic matter
and sulphuric acid,

The aluminium spark was placed in the centre
of the silice spiral S, The sperk was fed from a
transformer and condenser and consumed about 500 watits,
at a pressure of 9,000 volts, The intensity of the
spark could be varied within wide limits by altering
the capacity of the condenser, and was judged by
meesuring the amount of light radiated at wave.length

185rr~by means of & photoelectric cell, by a method
which /



which is described later, The electrodes consisted
of aluminium tubes 2 cm, in diameter, cut obliquely at
the spark.gap ends, This form of electrode possesses
the advantage that it is keﬁt cool by convection cur.
rents, The spark.gap between the electrodes was kept
at the maximum width (about 7 mm, ) at which a steady
discharge could be maintained, as it was found that
under these circumstances the radiation from the spark

contained the greatest proportion of light of short

| wave-length.

After the apparatus had been in use for some
time, a yellowish.white deposit gathered on the walls
of the electric lamp, E, This substance was presum.
ably an oxide of tungsten, but it exhibited the
curious phenomenon of turning black some time sfter
the lamp had been extinguished and the walls had
cooled, This change of colour did not always take
place, and the time.interval between the extinguishing
of the lamp and the occurrsence of the change varied
from a few minutes to several days, Invariably, how.
ever, on relighting the lamp, the colour turned back
to yellowish.white immediately the walls of the lemp
were warmed, The only explanation which can be
offered -is that the substance congtituting the de-
posit exists in two forms, the yellowish.white variety

being the stable one at higher temperatures,

In/
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In order to prevent thé action of vigible light
in causing the union of hydrogen and bromine, the
apperatus was kept in a darkened room, and the
aluminium gpark and spiral S were enclosed in a
light-tight box, Also, when the apparatus was stand.
ing for any length of time out of use and with the

gas-stream stopped, the tap T_ was closed, in order

2
to prevent the bromine from diffusing beclkwerds into
the lamp E, When operations were asgain started under

these conditions, the three.way tap T5 was opened to

| the air and a rapld stream of hydrogen was passed

| ' through the apparatus for three hours, in order to

remove any traces of hydrogen bromide which might .
have accumulated, due to the prolonged contact of
the bromine with hydrogen, Thls same precaution was
adopted after a fresh supply of bromine had been
introduced into the bubbler, B4,

A suitable analytical method was next evolved

to determine the amounts of bromine and hydrogen

| bromide digsolved in B_., The estimation of the free

2
bromine presented 1little difficulty, as it could be

determined by addition of potassium iodide and
titration of the liberated iodine with standard

sodium thiosulphate solution, In freshly made pure

. bromine water, the amount of free bromine as deter.

mined by this method igs identical with the total
bromine present in the solution (determined as des-

Gribed/
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' described below), but owing presumably to the hydro.

lysis of the bromine followed by the formation of
various higher oxyacids of bromine, the amount of

free bromine quickly becomes less than the total amount

. of bromine present, The change is very slow in com.

mencing if the temperature be below 12°C, but when
once started seems to proceed fairly rapidly, However,

by keeping the water in B_ cold, and by determining

2
the concentration of the free bromine as quickly as
possible, 1t was found sasy to obtain perfectly con.
sistent results,

The direct determination of the amount of hydro-
gen bromine present in the solution was not possible
in presence of the bromine, and it was therefore
decided to eostimate the total amount of bromine
present in the solution as free bromine and hydrogen
bromine, To this end, the free bromine was reduced
to hydrogen bromide, and the total concentration of
the latter determined in the usual way by titrating
with silver nitrate and smmonium thiocyanete (Volhard's
method), The actusl experimental procedure for the
determinations of the amounts of free and total

bromine present in the solution in B, was as follows,

2
The solution in B, was poured into a bottle and

thoroughly sheken; two equal volumes of this solution
were then withdrawn by meens of a pipette, and in the

one the concentration of the free bromine was deter.

minea,/
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determined, and in the other that of the total bromine,

Thus the difference between the concentrations of +he

free bromine and the total bromine gives the amount

of hydrogen bromide originally present in the solution,
The reductlon of the bromine to hydrogen bromide

wes performed by ﬁeana either of hydrazine sulphate

or sulphurous acid:.
NoHy, H,S0,+ 2Brg = HyS0, + 4HBr 4 N
H28054-H20 + Brg = H2804-+ BHBrr

2

In the case of reduction by sulphurous acid, 1t was
subgequently necessary to pass a slow stream of nitro.
géen through the gently boiling solution, in order to
eliminate the excess of sulphur dioxide before the
addition of the silver nitraste, Previous to this
operation, the solution was diluted so that the con.
centration of hydrogen bromide was about N /100, so
that no appreciable amount of hydrogen bromide could
be eliminated along with the sulphurous acid, It
wag not necessary to destroy the excess of hydrazine
sulphate, but it waes suspected that this substance
had an adverse influence on the sharpness of the
end.point of the thiocyanate titration, owing, no
doubt, to the slow reduction of the ferric indicator
by the hydrazine sulphate,

The standardisation of the sodium thiosulpheate

and silver nitrate solutions was performed by means
of/
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of Merck's potassium dichromate end Kshlbaum's potas._
gium Dbromide respectively, but it was not considered
wise to base results on the absolute values of the
differences between the concentrations of the free
bromine and total bromine, as these values depend not
only on the figures adopted for the concentrations of
the sodium thiosulphate and silver nitrate solutions,
but also, to a certain extent, on the experimental
conditions, in that the temperature of the water in
By hes 2 smell effect on the value obtained for the
free bromine, Hence the procedure adopted was to
detéfmine the excess total bromine under 'dark' con.
ditions, i,e., with the source of illumination of the
gilica spiral out of action, and thus perform what
may be called a blank, and then to repeat the experi.
ment under the same conditions with the aluminium
gspark on, The difference between the absolute amounts
of hydrogen bromide apparently present in the two
cases glves the true amount of this substance formed
by the action of the radiation from the source of
illumination, 'Blanks' and experiments proper were
performed as much. as possibls alternately throughout

the series of determinations, It is intsresting to

| note that on days when the 'blanks' gave high values

for the sbsolute concentration of hydrogen bromids,

the /
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the experiments proper also tended to yield high

values, and when the blanks assumed lower figures,

' these obtained from the experiments proper wers also
b

RESULTS,

|
i EXPRRIMENTAL
|

| The results are divided into three groups, as
‘the experimental conditions varied slightly in the
three cases, In group I the radiation from the

|
' aluminium spark was about one tenth the intensity

| of 1ts values in groups II and III., Sulphurous acid
/was used exclusively as the reducing agent in the

determination of total bromine in groups I end II,

| and also in group III, except in those cases where
' the number of the experiment is marked with an
asterisk (#), when the rseducing agent was hydrazine

sulphate,

Group I,/




No.

QC»C!:PW(\'J =

(a) 'Blanks’

Normality of sodium thiosulphate solution:. 0,1043 in |Nos,

0.1044 in| "
Normality of silver nitrate solution:. 0,00925 in "

0,00930 ™| "

1
3
1
8

10.00 cc, ammonium thiocyanate solution are equivalent to".

10,58 cc, silver nitrate solution in Nos, 1 - 5.

1
10.60 cc, 1 " 1t 1t " 6 & 7.
Ne S,0 Normalib AgNO NH, (NS AgNOQ Normality Excess
2 23 & J 3 - 1 8 “ .
Tigtien TR odac] Thration  requiped cHbEUBR, e B

11,08 0,04381 14,33 1,87 12.57 0.04838 + 0,558
28,87 0.120%5 35.97 3.04 32,76 .0.1209 40,386
15,02 0.08273 17.52 0.48 17.01 0.08275 +0,02
28,84 0,1204 34,77 2.00 32.R3 0,.1205 +0,05
23,79 0.00038 27,78 0.78 2A.98 0.09958 40,22
26.33 0.1100 29.91 0.04 29.87) 0.1103 + 0,30
20,99 0,11 29.87)
17.13 0,07154 21,62 2,08 19,44 0,07179 4 0,37]

Mean valus of excess total bromine:. +0,27 *0,07 percent,
Mean grror in sach determination of excess total
bromine:. X 0,17 per cent,

(b) Experiments with the aluminium spark in operation,

Normality of Sodium Thiosulpheste solution:. 0,1043 in Yo,1.
0.1044 " Nos,2

Normality of Silver nitrate solution:. 0.09225 " | *
0,00230 " | "

10 ce, ammonium thiocyasnate solution are equivalent

to:~ 10.58 cc, silver nitrate solution in Nos, 1 - 5.

N“'-;,S‘LO3 NOrma[itY Aq N03 NH*_C NS Aﬁ N03 Nﬂfmulll’j‘ EY‘ cess

Titration of free B":L added Titration I"t(iu.'trec{ of {Otﬂl'ﬁ"g_ Total -Br_L
c.c. F €.t c.t. per cent,

12.22) 0.05098 17.93 3.72 14,00 0,05188 +1.35
12,22)

16,82 0,07025 22.29 2.83 19,30 0,07122 +1,.40
19.48 0,08126 24,12 1,82 22.20 0,08192 +0,85%
20,98 0.08783 25.26 1,20 23.90 0,08819 40, 88
18,45 0,07708 21,85 0,55 21,07 0.07774 40,93
21.48 0,08963 28,09 1,48 24,52 0,09087 +1.08
18,41 0.06853 20.17 1.3%1 18.78 0.06038 +1,20
‘Mean value of excess total bromine-+ 71,07 © 0,10 per cent,

Mean error in each determlnation of oxceas total
st bromine:. * 0,28 per cent,

211

b I 1 B Jav]
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GROUP II,

Normality of silver nitrate solution:.

10.00 cc, ammonium thiocyanate solution ars equivalent

to 9.79 cc, silver nitrate solution,

' (a) '"Blanks'

|
‘Normality of sodium thiosulphate solution:. 0,09725
|
|
I
|

0.08973

Ne. LNalgios Normalit: Aq N03 NH4( NS AgNO, No rtnctil"y Excess

ikration of ‘fre.e_'.E:ri added Titratiog  required. of total B“;._ total Be

c.c. &Ll &t e e btl‘tﬂﬂt

1.| 18.55 0,07287 18.55 0.33%3 18,23 0.07274 —0.20

2.‘20.06 0.08830 23,01 0.81 22,22 0,083887 <40,40

3, 22,18 0,09785 24,81 0.2 24,56 0,09800 +0.,37

4. 19.81 0.08834 22.19 0.55 21.85 0.08838 +0.05

5. 14.94 0.08578 18,72 0.22 16,50 0.06583 +0.08
Mean value of sxcess total bromine :. +0,14%+0.,11 per
cent,

Mean error in each determination of excess
total bromine:. ¥ 0,28 per cent,.

' (b) Experiments with the aluminium spark in operation,

iMean value of excess total bromine:.+4 0.88 ¥ 0.0

Na. ! Nglstoa Normal i.'L‘s',: Ac‘N OJ N Hq_CNS Aq Noj Normalit E‘pcgss
Titza.'fic n of frce Br i aild:r.l Ta"l;ri‘l‘ion T"“:de of total _BrL 1;::'163;1
1.!14.11 0.08210 15,91 0,20 15.71 0.08267 -+ 0.90
3.|14.59 0,08335 18.3%35 0.35 18,01 0.08387 +0.88
3. 14,44 0.08350 16.53 0,50 18,04 0.08399 + 0,68
4ﬂ 12,85 0.08569 14,19 0,08 14,11 0,0r628 +1,05

Mean error in each determination of excess total
bromine:. * 0,18 per cent,

8 per
cent,



31,

GROUP III,

Normality of sodium thiosulphate solution:. 0,09725
' Normality of silver nitrate solution:. 0,08973

10.00 cc, ammonium thiocyanate are equivalent to:.
10.89 cc, silver nitrate solution,

(a) 'Blanks'

No | NaS. 0 Normality AgNO;  NHINS  AgNO;  Normality A

) S Vg

Tg-t-.-ca]c-.{on of free 3rz ﬂdcd:d Tii;mr:‘l'.'an rr.«t:i-t;':d. of ial‘al-3r1 ‘t’:lnl ',Brz
1 27,08 0,1054 20,98 0,89 29.22 0,1047 -0, 48
S 19.40 0,07547 21.28 0.29 20.96 0.07523 -0.358
3.%| 19,59 0,07819 21,55 0,43 21,08 0,07588 -0,73
4,#%#| 20,98 0,08182 23.08 0.38 22.87 0.08138 -0,30
5.*| 19,70 0©0,07668 21,81 0.B55 21.22 0,078158 =0,85
8.% | 25,81 0,1004 28,54 0.88 27.82 0.,09985 -0, 58

| Mean value of excegs total bromine:. —0,51% 0.07 per cent
Mean error in each individual determination of excess
total bromine:. * 0,17 per cent,

(b) Experiments with the aluminium spark in operation,

' .
No, | N“:.Si.% Norma“l‘Y Aq Noj NH{_fNS A‘] NUa Nm-ma“.f}, Freess

T l':t:‘l ton of free B Lo} a “Ld: d Tl'irr:ﬁon re ?:ti:ﬂ‘{ of total 'Br}_ ;:l;“ lcc?}'r’.
1, | 22,72 0.08838 25.68 0.90 24,70 0.08889 +0.32
2, | 24,18 0.09400 28,49 0.22 28.23 0,09420 +0,25
3, | 22,82 0,08870 25,07 0,22 24,83 0,08912 +0,50
4,%|18.71 0,08502 18.88 0,85 17,17 0,08522 +0,32
B.# | 21,18 0,08240 23,79 0.71 23,02 0,08282 +0,28
6.%# | 26,18 0,1019 29.39 0.83 28,49 0,1023 10,42

Mean value of excess total bromine:.+0.35 £0.04 per cent
Mean error in each individual determination of excess
total bromine:. * 0,10 per cent,
N,B, It will be observed that the change of the
reducing agent from sulphurous acld to hydrazine

sulphate produces no change in the values for the

eXcegs total bromine,




The amount of bromine converted into hydrogen
bromide by the radiation from the aluminium gspark can
now be obtained as the difference between ths excess |
| total bromine in the 'blanks' and the experiments
proper, Thus we obtain, for the percentage by.weight
of bromine converted into hydrogen bromide:.

Group I:.(1,07%*0.,10)-(0.27% 0.07)= 0.80% 0,17 per cent,
* 113-(0,88%0,08)-(0.14%0,11)= 0,74 *t0,19 " "
" ITT:.(0,35%*0.04)-(-0.81% 0,07)= 0.86*0,11."*

Mean:- 0,8+ 0,1 per cent,

NOTE ON THE ACCURACY OF THE EXPERIMENTAL METHOD,

The mean error in each individual determination
of the excess total bromine varies from 28 in 10,000
to 10 in 10,000, the higher degree of accuracy being
obtained in the later experiments (group III),
It was Impossible to reduce the error below this, as
the analytical method employed involved the following
‘measurements in each determination:.

In the estimation of the free bromine:.
| (1) The measurement of a volume of the solution
ifrom B, by means of a pipette,
(2) The titration with sodium thiosulphate,
In the estimation of the total bromine:.

(1) The measurement of a volume of the solution
from B, by means of a pipette,
(2) The measurement of the volume of the silver

nitrate solution added by means of a burstte,

(3) The titration with ammonium thiocyanate,
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Since the figures for the excess total bromine
were obtained as the difference of the values for
the free and tntal bromine, a mean error x in
| each of these values will entail a mean error ./ X
| in the figures for the excess total bromine, That is
to say, a mean error of 14 in 10,000 in this latter
value probably arose from errors of 10 in 10,000 in
' each of the determinations of the fres and total
. bromine, In actual practice, it was found possible,
in standardising the solutions used, to obtain results
 consistent within 12 in 10,000 for both the sodium
thiosulphate and silver nitrate solutions,

Another source of error, however, must be con.
sidered here, In the absorption of gases in the

bubbler B since the latter is very efficient, all

22
the hydrogen bromide present will certainly be
absorbeds at the commencement of an experiment, the
absorption of the bromine will also be complets,

| However, towards the end of the eXperiment, when the

gsolution in B, contains bromine in modsrate concentra.

2
tion (say decinormal), not all the bromine will be
dissolved from the ges.stream, since the undissolved
hydrogen passing through the liquid will still con.
tain bromine at a partial pressure equal to that

of the bromine water in B,, Hence, as the absorption

of/
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| of the bromine is incomplets while thet of the

hydrogen bromins is complete,the effect of this
gource of error will be that the calculated percentage
of 'excess total bromine' will be higher than that
actually present in the gas_stream,

Nevertheless, it can be shown that any error
introduced from this source is quite negligible,
In every case, the bubbler By was left undisturbed
throughout each experiment, and it was noticed that
the portion of the solution in that part of the
bubbler furthest from the gas.inlet tube N consisted
of an extremely dilute solution of bromine . scarcely
perceptibly coloured - even at the end of the experi.
ment, the duration of which was about 30.680 minutes,
Hence under these conditions, little bromine could be

carried away with the hydrogen, Further, if an appreci.

able amount of bromine were lost in this way, it

would be anticipated that the percentage of the ex.
cess total bromine would be higher in the experiments
of longer duration, when the solution in the bubbler
was more concentrated, No trace of this effect is
observable in the experimentsl results, and hence

this source of error may be neglected,

THE /



THE INTERPRE?%TEON OF THE EXPERIMENTAL RESULTS,

| —

Undoubtedly the experimental results give quali.
| tative evidence for the formation of hydrogen bromide
. from its constituent elements under -the influence of
the radistion from the aluminium spark; However, a

' careful consideration of the results shows that they
yield not only qualitative evidence for the formation
of hydrogen bromide, but also give quantitatively the
amount of hydrogen bromide present at the equilibrium
state, This conclusion is based on the fcllowing
evidence:. the experiments in group I were all per.
formed with a comparatively feeble spark, while with |

those in groups II and IIT the spark was much stronger:

cell (by a method described later) showed that the
' rediation of wave-length 185 wm from the spark in
group I was only of 1/8th to 1/12th its intensity in

group II and III, Now, if it be assumed that under

the conditions of the experiment, the speedsof both
'the forward and reverse actione in the equation:.
+
H2 Br2
' are proportional to the intensity of illuminations,

ﬁ_gl{Br ® 0 @ @ 8 8 0 0w 0 (a’)

then it is to be expected that, if the amount of
hydrogen bromide formed in the experiments of group I
was less than that present at equilibrium under the

;influence of the aluminium spark, then in the experi.
iments of groups II and III the proportion of hydrogen

bromide formed would be somewhat larger, as the /

actual photometric measurements with the photo.electric
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the increasged intensity of the radiation would csuss
a closer attainment of the equilibrium condition

within the same time, Now in actuel fact, the amount

; of hydrogen bromide formed in the exXperiments of group

I, viz,, 0.80 ¥ 0,17 per cent, is exactly the mean of
that formed in groups II and III, viz,, 0.74t0,19 per

cent, and 0,86% 0,11 per cent; mean:- 0,80 * 0,16 per

' cent, Hence, since the amount of hydrogen bromide

. formed is uninfluenced by a tenfold variation in the

' intensity of thé radiation from the aluminium spark,

it must be concluded that the experimental results
actually give the proportion of hydrogen bromide in
equllibrium with ite constituent elements under the
oxperimental conditions prevailing,

This argument assumes that the speed of both
forward and reverse actions represented by equation
() are proportional to the intensity of the light.
Now while this is known to be true for the photolysis
of hydrogen bromide (Werburg, loc,cit,), the results
of Bodenstein and Lﬁtkemeyer (loc,cit, ) show that,

in the case of light in the visible spectrum, the

velocity of the photosynthesis of hydrogen bromide is

proportional to the square root of the intensity of
the 1light. Hence, the sssumption made above is not
justified. If Bodenstein and Lutkenmeyer's results
be assumed for the photosynthesis under considerstion,

then the position of equilibrium would be affected by

the /
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the intensity of the illumination, However, as a
tenfold variation in the intensity of the spark pro.
duces no measurable change in the composition of the
gases emerging from the silica spiral, S, it seems
justifiable to state that the amount of hydrogen
bromide found represents that which exXists in equili.
brium with its constituent elements under the influence
of the radiation from the aluminium spark, at any rate
when the latter is of moderate intensity, A further
argument showing that the equilibrium condition isg
reached by the geses during the time (about 3 . 7
minutes) in which they traversed the silica spiral

and were exposed to the light from the aluminium spark

' 18 to be found in the fact that the proportion of
. hydrogen bromide formed was noted to be independent of

- any variation in the speed of the gas_stream through

the apparatus,

It is obvious from equetion (a) that the ratio
of the partial pressures of hydrogen bromide and
free bromine in the gas emerging from the apparatus
is twice as great as the ratio of the concentrations
of these substances in the solution in Bg, as deter-
mined by the analytical method described above, Hence,
one concludes that, under the influence of the radia.

tion from the aluminium spark, extending to wave.length

185 mp- , the system . hydrogen, bromine and hydrogen

" bromide . is in equilibrium when the partial pressure

of/



. of the hydrogen bromide is 1,8 * 0,2 per cent, that of
- the bromine, The experiments give no information |
on the effect of the partisl pressure of hydrogen
(which is perfectly transparent to light of all these
wave.lengths) on the position of the equilibrium,

Though it has been proved by these experiments
that the total radiation from the aluminium spark
causes some formation of hydrogen bromide from its
congtituent elements, it has yet fo be shovwn that
it is actually the light of wave.length shorter than
200 pp~ in this radiation which is effective in pro-
ducing the photosynthesis, and not the light of longer
wave-lengths which is also present,

It was known from the results of Coehn and
Stuckardt (loc,cit,) that under the influence of the
total radiation from the mercury arc extending to 220
ppe , the equilibrium in the system under considera. |
tion lies at complete decomposition of all hydrogen

bromide into its constlituent elements, Hence, it may
be concluded from this that light from the aluminium
spark of longer wave-length than 220 p+~cannot be
responsible for the formation of hydrogen bromide
| observed, Nevertheless, it was decided to confirm
' this result of Coehn and Stuckardt by repeating the
. experiments described, but in which the light from
the mercury arc was substituted for that from the
aluminium gpark,

The /
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The mercury vapour lamp used for this purpose
‘was made of fused silica, and gave a spectrum con.
taining radiation of reasonable intensity as far ag
A = 220ppm , though the last reslly strong line was
the resonance line, A = 254ppe , The following are

the experimental results:.

Normality of sodium thiosulphate solution:. 0,1101
Normality of silver nitrate solution:. 0,09973
10,00 cc, ammonium thiocyanste solution are equivalent

to 9,78 cc, silver nitrate,

NQ‘_Smoj Norm a.lil’y ATN% NH*CNS Ag N03 Nosrmalik Fxceass
“Tilbra Fion of free 3*1 &‘{ded _ril'ra_h'pﬂ I‘:Yu.ireci D‘F tola l Br 'I‘al‘&' Br, |
c.c, L el 1 ,.

c.c. per ceal; |

(a) 'Blanks!
15,95 0,07024 18,75 1.14 17.83 0,07032 -+0,14
17.36 0.07642 20.26 1,10 19.18 0.07850 +0,11%
(b) Experiments with mercury arc in operation,
18,17 0,07999 21,05 1,04 20.03 0.07980 -0.12
24,31 0,1070 28,03 1,24 26,82 0,1070 0,058

The error in each individual determination of the

. I

excess total bromine may be taken as = 0,20 per cent,
and within these limits the above results give no
indication of the formation of any hydrogen bromide
by the light from the mercury vapour lamp, Indeed,
if anything, one might suspect that the gases emerging
from the apperastus contained less hydrogen bromide

when the silica spiral was exposed to the light from

the /
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the mercury arc than when it wag in darkness,

It was now decided to investigate wWhether the
radiation from the zinc spark caused any formation of
hydrogen bromide, This source of light gives a
spectrum extending as far as 202 «q, and which con.
tains a strong group of four lines between 202fqu and
210 [ 3 further, it has been shown by Pflﬁger (loc,
cit,) that more than 50 per cent, of the energy
radiated consists of light between these wave.lengths,
However, experiments with this source of light also
gave consistently negative resulfs:_

Normelity of sodium thiosulphate solution:. 0,1042
Normality of silver nitrate solution:. 0,09230
10.00 cc, ammonium thiosyanate are equivalent to

10.AR0 cc, silver nitrate solutlon,

NoS.0  Normality — AgNO,  NHCNS AgNO,  Normality — Excess

Titration of $ree :Br?_ added Titration "rr.ciu.ire.c{ of ioialBrL total 3’-1_
Eas a.c. .l Gty puceq‘h

(a) 'Blenks!

13.71 0.05715 15.71 0.18 15,52 0.05730
18,13 0.07559 21.53 0,97 20,50 0.,07570

14.98 0.08245 18.07 1,08 16.95 0.06259
Mean =+

L+
C).C)O
858

=)
o
00

(b) Experiments with zinc spark in operation,

12.77 0.083%324 158.52 1,03 14,43 0,085329 + 0,10
18.30 0,07830 21.54 0,76 20,74 0,07857 + 0,38
Mean +0,24

Hence, it is seen that the observed formetion
of hydrogen bromide from its constituent elements

under the influence of the aluminium spark cammot

be/
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.

be attributed to radiation of longer weve.length than
202 M~ In the aluminium spark there is present a
considerable amount of radiation of shorter wave.length
than this, viz,, lines at 199!“P and 193 pp~, and &
very strong group at 185mMp- ., Hence the formation of
the hydrogen bromide must be attributed to radiation
of these wave.lengths, Further, since it is to be
expected that the absorption coefficient of bromine
increases with decreasing wave.length, and since the
group of lines at 18500 1ls at least four times the
intensity of the other two lines under consideration,
it seems reassonable to attribute the formation of the
hydrogen bromide to the effect of the radiation of
wave.length 185 present in the light from the

aluminium spark,

S S
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PART II,

THF. MEASUREMENT OF THE COEFFICIENT OF ABSORPTION OF

=E=—— e

EXCWITE DOTHIIN BBeye el 198 pysy
The results of Living and Dewar (collscted works)

and also the photogrephs of Coshn and Stuckardt (loc,
cit.) seem to indicate that bromine possesses a strong
absorption band in the far ultraviolet, becoming
appreciably intense at about 240« , and increasing
rapidly with decreasing wave.length, In fect, it |
was the belief in the existence of this strong absorpr
tion in the far ultraviolet that 1lsd to the experi.
ments on the formation of hydrogen bromide from its

' constituent elements When exposed to light from the
aluminium spark,

However, when the spectrum of the light from

Itha aluminium spark was photographed through a column
of bromine vapour 8 cm, long and at a pressure of
about 120 mm,, the absorption in the far ultraviolet
did not seem to be great, indeed it was very slight
compared with that in the violet of the spectrum, near
420;»ﬁ . No appreciable diminution in the intensity

| of the ultraviolet spectral lines was noticed except
in the case of the group at 18Fmp, Which was some-

' what enfeebled, although it could not be said that
the absorption was strong even at this wave-length,

| In view of these facts, it was decided to make
ia séries of quantitative measurements on the co.

' efficient/
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coefficient of absorption of bromine for the spectral

range 254 e 185 pfr3 it was impossible to push |

measurements to shorter wave_lengths than this limit |

' with the ordinary quartz apparatus of the laboratory,

The principle adopted for these absorption
measurements was the following, A cell constructed
of transparent fused silica and possessing two parallel

plane faces was placed between a suitable source of

' light and the slit of a quartz spectroscope, The

intensity of a given spectral line, or group of lines
cloge together, in the light emerging from the

spectroscope was measured both with the cell evacuated

| and also when filled with the bromine vapour, the

radiation from the source of light being maintained
constant throughout, In this way, the coefficient |
of absorption of bromine for light of a particular
wave.length could be determinsd from the diminution
of intengity of light of that wave.length which took
place when the bromine was introduced into the cell, |
The gilica cell was provided with a side.tube,

Previous to performing the absorption measurements,

this was connected to an appropriate glass apparatus

| by means of a ground joint, sealed externally by =

means of paraffin wax, A few drops of pure bromine
were thus introduced into the cell by distillation
in vacuo, and the side.tube was then sealed off about

10 cm, from the main body of the cell, so that the

latter/



| latter then contained no gas other than bromine, To

remove all bromine from the cell, it was necessary

merely to immerse the side-tube in liquid air, as st

| that temperature (-188°C) the vapour pressurs of

bromine is immeasureably small, Again, by immersing
the side-tube in a bath at a known temperaturs (belowj

room temperature), the cell became filled with broming

vapour at a pressure equal to the vapour pressure of

bromine at that temperature, This procedure is a

glight modification of that used by Ribaud (Ann,

Physique,12,107; 1919) for his meagurements on the

coefficient of absorption of bromins in the violet

| region,

It was then necessary to devige a sultable method

| for measuring the intensity of a given spectral line
in the light emerging from the spectroscope, It was |

| first proposed to use & selenium cell for this

' purpose, and to measurs the change of the resistance

| of the latter caused by the radiation falling upon it,

However, it was found impossible to obtain satis.

| factory results by this method, though it seems prob.

' able that with a sufficiently experienced technique

| the selenium cell Would furnish the best means of

| measuring the intensity of light of very short wave.

| length.

Hence it was resolved to employ a photoelectric

instead of a selenium cell for the purpose of measuring

the /
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the intensity of the light, Unfortunately, all types
of photoelectric cells are most sensitive to light

of considerably longer wave.length than 200 pefu-, and
beyond the position of maximum sensitivity the latter
falls off repidly with decreasing wave.length, |
Thus with a potassium cell the sensitivity is at o
maximum at A = 440pp , and diminishes almost |
to zero at 250 g« , While with rubidium and caesium
cells the region of sensitivity lies in still longer
wave.lengths, With & sodium cell, the point of
groatest sensitivity is at A = 340 m , and the cell
possesses some sensitivity to light of wave.length

a8 short as 185fva. A lithium cell would doubtless
be even more useful for measurements on light of very
short wave.length, but attempts to construct this
latter type of cell have, up till now, met With no

| success, Therefore, a sodium photoelectric cell
with quartz windows (as supplied by Hilger) was
adopted for the measurements on the intensity of the |
light, .

Attempts were first made to magnify the photo.
electric current from the cell by means of the valve
amplifier described by Wymn.Williams (Proc, Camb, |
Phil. Soc., 23, 8103 1927), and to meke use of & Broca
galvanometer for measurements on this increased
current, However, good results could not be obtained

by this method, chiefly because of disturbing currents

gsot/
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set up in the valve._amplifier, which caused great un.
| steadiness in the Zero position of ﬁhe galvanometer,

' No doubt the sparks used as the source of light con.
. tributed greatly to the lack of success with this

; method,

Finally, the photo.electric cell was used in

- conjunction with a Lindemenn electrometer as shown
in filg. 2.

A difference of potentiallof 100 volts was main.
tained between the anode and cathode of the photo-
electric call by connecting the cathode to the negstive
. terminal of a battery giving 100 volts, the positive
pole of which was earthed, The anode of the photo.
electric cell was earthed through a high resistance

2
'1sak'! of about 10 ohms, congisting of a narrow

’
| tube filled with a mixture of anhydrous alcohol and
xylens, The anode was also connscted to the nesdle

| of the Lindemann electrometer, With this arrangement,
| the potential between the electrometer.needle and
esarth i,e, the potential across the high resistance
'leak', is proportional to the current flowing through
| the photoelectric cell, and hence the electromster
acts as a sensitive galvanometer in measuring this
current, The quadrants of the electrometer were

| adjusted to suitable potentials by moving the earthing
point on the potential divider, The deflections of

| the needle were observed by means of a microscope

With/
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L d

| with eyepisce scale, (F,A. & A.F., Lindemann ang

Keeley, Phil, Mag., 47; 1924),

A s8lit of width about 0,2 cm, was placed in the

' focal plane of the spectroscope, so as to allow only

light of the desired wave.length to enter the photo.
electric cell, It was assumed that the photoelectric
current, and hence the deflections of the electrometsr-
needle, were, other things being equal, proportional |
to the.intensity of the light entering the photo-
electric cell,

The coefficient of absorption of bromine was

' measured for the mercury line, A= 254 [+, using

the mercury vapour arc as a source of light, and for
the zinc 1line, A= 208mp , and the aluminium
doublet, A= 185 p+j+, using the appropriate spark
as the source of light, To prevent selectro.static
disturbance to the slectrometer, the spark Was sur.
rounded by an earthed metallic box, in which a hole
was cut opposite the slit of the spectroascope,

| Two silica absorption cells were employed, both

having been previously evacuated and filled with

bromine as described above, In the one case the

| length of the absorbing column (i,e,, the distance

internally between the two parallel faces)was 1,07 cm.,

and in the other 8,0 cm,
The coefficient of specific absorption was

calculeted thus:. 1if D, and D{ be the deflections

of/



' of the nesdle of the electrometer, as measured in

the units of the eyepiece scale, wWith the absorption

' cell respectively empty and containing bromine at a

pressure of p mm, and abgsolute temperature TO, then

. for the coefficient of specific absorption of bromine

i T
(k, 2 ) at that pressure the temperature, and for

the wavelength ( A ) of the light used, We have:.
f\’). PiT: +% (l".‘?m b2 3 209,, D:)

where 1 1s the length of the absorbing column of

bromine. vapour,

Further, if M)x is the coefficient of molecular

ebsorption of bromine at N,T,P, for wave.length A |,

we got:.

22400 x 780 x T k, P3T-

0 80
M = P X 273

If it be assumed that the bromine vapour obeys the
ges laws, and Beer's law of absorption, this quantity
should depend solely on l_, and be independent of
pressure and temperature, It is known, however that
few gases obey Beer's lesw strictly (Warburg,loc,cit,)
and it seems unlikely also that the bromine vepour
follows the gas.laws closely, In this connection, |
moreover, it hes been shown by Ribaud (Loc,cit.) that;
in the case of the absorptién bend of bromine in the
violet, the position of maximum absorption varies
with the temperature of the bromine, This effect

probebly occurs also with the ultra.violet absorption

band, /



| band, but the error introduced from this source is

| negligible for the small range of temperature (15°)

'+ 10 per cent, owing chisfly to fluctuations in the

of the experiments cannot be estimsted at more than

' used in the experiments, In any case, the accuracy

gource of light: this is particularly true in the

cage of the measurements on the zinc and aluminium

lines, where a spark was employed as a source of light,
In measuring the deflections of the electrometer-

needle, the following procedure was adopted,

' The photoelectric cell was provided with a shutter

' in front of the quartz window, and this was opsned

' and light from the appropriaste spectral line (or group

of lines) was allowed to enter the cell, After 45
geconds exposure to the light, the deflection of the
needle was noted, as it was found that thls length of

exposure was sufficient to allow the deflection to

| peach ite final value, The shutter was then closed,

and the electrometer needls brought back to the
position of zero deflection by closing the 'earthing

switch! (see fig,2) for about 30 seconds, The above

. procedure could then be repeated, The values adopted

for D, and D, were the mean of geveral (usually six)

| independent readings of the deflections of the electro.-

' meter needle,

Results, /
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| Results,
: P T.
| )\ O{,u Do "E -1!:1\ : D' %A H %

254 1,07 35.5 15 136 34.8 0.018 0,238 x /07|
208 1.07 11.8 14 130 10.7 0.075 1.08 Xi10*

| 208 1,07 65 0 BB B2.3 0.03%9 1.07 x 10t
185 1,07 75 0 BB . B7 0.105 2.87 X 10
185 1.07 69 12.8 121 B5 0.211 3,18 X 109
185 8.0 21 0 88 © 0.105 2,87 x 10%

N,B. The column t gives the temperature of the bath
in which the side_tube of the silica cell was immersed

while meaguring D and the values of p are the

[
vapour presgsures of bromine at those temperatures, as
given by Ribaud (loc,cit,). The temperature, T, of
the bromine vapour in the main body of the cell, was

| that of the room, viz,, 16°C or 289° abs,

Adopting the mean values for the coefficient of

molecular absorption we get:.
My= 254 = O-24 x 10"
My=20c= I'l' X 10*
Myerge= 3-0% 107
For the sake of comparison, it is interesting to
note that for the mercury vapour line at A= 436 ppm
which is neasr the point of maximum absorption ( A =
420??‘) for bromine in the violet, it was found by a
photographic method that the coefficient of molecular
| ebsorption is abcocut 5 X 105-. Hence, even at the
short wave.length of 185FP: the absorption by bromine
i is small compared to that which it exXerts in the

violet. That a deeply coloured ges like bromine

| should /
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' should be so transparent in the far ultraviolet is
| somewhat remarkable, and it should be observed in
this connection that the absorption spectra photographs
. of Coehn and Stuckardt (loc,cit,) snd the results of |
' Living and Dewar (loc,cit,) are somewhat misleading,
| as they seem to show that bromine is much more opaque
| in the further ultraviolet region, It would bs
interesting to know if the absorption by iodine in
the region zﬁorqu_lsﬁrquis really as strong as is
indicated by Coehn and Stuckerdt, or if the sbsorption
is comparatively slight, like the corresponding
abgorption band of bromine, Howéver, in view of
the strong fluorescent spectrum emitted by iodine
| vapour when exposed to the light from the aluminium
sperk, it seems likely that lodine is very opaque at
the wave-length 185pmm, Also the emission spectrum
. of iodine shows a series of lines beginning at 208 mm
(Ludlam and West, loc,cit,) and hence this gas pro-
| bably absorbs strongly at this wave.length; indeed
the unpublished work of these authors demonstrates
this fact directly.

Incidentally, it was found in the course of
these meagurements that the transparency of differsent
specimens of fused silica varied greatly for light
of wave.length 185+, and that the degree of trans.
parency of a épecimen was roughly inversely pro-
portional to the amount of fluorescence exhibited on

7 e

exposurs / >
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exposure to the light, One of the absorption cells
used cut off about 75 per cent of the incident light,
and the other nearly 90 per cent; in each case the ;
combined thickness of the two parallel faces was abou%
0.4 ocm, Since the silica spiral used in the equili._
brium experiments (Part I) was of thin.walled tubing
(0.5 mm, ) and fluoresced only very slightly when
illuminated by the aluminium spark, it was concluded
thet it was fairly transparent to light of wave.length
185;&;1« .

The main source of error, or even of completely
spurious results, in these absorption measurements
might be the presence of scattered radiation of

heterogenous wave.length in the light emerging from

| the spectroscope, This scattered light was liable to

be produced by reflections from the edges of the lenses
used in the optical system of the spectroscope, Hence
an experiment was performed to investigate how much

of the deflection of the electrometer was due to

light of wave.length 185mmentering the cell, and how

much wes due to 'false! light of heterogenous Wave.

| length entering along with it, The deflections of

the electrometer.needle by the photoelectric current,
when the aluminium doublet at A = 185K, entered the

photoelectric cell, were measured With and without a
thin slice of calcspar interposed between the source
of light and the slit of the spectroscope. Calcspar

cuts/
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cuts off all wave_lengths shorter then 208mm., but is

perfectly transparent to all longer wave.lengths,

hence any deflection apparently produced by the slum.
inium doublet A = 185rquwith this substance inter.
posed must be due to the 'false' light entering the
photoelectric cell, In this way it was found that
the interposing of the calcspar cut down the deflec.
tion from 70 to 0,5 scale.divisions, and hence it is
seen that errors due to the presence of scattersd
light in the spectroscope are entirely negligible,
This precautionary experiment was essential, since
the sodium cell is extremely sensitive to light in

the violet and near ultra.violet regions of the spec-

| trum, and bromine absorbs strongly light of this wave;

' length,

| The results of the absorption measgurements show
that the absorption coefficient of bromine rises very
slowly with decreasing wave.length in the range
254;74_ 185 ppre In fact, this ultra.violet absorption
band differs strongly from that of the same element
in the visible spectrum, which rises to a sharp
maximum at A = 420PF“° The ultraviolet absorption of
bromine resembles somewhat that of iodine in the
ultraviolet, as, according to the work of Coehn and

| Stucksrdt, the sbsorption coefficient of this element
rises slowly on pessing from 350 mmto 220 mp, 8t which

latter wave.length the gas is practically opaque,
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DISCUSSEQN OF THE RELATIONSHIP BETWEEN THE RESULTS

D e

OF THE EQUILEE?IUM EXPERIMENTS AND THOSE OF THE

ABSORPTION MEASUREMBNTS,

Coehn and Stuckardt (loc,cit,) came to the con.
clusion that the absorption bands of the halogens
and their hydrides might be divided into two classes,
The first type compriges those bands in which the i
absorption coefficient rises respidly with decreasing
wave.length, end to this class belong the absorption i

|

bands of the halogen hydrides, and those of the halo. |

gons in the visible, The other type comprises those

 bande in which the opacity of the gas increases but

glowly and steadily with decreasing weve.length, and
as examples of sbsorption bands of this type we have
those of bromine and iodine in the further ultraviole;.
Now Coehn and Stuckardt concluded that absorption of
1ight by a band of the first class meent that the
energy absorbed was converted into chemical energy

by 'activation! of the molecules of the absorbent,
while in the case of a band of the second class, the
absorbed radistion was converted into 'thermal' energy,

by increasing the translational energy of the molecules

| of the absorbent, Hence one would expect that in the

first case, under appropriate circumstances, the

| absorption of 1light would produce chemical changs,

whils /
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while in the second case, little, if any, chemical

change would tend to occur, Coehn and Stuckardt use

| this reasoning to explain the absence of any trsce of

formation of hydrogen bromide in their experiments,
in which a mixture of hydrogen and bromine wers ex_

posed to the full radiation of the mercury arc (extend.

| ing to A= 320f7mj, by assuming that light of this

latter wavs.length absorbed by the bromine is con.

. verted into thermel end not chemical energy, However,

it is difficult to reconcile the above argument with |
|

the existence at equilibrium of 7,5 per cent hydrogen

iodide under the same experimental conditions, since

the ultraviolet absorption band of iodine undoubtedly

; belongs to the second class, It seems more logical

to concluds that there is no sharp division between
the two types of absorption band, though probably
in the first case more of the energy absorbed goes
to 'activata' the molscules of the absorbent than in
the second case, The fact that no formation of
hydrogen bromide takes place under the influence of
radigtion from the mercury arc is easily explained,
since the absorption of bromine for A = 220 has
besn shown to be very much less than that given by
Coehn and Stuckardt, If it be assumed that the
system . hydrogen, bromine and hydrogen bromide -
is in equilibrium when as much energy is absorbed

from the radiation by the hydrogen bromide as by the

bromine, /



of hydrogen bromide is 154 x 10

bromine, then it is easy to see that this condition

is satisfled if the partial pressure of hydrogen
bromide 1s extremely small compared to that of bromine,
Thus for the zinc line, A= 209 i+, Warburg (loc,cit, )
found that the coefficient of molecular absorption

4; while the absorption

' measurements just described have shown that that of

bromine at /\= Bosmuis R 104

s hence at equili_
brium the partial pressure of the hydrogen bromide

would be 0.RB8 per cent that of ths bromine, The zinc

spark furnishes strong radiation at this wave.length,

but the equilibrium experiments described with this

. gource of light are not sufficiently delicate to

| detect the presence of such a small percentage of

hydrogen bromide as this, especially since the analyt.
ical method described would yield as a result half the
above figure, i,e, 0,33 per cent, With the meagre
axperimentasl data available this figure lies just
within the limits of exXperimental accuracy, and it

is not entirely excluded by the negative results of
the experiments with this source of illumination,

It is interesting to calculate the position of

' equilibrium in the system under the influence of

radiation from the aluminium spark of wave.length

185rr&’ assuming, as before, that equilibrium is
reached when the energy absorbed by the hydrogen

bromide is equal to that absorbed by the bromine.

Extrapolating/
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Extrapolating from Warburg's figures for A = 253 s
and A= 209mm , Wo may take as a probable value for
the coefficient of molecular absorption of hydrogen
bromide for A = 18Kumthe value 200 x 10%, while, since
that of bromine at this wave_length is 3,0 x 104, at
equilibrium the partial pressure of the hydrogen
bromide will be 1,5 per cent that of the bromine,
This value agrees sufficiently well with that obtained
in the case of the equilibrium experiments with the
aluminium gpark, viz,, 1,68 * 0.2 per cent,

This method of calculation of the position of
equilibrium in the system under the influence of

radiation of a particular wave.length, from the co.

' efficient of absorption of the components of the

system, involves simpliflcations which are based on

preliminary assumptions which are not strictly justi.

' fied, Thus, it 1s assumed that all the energy absorbed

' from the radiation is utilized in producing chemical

' change, or, alternatively, the same fraction of 1t is

used in both the forward and the reverse reactions,
Again, it is assumed that the absorption of one
quantum of energy by a molecule of hydrogen bromide
would lead to the formation of as many molecules of
bromine as would be reconverted into hydrogen bromide
by the absorption of a quantum of energy by a molecule
of bromine. Since it is known (Werburg loc,cit,) that

with hydrogen bromide the absorption of one quantum

' leads/



| leads ultimately to the decomposition of two moleculss

- of this substance, that is, the formation of one

' molecule of bromine together with one of hydrogen,

this assumption stipulates that the absorption of
one quantum of light by a moleculs of bromine will

give rise to twWwo molecules of hydrogen bromide,

' This is not in accordance with the work of Bodenatein

1
- and Lutkemeysr (loc.,cit, ) who showed that, in the

' case of visible light, the amount of hydrogen bromide

formed was proportional to the square root of the
quantity of energy absorbed by the bromine, However,
since the 'Konvergenzstelle' of bromine lies at
lﬁ'ﬁlOrqA, it is geen that visible light produces

just sufficient energy to bring about the primary

reaction in the photosynthesis of hydrogen bromide,

| viz

., the dissociation of the bromine molecule into
atoms, while with ultraviolet light of wave.length
185y~ & large excess of energy is present, Hence it
is quite possible that the mechanism of the resction
will be different in the two cases, and that with
light of very short wave.length the gquantum of energy
will convert one molecule of bromine into two of
hydrogen bromide; in this case, the reaction will
regsemble that of bromine on hexahydrobenzens (Nernst
and Pusch, loc,cit,; Noddack, loc,cit), In favour

of this, and as a further justification of this

preliminary assumption, there is the fact that, in

the /
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| the equilibrium experiments with the aluminium spark,i
|1t was found that the position of equilibrium was
unaffected by the intensity of the radiation, which
would seem to show that the square.root law for the
velocity of photosynthesis of hydrogen bromide does
not hold in the case of light of very short wave.
length,

Hence, in commection with these two assumptions,
it may be said that, although neither may be fully
justified, the calculation based thereon is not with.
out interest., It should be noted that divergences
from the one assumption may be partly neutraslized by
divergences from the other,

Finally in this connection it must be again
emphasized that in the equilibrium experiments we
are not dealing with ultraviolet light of very short
wave.length per se, but with the complete zinc or
- aluminium spectrum so far as it can be transmit-ted
through fused silica, The experiments with the
mercury vapour arc and the zinc spark show that
radiation consisting of wave.lengths as fer as k =
Bozfﬂrkdoes not produce any formation of hydrogen
bromide end hence the formation of this substance
under the influence of the aluminium spark can only
be attributed to the radiation of shorter wave.lenrgth
present in the light from this source, However, it

' ig known that the full radiation of ths mercury arc

rapidly /
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' rapidly produces complete dscomposition of hydrogen
bromide, Hence, in the state of equilibrium reached
undsr the influence of the radistion from the eluminium
spark, that of longer wave.length than 202 p«must be
aiding the decomposition of the hydrogen bromidse
present and consequently it is probable, that, under
the influence of purely monochromatic radiation of
wave-length 185 »m, somewhat more hydrogen bromide
would be present than when the system is exposed to

the full radiation from the aluminiuvm gpark, It would
be eoxtrsmely desireble to investigate the equilibrium
in the system under the influsnce of such monochromatic
light, wore not the difficulties of producing such

illumination, in sufficient intensity, extremely great,
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CONCLUSION,

The photochemistry of the formation and decom.
position of hydrogen bromide has now besn fairiy fully
investigated, Thus We have the work of Bodenstein
and.Lﬁtkemayer on the mechanism of the formation of
this substance under the action of light in the
' visible spectrum, together with the sams authors'
researches on the sams action taking place thermally
in the dark, Also there exists the work of Warburg,
who showed that the decomposition of hydrogen bromide
by ultraviolet light followed Einstein's law of photo.
| chemical equivalence, Along with these researches
on the separate reactions of formation and decom_
position of the hydrogen bromide, we have the work of
Coehn and Stuckardt investigating the final condition
' of equilibrium reached when either hydrogen bromide
| or its constituent elements are exposad to the action
of light of different wave.lengths, |

The research just described is an extension of
that of Coehn and Stuckardt, The facts learned from
it may be summarised thus:-

(1) Hydrogen and bromine combine to & small
oxtent when exposed to the light from the aluminium
| spark, which radiates strongly at h=>185pqﬂ . At
oquilibrium under these conditions, the partisl pres4

gurs of the hydrogen bromide is about 1,4 to 1.8

per cent, that of the bromine, |
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(2) The absorption cosfficient of bromine in.
creases slowly with decreasing wave._length for.wave_
lengths shorter than 254 p o, but the gas is gtill
very transparent even at 186

(3) Theoretical considerations, especielly the
analogy with Coehn and Stuckardt's results obtained
with hydrogen iodide, lead one to anticipate that s
small amount of formation of hydrogen bromide from
its constituent slements must take placs under the
influence of radiation of wave.length 185fqu . Also
a congideration of the values of the absorption co.
efficlents of bromine and hydrogen bromide for light
of this wave.length suggests that at equilibrium the
amount of hydrogen bromide formed would be about that

actually found by experiment,
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