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1) BC1 3 has a planar structure. In genera.l, compounds or radicals 

of type AB 3 a.re planar if resonance with double bond structures is 

possible; othenrise they are pyramidal. 

2) Two of the fundamental vibration frequencies of silane suggested 

by Steward and Nielsen (Phy. Rev. 47, 828, 1935) a.re probably incorrect. 

3) The spontaneous transformation of ammonium cyanate into urea in 

solution involves reaction between ammonium and cyanate ions. The 

acti va. tion probably occurs in the cyane,te ion. 

4) In the measurement of the polarization of Raman lines, the 

simultaneous use of a plate calibration device at the slit followed 

by a. 1/folla.ston prism within the collimator tube of the spectrograph 

has advantages over other methods tha.t have been used, 

5) The rate of reduction of nitric acid solutions of argentic silver 

may reasonably be explained by assuming that the following reactions 

occur simultaneously: 

2 Ago+= 2Ag+ + ~ 

Ago++ H2 0 =Ag++ H2 02 

6) In cases of accidental degeneracy due to resonance, the tota.l 

intensity of Ra.man lines or of infra-red bands should be the same e.s 

if accidental degeneracy were not present, 

7) The apparent temperature change of dipole moment of N02 may be 

explained by King's hypothesis of the existence of two types of N02 

molecules. 

8) The static forces present in the equilibrium configuration of a 

molecule cannot be evaluated from an infinitesimal vibrational 

analysis a.lone, 

Respectfully submitted, 

J~{B. ~~ 

Fred B, Stitt 
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THE RAMAN SPECTRA OF SOME SILICON COMPOUNDS 



INTRODUCTION 

The study of the Raman spectrum of a compound constitutes 

perhaps the simplest experimental method of finding fundamental vibrational 

frequencies of a molecule. Unfortunately the Ra.man spectrum alone does 

not usually reveal all of these frequencies, For complete knowledge of 

these a study of the infra-red absorption spectrum is usually also 

necessary, and frequently additional information such as accurate 

specific heat data is needed as well. 

These vibrational frequencies are essential for the calculation 

of thermodynamic quantities of a substance from a knowledge of the energy 

levels of its molecules. 'Ihey a. ~e also frequently useful in detennining 

molecular structure. 

In this work we have studied the Raman spectra of silane 

(SiH4 ), disilane (Si2H6), and disilmcon hexachloride (Si2 C~6) a) to 

determine for thermodynamic calculations as many of the fundamental 

vibrational frequencies as possible, and b) to decide so far as is 

possible from the data whether or not free rotation of the two -SiC1 3 

radicals of Si2 Cl6 with respect to each other occurs under ordinary 

conditions, 
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KINETICS OF OXIDIZED SILVER SOLUTIONS 



Note. 

The following work was done ~~th Mr. Alexander Ko s­

siakoff under the direction of Professor Noyes during the 

summer of 1934. Unfortunately it was necessarily terminated 

before all the experiments contemplated could be performed. 

Some of the results have already been mentioned in published 

work(l) and in Dr. Coryell's thesis( 3). It should be men­

tioned that Coryell's work on the kinetics of oxidized 

silver solutions was done subsequent to this work. We are 

greatly indebted to Dr. Coryell for his assistance in the 

analysis of this data~ and to Professor Swift for his con­

st ant advice during the pursuit of this work. 
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IN TROD UC TI ON 

Earlier work in this laboratory on the oxidation of silver 

nitrate solutions by ozone and on the rate of decomposition of these 

oxidized solutions is summarized in a recent article(l) . However 

the accuracy of these earlier experiments did not allow very quantita­

tive treatment of the kinetics, partly due to the presence of unsus­

pected errors in the method of analysis. The objects of the present 

investigation were to make accurate measurements of the rate of 

oxidation by ozone of nitric acid solutions of silver nitrate, of the 

rate of decomposition of these argentic solutions, and of the steady 

state reached between these two rates, and to interpret these data. 

The presentation of results is divided into the following 

consecutive sections: Method of Analysis, Experimental Technique, 

Treatment of Data, Reduction Rate, Oxidation Rate, Steady State, 

Summary. 

METHOD OF ANALYSIS 

Two separate results served to eliminate the method of 

analysis used in the earlier work: 

1) The use of ferrous sulphate was precluded because experiments 

showed that a) 3n HNO 3 exerts appreciable oxidizing effect on ferrous 

sulphate solution in two to three minutes in the cold, b) 2n HNO 3 

gave unreliable results with regard to consistency of titers of 



ferrous sulphate solution by pennanganate., and c) the titration of 

ferrous sulphate solution by pennanganate in 1 n HN0 3 solution was 

very slow even when hot and the end point was not sharp. 

2) The concentration of ozone during a.n oxidation run was not., 

as fonnerly assumed., that in an ozone saturated solution of nitric 

acid of the same strength as the solution to be ~nalyzed, The rate 

of solution of ozone in nitric acid under the conditions of experiment 

was found to be quite slow and of the same order of magnitude as 

the rate of reduction of the ozone by the silver nitrate solution. 

Considerable effort was spent in search of a rapid., accurate 

method of analysis for a.rgentic silver in the presence of ozone. 

Several interesting facts were discovered before a suitable procedure 

was adopted. Some of these are briefly summarized here. 

Action££_ Argentic ~ ~ 9.£.. Ozone ~ Certain Reducing Agents. 

These tests were made largely on samples of a.rgentic nitrate 

or of ozone in either 2 nor 4 n illi0 3 solution and initially at 0°0. 

The following reducing agents reduce both argentic ion and 

ozone completely in a. short time as shown by immediate disappearance 

of the brown-black argentic color on adding an argentic solution or 

of the odor of ozone on adding an ozone sample to the reducing agent 

in a glass-stoppered flask: 
= 

Fe-1+., Fe(CN) 6=., arsenite., Hg2 ++., Mn++. 

In the case of Mn+-+ 8 the argentic solutions seem to oxidize it to 

p~rmanganate but ozone seems to oxidize it to Mn.02 even with argentous 



ion present. Thallous ion also reduces both, but the reduction of 

ozone is not complete within a few minutes (with shaking) unless a 

rather large excess of reagent is used. A ten-fold excess resulted in 

complete reduction of 0zone in less than two minutes, and in much less 

time if argentic ion were also present. 

The following reducing a.gents reduce argentic ion immediately, 

but within an hour with occasional shaking and with argentous ion 

present do not reduce ozone completely as shown by the persistence 

of the ozone odor: 

- +++ HCOOH, C2 04 , J½02 , Haf>0 3 , Cr • 

With er+++ after 2½ hours chromate was scarcely detectable in the test 

with ozone. 

Direct titration of argentic solutions using the disappearance 

of the argentic color as end point was found possible with a great 

number of reagents. In the absence of ozone comparison of such titrations 

with the thallium method of analysis( 2) shovred them to be quantitative 

within experimental error for all cases tested, namely C2 04=, H2 ~( 4), 

and vo++. 

Comparison titration of two samples the same in argent ic 

concentration but differing only in that one contained ozone whereas 

the other did not were carried out for a number of reagents. Of those 

listed above Vl/hich do not completely reduce ozone in a short time, 

C2 o4=, H2 02 , and HCOOH were tried and in each case showed partial 

reduction of ozone . 



Chlorate ion is apparently very slowly, if at all, oxidized by 

a.rgentic solutions. 

From the above and other tests cr+H-, Pb+-1-, and vo+-1- seemed 

to offer the most hope of reducing argentic ion vrithout being affected 

by the presence of ozone. Pb++ is rapidly oxidized to Pb02 by argentic 

ion ii' some Pb02 is already present, but is only very slowly oxidized 

in the absence of Pb02 , the solid oxide apparently exerting a catalytic 

effect. Experiments with both Pb++ and Cr-H-+ showed that the presence 

of ozone had very little effect, bµt the results were not conclusive in 

showing precisely whether or not the 'effect were different from zero. 

vo++ was studied quite thoroughly. Argentic samples with ozone usually 

showed a.n oxidizing power toward vo+t- some 5% higher than similar 

solutions free of ozone. 

I~ was finally decided to use a. reducing agent which completely 

and rapidly reduced both argentic ion and ozone, and to detennine 

the ozone in a. separate determination. For this purpose arsenite was 

chosen at Dr. Swift's suggestion. 

Arsenite Method of Analysis. 

The method of a.nalysi s finally adopted was to add the sample 

to an excess of neutral arsenite solution, precipitate the silver as 

ehloride, neutralize with Na.OH, ~nd titrate the excess arsenite with 

iodine. If ozone was present, its concentration was found by deozonizing 

a. second sample vdth a stream of air, absorbing the ozone from this 

stream by passage through buffered neutral KI solution, and titrating 



with thiosulpha.te the iodine liberated on acidifying the iodide solution. 

For testing the method the thallium method of analysis was 

used. Thi s method was known< 2) to be accurate in the absence of ozone, 

and further tests comparing it with the standard KI method for determin­

ing ozone showed that it also reduced one oxygen atom of ozone quantita­

tively. Similar tests with arsenite showed tha.t it was quantitatively 

oxidized by ozone in the same manner. (See Table I). Comparison 

values of oxidizing power of the same argentic solution both with 

ozone present a.nd absent by t he thallous a.nd arsenite methods of 

analysis are shown in Table II. 

Further tests showed that o.25 n arsenite was not oxidized 

appreciably· in one hour by 5 n HN0 3 solution, but wa.s almost completely 

oxidized by 7. 5 n HN0 3 within that time. Also it u-a. s found that the 

presence of N02 in the nitric a.cid ca.used oxidation of the arsenite 

at an appreciable rate for a.cid concentrations less tha.n 5 normal. 

KI Method 

Table I 

Reduction of Ozone by Arsenite Solution 

Milliequivalent s 0 3 per kg. of solution 

B C 

Arseni te Met hod 

A 

2.14, 2.16 

2.1 7 

2.73 

2.77, 2.74 

2. 44 

2. 44 



Table II 

Comparison of Thallous and Areenite Methods 

Thallous Method 

Arsenite Method 

Materials. 

Oxidizing power in m.eq.jkg •. soln. 

0 3 present 

6.98., 6.99 

6.98 

0 3 absent 

2. 48 

2. 50., 2. 48 

The silver nitrate was purified by precipitation from con­

centrated nitric acid solution and carefully dried. 

Ozone was prepared as described in Ref. 1. The current in ,. 

the primary and the rate of flow of oxygen through the ozonizer were 

kept constant throughout oxidation runs so that the initial ozone 

content of the oxidizing stream w-as approximately a%. 

The other materials used were prepared by standard methods 

described elsewhere. 

EXPERIMENTAL TECHNIQUE. 

All runs were made at o.oo + 0.05°C using a water-alcohol bath 

in the thermostat ,: described in Ref. 1. The reaction vessels are the 

same as used in the previous work. During oxidation runs the reaction 

vessel was preceded by a bottle of nitric acid of the same strength. 

All samples were vreighed and all concentrations calculated 

originally on a weight basis. Since the weighings could be perfonned 



after the sample had been reduced this saved time and increased the 

accuracy of the detennination. 

Oxidation ~ ~ Steady State. 

For ea.ch point of the rate curve two samples were taken. One 

yielded the sum of the a.rgentic and ozone concentratj_ons, the other the 

concentration of ozone in solution. The samples for ozone concentration 

were taken about in the middle of the time intervals between argentic 

samples. 

Starting the run: A clean dry bottle was filled with HN0 3 

(a.bout 500 ml.) of known weight forma.li ty ~ the weight of HN0 3 recorded, 

a.nd the bottle allowed to come to thermostat temperature and saturate 

with ozone under conditions to prevail during the run. Meanwhile 

the exact weight of dry AgN0 3 necessary to make a solution of the 

desired weight formality was weighed out in a small cylindrical glass 

container. To start the run this container was emptied into the mouth 

of the reaction bottle and then dropped in bodily. The flow of ozone 

was then interrupted af least twice during the first five minutes to 

allow the solution to become uniform in concentration both above and 

below the sintered glass filter plate of t he re action bottle. 

Drawing samples: Samples of from 20 to 35 grams were used. 

For determining the sum of the argentic and ozone uoncentrations samples 

were drawn by suction so as to deliver beneath the surf~ce of excess 

arseni te solution. The arrangement used is shovrn in Fig. 1. 





Reduction Rate. 

Starting the run: The solution is me.de up by weight and 

allowed to be oxidize& wi th constant condi t i ons until the steady state 

is reached. A:rter removing the st eady state samples (oxidation 

technique) a swift stream of oxygen cooled by passage through a long 

copper coil in the thermostat is passed through the solution until 

passage of the stream through KI solution shows the absence of ozone . 

This requires some two to five minutes. A slow stream of oxygen is 

then maintained through the solution throughout the run. 

Drawfng samples: Same procedure as 11 argent ic plus ozonett 

determinations of oxi dation run. 

For all reducti on runs i t ,ra.s ascertained that no solid silver 

oxide ( 5) was present. This limited the total silver concentrat i on which 

could be used. 

TREATMENT OF DATA 

The complicated nature of the kinetics involved made it highly 

important that the data be accurate. The internal consistency of each 

run is good. In Fig. 2 is shown the course of the oxidizing power due to 

argentic silver and to ozone in an oxidation and a r educt i on run. TI1e 

runs in Fig. 2 show somewhat poorer consistency than most of the others. 

The appearance of Fig. 2 is characteristic of all oxidation and 

reduction runs. 





Tv--ro factors limited the range of variables studied. l ) An 

acid concentration greater than about 6 n could not be used wi th the 

arsenite method of anal ys i s. 2) Too high total silver concentre.t:i.on 

caused precipitation of black argentic oxide ( 5). In Table III are shown 

pertinent data with regard to the scope of the runs. 

In the analysis of the data the oxidizing pov,rer is assumed to 

be due to silver pr i ncipally in the divalent ste.te( 2 , 3 ) so that "oxidiz,o 

i n g power due to silver11 and the symbol (Ag++) are used synonymously 

throughtbut. 

As no s i mple one -ter!ned differential equation seemed to 

represent the data satisfactorily plots 

dra-,,,m very carefully on large scale and 

of (Ag++) against time were 

/J, (A _+1-) 
slopes - g were picked 

~ ~ t ' 

off from these at various i ntegral or half-integral values of 103 (Ag+-t·). 

It was als o found helpful for s0;;1e calculations to then plot these slopes 

• ' (A ++) t 1 • • t 11 fl t t • ,.:i b th t d . ff · 1 ' • agains~ g • o e imina,e sma . uc ua. i ons ,iue o o i icu ~yin 

determining slopes accurately and to the use of a spline in drawing the 

first curves. Despite the care used i n ,,,aking these plotsa the slopes 

are probably not accurate to more than 5 to 10% due to the nature of the 

tre ut:nent and to their high seasi t:i.vi ty to experimental error. 

'lhe r •::duction rate data il'ii.11 be discussed first as they 

will be used i n connection tvith the anal;y-sis of the oxidation ds.i~a. 



Table III --~----
Oxidation Runs 

(All concentrations expressed in volume normal at 0°c.) 

Run No. (HN0 3 ) ( z Ag) 103Fina.l (Ag++) 103 Final(0 3 ) No. of points 

VII 1.895 o.02s4 8.09 2.28 5 

VIII 1.895 0.0284 7.52 2.21 5 

IX 2.692 0.0282 9.60 2. 59 7 

X 2.692 0.0564 13,42 2.1s 8 

XI 3,379 0.0212 9,ll 2,16 7 

Reduction Runs 

fam lfo . (HN0 3 ) ( l. Ag) 103 Initial(Ag++) 103Fina.l(Ag++) No. of points 

I 1.895 0,028¥1 6.90 2.20 10 

II 2. 692 0. 0282 8.46 2. 51 9 

III 2,692 0.0564 12, 08 4,45 11 

IV 3,379 0.01958 8,0'7 3.47 11 

V 3.379 0.0544 13.30 4.19 20 

VI 3.379 0. 0906 17.12 4.00 20 

REDUCTION RATE 

Th 1
. (1) . 

e ear ier work showed that at le ast under certain 

conditions the decomposition rate of the argentic solutions was appar­

ently second order with respect to the argentic concentration and was 



strongly dependent on the acidity. When 1/ (Ag++) is plotted against 

time using our more accurate data i t is clear that the rate is bi-

molecular only in the final stages of the decompos i tion. (See Fig. Z.a. ) 

The shape of the curve shown in Fig . 3a i s ch a racte r i s t ic f or all 

reducti on rims, the curvature be i ng greater for h i gher acidity and 

h i gher total silver concentration., ( i Ag) . 

Argentous Dependence, ~ Dependence, and 1:quilforium ~~ 

Valence State!_. 

One of the first things noticed in treating the present data 

was that the slope approached in the l ast stages of the decomposition 

when 1/ (Ag++-) is plot ted against the time (see Fig. 3a ) was dependent on 

the argentous concent r ation . Tn i s dependence was found t o be very 

probabl y i nverse first power as shovm in TP~blc IV~ This leads to the 

rate expression 

- d(Ag-H-) 
dt = 

as representing the decomposition in the latter part of the runs. 

(1) 

'.I'his inverse dependence of rate on the argentou s concentration 

as well as the high dependence on acidity early led us to believe that 

an equil i bri ur.1 bet-ween tri- ~ bi- ~ and monovalent silve r i s probably 

involved. In view- of t he direct dependence of t he oxidat i on rate on the 

argentous concentration (sec Ref. 1 and below), it seemed that this 

equilibr:i.U,'11 probably was represented by 





Table IV 

Dependence of Reduction Ra.te on Argentous Concentration. 

Product of (Ag+) and - L'l (Ag+t) times 108. 
6 t 

103 (Ag+t) in m.eq./kg.H2 0 

Run II {( f Ag) = 0.0300 m.eq.jkg.H2 o} 
Run III {( 2. Ag) = 0.0600 m.eq.jkg.H2 0} 

Run IV f ( i Ag) = 0.0215 m.eq./kg.H2 0} 

Run V { ( f Ag) = 0.0600 ti II ti II } 

Run VI { ( i Ag) = o. 1000 " 11 ti 11 } 

(HN0 3 ) = 2.692n 

7.0 6.0 5.0 

41 25 15 

41 22 13 

(HN0 3 ) = 30 379n 

14 13 12 

298 235 177 

268 209 157 

Table V 

11 

132 

114 

10 

88 

78 

Dependence of Re duction Ra.te on Acid Concentration 

Product ·/'\HN O 3) 2 [ - ~ ~;+t) ] (Ag+)(108). 

3 +t-
10 (Ag ) m.eq.jkg.~O 8 7 6 

Run I { Y-(HN0 3 ) = 1. 48n t 260 104 

Run II \ 't (HNOe) = 2. 25n} 209 127 

Run III ~ 'f(HN0 3 ) =: 2~25n} 209 111 

Run IV '<(HN0 3 ) = 2.98n} 299 203 125 

Run V l '((HN0 3 ) = 2. 98n} 370 236 144 

RunVI t Y(HlW 3 ) = 2. 98n} 271 - 190 150 

9 

61 

48 

5 

52 

76 

65 

70 

8 7 6 

34 23 14 

42 26 16 

30 21 17 

4 

28 

45 

23 



(2) 

Assuming then that the decomposition is first order with respect to 

(Ago+)~ equation (2) leads to 

- d(Ag*) 
dt 

(con) (Ag*] 2 (H20] 
·(lf'"J 2 {!lg-+] 

where the brackets are used for activiti es and parentheses for concen­

tration. (k~ is a function of the act i vity of water and of the activity 

coeffi ci ents of Ag+ and Ag+-!J. 

Coryell( 3 ) more recently has. sho~m that in 9 n HN0 3 solution at 

25° equ. (l ) is quite well obeyed over most of the run and that the depen­

dence of t he reduct i on rate . on acidity seems very roughly to be in 

accord with equ. 

2 2 
'f (HN03) (Ag;+) 

(3). In Table V are shown values of 

- ~ (Ag++-) for the same (Ag* O: in different 
~ t 

runs. 

rough constancy of these shows the overall rate dependence on acid 

strength a.t 0° is very approximately inverse square . 

Equ. (1) however represents the decomposition rate only 

in the la.st stages of the reduction for runs at 0° as Fig. 3b clearly 

shows. 'Ihis is true also at 25° at acid concentrations much below 

The 

(3) 



Fourth Ord~ Argentic Dependence. 

Plots of against many different functions of 

(Ag*) and (Ag+) for runs at the same acid strength were made by us and 

by Coryell with our data. No function could be found which satisfactori­

ly represented the decomposition rate over the entire run corresponding 

to a one-term differential equation. Coryell( 3), however, succeeded in 

showing, first with our data and later with his own, that if the di:fi'er­

ences between the actual curve found and the asymptote which it 

approached when - was plotted against time be in turn plotted 

(A ++)4 
against ---""g ___ the points determine roughly a straight line. This 

(Ag+) 
corresponds to the rate expression 

- d(Ag++}_ = kz (Ag++t + k4 (A~++t (4) 
dt (A1t) (Ag+) 

The relative values of k2 and k~ were found (_3 ) to be such that at 25° 

and high acidity (9 n) the second orde r term was much larger than the 

fourth order one, but at lower acid concentrations at 25° and for all 

runs at 0° both terms made appreciable contributions 'to the rate. 

Whether or not the fourth order term was dependent on 
1 

(Ag+)2 was not clear from Coryell' s treat:nent. If equ. 
1 

or on 

- L\(Ag++_)/(tg+:r ++ 2 
were true, however, by plotting lit / Ag against (Ag ) a 

straight line should result, its slope being equal to k4, and its inter­

cept at (Ag*)
2 

= 0 being kz. If however 



( 5) 

be the cor re ct equation, 

' should give a straight l i ne of slope k 4 and intercept k2 • Plots of 
approximately 

both determine/\ 

straight lines and are quite simi lar in appearance (since the argentous 

concentration does not change greatly in the course of a run), but the 

former show much better constancy in the values of k 4 than do the latter 

for values of k 4
1 • Figures 4 and 5 show the first type plot for all runs, 

and in Table VI are shown the values thus found for these constants. Values 

2 2 2 2 
of k

2 

~l-&(HN0
3

) and k
4 

yKj HN0
3

) are also shown in Table VI illustrating 

their approxunate inverse square dependence on the acid concentration. 

Table VI 

Comparison of Equ. (4) with Equ. (5). 

I I 2 2 2 2 
Run (HNO 3 ) lv,z k4 k2 k4 k2 yl-('"(HN0 3 ) k4 Ytri( HN0 3 ) 

1/min. l /, . 
;nt:1.n. 

I 1.895 0.0044 268 0.0025 8.9 0.010 ~8 5 

II 2.692 0.0037 106 0.0043 1.9 0.019 535 

III 2.692 0.0023 95 0.0008 8.9 0.012 480 

IV 3. 379 0.0019 76 0.0023 o.68 0.017 626 

V 3. 379 0.0020 86 0.0017 3.8 0.018 765 

VI 3. 379 0.0022 71 0.0017 5. 9 0.020 632 

k4 in 1/(min.)(m.eq./1.) 

' . k4 in 1/(min.)(m.eq./1.) 





Mechanism. 

'.Ihe above analysis shows the observe d decomposition rate is 

probably due to t he simultaneous occurrence of two slov, reactions., the 

one showi ng a second order and the othe r fourth order dependence on the 

oxidi zing power. 

The second order term of the reduction rate seems (see above 

and Ref. 1.,3) to be very probably a result of the pseudouni molecular 

reaction 

( 6) 

follo,ved by the rapid decomposi t ion of H2 02 , probably( 5, 3 ) accordi ng to 

(7) 

The fourth order dependence, if it were represented by equ.( 5)., 

could be most simply represented by the bimolecular reaction 

combined with equ. ( 2) . The rate equ. (4) is perhaps most s in1ply 

(see also Ref. 3) represented by the pseudotrimolecular reacti on 

(8) 

( 9) 

combined with equ. (2). As discus sed above our analysis shows that 

e qu. (4) represents the data decidedly better than equ. (5). Also we 

have shown the overall ac i d dependence at 0° to be approxi mately a.n 

i nverse square one. Tnis i s i n accor d wi th equ. (9), but equ. (8) 

indicates an i nverse fourth po,,rer dependence on acidity for the fourth 

order react ion. Since the fourth order term of equ . (4) or equ. (5) 

is for condit ions i n our r uns greater usually than the second order one., 



we conclude that the observed decomposition rate i s perhaps best 

explained by the mechanism involving the simultaneous occurrence of 

reactions (6) and (9). 

OXIDATION RATE 

In the earlier work(~) it was found that the initial oxidation 

rate we.s probably di rectly proportional to the ozone and argentous 

concentrations and independent of ~cidity. Our data confirm these results 

~~th regard to the argentous and acid concentrations. The percentage of 

ozone was practically the same in al l of our runs. 

In order to test this rate dependence over more than the 

initial stages of the oxidation it is necessary to ta.lee into account the 

reduction rate as well. Accordingly we write 

(10) 

where for the reduction rate we can calculate values using equ. ( 4), 

or can use the 11 experimenta.1 11 values from plots of (Ag++) against time 

for the reduction runs . In Table VII a.re sho,m values of k
0 

calculated 

by equ. (10) for various argentic concentrations in the course of a run, 

using the "experimente.1 11 values for the reduction rate . In Table VIII 

are shown the mean values of ~0 so calculated for each run. These values 

show that equ. (10) does fit the data reasonably well. 

The mechanism of the oxidation react ion is accordingly very 

probably(l) 
Ag+ + 0 3 = Ago+ 

follo,red by the rapid equilibrium (2). 

(11) 



10
3

(Ag*) 
in m.eq. 

per kg.H2 0 

0 - 2 

7 

8 

9 

10 

11 

ll.5 

12.0 

12.4 

Run 

VII 

VIII 

IX 

X 

XI 

Table VII 

Values of k
0

, Equ. (10), for a Single Run 

106 ~ (Ag+t) -106 l:l (A~++) (03) 10
3

(Ag+) ko 
Do t ~ t m.molx m.eqt 1 

Oxidation Reduction kg.fL.aO g.H20 (min)(mols/liter) 

118 ~1.00 59 2.12 

91 8 o.84 53 2.36 

83 14 o.as 52 2. 31 

83 21 o.s1 51 2.46 

63 30 0.90 50 2. 19 

45 41 0.95 49 2.19 

38 48 o.99 48. 5 1.89 

31 57 1.02 48 l.91 

25 68 1.03 47.6 1.97 

Mean 2.16 

Average deviation from mean 0 0 16 

Table VIII 

Oxidation Rate Constant k0 ~ Equ. (10) 

(ID-IO 3) ( f Ag) Mean k
0 

in 
mols/li ter mols/liter 1 

(min.)(mols/liter) 
1.89 0.0284 1.94 

1.89 0.0284 2.22 

2.69 0.0282 2.21 

2.69 0.0564 2~.16 

* 3.38 o. 0272 2.27 

Mean 2.16 

*Reduction r ate calculated from a qu. (4). 

Average 
Deviation 

from Mean k
0 

o.24 

0.2a 

0.20 

0.16 

o.3o 



STEADY STATE 

The steady state reached on prolonged passage of ozone through 

a nitric acid solution of silver nitrate is presumably the point at 

which the reduction rate and the oxidation rate just balance. The above 

analysis of the oxidation and reduction rates shows that this should be 

true when 

= 0 (12) 

provided no further complicating factors enter. In Table IX are shown 

the steady state data with the calculated oxidation and reduction rates 

using k0 = 2.16 (liters)/(min)(mols) (See Table VIII.) and values of k2 

and k 4 shown in Table VI. Although the calculated forward and backward 

rates do dif'fer appreciably in most cases, the conelusion seems 

justified that the steady state involves no new processes not already 

met ¥dth in the oxidation and reduction analyses. The discrepancies 

in the calculated rates at the ste 0,dy state are probably due largely 

to the use of inaccurate values of the constants and pe.rtly to 

experimental error. 



Table IX 

Steady State Data 

(HN0 3 ) 
3 +t-a. :s +a 3 a 10 (Ag ) 10 (Ag ) • 10 (0 3 ) 

6 b 
10 0xidn. 106Redn~ Ratio 

mols/liter Rate Rate 0xidn.Ra.te 
Redn. Rate 

1.865 8.54 21. 46 2. 41 52.7 74.5 o. 71 

7.94 22.06 2.33 52. 5 55.7 0.94 

8.03 21.97 2.09 47.8 56.2 0.85 

8.16 21. 84 2.15 47.9 62.1 o.79 

3.345 8.93 12.67 2.16 26.8 43.3 0.62 

8.83 12.77 2.30 28.8 41. 3 0,-70 

8.98 12. 62 2.34 29.0 44. 3 o. 66 

8.83 12. 77 2.38 29.9 41. 3 o.73 

15.00 45.00 1.548 68.3 89.3 o.76 

15.08 44.92 1.530 62.4 91.4 0.68 

1m. 72 80.28 1.026 80.7 121.0 o.67 

19.85 80.15 1.149 90.3 124.3 0,73 

2.672 9.59 20.41 2.32 48.0 55.7 o.s6 

9,64 20.36 2.26 46. 7 56.6 0.83 

10.20 19.80 2.65 53.3 70.8 o.75 

14. 35 45,65 2.23 103.4 88.8 1. 16 

14.27 45. 73 2,30 107.0 86.7 1.23 

12.91 47.09 1,93 92.5 57.7 1.60 

13.29 46. 71 1.865 88.5 65.0 1.36 

13.56 46.44 1.865 88.0 70.7 1.25 

Mean ~ 
a . 

in equ.jkg. H2 0 b in equ./(kg.Hz0)(min. ). 



SUMivIA.RY 

The behavior of a nwnber of reducing agents toward nitric acid 

solutions of argentic silver and of ozone has been observed. Argentic 

solutions may be reduced quantitatively by titrat i on with any of a 

number of reducing agents using the di sappearance of the argent i c color 

as end-point. 

The rate of oxidation by ozone of nitric acid solutions of 

si lve r nitrate and the rate of decom,Josition of these oxidized solutions 

has been studied using suitable technique and method of analysis. The 

reduction rate is found to fit the differential equation 

- d (Ag -f-t-) 
dt = + ( 4) 

indicating simultaneous occurrence of two slow reactions. (The oxidized 

silver is assu.~ed to be principally in the divalent state< 2, 3).) 'lhe 

oxidation rate is found to fit the equation 

d(Ag++) = k
0

(Ag+)(0 3 ) - reduction rate 
dt 

(10) 

The steady state reached on prolonged oxidation by ozone of nitric acid 
of silver nitrate 

solutions,-..is shovm to correspond approximately to the 

in equ. (10) and reduction rate is given by equ. (4). 

point where d(Ag++) = O 
dt 

Equilibrium between three valence states of silver is postulated, 

probably according to the reaction 

(2) 

The oxidation mechanism(l) is probably 



and the second order reduction reaction is probably 

Ago++ H2 0 = Ag++ H2 02 

with equ. (2). The fourth order reduction reaction may be( 3) 

H2 0 + 2Ag++ + Ago+ = 3Ag+ + 02 + 2H+ 
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