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ABSTRACT 

I. THE OXIDATION STATE OF ARGENTIC SALTS IN ACID SOLUTION 

The argentic salt produced in solution by 

oxidizing with ozone argentous nitrate dissolved in 

concentrated nitric acid at 0°0. is shown to contain 

the silver almost entirely in the bipositive form. One 

of the three independent methods used involves the de

termination of the magnetic moment of the argentic silver 

ion. A value of 1.98 Bohr magnetons is found for its 

magnetic moment. 

II. THE MERCURY SENSITIZED PHOTo..:.REACTION BETWEEN AMMONIA AND OXYGEN 

Experiments which were made in two different 

reaction vessels give evidence of a surface reaction. The 

contradictory results of tvrn former pairs of investigators 

are discussed and the present results are shown to be in 

accord with both previous pieces of work. 

III. THE PHOTOCHEMICAL DECOMPOSITION OF HYDROGEN SELENIDE 

The results are given of a study of the photo

decomposition of hydrogen selenide at a series of pres

sures from 8 to 60 mm. A unit quantum yield was found, 

constant over this pressure range. A mechanism for 

the decomposition is offered. 
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Argentic Salts in Acid Solution. II. The Oxidation State of Argentic Salts 

BY ARTHUR A. NOYES, KENNETH s. PITZER AND CLARENCE L. DUNN 

Purpose of this Investigation 
In the preceding article Noyes, Hoard and 

Pitzer1 described the general nature and the 
rates of the reactions by which argentic salt is 
produced by the ozone oxidation of acid argentous 
nitrate, and by which it is reduced by water. 
Before proceeding further with the description of 
these researches, however, it seemed essential to 
establish the state of oxidation, whether bi
positive or tripositive, in which argentic silver 
exists in nitric acid solution. To a description 
of experiments made with this purpose this article 
is devoted. 

It is remarkable that this question has re
O> Noyes, Hoard and Pitzer, THIS JOURNAL, 57, 1221 (1935). 

mained unanswered so long in the case of a 
readily obtainable oxidation state of a common 
element-an oxidation state, moreover, that ex
plains the striking catalytic effects of silver salts. 
Furthermore, the question is of much theoretical 
interest in relation to the valence states com
patible with the periodic system, inasmuch as 
copper exists mainly unipositive and bipositive, 
and gold unipositive and tripositive. 

Previous Investigations 

The most definite indications previously exist
ing as to the oxidation state of argentic silver in 
its solutions were furnished by the composition 
of the solid phases that separate in preparing or 
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in diluting the solutions or upon adding other 
substances to them, but these indications seem 
contradictory. 

First, it may be mentioned that Barbieri2 

found upon mixing an aqueous solution of potas
sium peroxysulfate with a solution of silver 
nitrate in pyridine (Py) that orange-colored 
crystals separated of the composition AgS2O8·4Py, 
and that this compound forms isomorphous 
crystals with the previously prepared cupric 
compound Cu2S2O8·4Py, both these facts showing 
the existence of a complex salt containing bi
positive silver, as is more clearly expressed by the 
formula [Py4Ag]++S2O8-=. There have since been 
prepared3 complex salts of bipositive silver with 
various other bases (having coordination num
bers four or six) and with other anions than per
oxysulfate. 

On the other hand, several investigators 
(Higson, 4 Yost, 5 Barbieri, 6 Jirsa7) have shown 
that argentic solutions give precipitates w~th 
water of solid basic salts that contain tripositive 
silver. This is proved by the fact that they 
yield on drying compounds such as AgONO3• 

Ag2O3·4AgO or (AgO)2SO4• 6AgO. Such salts are 
precipitated even from a solution prepared by 
dissolving pure silver oxide in nitric acid, and 
even though this dissolving is attended by evolu
tion of oxygen (Jirsa). The results obtained 
by Yost5 and by Carman8 are especially signifi
cant, in that they show that all the silver is 
originally precipitated in the tripositive state. 
Thus the compounds prepared · by them from 
neutral pQtassiim1 peroxysulfate apd silver pi
trate contain per atomic weight of silver 2.0 
oxidation equivalents (me;:i.su.red with reference 
to reduction to argentous salt). Carman showed, 
however, that if the precipitates stood one to 
three hours before filtering, the ratio drops to 
a, faidy constant value of 1.51- 1.53, correspond
ing to about equal quantities of bipositive and 
tripositive silver. 

The fact that the rat e of oxidation of argentous 
salt by peroxysulfate, as well as by ozone, 

(2) Barbier!, Atti accad'. L incei, [5] 21, M 0-563 (1912) ; Gazz. 
chim. ital., 42, 7 (19 \ ~). 

(3) Hieber a nd Muhlbauer , Ber., 61, 2149 (1928); Morgan and 
Burst a ll , J . Chem. Soc., q21 ~5\/4 (1930), E arbi1>1:i, Ber., 60, 2424-
2427 (1927), a nd A tti accad. U ncei, [6) 16, 44-47 (1932). 

~4 ) Hi&s1>n , J. Chem. S oc., 11.9, 2048 (192l ). 
t ~) Yost, 'THI S J OUJ>NAL, 48, 152- 164 (1926). 
(6) l\arbieri, ;\l;i,qcw,d. L incei, [6] 1:t, 8&2-887 (11131) . 
(7) Jirsa, Z . anorg. (;hem. , 1,48, 130-140 (1925) ; 158, 33--60, 61--66 

( 1!)26).' ' • • 

t8> C1'-, 1na_n , Tra11s. F-arqd11,y Sac., lll/·, /161,-5,7\' {11134). 

is proportional to the first power, not to the 
square, of the argentous concentration, indicating 
that the mechanism involves primarily the pro
duction of tripositive silver, has also doubtless 
aided in creating a presumption that this is the 
form of silver that predominates in the solution; 
but in reality this fact would be fully accounted 
for by the existence of only a very small pro
portion of tripositive silver. 

The Oxidation State Determined by a Solubility 
Method 

Principle of the Method.-The principle of this 
method of det~nnini~ t.be oxidation state of the 
silver is illustrated by the following description 
of the preliminary experiments which were made 
by K. S. Pitzer. Oxygen containing 5- 7% 
ozone was passed for twelve hours through a gas 
bottle (without a porous plate) containing about 
200 ml. of 10 or 16 N nitric acid and a great 
excess (25 g.) of crystalline silver nitrate at 0° . 
Known volume samples of the (approximately) 
steady-state mixture were then drawn off and 
analyzed: (1) for oxidizing power, correcting the 
result for the dissolved ozone, and (2) for total 
silver (unipositive plus bipositive plus tripositive) . 
Then, by an experiment in which (to agitate the 
liquid) oxygen instead of ozonized oxygen was 
passed for forty hours, the solubility of argentous 
nitrate was determined in a solution of the same 
acid content at the same temperature, and this 
(unipositive) silver was subtracted from .the total 
silver fo\lnd in the steady-state mixture. 

This method was fairly precise because the 
solubility of silver nitrate in strong nitric acid 
was found to be unexpectedly small (0.12--0.36 J 
at 0°). It involves the assumption that this solu
bility is not appreciably affected by the arg.entic 
silver, which, however, was present at only 0.22 
to 0.25 formal. 

The Results of the Preliminary Experiments. 
- These are given in Table I. It will be seen 
that in the more accurate, second experiment the 

TMU..E I 

0XI{)AT~Q?-! STATE Qf NlOENTlC SILV~R D ~l'~RMlNJi:D FY A 

SOLUBILITY M ETHQD ~ PREI.IllUNA,RY R ESULTS Al 0° 
Ratio of 

<ajd, 
HNO, AgNO, Reaction mixture equiv. to 

VQ\U'!l-1\• Solq- (;\gU) + Oxid, (A!!:U} + 
Expt. forma l bility (2: Ag) (AgIII) Equiv. (AglH) 

1 15.9 0.119 0.366 0 .247 0.217 0 .89 
2 10 .0 .357 .583 .226 .218 .oo 

.583 .226 .22i .98 
, 5.8.8 ,231 . 222 .Q6 
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number of oxidation equivalents was 97% of 
the number of formula weights of the total 
argentic salt, indicating that this salt was sub
stantially all in the bipositive state. 

Procedure for the Final Determination.- A 
final experiment was then made with great care 
under more favorable conditions. In this ex
periment we were fortunate in having the detailed 
cooperation of Professor Isaburo Wada, Director 
of the Wada· Research Laboratory, of Tokio, 
who was then visiting this Institute. In develop
ing the analytical methods and in making the 
analyses we were ably assisted also by Messrs. 
C. D. Coryell and Alexander Kossiakoff. In 
this direction we are also indebted to Professor 
E. H. Swift for important suggestions. 

The principle involved in determining the 
state of oxidation of the silver was the same as 
before. The temperature at which the solubility 
of silver nitrate was determined and at which the 
steady-state mixture was prepared was - 5.8 ± 

0.2°, instead of 0°, concentrated nitric acid 
(15.2 N at 20°) being used, as in one of the 
previous experiments. These conditions made 
possible much greater experimental accuracy, 
for at this lower temperature the ratio of argentic 
to argentous silvet is much larger, and the spon
taneous decomposition of the arg(mtic silver is 
much slower. Moreover, precise analytical meth
ods whose reliability had been well tested were 
used, and the quantities of the samples were all 
determined by weight, not by volume. 

The Procedure in Detail.- The solutions were prepared 
in glass-stoppered gas absorption bottles with porous sin
tered glass plates, of the kind described in the preceding 
article, 1 to which reference may be made also for the details 
of the ozonizer, thermostat, and other features of the ap
paratus. In one gas bottle were placed 7 g. of fine silver 
nitrate crystals and 150 ml. of a nitric acid solution 15.55 
N (by volume) at 0° (or 15.19 Nat 20°), and in another 
bottle were placed 20 g. of silver nitrate crystals and 200 
ml. of the same nitric acid; and these bottles were kept in a 
large alcohol-water bath at -6.15° for twenty-four hours, 
and then at -5.8 ± 0.2° for forty-eight hours more. 
During this whole period there was passed steadily a slow 
current of oxygen through the first bottle (to stir its con
tents), and of ozonized oxygen through the second bottle 
(to produce the steady-state mixture). Before entering 
the latter bottle (so as to avoid evaporation of the oxidized 
solution and to determine the solubility of the ozone) the 
ozonized oxygen was passed through a bottle containing 
only nitric acid of the same strength. 

The partial pressure of the ozone was found to be 0.0625 
atm. and its solubility at -5.8° in the nitric acid (15.2 N 
at 20°) was found to be 0.00321 mole per liter of solution. 
These quantities were determined by driving the gas, 

by means of a current of carbon dioxide out of a gas 
bottle of known volume, filled first with the ozonized 
oxygen, and second contaµiing known volumes of this 
gas and of its saturated solution in 15.2 N nitric acid. 
The expelled gas was passed in each case into a 0.5 J 
potassium iodide solution saturated with sodium hydro
carbonate; then the mixture was acidified, and the liber
ated iodine titrated with thiosulfate. 

After three days the ozone was displaced from the 
steady-state mixture by passing a rapid current of oxygen 
through it for about five minutes, and duplicate samples of 
the pure silver nitrate solution and of the steady-state 
mixture were removed from the respective bottles through 
their side-arms (so that the crystals of undissolved silver 
nitrate would be retained by the-porous plate near the bot
tom of the bottles). 

The samples of unozonized silver nitrate were run into 
empty weighed flasks, and those of the steady-state mixture 
into weighed flasks containing 1.8 g. of thallous nitrate, 
placed in the cold bath. After coming to room tempera, 
ture these flasks and their contents were weighed, thus giv
ing the weights of the samples, which were later analyzed 
as will now be described. 

Methods of Analysis.-The solubility of the silver nitrate 
in the pure nitric acid solution was determined by diluting 
this solution, nearly neutralizing it with ammonium hy
droxide, and adding a 2% excess of sodium chloride solu
tion. The precipitated silver chloride was collected in a · 
weighed porous plate filter funnel, dried at 200°, and 
weighed. It was proved that even the very large quantity 
of ammonium nitrate present did not dissolve a significant 
quantity of silver chloride. 

The determination of the oxidizing power of the steady
state mixture involved much preliminary study, owing to 
the presence in the mixture of concentrated nitric acid and 
owing to the rapid decomposition of argentic silver w~n 
the solution is diluted or allowed to warm up. It was 
necessary to find some reducing substance not oxidized by 
concentrated nitric _acid, but oxidized instantaneously, 
even at -5.8°, by argentic silver-a substance, further
more, whose oxidation product could afterward be analyzed 
for with accuracy. After many experiments thallous nitrate 
was found to be well suited for this purpose. It is not oxi
dized by cold nitric acid, but reduces atgentic silver at -5.8° 
within a few seconds, as was shown by the flash-like disap
pearance of the black color as soon as the cold sample of 
the steady-state mixture was run onto the solid thallous ni
trate and the mixture was shaken. It was shown, moreover, 
by an experiment in a small eudiometer that this reaction is 
attended by no oxygen evolution, and therefore by no spon
taneous or catalytic decomposition of the argentic silver. 

After a long study of possible thallium determinations 
(made mainly by Mr. C. D. Coryell) it was found that the 
quantity of thallic salt produced could be determi.i.,.ed by 
neutralizing the nitric acid in the cooled sample with 15 N 
ammonium hydroxide, filtering off and washing the brown 
thallic hydroxide, dissolving this in cold 3 N sulfuric acid, 
and analyzing the solution for its thallic cc;mtent. This 
last analysis was made by using the method described by 
Kolthoffg and by Zintl and Rieniicker 10 for titrating thal-

(9) Kolthoff, Rec. trav. chim., il, 180 (1922). 
(10) Zintl and Rieoacker, Z. anorg. al/gun. Chem., 153,278 (1926) . 

• 
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TABLE II 

ANALYSIS OF SATURATED SILVER NITRATE SOLUTION AND OF THE STEADY-STATE MIXTURE PRODUCED AT -5.8° 
Sample Determinations of total silver Determinations of oxidation- equivalents 

Solution 
withdrawn, g. % of sample AgCl At. wt. Ag % of sample KBrO, Oxid. cq_ 

analyzed obtained, mg. per kg. solution analyzed used, ml. per kg. solution 

Satd. AgNO1 solution 36. 78 100 . 316 .3 0.0600 
74 .01 100 632.2 .0597 

Steady-state mixture 38.36 51.05 851.5 .3033 26 .31 45 .96 0.2334 
38.36 48.81 812.4 .3027 38.54 67 .22 .2331 
38.36 34 .98 61.13 .2335 
38.45 51.66 859.1 .3017 35.32 61 .78 .2331 
38.45 48.19 803 .9 .3014 30 .05 52.51 .2329 
38.45 

lous thallium with standard bromate solution with the 
aid of methyl orange as an oxidation indicator. This is 
possible since under proper conditions this indicator is de
colorized only after an excess of bromate over that re
quired to oxidize the thallous salt has been added. 

In detail this thallic determination was carried out as 
follows. The thallic sulfate solution (about 140 ml.) 
obtained by dissolving the thallic hydr(ll{ide from each of 
the two samples of the steady-state mixture was divided 
by weighing into three nearly equal portions. To each 
of these portions were added 11 g. of solid potassium 
chloride and one drop of 0.2% methyl orange solution, and, 
after heating the solution to 50--60°, bromate solution 
(standardized against pure thallous chloride) was run in 
from a buret until the indicator was decolorized, thus 
estimating any thallous thallium (in fact about 2%) 
that was carried down in the thallic hydroxide precipitate. 
Then the solution _was heated nearly to boiling, and sulfur 
dioxide gas was passed through it for ten minutes, after 
which the solution was boiled for ten to fifteen minutes to 
expel the sulfur dioxide, and was titrated at 50-60° with 
the bromate solution, adding one drop of methyl orange 
solution as the end-point was approached. The amount of 
bromate required to decolorize the indicator and the 
amount, added before reducing the thallic salt with sulfur 
dioxide were subtracted, thus giving the oxidizing power 
of the thallic sulfate solution and hence of the original 
argentic solution. Test analyses, made with weighed 
samples of pure thallous chloride oxidized to the thallic 
form, had previously shown this analytical procedure to be 
remar~ably precise. 

The total silver present in the same samples of the 
steady-state mixture was determined by acidifying the 
filtrate from the thallic hydroxide precipitate, adding 
sodium chloride, and weighing the precipitated silver 
chloride, as in the case of the pure silver nitrate solution. 

Experimental Results and Final Value of 
Oxidation State.-The experimental data for all 
the determinations so made are given in Table 
II. The headings are all self-explanatory, ex
cept that the bromate solution used was 0.05124 N 
(in an oxidation sense). 

The mean values derived from all the data of 
Table II, and the final values of the oxidation 
state, are shown in Table III. In order to be able 

34.19 59.75 .2329 

Mean 0.3023 Mean 0.2332 

to refer the mean values of the quantities of 
silver and of the oxidation equivalents to 1 kg. 
of acid, as well as to 1 kg. of solution, the latter 
values have been corrected by subtracting fr~m 
the weight of the solution that of the solid silver 
nitrate calculated to have been dissolved, and 
(in the case of the steady-state mixture) also 
that of the oxygen calculated to have been ab
sorbed in producing the argentic silver. The 
nitric acid used was 15.2 N at 20°. 

TABLll III 

FINAL MEAN VALUES OF THE SOLUBILITY OF SILVER 

NITRATE AND OF THE COMPOSITION OF THE STEADY-STATE 

MIXTURE AT -5.8° 
Atomic weights Oxidation Ratio of 

of silver equivalents oxid. eq. 
In kg. Per kg. In kg. Per kg. to ar

of solu- of 15.2 N of solu- of 15.2 N gentic 
Solution tion HNO, tion HNO, salt 

Steady-state mixture 0. 3023 0 . 3193 0. 2332 0. 2463 
Satd. Ag NO, solution . 0598 . 0604 . 0 . 0 
Difference .2425 .2589 .2332 . 2463 0 ,951 

The difference 0.2589 between the number of 
equivalents of silver in the steady-state mixture 
and in the pure silver nitrate solution (referred 
to the same weight of nitric acid) evidently cor
responds, at least approximately, to the argentic 
silver in the mixture, and the ratio 0.2463/ 
0.2589 of the oxidation equivalents to this dif
ference, which equals 0.951, shows how much the 
oxidation number of the argentic silver exceeds 
that of ar.gentous silver. This corresponds to 
an oxidation number of 1.951 for the silver in 
the argentic salt. The silver is therefore bi
positive in the argentic compound existing in the 
steady-state mixture produced a.t -5.8° in nitric 
acid 15.2 'N at 20°. 

The difference between 1.95 and 2.00 may be 
reasonably attributed to the spontaneous de
composition of the compound during the time 
required for removal of the ozone from the mixture 
and for the addition of the sample to the thallous 



July, 1935 OXIDATION STATE OF ARGENTIC SALTS 1233 

nitrate. -And there is doubtless some inaccuracy 
in the assumption that the amounts of argentous 
nitrate present as such in the pure solution and 
in the steady-state mixture are identical. 

The Oxidation State Determined by Displace
ment of the Steady State 

EiXPERIMENTS BY CLARENCE L. DUNN 

Principle of the Method.-A second principle 
employed in these researches for determining the 
oxidation state of argentic silver involves dis
placement of the steady state. Namely, since 
argentic solutions have been prepared under 
conditions where the ratio of oxidation equivalents 
to total silver is already not very far from unity 
(which would correspond to complete conversion 
to the bipositive state), one may expect to deter
mine, upon making the conditions progressively 
much more favorable, whether this ratio ap
proaches unity asymptotically, or whether it 
goes through this value without any noticeable 
discontinuity. For example, starting with the 
fact that with 0.025 f silver nitrate in 12 N nitric 
acid 0.93 oxidation equivalents of argentic silver 
are produced at 0° for each formula weight of 
(total) silver present when the solution is brought 
to a steady state with ozone at 0.06 atm., one 
might determine upon increasing the ozone partial 
pressure, say to 0.4 atm., whether the equivalents 
of argentic salt increased only from 0.93 to nearly 
1.00, or whether they increased up to values much 
above unity. This evidently involved on the ex
perimental side making ozone at these higher par
tial pressures, saturating acid silver nitrate solution 
with it, and analyzing the mi?Cture. 

Preparation of Ozone Gas at High Concentration and 
Oxidation of the Silver Solution.-The concentrated ozone 
gas needed for these experiments was made from tank 
oxygen which was purified by passing it through an all
glass train of tubes containing an electrically heated 
phtinum wire, soda-lime, strong sulfuric acid and phos
phorus pentoxide, and through a very fine sintered glass 
filter (to remove particles of dust, rubber, etc.) . This gas 
after emerging from the ozonizer, when it contained about 
6% of ozone by volume, was fractionally condensed in a 
15-ml. cylindrical bulb sealed to the ozonizer. This bulb 
had a sealed-in entrance tube delivering 5 cm. above the 
bottom of the bulb and had a side-arm near the top out 
of which the gas issued. The bulb was placed within a 
Dewar tube containing liquid air, which could be brought 
to any desired level by raising or lowering the Dewar tube. 
During the liquefaction the tube was kept so low as to con
dense ozone containing very little oxygen, the composition 
of the condensate being judged by the depth of its blue 

color. After about 2 ml. of liquid had condensed, requir
ing about three hours, the liquid was distilled at a moderate 
rate for a period of about three hours into a 12 N nitric 
acid solution exactly 0.025 j in silver nitrate, contained in a 
gas bottle in a thermostat at 0°. This solution had been 
previously treated with 6% ozone until the steady state 
corresponding thereto had been practically reached. The 
gas emerging from the reaction bottle contained at the end 
of one hour about 40% of ozone, and at the end of two 
and one-half hours about 65% of ozone by volume. A 
concentration of 12 N nitric acid was used, since this had 
been found to be approximately that at which the largest 
fraction of argentic salt was produced with 6 to 8% ozone. 
The small silver concentration of 0.025 formal was used, 
since the oxidation is larger the more dilute the silver, and 
since on the other hand this is the smallest concentration 
that would give sufficient analytic accuracy. 

Analysis of the Reaction Mixture.-Before taking a sam
ple for determining the oxidizing power the dissolved 
ozone was removed from the gas bottle by subjecting it for 
one minute to the reduced pressure of a water pump and 
then drawing a rapid stream of oxygen through it for half 
a minute more. A blank experiment with 12 N nitric acid 
saturated with ozone showed that the ozone remaining after 
this treatment was negligible. Then there was withdrawn 
from the gas bottle with a cooled pipet 50 ml. of the re
action mixture, and this was delivered into a two-fold 
excess of 0.05 j thallous nitrate solution at 0° . The mix
ture was analyzed for thallic thallium as was described in 
the earlier part of this article, except that hydrochloric acid 
was used for dissolving the ammonium hydroxide precipi
tate of thallic hydroxide, instead of sulfuric acid ; approxi
mately 0.05 N potassium bromate was used as before for 
titrating the thallium after reducing it by sulfur dioxide. 

Experimental Results and Conclusion as to the 
Oxidation State.-A series of experiments was 
first made to determine the steady state resulting 
with 9 or 6% ozone at 0° in 12 N nitric acid 
solutions 0.025 fin silver nitrate. Such solutions 
were treated with ozonized oxygen of this strength 
for several days till no further change in their 
oxidizing power took place. The ratio of oxida
tion equivalents to t~tal silver equivalents bad 
at the steady state in different experiments th~ 
following percentage values: with 9% ozone, 
97.4, 96.5, 98.4%; with 6% ozone, 93.0% 
(84.0% when 15 N nitric acid was used). 

Then eight other experiments were made with 
12 N nitric acid 0.025 f in silver nitrate at 0°, 
by carrying the oxidation at first only to 34 to 
83% with 6% ozone, and afterward making it as 
complete as possible by treatment with 40 to 
65% ozone for three hours in the way described 
above. The percentage ratios of oxidizing power 
to total silver obtained with the 6% and the 40-
65% ozone are those shown in Table IV in the 
first and second rows, respectively. 
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TABLE IV 

OxmATtOl'I OF StLVER tJ'y CONc1t l'ITRAtED OZONir AT 0° 
O:tdne l"etcenta:ge of oxicfation equivalelfts to fotal si lver 

used, % equivalents 

6 83.2 81.0 80.4 80.0 56 ,5 49 . 0 48,0 34.1 
40-65 100 . 0 lQ0.8 98 . 1 99.0 99.1 103.0 90.0 98 . 6 

1t will be seen, irrespective of the oxidation 
(83-34%) attained with the 6% ozone, that the 
more concentrated ozone raised the percentage 
of oxidation equivalents to equivalent& of total 
silver (except in one case) only to 98.1 to 103.0%
never to any larget value such as would correspond 
to any considerable proportion of tripositive 
silver. (Incomplete removal of ozone probably 
accounts for the one slightly high value of 103%.) 
The conclusion seems, therefore, justified that 
under the conditions here involved (12 N nitric 
acid, 0.025 f silvet nitrate, 0°) even fairly co'tl
centrated ozone converts little, if any, of the silver 
into a state more highly oxidized than the bi
positive state. 

The Oxidation State of Argentic Silver Deter
mined from the Magnetic Susceptibility of its 

Solutiotts 

EXPERIMENTS BY CLARENCE L. DUNN 

Theoretical Principie of the Method.-A third 
method of studying the state of oxidation of 
argentic silver was suggested by Professor Linus 
Pauling. This rests upon the fact that the 
magneijc moment of the silver ion in its different 
valence states and the corresponding change in 
the susceptibility of the solution may be expected 
to afford a direct indication of the oxidation 
state of the silver. 

'the theoretical principle involved in the method 
is the simple one, valid for certain types of atoms, 
that the magnetic moment of an atom or ion is 
determined primarily by the spin of its unpaired 
electrons, and therefore by the number of such 
electrons, being 1. 73 Bohr magnetons for one 
such electron, 2.83 Bohr magnetons for two, and 
so forth. 11 The univalent silver ion has a com
plete sub-shell of 10 outer ( 4d) electrons and has 
no spin magnetic moment, but only a diamagnetic 
one. The bivalent silver ion with only nine of 
these outer electrons has an odd and therefore 
an unpaired electron, and has a spin moment of 
1.73 magnetons. The trivalent silver ion with 
eight outer (4d) electrons probably has only 
paired electrons, and is probably therefore dia-

(11) Stoner, Phil. Mag .. 8, 250 (1929); Pauling, TlHS JOURNAL, 
GS, 1391 (1931). 

magnetic; fot this has ·been shown by Janes12 

to be true of bivalent palladium, which has the 
same electronic configuration. It is, however, 
possible, though less likely, that the tripositive 
silver ion, like the structurally similar bivalent 
nickel iott (with eight .3d electrons), has two un
paired electrons, in which case it wattld be para
magnetic, but would have a spin moment (2.83 
magnetons) different from that of the bivalent 
silver ion. 

While in an ion having unpairl'd electrons the 
spin of such electrons usua1ly gives to the ion its 
main magnetic moment, yet the orbital motion 
of such electrons may produce a large additional 
moment. Mttch of this orbital moment, however, 
is usually fouttd ( except in the tare-earth group) 
to be quenched by the sutrottnding molecules. 
This quenching of the orbital moment of a bi
valent 6ilver ion may be expected to occur to 
about the same extent as does that of the similarly 
constituted cupric ion, for which in solution 
several investigators13 have found a total moment 
of about 1.92 magnetons. Moreover, Sugden14 

has found that this moment lies between 1.74 
and 2.16 magnetons fot various solid salts of 
bipositive silver with pyridine. On the other hand, 
the trivalent silver ion, if it is not diamagnetic, 
would probably have a total moment like that of 
the bivalent nickel ion, which has been found by 
Cabrera and Dupetiet 16 to have a total moment of 
3.19 magnetons in the solution of its nitrate. 

.ltxperiniental Method of Detetmillmg Susceptibilities.
The effect of oxidizing the silvet upon its magnetic moment 
was derived by comparing the susceptibilities of ap
propriate solutions. These susceptibilities were measured 
by Gouy's method in the form described by Shaffer and 
Taylor, 16 with an apparatus set up and used in this Lab
oratory by Dr. E . B. Wilson, Jr., and Dr. G. W. Wheland. 
The process consists in weighing the solution in a vertical 
glass tube between the pole-pieces of an electromagnet 
both before and after the magnet is activated . Then the 
two weighings are repeated under identical conditions with 
a substance of known susceptibility (pure water). The 
ratio of this known value to the change irt weight observed 
gives the constant of the apparatus, by which other ob
served weight differences can be multiplied, to give sus-
ceptibilities. 

1 

Experimental Procedure in Detail.- In detail the experi
ments were made in the following way. Solutions of a 

(12) Janes, ibid. , 57, 472 (1935) . 
(13) 1, iebknecht and Wills (1900), Jacobsohn (1916), Cabrera and 

Moles (1914-1917), Cherbuliez (1917). Fot a curve showing their 
results, see Birch, J. f}hys . radium, 9, 138 (1928). 

(14) Sugden , J. Chem. Soc ., 161-170 (1932) . 
(15) Cabrera and Duperier, by Barnett, "International Critical 

Tables,'' 1929, Vol. VI, p . 352. 
(16) Shaffer and Tay lor, Tuts JOUJ<NAL, t8, 844 (1926). 



7, 

July, 1935 OXIDATION STATE OF AR.GENTIC SALTS 1235 

definite amount of silver nitrate in 10 N nitric acid were 
made, and the larger part of each was treated with ozone 
a t 0° for twenty-four hours. The rest of the unoxidized 
solutions was reserved for comparative susceptibility 
measurements. 

Samples of the oxidized and unoxidized solutions were 
placed in a tube of about 7 mm. oore fitted with a ground
glass top and of the design described by Shaffer and Tay
lor, and were weighed in and out of the magnetic field. 
The same tube was then charged with conductivity water, 
and the weighing repeated, this serving as a standard of 
known susceptibility. 

The oxidized solution, before it was weighed, had been 
brought to 22° and the ozone had been removed by a cur
rent of air. The concentration of the oxidized silver in the 
solution was determined by removing samples for analysis 
just before and just after making the weighing with the 
field on, and taking the mean of the two results, this being 
done to eliminate the effect of the rather rapid decomposi
tion of the oxidized silver. Each sample was run into a 
weighed flask containing standard thallous nitrate solution, 
the flask was reweighed to give the weight of the sample, 
and the amount of thallous salt unoxidized was determined 
with bromate by the method described above. 

As a check the oxidized solution was allowed to decom
pose spontaneously in the weighing tube, and measure
ments were made on the resulting solution. The sus
ceptibility of this solution was' found to be identical with 
that of the original unoxidized solution. ·' 

Accuracy in the magnetic measurements required that 
the concentration of oxidized silver be as high as possible, 
yet the available ranges of concentrations of acid and of 
total silver were very limited, owing to the fact that the 
percentage of the silver oxidized by 6% ozone is large only 
when the acid is concentrated, and then the silver nitrate is 
only moderately soluble. A number of measurements 
were made with each of two silver solutions, 10 N in 
nitric acid, in which the percentage of oxidized silver was 
varied in the different experiments by allowing decomposi
tion to take place or by retreating the solution with ozone 
at 0°. 

The Experimental Data and the Calculated 
Magnetic Moments,-The data of the measure-

ments at 22° are given in the first seven columns 
of Table V, and the change in susceptibility upon 
oxidation and the magnetic moments of the 
oxidized silver atom, calculated as described 
below, are given in the last three columns. The 
symbols have the following significance. 

c1 and c2 are the equivalents of argentic silver 
per gram of sample found in the oxidized solution 
just before and just after .it was weighed in the 
magnetic field; and the mean of these values is 
the concentration to which the observed change 
in weight is considered to correspond. As given 
in the table these quantities are multiplied by 106• 

AwuN is the increase in weight in milli
grams which the unoxidized sample showed 
when the magnetic field was on over that when 
it was off; Aw0 x is the corresponding increase 
in weight which the oxidized sample (with the 
same total silver concentration) showed under 
the same conditions; and AwH,o is the increase 
in weight which pure water showed under these 
conditions. 

Xox - XuN is the change in susceptibility per 
cubic centimeter (in cgsm. units) produced by 
oxidizing the sample. This is calculated by the ex
pression -7.49 X 107(6.wox - AwuN) / AwH,o, 
the numerical factor being the volume suscepti
bility of water against air at 22°. µ is the 
increase in magnetic moment, expressed in Bohr 
magnetons, attending the conversion of one 
atom of argentous silver into argentic silver, 
calculated from the data in the way described 
below, first assuming the silver to be bipositive, 
and second, assuming it to be tripositive. 

Experiments 1-6 were made with a solution 
containing 0.252 formula weight and experiments 
7-12 with one containing 0.257 formula weight, 

TABLE V 

SUSCEPTIBILITY MEASUREMENTS AND THE MAGNETIC MOMENT OF ARGENTIC ION 
Equivalents of Agox X 10' per g. ll.WUN Awox AWHtO Xox - XuN µ in magn etons 

Expt. 10' c, 106 c, Mean in mg, in m g. in m g. X 107 For AgII For Ag rn 

1 61.2 56.6 58.9 -20 .9 -16 . 7 -22.5 1. 30 1. 97 2.78 
2 91.0 83. 5 87 .2 20.6 14.8 22.5 1.93 1.97 2.78 
3 85 .8 76 .7 81 .2 19.5 14 .2 21.3 1.87 2 .01 2 .84 
4 116.0 108. 1 • 112 .0 20.5 12 .9 22.4 2.54 1.99 2.82 
5 92.1 84 .6 88.4 20.4 14.4 22 .3 2.02 2.00 2.83 
6 65.1 60 . 1 62 .5 20 .7 16. 5 22 .6 1. 39 1. 97 2 .79 
7 32.5 31.4 31. 9 20.4 18.3 22.3 0.705 l.96 2.78 
8 63.0 62.0 62 .5 20 .4 16 .2 22.3 1.41 1.98 2.81 
9 67.1 60 .5 63.7 20 .0 15 .8 21.8 1.44 l. 99 2 .81 

10 105. 9 98.5 102.2 19 ,5 13 .0 21.3 2.28 1.97 2.79 
11 110 .3 97.3 104.8 19 .5 12.8 21. 3 2.36 1.98 2.80 
12 88.5 73 .5 81.0 19 .8 14.3 21. 7 1. 90 2.02 2 .86 

Mean 1_.98 2 81 
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of total silver per kilogram of solution. ~he 
densities at 22° of the two (unoxidized) solutions 
were 1.343 and 1.350, respectively. 

Calculation of the Magnetons per Atom of 
Argentic Silver.-The calculation of the magnetic 
moment from the data was made as follows. 

(1) The magnetic changes in weight are first 
converted into change in susceptibility per cubic 
centimeter (in cgsm. units) in the way described 
above. Thus is calculated the quantity xox -
XuN, recorded in the table. 

(2) This change in susceptibility per unit 
volume is then converted into susceptibility per 
equivalent of argentic salt produced. This is 
done by multiplying it by l/cd, since this is the 
volume of one equivalent when d represents the 
density and c (equal to the mean of c1 and c2 
in the table) represents the equivalents of argentic 
salt per gram of the given sample. The expres
sion (xox - XuN)/cd so obtained is evidently also 
that for the susceptibility per atomic weight of 
oxidized silver produced in case this be bipositive, 
and twice this quantity is this susceptibility in 
case the silver be tripositive. 

(3) Now an expression for the atomic suscepti
bility in terms of the magnetic moment of the 
atom is given by the Langevin formula.17 
Namely, the change in susceptibility (in cgsm. 
units) per atomic weight of an element each of 
whose atoms increases its magnetic moment from 
0 to µ, cgsm. units is by this formula equal to 
N'i µ, 2/3RT, where NA is Avogadro's number. 
This expression is therefore equated with that 
for each of the two atomic susceptibilities ob
tained in (2), these equations are solved for µ,, 

and the values are multiplied by 1021/ 9.23 to 
convert them from cgsm. units into Bohr mag
netons. There are thus obtained the expressions: 

For bipositive silver 
1021 

µ = 9_23 NA v'(xox - xuN) 3RT/cd 

For tripositive silver 

µ = -VZ X this quantity 

The Magnetic Moment of the Argentic Ion.
From the next to last column of Table V it is 
seen that the mean v_alue found for the magnetic 
moment of the argentic ion is 1.98 magnetons if 
the argentic silver be provisionally assumed bi
positive. This is not greatly different from the 
value 1.92 for the bivalent copper ion, and it 

(17) See Van Vleck, "Electric and Magnetic Susceptibilities," 
Oxford Press, 1932. p . 226. 

lies between the values 1.74 and 2.16 found for 
the solid salts of bivalent silver with pyridine. 
Moreover, it is only 0.25 magneton larger than 
the value (1.73 magnetons) predicted theoretically 
for the magnetic moment arising from the spin 
of an unpaired electron, such as the bivalent 
silver and copper ions possess, this excess of 
0.25 unit being no greater than may well arise 
from the contribution of the unquenched orbital 
moment of the electron. This all points to the 
conclusion that the argentic silver is in fact largely 
in the bivalent state. 

Before drawing this conclusion, however, it is 
necessary to show that the results are not also 
consistent with the conclusion that the argentic 
silver is tripositive. The last column of Table V 
shows that the measured susceptibilities lead to 
the magnetic moment 2.81 Bohr magnetons if 
the argentic silver be provisionally assumed to be 
tripositive. Now from a theoretical standpoint, 
as has been already mentioned, there are two 
possibilities to be considered for trivalent silver: 
either the eight outer 4d electrons are all paired, 
or two of them are unpaired. The first . case is 
by far the more probable, because this structure 
is possessed by bivalent palladium, which is 
diamagnetic in all of its compounds which have 
been studied magnetically, including palladous 
nitrate as crystals and in dilute solution, 12 and 
because trivalent silver presumably has exactly 
the same structure as bivalent palladium, in 
that the number of electrons and types of electron 
orbits available are just the same in the two atoms. 
The observed susceptibility for the argentic 
solutions leads, however, to a large calculated 
moment (2.81 magnetons) instead of to the value 
zero, showing that the argentic silver is not present 
as trivalent silver with the electronic structure 
that is to be expected for it. 

We may however also consider the second, less 
probable, alternative that the trivalent silver is 
similar in structure to the bipositive nickel ion, 
in that it contains two unpaired electrons ( 4d for 
silver, 3d for nickel). In this case the contribution 
of the orbital moment to the susceptibility would 
be expected to be about the same for the tripositive 
silver ion as for the bipositive nickel ion. But for 
the latter ion Cabrera and Duperier15 have found, 
by susceptibility measurements of solutions of 
nickel nitrate, a total moment of 3.19 magnetons, 
which is 0.38 magnetons larger than that derived 
for tripositive silver from our measurements. 
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Molecular State of Argentic Compounds in Acid 
Solutions 

The above-established conclusion that in con
centrated nitric acid solutions of the argentic 
compounds produced by ozone the silver is pres
ent almost wholly in the bipo';itive oxidation 
state is in accord with the above-cited results of 
Barbieri and others, which showed that organic 
bases, such as pyridine, precipitate complex salts 
of bipositive silver from argentic solution. This 
conclusion and these results, however, must be 
reconciled with the fact also above cited that the 
solid phases separating from acid solutions contain 
all the silver in the tripositive state. This recon
ciliation can be made with the aid of the follow
ing hypothesis. 

Though argentic compounds in strongly acid 
solutions contain the silver very largely in the 
form of the Ag++ ion, yet this ion is involved in 
a rapidly established equilibrium with appreci
able quantities of Ag+ ion and Ag+++ ion, which 
last however probably mainly exists as · a hy
drolyzed product, such as Ago+. Thus, for 
definiteness it may be assumed, as was done in 
the preceding article on the reaction rates, that 
the following reaction quickly attains equilib
rium 

2Ag++ + H 20 ~ Ag+ + AgQ+ + 2H+ 

In that case the mass ~ction expression (Ag+ +) 2 

= K(Ag+)(AgO +)(H+) 2 would determine the 
various concentrations prevailing in the solution. 

From this mass action expression it follows that 
upon diluting an acid argentic solution with 
water the concentration of Ago+ would increase 
until the solution became saturated with some 
compound produced out of this tripositive silver 
radical. This tripositive compound is shown to 
be a basic salt by the fact that it yields upon dry
ing (which results incidentally in partial reduction 
of the tripositive silver) substances like AgON03• 

Ag2Oa-4AgO or (AgO)2SO4·6AgO which contain 
the acidic constituent of the solution. 

The proportion of tripositive silver that as a 
result of this reaction is present in more dilute 
(1 to 4 N) nitric acid has not been determined 
by any of the three above-described methods, 
for these could be used only in presence of con
centrated acid · (10-15 N). In the following 
article on the argentous-argentic electrode poten
tial, . however, evidence is presented (by a fourth 
method) that the tripositive silver even in 1 to. 
4 N nitric acid is relatively small. 

Summary 
The argentic salt produced in solution by oxidiz

ing with ozone argentous nitrate dissolved in 
concentrated nitric acid at 0° has been shown 
to contain the silver almost entirely in the 
bipositive form. This has been done by three 
independent methods. 

1. The total silver content and the oxidizing 
power of the steady-state mixture produced in 
contact with an excess of solid silver nitrate 
was determined, and from the total silver was 
subtracted the unipositive silver present as deter
mined by measuring the solubility of silver nitrate 
in the same strength of nitric acid. 

2. Total silver and oxidizing power deter
minations showed that, though 85-90% of the 
silver is converted (stoichioi;netrically) into bi
positive silver by passing 5-8% ozone into a 
0.025 N solution of silver nitrate in 12 N nitric 
acid, yet the use of even 40-65% ozone results 
in converting only 98 to 103%. 

3. The change in magnetic susceptibility 
resulting when an argentous solution is partially 
oxidized was measured, and from this the magnetic 
moment of the argentic ion was computed. This 
was fouµd to have a magnitude (1.98 magnetons) 
that corresponded with that to be expected for 
the bivalent silver ion (1) from its structural 
similarity with the bivalent copper ion and (2) 
from the susceptibilities of solid salts of bipositive 
silver with pyridine previously measured by 
Sugden. It is shown that the alternative as
sumption of trivalent silver leads to an experi
mental value (2.81 magnetons) of the magnetic 
moment entirely inconsistent with the diamagne
tism of the presumably almost indentical bi
valent palladium ion, and discordant even with 
the magnetic moment (3.19 magnetons) of the 
less closely related bivalent nickel ion. 

These results are in accord with the well
established fact • that organic bases, such as 
pyridine, precipitate salts of bipositive silver from 
argentic solutions. To account also for the well
known fact that from such solutions water pre
cipitates basic salts of trivalent silver, the 
hypothesis is proposed that in more dilute acid 
solutions an equilibrium rapidly establishes itself, 
such as: 2Ag++ + H2O =Ag++ Ago++ 2H+. 
This hypothesis has already proved useful in ex
plaining the mechanisms of the silver oxidation and 
reduction reactions. 
PASADENA, CALIJ'IORNlA RECEIVED MAY 6, 1935 
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THE MERCURY SENSITIZED PHOTO-REA CTION BETWEEN 

.AMMONIA AND OXYGEN 

Introduction 

The photochemical reaction between ammonia and 

oxygen was first studied qualitatively by Berthelot and 

Gaudechon1 who exposed, for long periods of time, mixtures 

of the t wo gases to the total radiation of a mercury arc. 

They found nitrogen, hydrogen, and water as the products. 

More recently Bacon and Duncan2 studied the reaction in 
0 

greater detail, using radiation of A2050A. They found as 

products besides nitrogen, hydrogen and water, considerable 

quantities of ammonium nitrate and small quantities of ammon

ium nitrite. About twenty percent of the total ammonia oxid

ized was converted to nitrate wh i le one percent went to nitrite. 

A rather variable quantum yield always less than unity was 

found. These investigators maintained that the failure of 

Berthelot and Gaudechon to obtain nitrate and nitrite was due 

to the photochemical decomposition of these ammonium salts by 

the prolonged irradiation of the entire re action system. 

The following inve stigation of the mercury sensitized 

oxidation of ammonia is believed to point to the conclusion 

that the reaction is a surface reaction and the difference in 

results of the former workers could be attributed to this fac

tor. 
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Prepar ation of Ammonia and Oxygen 

Tank ammonia was purified by repeated distillation 

from a trap surrounded by a carbon dioxide-alcohoJ. mixture to 

one surrounded by liquid air. The gas was stored in a flask 

over freshly fus ed potassium hydroxide. Oxygen was obtained 

by electrolysis of a sodium hydroxide solution and was subse

quently purified by being slowly passed over a glowing plati

num wire eighteen inches in length, then through tubes of soda 

lime and magnesium perchlorate into a storage flask containing 

the latter dessicant. 

Experimental Apparatus and Procedure 

A static system was used and the procedure followed 

was to irradiate a mixture of ammonia and oxygen for a conven

ient period of time and to analyze the reaction mixture for 

ammonia, oxygen, hydrogen, wat er and nitrogen. No hydrogen 

was found in any experiment and as the analysis in the first 

few experiments showed that the amnionia and oxygen used in the 

reaction could be quantitatively accounted for by such an anal

ysis, it was concluded that wat er and nitrogen were the only 

products of the reaction. Consequently in all later experiments 

the mixtures were analyzed only for these two substances together 

with the initial reactants. 

The source of radiation was a water cooled, magnetical

ly deflected quartz mercury lamp. A shield and shutter device 

was used so that only a small portion of the reaction vessel was 

exposed to the radiation. Two cylindrical quartz reaction ves

sels, each approximately 2.5 x 10 cm. were used during the 
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course of this work. The first was a simple vessel while the 

second was provided with a double quartz jacket for the circu

lation of cooling water and for holding an acetic acid filter . 

The all glass apparatus used for the reaction and 

for the analysis of the products is represented in Figure l 

below . 
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After irradiating the reactants in cell C for about 

one hour, the conde_nsable gases, ammonia and water, were frozen 

out by circulating the mixture through trap F surrounded by • 

liquid air. The circulating device was an automatic Sprengel 

pump somewhat similar to that described by Waran3 . It had a 

capacity of approximately 100 ml. per minute. With the pump 

P idle and all mercury cut-offs at a fixed height, the pressure 

of the noncondensable gases in the system was measured on cut

off A by mee,ns of a cathetometer, reading to O. l mm. When no 

further presstrre decrease was observed, by lOil\"ering cut-off B 

the noncondenee,ble gases were allowed. to expand into a Toepler 

pump T which had been previously evacuated through Eby means 

of a mercury diffusion pump. The portion of gas in Twas driv

en through the capi11ary G into the small atrr..ospheric pressure 

storage tube of a gas micro-analyeie apparatus very similar to 

that described by Blacet and Leighton4 . V, a glass valve, pre

vented mercury from passing toward E. By the addition of a 

known volume of hydrogen and a combustion procedure, the per

centag e of oxygen and nitrogen in the nonc (mdensable gas was 

determined. Freshly dehydrated calciurn chloride wa.e used for 

the absorption of water vapor after the combustion. This ana.1-

ytical method was thoroughly te s ted and found to be accurate 

to less than one percent. 

The portion of noncondensable gas re.waining in the 

reaction system was removed through A by means of the mercury 

diffusion pump, the system again closed by raising cut-offs A 

and B, and the condensable gases allowed to volatilize. 
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Water var,or and am.ruonic. were separately deterr::ined 

by absorbing the former with freshly fused potassium hydroxide 

and the latter with anhydrous magnesiun, perchlorate. D repre

sents cliagramatica.lly a.n apparatus consisting of two absorption 

tubes with approrriate cut-offs so that the gases might be cir

culated through neither, either, or both cf the tubes. By con

sidering the small change in volume on including the absorption 

tubes in the system, the :pressure decrease attending absorption 

gave in each case the amount of water and ammonia in the con

densable gases. As might be expected, the removal of both water 

and ammonia reduced the pressure in the system to a value not 

detectable by means of the cathetometer. 

Experimental Results 

Table 1 contains the resul te of eighteen experiments. 

When a mixture of ammonia and oxygen in the presence of mercury 

vapor is irradiated by the full radiation of a cooled mercury 

lamp, several reactions are :possible. Among them is the direct 

photochemical formation of ozone by the sma11 amount of radi-
o 

ation of )1849A. This ozone, besides oxidizing the ammonia, 

could results in the formE>.tion of mercuric oxide. This same 

end could be attained by the n!ercury ·sensitized formation of 

ozone. 

The first two experiruents,which were carried out 

with the full radiatio:r.. of the mercury lamp,show that roughly 

one fourth of the oxygen used in the reaction did not a:r:pear 

in the anaJ.yeis. That this oxygen had been used for the oxid

ation of mercury was indicated by the appearance of a deposit 

in the react ion vessel which di sar,:peared on hea.t ing. 
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TABLE l 

Exp. Cell & Ini t . Pre ss .(ruru) % Used Lose { in ~ __ of Us~s!l 
No. Filter NH3 Oz NH3 Oz 62 Nz Hz 

--- ---
1. 1-N.F. 23.4 13.8 9.9 16.5 23.0 0 0 

2. 1-N.F. 22.2 13.l 20.2 32.8 21.7 0 0 

3. 1-HAc 20.8 10.3 5.0 7.5 0 0 0 

4. 1-HAc 22.2 14 . 1 8.5 10.0 0 0 0 

5. 1-HAc 20.7 12.8 2 .3 2.8 0 0 0 

6. l-N.F. 20.6 17.2 33.0 33.5 25.0 11.7 13.8 

7. 1-N.F. 22.9 13.9 14.5 22.5 24.5 19.0 5.1 

8. 2-HAc 27.7 19.8 34.7 40.5 33.7 13.5 21.5 

9. 2-HAc 23.0 15.5 40.0 47.5 27 .o 21.6 21.0 

10. 2-HAc 24.7 17.8 32.0 44 .3 · 39.5 8.5 28 .0 

11. 2-HAc 23.1 15.2 32.5 47 .5 9.4 0 10 .3 

12. 2-HAc 28.0 14.2 39.2 59.4 42.0 13.8 46.0 

13. 2-N .F. 26.9 14.5 18.8 29.7 35.0 23.5 35.2 

14 . 2-N.F. 25.2 13.0 28.2 55.5 43.0 0 23.0 

15. 2-N. F. 25,.0 13.l 20.0 40.0 42 .0 -9.0 18. 7 

16. 1-N.F. 23.8 12.3 59.0 95.5 36 . 6 -5.7 29.5 

17. 1-N.F. 26. 7 12.6 21.0 47 .5 41. 7 -18 .0 15.5 

18. 2-HAo 27.0 12. 7 15.0 34.0 42.0 -13.0 17.8 
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Experiments 31 4, and 5 show that when a 50% acetic acid filter 

wae placed between the lamp and the reaction vessel, in order 

to remove all radiation less than 
Q 

2400A, this loss in oxygen 

wa.s eliminated and the analysis for ammonia, water, oxygen and 

nitrogen accounted for all the initial amounts of nitrogen, 

hydrogen and oxygen. These three experiments, together with 

the first two, led to the continuation of this investigation, 

for it appe ared that the oxidation of ammoni a rroceeded very 

simply to nitrogen and water. 

Experiments 6 and 7 were conducted without an acetic 

acr:id filter and the lose in oxygen is e1.rident together with an 

apparent lose in both nitrogen and hydrogen. The loss in these 

latter two elements was not seriously considered at the time, 

but was attributed to possible analytica.l mistakes. These first 

seven experiments were carried out in the simple reaction ves

sel designated as #1. 

Reaction vessel #2 was installed to provide for water 

cooling of the reaction mixture and for a convenient filter 

surrounding the entire vessel. Experiments 8 to 15 inclusive 

show that with or without the acid filter no balance in oxyge~ 

hydrogen or nitrogen could be attained in this reaction vessel. 

Between experiments 12 and 13 the vessel was removed and cleaned 

with both acids and alkali and l ater thorough ly rinsed and torched 

out. The entire analytical procedure was also thoroughly checked. 

Experiments 16 and 17 show that, when vessel #1 was reinst alled, 

the discrepancies,~reviously observed in experiments 6 and 7, 

persisted. 
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The negative losses of nitrogen appe aring in experi

ments 15 to 18 inclusive mean that more nitrogen appe ared in 

the analysis tha.t w&.s initially put into the system. No explan

ation is availc.ble for this unless it was that hydrogen was one 

of the products in these experiments. Since it did not ai:: pear 

in the first few experiments and was not analyzed for in these 

later runs, hydrogen would appear in the analysis as residual 

nitrogen. 

At the end of experiment 18, the ret,ction vessel was 

removed, rinsed 1J1.Tith distilled vvater and the resulting solution 

tested for nitrate a.nd nitrite by the phenol-sulphonic5 and 

Griess 6 methods respectively. Nitrate w&s found present together 

with smaller amounts of nitrite. The :presence of these t·wo ions 

coupled with the serious discrepancies of experiments 6 to 18, 

inclusive, indicated that the r eaction, which appeared very 

siruple in the first few experiments had become extremely complex. 

Due to the lcwk of time no further work was attempted. 

Discussion 

It is believed that this set of experiments indicates 

that a surface reaction is involved in the mercury sensitized 

oxidation of ammonia. Reaction vessel #1 initially gave a very 

straightforward reaction as indicated by the first five experi

ments. Later, the re action in this same vessel changed in na

ture and in vessel #2 it was likewise very complex. Vessel #1 

was made of new quartz and had never been used for any pur pose, 

while vessel #2 had been used for :previous work. The most 

obvious explanation of the results of these experiments is that 

the react ion between an1monia and oxygen is a surf ace react ion, 
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proceeding differently on a fresh quartz surface than on an 

old quartz surface. This belief may be correlated with the 

results of earlier investigators. As ruentioned previously, 

Bacon and Duncan2 explained the results of Berthelot and 

Gaudechon3 by the statement that due to the continued irradi

ation of the entire system any nitrate or nitrite initially 

formed was decomposed photochemically. The results of the 

first five experiments of the present work can not 'be explained 

in the same manner. Only a small portion of the reaction ves

sel was illuminated and the reaction was continued for only 

short reriods cf time. Thus it appears that the results of 

the p:cevious pairs of workers may have differed because of 

different surface conditions, 
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THE PHOTOCHEMICAL DECOMPOSITION OF HYDROGEN SELENIDE 

Introduction 

The abeorpt ion of light by hydrogen se lenide wa.s 

first studied qualitatively by Pliicker1 . Several later in-
,., 

vestigatorag showed that the dry gas is decomposed by ultra-

violet light. Recently Goodeve and Stein3 determined the 

absorption spectra. of hydrogen selenide a.nd after illumination 

of the gas found red anior:phous seleni un:. en the windows of the 

absorption tube. The gas was found to exhibit a threshold of 
0 

absorption with light of wavelength 329QA. Using data from 

various sources Goodeve and Stein calculated that light of 

this wavelength had just sufficient energy to dissociate a 

hydrogen selenide molecule into a norn,al hydrogen molecule and 

a metast able 1D selenium a.torn. Apparently on the basis of this 

calculation, they made the st atement that it was evident that 

this dissociation into a hydrogen molecule and an excited sel

enium atom was the primary process in the photochemical decomp

osition of the gas and tha t this proces s wa s fol~owed by recom

bination of the seleniun.: atoms probably on the wall of the re

action vessel. 

The present work involves a more or less detailed 

study of the photochemical decomposition of hydrogen selenide. 

Preparation of Hydrogen Selenide 

Puxe hydrogen selenide we,s prepared by the action of 

acid on aluminum selenide which was obtained igniting with a 
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burning magnesium ribbon a powdered mixture of the pure metals. 

C.P. aluminum powder was used without further purification as 

it contained no impurities that would appear in the hydrogen 

selenide. Selenium of rather doubtful purity and probably con

taining tellurium was very carefully purified. 

Impure selenium dioxide was obtained by evaporation 

of a nitric acid solution of the metal. The dioxide wa.s puri

fied by sublii:nat ion which remove most foreign metals including 

tellurium, as tellurium dioxide does not sublime. As a further 

precaution, the selenium dioxide was dissolved in eight normal 

hydrochloric acid and reduced in this concentration of acid with 

sulfur dioxide. In such an acidity, tellurium remains in sol

ution. As a final precaution against the presence of either 

sulfur or tellurium, the precipitated selenium was dissolved in 

dilute acid, filtered and reduced with hydroxylamine, which does 

not reduce tellurium in acid solution. The ignition of selenium 

and aluminum was carried out in a porcelain crucible. In an all

glass apparatus the aluminum selenide was decomposed by slowly 

dropping phosphoric acid on the solid and sweeping the hydrogen 

selenide, by means of a current of hydrogen, through a long tube 

of phosphoric pentoxide into a trap surrounded. by liquid air. 

The generator and drying tubes were then sealed off from the 

remainder of the apparatus, and, after pumping off the noncon

densable gas, the hydrogen selenide was twice dj_stilled from a 

trap surrounded by a carbon dioxide-alcohol mixture to one sur

rounded by liquid air. The gas was then stored over phosphoric 

pentoxide in a blackened storage flask. 



PART I 

DECOMPOSITION STUDY 

Apparatus and Procedure 

A diagram of the apparatus is shown below in Figure 1 . 

H 

A 
B 

Since the radiation from a cooled quartz mercury lamp 

was used for most of the experiments, it was necessary to be 

certain that all traces of mercury vapor was removed from the 

reaction cell, in order to prevent any possible mercury sensi

tized decomposition of the hydrogen selenide. With liquid air 

on trap F, reaction vessel H was carefully torched out before 

each experiment, and after the system had cooled a carbon dioxide-

· alcohol mixture was put around trap G. This cold mixture on 

G was not removed at any time thereafter until the end of the 

run. The desired portion of hydrogen selenide was removed from 

the storage flask D and c~ndensed in trap F. Traces of noncon

densable gas were pump off through A by means of a mercury dif

fusion pump. Cut-off E was raised and the liquid air surrounding 
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trap F was quickly replaced with a. mixture of carbon dioxide

alcohol, which allowed the hydrogen selenide to volatilize. 

Reaction vessel H was a cylindrical quartz cell 2.5 x 10 om. 

and was surrounded by a quartz jacket containing a filter con

sisting of 5 mm. of 50% acetic acid, to renJOVe all radiation 
0 

less than A2400A. With this filter the principal radiation 

from the mercury lamp which is absorbed by hydrogen selenide 
0 

is 112537A. 

Since there is no change in tota.l pressure attending 

the c9nversion of hydrogen selenide into hydrogen and solid 

selenium, it was necessary to apply liquid air on trap F and, 

after the hydrogen selenide had condensed, to measure the 

pressure of nonco:ndensable hydrogen. Since this pressure was 

in most cases quite small it was read by lowering cut-off E 

and allowing the gas to expand into a McLeod gage connected at B. 

Preliminary Observations 

When hydrogen selenide at pressures from 5 to 50 mm. 

was irradiated by a cooled mercury lamp, as outlined above, a 

red film of seleniu"!ll was deposited on the walls of the reaction 

vessel. Measuring the pressures on cut-off Eby means of a 

cathetometer reading to 0.1 mm, no change in total pressure was 

observed. A gas noncondeneable in liquid air was formed. With 

pressures of hydrogen selenide less than o.a mm., the decomposj

tion was carried out with cut-off E open and cut-offs A and C 

closed, so that the pressures could be read on the McLeod gage. 

With this means of detecting slight pressure changes, a small 

decrease in total pressure was observed. Even when hydrogen 



selenide at several centimeters pressure was irradiated for a 

long period so that nearly all the gas was decomposed, the 

change in total pressure was even then not detectable by means 

of the cathetometer. In the case of small pressures read on 

the McLeod gage, the rate of loss of total pressure was the 

greatest during the initia.1 stages of the decomposition and 

gradually became leas. 

The above behavior suggested that the loss might be 

due to clean-up of hydrogen atoms on the freshly torched quartz 

surface of the reaction vessel. To prove that the possible 

hydrogen atoms were not produced by the mercury sensitized 

dissociation of hydrogen molecules, the acetic acid filter was 

removed and the mercury lamp replaced by a cadmium vapor lamp, 
0 

the radiation from which contained considerable light of ;J2288A • 
• 

That the cadmium contained no mercury was determined spectro-

scopically. A small loss in total pressure was observed when 

hydrogen selenide w2.s irradiated with this lamp. 

To prove that the pressure loss was due to hydrogen 

clean-up, the walls of the reaction vessel were saturated with 

hydrogen atoms by irradiating, with a cooled mercury lainp, 

hydrogen gas in the presence of mercury vapor until no further 

pressure decrease was observed. Then on irradiating hydrogen 

selenide by the cadmium lamp, no pressure decrease was detected. 

This foregoing set of experiments points to the con

clusion that atomic hydrogen is produced by the photochemical 

decomposition of hydrogen selenide. At the pressures used for 

all studies in this work, the hydrogen clean-up on the walls 
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of the reaction vessel was a negligible percent of the total 

hydrogen produced. 

Blank experiments proved that there was no dark de

composition of gaseous hydrogen eelenide. 

It was also found that when the reaction vessel, having 

a freshly deposited thin film of selenium on its walls and con

taining hydrogen gas but no mercury vapor, was irradiated by the 

mercury lamp no hydrogen selenide was formed by the combination 

of the two elements. 

Tests showed that when hydrogen selenide at a pressure 

of 20 mm. and containing 0.01 mm. of hydrogen was condensed in 

a trap surrounded by liquid air no hydrogen was included in the 

condensed phase. 

Dependence of Rate on Pressure 

A series of experiments were made to determine the 

effect of pressure on the rate of decomposition. A charge of 

hydrogen selenide at the desired pressure was confined in the 

reaction vessel and the pressure read on cut-off E. With mer

cury vapor excluded from the cell and an acetic acid filter in 

place, the gas was illuminated for a definite period of time by 

the mercury lamp which was in a fixed position. The hydrogen 

produced was read as usually on the McLeod gage, after condensing 

out the residual hydrogen selenide. After each experiment the 

selenium film was removed by torching out the cell and the acid 

filter was replace by fresh acid. The time of illumination was 

adjusted so that in each experiment approximately the same thick

ness of selenium film was deposited on the walls of the reaction 
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vessel. Thie film was so thin that when it was not removed 

but the same charge of hydrogen selenide was illuminated for 

a second period, the rate was only two percent less than that 

in the first experiment. 

Figure 2 gives the results of i rradiating samples 

of hydrogen selenide at ten different ressures . The rate 

of formation of hydrogen expressed as millimeters per second 

is plotted against total pressure of the selenide. Thelin

earity of the first portion of the curve indicates that the 

quant um yield is independent of pressure. 
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Dependence of Rate on Hydrogen Pressure 

Experiments wer e made to test the effect of hydrogen 

pressure on the rate of decomposition. The procedure was to 

irradi ate a sample of hydrogen selenide for a definite period 

of time with the rr,ercury lamp in a fixed position, measure the 

hydrogen produced and then after admitting a measured pressure 

of hydrogen, repeat the irradiation under identical conditions 

except for the presence of the added hydrogen. Pressures larger 

than 0 .3 mm. were read on a mercury cut-off by rueans of a cath

etometer while smaller pressures were read on the McLeod gage. 

Bet·ween the two portions of an experiment, while the hydrogen 

selenide wa s kept frozen in the trap, the cell walls were clean

ed of the slight film of selenium by torching. 

Table 1. gives the results of a series of four exper-

iments. 

TABLE 1 

Selenide Initial Hydrogen 
Press. ~lJ_ Hydrogen (mm.) Inc re ? se (mm.) 

47.0 0 0.0212 
47 .o 0.2175 0.0205 

25.0 0 0.3035 
25.0 2.45 0.3000 

23.75 0 2.6 
23.75 22.2 2.5 

26.3 0 2.5 
26.3 27 .o .2.6 

It is seen that, within the limits of accuracy of pressure 

re2'dings , the presence of hydrogen in amount even greater than 

that of t he hydrogen selenide has no effect on the r ate of 

decomposition of the selenide. 
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Dependence of Rate on Intensity 

In a series of experiments a sample of hydrogen 

selenide at 28.0 mm. pressure was irradiated for definite per

iods of time with the mercury lanJp at increasing dists.nces. 

After each period of illumination the residual selenide was 

frozen out and the hydrogen measured on the McLeod gage. The 

hydrogen was pumped off and the selenium removed from the cell 

walls before the hydrogen selenide was allowed to volatilize 

for the next illumination. The periods of illumination were 

adjusted so as to give approximately the ss1ne amount of decom

position in each case. 

Table 2 gives the results of five experiments. It 

is seen that except for small distances where the 

square law no longer accurately applies, the term 

inverse 

P:2 (!f 
is a constant, indicating that the rate of decomposition 

is directly proportional to the intensity of radiation. 

TABLE 2. 

Time Distance Press. H~ p~(:J t (eec.)_ d (mrui mm. X 10 

210 90 = do 8.84 4Z.l 

420 136 7.31 39.8 

1800 246 9.49 39.4 

2580 320 8.10 39.8 

6480 530 7.36 39.5 
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Deposition of Seleniwn at High 'i'em12eratures 

Work has been done at this Institute4 in which 

selenium was rapidly volatilized in vacuo and deposited on 

a metal bar along which a temperature gradient existed. It 

was found that at a point on the bar corresponding to 74°C 

a very definite and sharp break occurred in the nature of the 

deposit. At temper stures lower than 74° red monoclinic selen-

iu.m was formed, whereas at higher temperatures black hexagonal 

selenium was deposited. During the present investigation, ex

periments were made to determine if the above phenomenon could 

be observed when selenium, formed by the photochemical decom

position of hydrogen selenide, was deposited on quartz. Using 

the jacketed quartz vessel previously mentioned, hydrogen sel

enide at 50 mm. pressure was decomposed by radiation from a 

cadmium vapor lamp. By rapidly circulating hot water through 

the jacket of the vessel and careful determining the temperature 

of the water as it entered and as it left the jacket, the tem

pe-rature of the cell walls was known to within 0.3 degree C. 

Experiments were made at a series of temperatures, namely, 25°, 

70°, ?8°, and 90° C. The character of the selenium deposit was 

determined both by its appearance and by its solubility in carbon 

disulfide. Red selenium is soluble ir.. this organic liquid, 

giving a yellow so1ution, while black selenium is insoluble. 

With short periods of illumination the selenium deposited even 

at the highest temperature was found to be the red form. If the 

illumination of the hydrogen selenide even at roorn temperature 

was continued for two or three hours, it was found that while 
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most of the deposit w~s soluble in carbon disulfide, there re

mained a slight black residue. This is in accord with the well 

known fact that on irradiation with ultra-violet light, red 

monoclinic selenium slowly changes into the black hexagonal 

variety. 

PART II 

QUANTUM YIELD DETERMINATION 

Apparatus 

The reaction system was very similar to that repre

sented in Figure l except that the cylindrical j 2cketed vessel 

was replaced by a rectangular cell of fused quartz with flat 

polished front and rear quartz windows. 

The source of r adiation was a water cooled and mag

netically deflected quartz mercury lamp . Monochromatic radi

ation of wavelength 25371 was obt a ined by means of a Bausch 

and Lomb monochromator. The bean! of light emer ging from the 

monochromator passed through two convergi ng cylindrical lense s , 

through the reaction cell onto the vane of a vacuum thermopile. 

The thermopile was connected to a Leeds and Northrup high sensi

tivity galvanometer which 7' 2LS set up in conjunction with an 

automatic recor c1- ing device so that continuous records wer e made 

of t he galvanometer deflections. It was found that, after the 

lamp had attained a steady condition, the i ntensity of radiation 
0 

)253 7A did net vary more than 2 to 3 percent over a period of 

three hours. For this reas on no means w&s provided for continu

ously measuring the energy flux incident on the front v:indow- of 

the r eaction veseel. A me a.s ure of this energy was obto.ined 
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just before and just after each run. 

F1e.cJRE 3 
The therruop:le ele~ent , illustrated above in Figure 3, 

consisted of six fused junctions of Bi-Sn (3% Sn) ~nd Bi-Rb (st 
Sb) alloys in series, three junctions attached to each vane. 

The va,nee were 2 .5 x 5 mm. strirs of thin aluminum foil blackened 

vii th a paint of lam and platinun1 black . The element was mount€d 

in a cylindrical glass container one inch in diameter and three

_uartcrs i,nch in length with a fused quartz front window and a 

Pyrex glass 1:ear window, both attached with wax. A piece of uran

ium glase behind the elerrent added in focusing the beam of rad

iation on the thermo ile vane . The cell was enclosed i n a metal 

box rith cotton·packing. The thermo ile was kept evacuated to 

less than 10-5 mm . by means of an apiezon oil diffusion pum , 

v:i th liquid e .. ir surrounding a trap placed between the pum and 

the thermo ile cell . 
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The continuous recording device is represented below 

in Figure 4. A is a roll of six inch photographic paper which 

is pulled upward by the revolving drum D, Band C being idling 

rollers to provide tension. Light from an illuminated slit 

was reflected from the galvanon1eter mirror, in front of which 

was placed a 1-diopter plane convex cylindrical lense. Another 

cylindrical lerise E focused this slit of light to a small spot 

on the photographic paper so that a sharp line was traced as 

the paper moved u~:iward . The revolving drum D WEts driven by an 

induc~ion motor with a series of enclosed ge 2re so that the 

paper traveled one inch in twenty minutes. A cutting knife 

and shutters were provided so that, after entering the detach

able upper box F, the exposed pa~er could be rerr.oved to the 

photographic dark room. 

To avoid error caused by shrinkage or expansion of 

the paper during devel.o:pnent, a coordinate eyat eni was printed 

on the paper after remollal from the recorder. Thie was done 

• accordin • to the ethod used by Wenner and Beckn,an5 • 

F 

I 

8 
rl cu R E' f 



33. 

Calibration of Apparatus 

The method of calibrating the thermopile and cf 

determining the transmission factors of the quartz windows 

was substantially the s ame aa outlined by Wenner and Beckman5 . 

Transmission of the thermopile window to radiation 

A2537A and to that of the standard lamp wa.s detern.:ined before 

assembly to be 0.860 and 0.916,respectively. As the reaction 

cell had been previously assembled and as several pieces of 

fused quartz gave within 1 percent this .same transmission, the 

factor for the rear cell window we"s also taken to be 0.860. 

The sensitivity of the thermopile was checked three times during 

the course of the work and found a lways to be 1.80 ergs/sec./ 

division deflection. 

The procedure followed was very similar to that out

lined in Part I of this r-aper. Mercury vapor was excluded from 

the reo.ction cel1 by a carbon dioxide-alcohol mixture surround

ing both trars F and G (Figure 1). Pressures of hydrogen sel

enide were re ad on cut-off E and, with all mercury cut-offs at 

a fixed level, the pressures of hydrogen were re ad on the McLeod 

gage. After each run the reaction cell was swung out of position 

and aw8.y from the thermop2.le so tha.t the walls could be torched 

to remove the slight film of seJ.eniun:.. The film was so slight 

as to reduce the radiation reaching the thermopile by only a 

percent. 

• A bla.nk run w2cs made which was a duplic ate of ordinary 

runs except that the monochromator shutter was kept closed. 
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The pressure of hydrogen selenicle wi:~s 20mm . a.nd the d.ura.t ion 

of the run ws.s 120 minutes. A slight pres sure of noncondensab le 

gas was found. Thie wc:. s appli ed as 2. correct ion in the :pres sure 

of hydrogen recorded i n column 6 of Table 3. 

As a check on the entire arr.aratue and calibrations, 

a san:.ple of hydrogen azide we.s :prerared and the quantum yield 

of the mercury sensitized decomposition was determined. A 

value of 3.4 a.t 25.5 mm. pressure agrees well Vvith the value 

df 3.6 obtained by Myers and Beckman 6 . 

An expe riment was also made to determine if the pro

cedure used was successful in removing the mercury vapor from • 

the re 1:~ct ion cell. A carbon dioxide-alc oho1 mixture wa.s applied 

as usual to th e traps F and G and a s :.;.wple of hydrogen az·ide 

a t 5 rim1 . pressure w2.e irr ad iate d by monochromatic radiation of 
0 

A253 7A from a cooled mercury lamp. At the end of 15 minutes 

the preseure of noncondensable ga.ses as read on the McLeod gage 

was only 1.6 X 10-5 mm. On removing the co1d mixture from traps 

F smd G and continuing the exposure for another l r:: 
,.) mj_nut es, the 

pres eure of noncondens ables was l .O x 10-3:mm. This shows that, 

with the procedure used i n the fir s t experiment not enough 

mercury vapor wa.s pres ent to produce an ar,precj a.ble amount of 

mercury sensitized decomposition of the hydrogen azide. It 

is therefore justified to assu~e that in the case of hydrogen 

selenide no appreciable mercury sens itized ·de compoeition took 

place . 
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lv!e thod of Calcu.lat ing Results 

The energy E absorbed in the decowpN; it i en of hydrogen 

selenide was calculated as follows: 8 represents the ·duration 

of the run in seconds; t, the transmi ss ion factor of the quartz 
0 

windows to~2537A; C, the sensitivity of the thermopile in ergs/ 

sec./division deflecUcn; D, the mean galv2.nomet er deflection 

during the run; and Do,the deflection recorded with no hydrogen 

selenide er mercury vapor in the cell. 

E = C S(Do-D2: _ 
t2 

0 

Since t = 0 .860 and C = 1.80 and since one quanta of 2537.A. is 

equive.lent to 7. 75 x 10-12 ergs, the number cf quanta Q is g iven 

by the expression 
l.80 S (Do:!11 

Q = (0.86) 8 7.75xlo-12 

To detern,ine the mm.:ber of n1olecules of hydrogen sel

enide decomposed it was necessary to know , beside s the pressure 

of hydrogen for med, the effective volume of the system and the 

temper ature. The effective volume was determined by admitting 

a convenient amount of hydrogen into the system and rr,ea.suring 

its pressure on the McLeod g&.ge, the voJume of which was,of 

course,known. Keeping this gas in the gage, the remainder of 

the system was evacuated, cut-offs A, E, and F were raised to 

a marked level, A and B being closed. With liquid air on F and 

carbon dioxide-alcohol on G, the gas in the gage was allowed to 

expand into the entire system and the resulting pressure read o~ 

the McLeod. These two pressure readings and the volume of the 

gage gave the effective volume of the apr,aratus to be 275 .o ml. 
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The number of rr.olecules N decomposed is then given 

by the expression 

N ;; 2 75 ( 6. 06llQ~-~L 
82.1(760) T 

where Pis the pressure of hydrogen in millimeters and T is 

the temperature in degree12; Absolute. 

· Table 3 gives the results of seven quantum yield 

determinations arranged in the order of decreasing pressure. 

Pres eures of hydroge n selenide and hydrogen are given in 

millimeters and the dur at ion of run S ie given in seconds. 

TABLE 3 

Run PH2Se T s D0 -D PH2 Q xio-16 Nxlo-16 'N/Q 
--- -----

l. 65.0 298 6120 20.0 4 .60 3.85 4.11 1.07 

2. 39.4 300 9000 25.0 8.30 7.08 7.39 1.04 

6. 37.8 300 6660 28.0 6.27 5.87 5 .55 0.95 

3. 34.0 300 6600 20.0 4.29 4.15 3.78 0.92 

7. 24.0 299 6900 29.0 7.75 6.30 6.95 1.10 

5. 13.0 299 8460 20.0 7.34 5.30 6.56 1.24 

4. 8.2 300 7200 11.5 2.98 2.58 2.65 1.03 

It is seen that within the limits of experimental 

error the quantuw yield N/Q is unity. With increasing pres-

sures there is no a:n:arent trend in the values obt a ined. 

Discussion 

Although no analytical proof was obtained. that the 

final products of the decomposition of hydrogen selenide were 

hydrogen and seleniun:, the experin1enta1 fa.ct s indicate that 

such must be the case. The fact that ther e is no total pressure 
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decrea_se except that due to slight hydrogen cles.n-up, and 

the fact that a. gas is formed which is noncondensable in 

liquid air eliminate the possibility of any new compound of 

hydrogen and selenium as a. final product. Since it was found 

that atomic hydrogen is formed in the decomposition it is 

logical that molecular hydrogen should be one of the final 

prod-.icte. 

Contrary to the statement of Goodeve and Stein3 , 

the primary process in the photochemical decompositjon can

not be the dissociation into a hydrogen molecule and an ex

cited selenium atorr.. The fact that atomic hydrogen is formed 

in the decomposition necessitates that one of the following 

be the primary process 

H2se + hV = H + H +- Se 

HzSe + hll = H + HSe 

Fron: an energy standpoint the first of these reactions is 

impossible. Althougb the existence cf HSe has never been 

reported, there is no reason why it could not exist. The 

following mechanism is therefore offered for the photochen1-

ical decomposition of hydrogen selenide, 

HzSe + hv' = H + HSe 

E + H = Hz (wall) 

HSe + HSe = Hz+ Sez (wall) 

This mechanism accounts for all the experimental observed 

facts. The rate would be directly proportional to the rad

iation intensity, a.nd independent of the hydrogen pressure. 

The quantum yield would be unity. 
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Summary 

The photochemical decomposition of gaseous hydrogen 
0 

selenide has been studied using radiation-A2537A. A constant 

quantum yield of unity has been found over a pressure range 

frorn 8 to 60 rum., and a mechanism for the decomposition has 

been proposed. 
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