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.ABSTRACT 

Using the absorption of light by nitrog~n dioxide 

as a measure of its concentration, the rate of the re­

action N02 +NO+ H2o(g): 2HN03(g) has betn measured 

over a five-fold range of water vapor and nitrogen di­

oxide oonoentrations, with nitrio oxide greatly in ex­

cess. Changes in light intensity were detected by means 

of an eleetron-multiplier phototube and recorded by pho• 

tog:ra,phing the sorten of a cathode-ray oscilloscope. 

Half-times a.a short a.a 0.014 sec. were obiutrved. The 

reaction .rate was found to depend more strongly upon 

the concentration of water V'l)or than upon that of ni­

trogen dioxide and to be kinetically oon&istent with a 

mechanism involving termoleoular oollisiona. 

As incidental results of the study, the equili­

briui:1 oonst~nt of the abovG reaction has been Oil,lou-

la ted and 1 ts order of magnitude @xperimimtally c on:firmed, 

and a lower limit ha& been fixed for th~ rate o:f disso­

ciation of nitrogen S&$quiox1de. 
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I. INTRODUCTION 

Following th~ successful application by Johnston (l) of 

the oombin~.tion of mul tipl1er phototube, cathode-ray oscillo­

scope and o~m$ra to the study of the kinetics of the very 

.rapid reaction between nitrogen dioxide and ozone, it appeared 

desirable to study by this teohnique other reiwtions whose 

rates are so §;re.tat as to be unr.neasurable by the com1~1on meth­

ods. The reaction between nitric oxide, nitrogen dioxide and 

wa:ter vapor, which is also of interest because of 1 ts possible 

importance in oonneotion with theories of rainfall, appeared 

to fall in this category. Dr. Oliver Wulf, who had studied 

the equilibrium in this reaction spectroscopically (2), testi­

fied that equilibrium was attained practically instantaneously. 

Instances in the literature of the quantitative study of 

kinetics of homogeneous reactions involving water vapor as a 

prirnary reactant are rather rare, and most of these concern 

pyrolysis of hydrocarbons or Jther high temperature studies 

in which the effect of chain reactions is predominant. The 

reaction between water vapor and sulfur trioxide in the gaa 

phase was studied (3) at room temperature by the Polany1 stream­

ing method; in this oa.se, of course, the product-, sulfuric acid, 

appee.red as a mist. The authors estimated that about one col­

lision out of every hundred between mcilacules of the reacting 

specie2 was effective, so that the reaction was extremely fast. 

The $ystem proposed here is comparable to the water-sulfur 

trioxide system at least in the respect that it, too, involves 



an acid anhydride, namely, nitrous anhydride or nitrogen ses­

quioxide, which ie always pr~sent in equilibrium with nitric 

oxide and nitrogen dioxide in their mixtures. 

II. EXPE:RIMENTA.L 

A. Gctneral . 

In prinoiple and 1n many particulars the procedure 

was the same as that employed by Johnston (loc.cit.). Essen­

tially the a.ppa.ra:tus comprises four parts: a flow-system in 

which ga.s streams contei.ining the reacting substances could be 

met&red and mixed, a device oons1at1ng of a reaction ••ll and 

stop&,at@ by means of whioh a non-equilibrium mixture could be 

trapped, an optical system producing a beam of ligbt which 

passed through a port1on of the reaction oell, and a detecting 

and recording system comprising the multiplier phototube with 

its power source, the oscillosoope and the camera. 

B. The flow system. 

Figure l shows schematically the arrangement of the 

flow system. Nitric oxide, prepared as described below, en­

tered the system at A, filled the two-liter bulb B (which 

served to cushion the effect of suddenly closing the system) 

and was divided 1nio two streams. One of these passed through 

stopcock C, flowmeter D and water saturator E, the other 

through stopcock F and flowmeter G to H, where a much slower 

atream of oxygen was introduced. The stopcocks J and K per-

1uitted these sections of the flow system to be cut off from 
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Figure 1. Diagram of the fl ow sys t em 

A, ni t ric oxide collec ti ng syst em 

B, wo liter bulb 

D, G, F , capi llary flowme ters 

,, 'c:t ter sa turater 

L , t o mixing chamber 

M, oxygen inle t 

N, bubb er 

E 

L 

K 



the mixing chamber L md from each other. Oxygen from a com­

mercial oxygen cylinde:r was introduced at M; its pressure was 

adjusted by means of the bubbler N and iti flow rate measured 

by flowmeter P. Stopoook Q served to shut off the oxygen 

atream .. 

D1butyl phthalate was used as the manometer fluid in oap-

1llary flo'Wl'neters D, G and P, which were of the usual construc­

tion except fc;c ;;;l iitopoook which had to be inaerted in the lef'I 

arm of manometer P to prevent the accumulation of dissolved 

Nao3 with resultant imbalance in the absence of flow. The 

capillaries were calibrated at several points throughout their 

ranges of utility by timing the displacement of a known volume 

of water. (Suitable corrections were made to allow for the 

vapor preasure of water; Bolubilit1es of nitric oxide and of 

oxyg@n in water were neglected.) 

·;iater saturator ;: ooneisted of a 120 cm. length o:f 12 mm. 

tubing bent to sit flat and filled with glass beads and auffi­

oient water to occupy half the remaining volume. It was kept 

imrc1eriHtd in water at room temperature. A gravimetric water 

vapor determination showed it to be more that 997~ efficient at 

the flow rates used. 

Mixing chamber L {Fig. 2a) was of the same construction 

as that used by Johnston (loo. cit.), with the two streams be­

int introduced tangentially and the mixture flowing out cen­

trally. The volume of the mixing space was ca. 0.05 cm3, as 

indicated by the weight of acetone it held. 

Bubbler N consisted simply of a tube im.uersed to an ad-



a 

Figure 2; a, t he mixing chamber 

b, hes opgat e 

c, t he reac t ion c1amber 
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Just&ble depth in a column of water. 

The ctmcentr,?i.tion of water vapor 1n the re~ction mixture 

could be i::djust~d by diverting mere or l(l)SS of the total ni­

t:i:•ic oxid~ flow thxou.e;h stopcock C; 'the concentration@ obt;;dn­

able in this way ranged from about o.s to about 2.4 mole per­

cent. The total nitric oxide flow rate was fixed by setting 

the valve on the supply cylinder. 

The templi.:;;.·::.tu~·e of the flowing mixture was measured. by 

rneane of @. thermocouple of t130 B & S oonstantan ~nd 36 gauge 

copper plaoed axially in the stream issuing from the reaction 

cell. No attempt was n1ad@ to control the temper~ture, whioh 

therefore varied slowly, u•ually b$tweim 23 and 25°0. 

Tygon tubing was used for all connections. As it was 

found that this tubing was slowly attacked by nit~ogen dioxide, 

conneotions we:re a.r:rani:'ed so &$ to expose a minimum. of the ty­

gon surface to the stre;.rn oonttaining this component. 

For the experiments concerning possible time lag in the 

N02-N2o3 ~quilibrium, the water saturater wa.s removed from 

the iiystem and ni trofen :frou a cm:ruieroial 11 d:ry ni tro1~<fm 11 oylin­

d.ex rms introduced into the :nixing chc11tiber~ 

rJi tric oxide was generated by the r:uathod given by Johnston 

and. Giauque (4), in which 5v;b eulfurio acid is drop::jed into a 

solution approximately 4N in Sodium nitrite and lN in po:tassi­

urn iodide. The gas evolved was passed consecutively through 

th.roe washing bottles, the first cont1::.ined concentr}i ted sodi­

Ulii hydroxide solution, the others s.;;.tu.re.ted pot,assiur:1 iodicle--

then throu{;h a dr1ing tower cont::-;.ining· phos:Jhorus pentoxid.e 
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and a cold trap immersed in a bath of dry ice and isop:ropyl 

alcohol and was finally condensed in a glass bulb cit liquid­

air temperature. It wa1 then redistilled (the last five per­

cent or so of eaoh batoh being diso&rded}, into a steel and 

brass collecting system (A, Fig. l) attached to the supply 

cylinder, which was of th~ type ustd tor oxygen. (At room 

ten1pt:rature one mole of gas produoed a preiusu:re of a.bout 100 

pounds per squara inoh 1n this system.) The only likely im­

purity in the gas thus produced was ni 1;:rou1 oxide. No ni tro­

gen dioxide could be detected. 

O. The reaotion system. 

Pyrex lmrn capilla:ry tubing ~erved for the :reaction 

ohar::be:r, constructed in tha form shown in f1r;ure 20. The to­

tal length of tubing was about 15 om., the length of the l.1ght 

path about 6 cm. and thEi length preceding the light path about 

~ cm. Tbe total volume of the reaction chamber was thus ca. 

0.12 om.3, the -v-olume between th~ inlet and the center of the 

11,··~ t . ·-.~ ... '". /' ('r-· C'"'3 ¢'"~ l.1tt ~J..l t.) • ,~ t.,., • 

li,:;l .. t pi:..th. Tl:.eae wer·E; stuck on with a thin layer 01 de 

Khotinll1ky cewan-t which il.lso cut out .:..ny light whioh l:lih'l1t 

otl1erw1se haVEI been tra:rumi tted l•ngthv;ise toough the gla,ui. 

The entrance and exit ends of the cluunber were ground to ft t 

closely into oount~:t·sunk holes in the etop1:.-sate block 

coraprised a thin slide r:1:a.chined to fit bet-~een tv;o block£ in 



such a way th;:i.t two che1.nnela through the system could be 

opened or closed simultaneously by movement of the slide. 

The mixing chamber and the re(l.ction cell w@re affixed in 

countersunk hole$ in the blocks by means of uinsalute" cement 

and bolstered with liberal quantities of paraffin. The whol• 

was mounted, with the light path approximately horisontal. on 

a 20-pound lead block equipped with thumb screws to faoil1-

tat• adjustment. In operation the etopgate was closed by a 

"sna;pper 11 consisting of a 20 gram bronze block on one end of 

a 10 cm. strip of apring brass, the other end of th$ strip be­

ing fixed on the side of the lead blook. 

D. The optioal system. 

Light from a 500 watt G.E. Mazda projection lamp 

(rated for 120 v but operated at 68 v) was paf:>sed through 

yellow and blue :filters to isolate a relatively narrow wave 

length region (maximum intensity at 4500 f, half-width about 
0 

400 A) which is pi,l'tioula.rly strongly absorbed by N02• A 

pair of condensing lenses. focussed the :filtered light on a 

pinhole (in 30 gauge copper sheet) from wh1oh issued a diver­

Lent beam. A small lens 1nteroepted the lit:ht from the cen­

ter of t Lis beam ( avoiding the diffraction ring) and fooussed 

it near tlle proximal end of the reaction cell. 

The optical system, exoept for the small lens, was mount­

ed on an adjustable base ao that position and direction of 

the emergent beam relative to the reaction Oh,9,rlber could be 

chan&,ed. Suitable settings to minimize the effects of the 

mechanic2.l disturbance of closing the atopf;ate and to provide 



a convenient amount 2nd intensity of light for the me;-,su.J."e­

ments were obtained manually by trial and error. 

E. The detecting 2.nd recording system,. 

An RCA 1P21 electron multiplier phototube served 

to measure the intensity of light emerging from the reaction 

chamber. Vol ta.ge for the operation of the tube we.s provided 
, 

by & set of sixteen 67~-v. :Minimax batteries. A 900,000 ohm 

voltaf,,~ divider furnished 90 volt steps between successive 

dynodes and between dynode #9 and the anode. For the elimina­

tion of high frequency noise, an R-C filter was inserted in 

conneotion with the output of the tub@. (Thia circuit 1s dia• 

grarru.:Htd in Fig. 3.) The signal from ttue tube was conveyed to 

a cathode-ray osoilloscope (Du Mont Type 247) havinf; "· 5 .. 1noh 

£creen giving a "high aot1nio" trace. A 11ght-ol,J.opp1ng diao 

with 10 openings, rotated by a synchronous motor at 1800 r.p.m., 

was so placed as to interrupt the light beara between the pin­

hole and the small colleoting lens, thus providing in the sig­

nal produced by the phototube a 300 cycle a.c. component, with 

amplitude proportional to the intensity of tre.nsmi tted light. 

The screen wa.s photographed with the aid of a. !!erou:ry II 

c.::.mera havinb an f-2. 7 lens which was set fcrw&.rd about l/16 

inch so as to focus sa.t1sf~ctor1ly when used at a. distance of 

about 12 inches from the screen. 

F. The procedure. 

To r.iake and record a single run, .a.fte:r tl10 desired 

steady state had been attained in the flow syate1-; and the pat­

tern adjusted to a sat1Sff.:.ctor.r position on the soreen, the 
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Figure 3. Circui t f or t he operati on of t he multip l ier p h ot ot u e 

a. 1200 v olt s d . c. 

b. 200,000 ohms 

c . zer o t o one milliampere 

d. 90 , 000 ob.ms 

e. 0.01 mi crof a r a d 
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operator in rapid sequence opened the oamti;ra shutte:r, sprang 

the snap1Jer to close the stopgate, then closed the shutter. 

It was found that these operations could be completed in one 

half second or less and the necessity of using the single­

sweep feature oft.he osoillosoope was avoided. This procedure 

had the additional advantage th~.t ea.oh photograph so taken 

sh.owed the position of the pattern before the gas flow was 

interrupted, thus automatically providing~ blank for eaoh 

run. However, in the exp•riments on dilution of Na03 the atn­

gl@ sweep circuit wae used, triggered by tht movement of the 

snapper; blanks wer$ made separately, 

After eaoh run the stopgate was quickly opened to avoid 

excessive pressure in the flow system. New flow settings 

were than made, if desired, and i.n the interim while a new 

steady state was being established, flowmtter and temperature 

readings and new oscilloscope settings were made. The time 

ll$Oesa~xy for attainment of the steady stats was usually one 

or two minutes, depending on the total rate of flow of nitric 

oxide, which was ordina.rily between 5 and 10 oubic centimeters 

per second. 

G. Calibration of the detecting system. 

Since it was desirable to use the detecting system 

under conditions such that its response to change o:f light 

intensity would be approximately lineal", the arrangement de­

vised was tested by inserting various calibrated screens in 

the lig,ht path and measuring the amplitude of the resulting 

µa.tte:rn on the oscillosoope screen. ufhen the vol ta;:,e applied 



a.cross the projeotor lanp W81.S 70 v. or less, r@sponse was 

satisfactorily linear. Throughout the experiments this con­

dition was met. 

In order to magnify the observable effect produced by 

reaction occurring in the chamber, it proved useful to set 

the osoilloscope controls so that only the lower edge of the 

pattern w&,a obssxved on the soraen. A further calibration 

-was neoessrJ.l"Y to relate t.he data thus obtitined to 1he intens1 ... 

ty of the light t:ra.nsmi tted through the reaction oh:8.mber. It 

was found that when the vertical positionar was set at its 

extreme clockwise position, the position of the pattern edge 

could be corr~la.ted (within about 5}{,) with the applied signal 

by assuming the center o:f the pattern to be 5.0 inches above 

the oent•r of the screen and its amplitude proportional not 

only to the intensity of light inoident on the phototube but 

also to "tthe setting of the Y-ga.in knob, so long as t.biil var­

ied within the rough limits 15 to HO. These asm,1.mptions v,erl!.I 

used in estimating the equilibriur11 constant from the photo­

grl?.phs but were unneoesse.ry in finding; the half-time and ra.te 

corresponding to any p&rticular run. In this connection it 

is to be noted that the full amplitude increase produced by 

a sudden change in intensity was observa,ble at the lower edge 

of the :oattern, since the increase in amplitude of the a. c. 

component o:f the signal was 1:12.tohed by a proportional sudden 

inorea.se o:f the d. o. component. The 11osi tion of the uppe:r 

border of t:i.1e pattern, co:rrespondin§; to the dark period of 

ti1a intonsi t:t cycle, was only affected uore slowl:r as the cen­

ter drifted baok to its equilibrium position. 
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To avoid distortion due to the curvature of the screen, 

the patt~rn was usually ~.dJusted so that its lower edge prior 

to reaction was slightly above the center of the soreen. To 

insure the meaaurability of the position of this edie on the 

photogra.ph, a strip of cellulose tape marked in India ink: pro­

vided a frame of reforence directly on the screen. Tests 

showed th~t the distortion due to curvature was not import&nt 

in comparison with the randou1 va.:riabili ty of tho am_pli tude of 

the pattern. 

Johnston (loo. cit.) found that with light filtered as 

described a.bove, ni trogem dioxide oboyed Beer's Law. This 

finding was confirmed with the system used in the present work. 

The readings obtained 1'1 th gi vsn total concentrations of ava.11-
w«re 

able nitrogen dioxide~not aocurately reproducible because in 

the presence of nitric oxide at atmospheric pressure approxi­

mately one third of the tot&.l i& £HiHiquiox1de, the exact ratio 

varying slightly with the temperature. Nevertheless th• oalib­

r:::tion of the system against totu available ni troe1en dioxide 

was uaeful in 9ermitting the confirmation of the calculated 

equ111 b:rium constimt :for the reaction under study. 

H. The photographs. 

The p:iotogril,phio negative, on 35 rnm. Plus-x film, pro-

duoed an image of the osoilloscop• soreen having ir. diameter of 

about 10 rmn. The pattern produced on the screen by each sweep 

of the electron be?J'n across the cathode ray tube somewhat re­

sembled ._n inverted picket fence ( as seen in fi$ures 4c e.nd 4d, 

for which the single sweep a.ppRI'Rtus WRS used); in general, 
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three or foul' of the£e a_ppftared in supe.rposi ti on, as in fig­

ures 4a and 4b. 

For measurement, the image w&:.s projected 1n a microfilm 

reader onto i.3. sheet o:f &.qua.red paper &ncl the positions of suc­

oeii>si ve peaks recorded. The ma.gnifica t1on fr:.otor betwtum 

screen and tracing was found to be 2.4. The interval between 

suooe&sive points corresponded, of course, to a time lapse of 

l/300 of a ~econd. 

J. Remarka conoEirning the apparatus. 

It ws.s appa.remt that the apparatus used in thie 

study i~ susceptibl~ of considerable improvement, locking to­

ward its us& in securing more accuril.te date. 2.nd in studying 

even faster l"Gactions. The use:f'ulneis of the w,,ta obtained 

in this inves•tig&.tion was limited b@oause of both meohanioal 

in~tabili ty of thEi optical system and random va.r1-.b1li ty in 

the respons-1 of the detecting ~ystem. 

The mechanio&l inGtabili ty of the optic~l arrant:,ements 

wrus found to be due principally to th.0 thumb screwfiil with r,hich 

the lead block sup1..:,orting the rei:ccticm cell had. been equ.il:,ped 

in order to rn~.ke tlJe direction of the cell rec .. dil:y· .i.djust.a.ble. 

Theie allowed somEi vib:r&tion of the blvck (and tl~eref01·e of the 

cell) relative to the lie;ht be,;n, and i,lthough this 1"'ie>.S paina­

takinelY mini mi zed by trial ci,nd error adjustment before ms,king 

a set of runs, the effect Wii.S olea.rly visible in the photographs 

as a disturb2.noe of frequency about 30 to 40 per second. It is 

believed that the syitem used for snapping the stopg~tG shut 

(Qs described in section C 2bove) 1& not directly responsible 



Fi~ure 4a. un IV-59 
N20z 0 .. 0078 atTfl. 
H20 • 0151 atn:.; 
half time • 83 se. 

F • gure 4c. Blank for 
dilution test 

Figure 4b~ Run IV-52 
N203 0 .. 0148 atm., 
H20 O. 0230 atm .. ; 
half t .:me O. 014 sec. 

F'gure 4d. :;:;2 3 di ution tes , 
NdNO, 4 .. 5 



for this pronounced @f£ect. The primary problmn, therefore, 

1 s to a.rra.nce the reaction cell to be q;>,djustabl@ with respE:>ct 

to its mounting but vibrationless when fixed thereon. 

The variability in response o:f the detecting: system is 

of tvw sorts t (l) a high frequency variability which causes 

the ragbedness of the pattern edge, as seen in figures 4c and 

4d. and (2) unpredictable but aubstantia.l changes in the mag­

nitude of the response to a given light intensity. The first 

sort can apparently be traced, at least in part, to the in­

fluEmoe of uno1ae" produced by thermionic emission of electrons 

from the sensitive surface of the multiplier phototube and by 

atatistio~1 variations in the ~~ndom process of secondary 
(5) 

et1ission . This effect can reportedly be much reduced by 

opel'ii?,ting the phototube at a low tempe:raturef(,) The aecond 

sort includes changes due to fatiguing of the sensitive sur­

fiil.ce, thfil voltage source for the dynodes, and the X'$Sponse of 

the oacillosoope to imposed signals, as well as discontinuous 

cllc:i.n0 es which are proba.bly due in the main to the very sli;Sht 

v.:,_riations in the D. C. line vol t:£,+_e to the lif:,ht source but 

are certainly due in some oases to erra,tic behaviour o:f the 

oscilloscope. In the current investig@.tion the method of anal­

ysis of the dRta obviated to a large extent the requi:rement of 

lon~-interval atability of the system, but such stability is 

desirabl~ in any event. 

In add1 tion, it is cle;;i_rly desirable to obta .. in runs at 

te1c1peratures different from th2t of the room, for which pur­

pose as rnuch of tlle flow system il.s possible should be the:rmo-
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statted. This would proba.bly require construction of an air 

thermostat to enclose the reaction cell, stopgate and mixing 

chamber and of an efficient heat exchanger in the flow system 

to br1n5 the reacting gasts to the desired temperature before 

they enter the mixing chamber. 

III. THE EQUILIBRIUM CONSTANT 

A. Thermodynamic oaloulation 

Beoause the reaction 

does not proceed to completion but reaches equilibrium with 

appreciable amounts of the reaota.nts remaining in the system, 

a knowl•d!:;;e of 1 ts ecµ ilibrium constant is essential in in­

terpreting its kinetics. Abel and Neuseer (7), in measuring 

the vapor pressure of nitrous aoid above its aqueous solu­

tions, also encountered this problem; on the basis of equilib­

rium data then available they calculated the quantity 

troducinf; the pressure of water vapor and the factor 

PHNO 
k = ( - i) =- 0. 03S 2. l. ~ . I~ 

c. HNOl. 

deter1;1ined by these authors one readily calculates for the 

reaction 
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the dimensionless equilibrium constant 

combining this with th~ value Kc.= .2.. I 4..~. :found by Verhoek 

and Daniels (8) for the dissociation 

N30z: NO+ NO;a 

In ca..lculating the value given above for c. Ki. 

c. 

Abel and 

Neusser found it nectuu11ary to employ the estima.ted figure 

obtained au an incidental result of their experiments. They 

pointed out that only the order of magnitude of this figure 

was established, s1noe the experiments were not designed to 

provide an accurate determination; indeed, the individual re­

sults :rant• from about 50 to more than 300. It is perhaps in­

dicative of the authors• uncertainty on this score that, al­

though their calcula.tions showed tha.t in a typical run approx­

imately 101:, of the trivalent nitrogen in the vapor phase would 

be N2o3, they made no attempt to correct for this error in 

either the individual experiments or the fin~l average value 

of ck, which is therefore presumably too high by 10 to 20 

per cent. 

Thermodynamic data now available permit a more reliable 

calculation. The result still depends u;.1on the vapor pressure 

d:2.ta of Abel and Neusser and is therefore subject to the same 
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10 to ,;0 per cent uncertainty, but the • i.Ch r:iore refined 

treatment of the thermodynamic properties of nitric acid 

t,iven by Forsythe and Giauque (~::) removes the order-of-magni­

tude uncertainty inherent in the a.bove Euatiri1at$. 

Consider the reactions 

HN02 ( a.q. ) : HN02 ( g) 

½H2 -+ ½Na + Og : HNOa ( a.q. ) 

½N;a + O;a: N02 

' ' tN2 + ~Oz : NO 

H2 + ·!02 • H20 (g) 

(d) 

(e) 

(f) 

(g) 

{h) 

Combining these in the proportions 2(d) + 2{e) - (f) - {g) - (h) 

;rields the net reaction (a). Extrapolation of the results of 

Abel a.nd Neusse:r to ionic strength zero gives K, = o.OJ05, 

from which AF; is calculated to be 2,080 os.l. /mole. The 

standard free energy changes for (f) a.nd (g), • tli!.ken from For­

sythe and f,ia.uque, a.re ~ r; = 12,275, AF0= 20,650; from 

Latimer (10), a F•0 = -13,020, and :from Lewis aml Randa.ll (ll), 

A ~ = - , 507. Thue for the rcrnction in question, AFt : 

and 

::,080 - 2 x 13020 - 12~{75 + 20650 + 54507 : -300 Oi.l •/mole, 

Ka.= P.. f~04f. :: I.£ 'i a..L-i __ , in reasonable :agreement with the 
NO N01 tl1 o 

V.i'.lue calcul.;;-,ted from the da,ta of Abel ca,nd Neusser. Multiply­

ing by /( gives K, ~ IC l{c :: 3.5". 

B. Experimental confirmation. 

Because of the technique involved, the data reported 

in this investig!ition were not well suited to the cs,loul,?,tion 
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of equilibrium constants. A particular difficulty was that 

the intensity of transmitted light had to be eitimated from 

the amplitude of the pattern, of which only one edge was visi­

ble on the screen, while the position of its o•mter was sub­

ject to a ;low drift. Nevertheless, such estimate, as could 

be carried out confi:rined for Kee and K,. the order o:f' magni­

tude found in the above calculations. A single example will 

ahow the method employed. 

In view of the fact that all runs were carried out 1n the 

presence of a large excess of nitric oxide, its pressure could 

be considered constant and the ratio of N203 to NO;a 1n these 

aystems alao constant. Neglecting the small pressure of N2o4 • 

therefore, the actual concentration of Noz in the reaotion 

cell was always proportional to the total preaaure of NO,a + Nao3 , 

which is henceforth, tor convenienoe, oalled 1 a.vailable" N2o3 
in recognition of the essentially instantaneous establishment 

of equilibrium between these gases. Denoting this quantity by 

one obt~dns 

It is also convenient to define the "equilibrium conatant 11 

In ,what followa, the term "equilibriwn constant» will refer 

to K thus defined, unleas otherwise specified. 

Run IV-52 provides particularly suitable conditions :for 



eatimating the eqilibrium constant for stnreral reasons. First, 

the half-time found was very short (about 0.014 seoond), so 

that equilibrium could be established before the drift of the 

pattern bee.Hime appreoia.ble. Seoond, the measured effect waa 

luge, ao that the unoertainty introduced in calculating P,.,tvoi 

by difference was relatively small. Finally, this run waG im­

medi~.tely followed by a .. dry runtt in which the initial Pc-N,.o,7 

wae practically the s2.1ue but P111.o was zero, thus furnishing 

a reasonably secure re:ferenc• point for the oalibl'(il.tion of the 

,oope response. 

Between frN 2017 and the osoilloscope r1adings, there sx-

i sted the general relation, previously established by oalibra.­

tion (cf. Sec. II-0): 

P[Nl03]: / ~ ½ ~G (l) 

whtre G denoteu1 the Y-gain setting, 0( the a.mpli tude of the 

pattern, and s an adjustable factor to account for ohangea 

in the response of theph,b:Jtube or osoillosoope, or in the in­

tensi t./ of the 111:~ht source. The dry run IV-53, 1.i1 th 

Fr"'z.o3J : O. 0151 und G = 20, gave 0( • 20. 4, from which 

is cal cul 8, ted to be 1. 78. ( o< here is given in t ttrr.1s of the 

theoxetior::l width of the entire pat·te:rn on the traoin&~ on the 

assumption that magnification is linear. In this case the 

et:4i;e of the pattern was found to be 3. 2 inohee below the ref­

erence point of the tracing; the center of the pattern was 

calc:.:,1a ted to be 7. 0 inches above this ref e:renoe ;Joint, ao 

the amplitude was ;:~ x (3. 2 + 7. 0) or 20. 4 inches). 



-18-

For run IV-52 the in:i tinl concentrations v1e:re 

Pf.N~o
3
J, :: 0.014B a.nd PH.oi • 0.0230; the tote,l rat~ of flow 

was 7.1 cm3/seo., so that the gas in the light path had '\ra­

Vtiled ri:n avera,e,e of 0.014 seoonda e.fter r:tixing (the volu.1ne of 

the mixing ohambe:r plum half that o:f the .reaction chamber be­

ing estim~ .. ted am o. 10 01113; see Section II-C). From the 1ra.o­

il1l;, the el.mfJli tud.e corresponding to the steady state is found 

to be 23.0 inahee and the ma.xi.mum di2plaoement o:f the p&1rttrn 

edgil 3. o inches (again with Y-gam 20). Henoe o( is assigned 

the value 26.0 and from (l),the a1'ailable NO.a at equilibrium 

has the preu.umre 

From 

a.nd 

hence 

I 
p[N,D3]"° : TC ¼ /. 78 )( 2.0 = o. 00 8 S 

:?G .o 

the stoichiometry of the reaction it 

PHND,oo = )._ ( PrN,o~J, - P[H~o)oo) = o. 0 12 6 

is clear that 

in f ort·:;.i tously excellent agreement with th.e predicted v11lue. 

Table I ci ves e:q:i~rimental ccndi tions, cbsexved valutiJs 

of 1' fi,nd calculated v;;.lues of P11"'ol- and K for the other 

rante G.61 tu ;.:,.08. This constitutes se.tisfr•_ctory Cfmfirmatory 

evidence concerning the o:rder of ma.£,ni tude of K . 
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TABLE I 

Frame Flow P[fi,03]i X fr) 2 PH._O i K ,o .. P,11.,0 oo I( ,oz 1 ic 101. K. 
No. r5t• 

.. 
cm /soc. a.tm a.tm atm !BflJO • 

29 a.1 l.80 1.89 1.54 1.7 2.oa 
31 a.1 l.80 1.89 1.54 a.a 2.00 
33 8.1 1.ao 1.49 1.12 3.5 1.09 
;.35 8.l 1.80 l.49 1.14 ~-8 1.12 
38 7.9 1.85 0.98 0.82 5.l o.as 
39 7.8 l.90 .95 .78 4.4 .73 
45 7.4 l.43 .98 .78 5.7 .95 
46 7.4 1.46 .98 • ?8 5.7 .98 
49 7.3 1.49 1.47 .a2 4.4 -61 
61 7.l 1.49 2.3 1.26 l.4 1.1~ 
52 7.1 1-48 z.3 1.2e 1., 1.12 

l'.V. or-IDER OF THE REAO'I'ION. 

A. Oharacteristios of th@ rate curve. 

In mixtures oont~.1ning the gas©& ni trio oxide, ni­

trogen dioxide and wuatel', other iiubsta.1.1<:Hc~ whioh mfil:y be 1J:rfiii• 

~mt at equilibrium include oxygen and the s~aquioxide, tist­

roxide, pentoxide and trioxide of nitrocen as wall 2;.s the va­

por;a oi' nitrous and nitric acids. For the equilibrium oonst:9,nt 

Pr10 Pa:.,_/P,., 0 .. at 28B0 0 Giauque and ICGmp (12) give 7.2 x 10-7 , 

for the constant ~o P11: 03 /P:0 .. P11 .. 0 , Forsytl:.e 8.nd Ghiuque (D) 

give 1.05 x 10-2 .at the same teuperature. Sinoe in this study 

~ 0 was about unity and PI\J 0 • and PH .. o wei~e of the order of 

10-2 , the equilibriwn concentrations of oxyg@n and nitric aoid 

vapox are of the ordfil' of 10-14 and 10-5 respectively and can 

be negl~cted. Clearly, ni troi;,:en. pcntoxide and trioxide will 

alsc be abatl'lnt under these conditions. Tht conc@ntration of 



nitrogen tetroxide will also be negleoted; this 1s further 

diacu:uied below (Section IV-0). 

Since it has been shown that there 11 no lag in estab­

lishment of the equilibrium 

NO + NO;a • N203, 

at l•ast within the l1m1 ts of obs•rv&"tion of the apparatus• 

it follow$ that any reaction which proceeds with a measurable 

velocity in such a system must :furnish th• end-product :m,ro2 • 

The two :rea.otions which thus oome into oonside:ration a:re 

and 

NO -t- N02 + ¾0: 2HNO,a 

M303 + HaO • 2EN02 • 

(a) 

(b} 

For the purposes of this investif;a.tion, however, it is ir:m1a­

ter1al which of these reactions is the faster. Indeed, no evt~ 

dence is furnished oonoerning t.his point, aa the variables 

PN0 1 , P l'{.,o3 and PlNLo~] ( = P No,. + P 11 .. o.J @.re essentially identi­

oal, differing at ~l timea only by a scale factor. In a.riy 

evint, the net reaction can be writt~n 

[N303J + H;aO : 2HN0a 

( where the notation [N2o3J @1€;nif:1.es o:i:12.ilable ni trot::m:1 ses­

quioxide) with the equilibriur:1 constl?.nt l( = 1.1 as discussed. 

in Section III-B. Remembering tbat PNo : 1, the d1ffe:::·entittl 

rate equa.tion can be expressed by 

k ;~ = Y [(a - 1)(b - i )- f-] {l) 

where :t' d®notes P11NoL as a function of time t , 

~ is tho initial v.2"'lue oi p[N.,_&,J, 

b is the initial vduG of PH.o ) 



k is the assumed rate constant of the forward reaction 

and Y is a facto:r whioh may be variable, :reflecting any in-

fluences which a.ffeot forward and revers• reactions equally. 

'rhe validity o:f this exp:r1ss10n follows if it be assumed that 

the mechanisms of the :forward and reverse rea.otions in non­

equilibriuu.1 mixtur,u1 at any instant are the same as those of 

thfi reaotion:s which balance when equilibrium is reached. 

lf the factor Y can be exprtu!lsed aa a polynomial in x , 

ox if 1 t is constant, ·this expression may be integrated by a 

straightfor1ivard mttthod involving put1al fractions. If Y ts 

taken to be a constant.corresponding to the obvious hypotheeia 

tha.t oollision between su1 tably a.otivateed molecules o:f N2o3 
and H2o is the rate determining step. and if K is assigned 

the value 4, the integrated ourve prove$ to be of the form 

(2) 

'tihero Xoo denotes the equilibrium pressure of FIN02 and 

m is a nu.merioal factor 1nd.tpendent of x and t . 

Thus under these oondi tions a plot of l°J- (x.,,., --x) vs. t gives a 

stra.ight line whose slope is proportional to "I ; a convenient 

m"ti.l.sui·e of -this ilope iis the half-time, which is constant and 

inversely proportional to ")>\ • 

It Cttn be shown th~.t if K is of -the order of m~,€:;ni tude 

of 4 t.l:.~ s.a.i:,e xels.tiona hold ap1;roximately, (f.nd th!i<.t this iii 

also tl'ue even if Y is vari&i.ble, as long a..s its ma.Gnitude 

does not cha.11Le 0:t'eii,:.tly ch:r1ng the cou1·se of reaction. In 



agreement with th,u1e considerations it 11:aJJ found that semi-

log plots of the individual runs did indeed furnish appro.:xi­

:mately straight lines, rand that thG slope of such lines de­

pended upon the initial conoentra.tions of the reag·onts much 

more sensitively than did the curvature. (See Figure 5, 1n 

which ourves a and b c:mrrespond to the photograph, Figures 4a 

and 4bt re&1pect1vely.) The prooedure adopted, ther@fore, waa 

to plot the data in terms of displacement from equilibrium vs. 

time on semi-lo&c; paper, draw th• most plausible straight line 

through the point•, and measure the apparent half-time from 

this straight line, the order of reaction was then tested by 

investigating the dependenoe of this apparent half-time on the 

initial oonoentrationa. 

B. Derivation of Order Tests. 

Rearranging (1) loads to the equation 
dx 

which can be integ:ra.ted exactly with the a.id of Pierce• a in­

tegral 68. Utilizing for oomr@n1ence the subd.tutions 
'-1-K R = y (4) 

and applying the ini t1al oond1 tion, ~ = 0 when -t =- o , the re­

sult 1• 

(6) 

solving for x gives 

x =- R-'[-{ a.+b) + FT~t ( ~t FY+- r:o-J,-' ~I,)]. (7) 



0.02 0 .. 04 0.06 0.08 sec . 

Figure 5. Displacement fr om e uilibrium vs .. time {semi-log plot) 
Curve a, Run IV-59, corresponding to Figure 4a 
Curve b, Run IV-52 , corres onding t o Figure 4b 



As t increases without liini t, x°" approaches x uo • .a.nd (?) be-

comfHII 

~-a.-b 
tr 

001:~bining this with (7) one :f'inda 

(8) 

,_ - x = : [ I -~ ( tT F Y + ~ _, a..; b )1. ( 9) 

The slope of the curve representing x.., - x va kt on a aemi-log 

plot is given by 

d 1.,.,_ ( 71.,. -x) 

d ,tf 

or, since ,<VLJ_ ,_ 8 ::c / - W 2. {), 

d ;,~~-J =- - q [I + l4.M.h ( .lrf FY 4- tJ -I Kb)]. (10) 

This increases monoton1o91ly with time, the ratio of final 

value to initial value being expressible as 

(11) 

It is not d1:f'f'icult to show that this ratio is a maximum when 

a and b ue taken equal, corresponding to the value 

'>f ,.,,o,, = 4 /(:1.+✓lr). (12) 

Assuning a value of /,( not less than l, 11 would be not greater 

that ll/3. Examining the shape of the app:ropria:te hyperbolic 

tan2:,ent curve, one finds that the major part of this vari~tion 

in slope occurs durinc; the :first half-time of the reaction. 

Thus a set of data which accurately followed such a law could 



be approximately represented (on the semi-log plot) by a 

straight line asymptotio to the curve. 

Another oase of interest ia that Y may be proportiona.l 

to the ooncentrea,tion of one ot the reaota.n1ni. If Y = b - ½ , 
equation {3) may be oonventently r•uranged into the form 

f (rk dt : (A-,c)~:,c)(C-x) 1 {13) 

wher• A , B , and C are the magni tudea of the roots of the 

polynomial in the denominator. Specifically, 

(14) 

(15) 

C = 2..1:, (16) 

Re-expressing (13) in terms of pa:rtial tractions, it b•oomea 
I Jx. d d.-i. 

gRkdt= (A-1-B)(C-A)(A-;c) +- (f3+A)(;+C)(B+x) (C-A)(B+C)(C-,c) (l?) 

or, remembering that dx= d(B+7f)=-d(A-x)=-cl(c-x)) 

, dh(l-f) JQ..,..(!+73) Jl!,.,..{i--t) 
"i"Rkdt :-(A-r8)(c-A) -1- (f3+-A)(6+C) + (C-A)CB+c) • (le) 

(19) 

As t increases without 11m1t the last t·«o tu:ms of (19) ap­

proach zero, so tha.t using (14), (15), and (16) the a.symptot1o 

slope is found to be 
d L (x~ -x) "'_ F(b _ ,c-) 

k di- "-- :l.. 2 • 
(20) 

It is interesting to note that (19) is forr.11dly equivalent to 



the asymptotic ~pr.ro.xima.tion 
d L, ( "):- - X) F y 

k. df ~ - T (21) 

derivable from (10). 

From the preceding d15cnuision it will be clear that the 

apparent half-time to be used in testing the dependonoe ot 

rate upon concentrations should be obtained from a line asymp­

totic to the data rather than one passing through the data 

themselves. Because of the relatively large sta.ndard error 

of the individual points, however, this was not p:ra.ctioal and 

the method outlined in Section A was followed. In this mann•r 

an apparent 11a.lt-t1me .- was found for ea.oh individual :run, 

and combining th1$ with the recorded oonoent:rat1ons the quan-

ti ties .- F , r F (b - x:z.,,.) , and oth@ra were calculated. The 

assembled values were examined for their constancy particularly 

with r•ferenoe to the existence of any trends relating the 

02.loulated values to the initial ooncentr&.tions or the ratio 

of initial conoentr2.tions. 

c. Discusa1on of the a.~;1)l"oxim$,tions. 

For purposes o:f discussion, three principal approx­

imations t:1ay be reoognizGd: (i) the assumption o:f linear re­

sponse of the detecting and recording syitem; {11) neglect of 

complicating factors in inten:preting the oomposi tion of the 

:re.1icting mixture; (iii) unce:rtainty 1n1he determination of 

the asymptotic half-time fo:r each run. The first :'.3,ssumption 

·.1as checked by calibration, as discussed in Section II-G; 

the e:r::rors due to non-linenri ty of this r:;1ort in &.11 , .. roba1;il­

i ty would affect observed ampli tucle diffe:u"tmcss by less than 



5 per c@nt. A syster:1s.t10 error is indeed introduoed in aasum.-

1ng that the quantity x:"" - x- is linearly dependent on the 

distance o:I:" the points on the tracing from thfJ equilibrium 

position, since the intensity o:f trans1:1itted light is an ex­

pommtial function of 'the concentration. This may be illus­

trated by a oalculation, using the data of :run IV-52 (which 

ha& btUHl previouraly 01 ted in Section III-B). From the photo­

gra.ph the steady state amplitu.dct and equilibrium amplitude 

were 2:,.0 and 26.0 inchGs, respectively, cor:reapond.ing to 

PrN.osJ of 0.0119 and 0.0085 (calculated from equation III-l). 

A point giving the exactly intermtd1ate amplitude 24.5 inohes 

would correspond to PrN~olJ • o. 0103, while the linear approx­

imation would give inst•ad 0.0102; the half-time calculated 

on this baais would be shorter than the true v~u• by 6 per 

cent. This exanple is an extreme one beoause the amp11tudf 

change involved is large. In moat runa the error oau&td by 

this procedure would be certainly less than 5 per oent. 

Complicating :factors in determining the oou:oosition of 

the reacting r:iixtures are the presence of ni tror.en tetroxide, 

the change of rr,1.ssure of ni trio oxide as a :result of :reac­

tion, and the fact that the gas mixture at the exit end of 

the light path is older than that near the inlet. At as0o, 
the dissociation oons'bG of N204 is 0.14 a.tm., :from wh1oh it 

may be shown that PN~o" = 7 P;ot = 3 F}~
1
oaJ ~ 1. e., the pres­

sure of N2o4 ranges up to about 10 per cent of the total a• 

vailable ~{203, being in most cases nea.xer to 5 per cent. If 



:N;a04 is a non-pa,rtioiJ)atint; molecular species it should a,f ... 

feet ·the half-tim• by providing a r~se:rvoi:r of f N2o3J whioh 

would not bs deteoted by absorption of light. This effect 

should be compaxa.bls in magnitude but oppoai ta in sign to 

that of the systema.t1o orl'o:r d1sc:-usaecl in tho previous pru.•2.­

gra.ph, providing some compensation in this respect. The 

change in PNo due to its disappearance in the rea~ot1on 1• 

of the order of one per oent or less and may legitimately be 

neglected. Non-uniformity of the gas mixture in the light 

path is not particularly disturbing beoauae of th© fortunate 

oiroumstanoe that the coux1e of the reaction is approximately 

exponential, so that the half-time is :roughly the same for i!,ll 

parts of the system and consequently is given by that of the 

integrated system. At any ra.te, the maximum ag• di:fferenma 

to be considered was about one hundr•dth of s. second, so that 

no important eff@ct would. be expeot•d exoep't p~rhaps for those 

runs giving the very shortest half-times. 

Uncertainty in the determination of the half-time is due 

to tr.o principal c~.uses, ne1.mely uncertainty in deterninins 

the yroper slope on the semi-log plot, due to scatter o! the 

1ndi vi dual 1)0:ints, m.x1d uncertainty in the d•termimi.ti on of 

the value x_ -x tor the ind1 vi dual points due to drift of 

the pattern. As may be seem by examining Figure 5, the points 

whioh axe useful in the semi-log plot range over a period of 

only two or three half-times, so that t.he half-tine estimated 

is likely to fall between the asymptotic vri.lue a..."1d the initial 



va.lue. The qu2.nti ty "ti , defined as the X£.tio of final to 

initial slo:pe of the th.eoretictl curve on the semi-log plot 

(i.e. ,[d £... (-x.oo -x.)/JtJ,.,/[d L (x. -x)/J.t ], ) has alreJ&tdy been 

sh.01.m (Section IV-B) to vary i)etwoan 1 and l. 3 on the asswnp­

tion of <-"' sfisoond ordeli' rate law. A similar treatment shows 

that if a thi:rd order ri8.te l.aw is assumed> >t may vary ove:r 

somewhat wider l1m1 ts. Setting x "'o in equation (17) and 

l'fiH,1.l'ranging, 

j; "'[-i -;c~~ct c?;~c)] = - ~ R(A1-B)(c-A) ), (22) 

hence [-dL..(i.o.-x27 J..,<. 1 Rec.(A+f3){c-A)(B+c) (:3;5) 
k d.t Ji. =- - A hdt =a - ~ l3C(l3+C') + CA(c-A)-Af3(Art3) 

But :from equetion (19), since thG last two terms vanish itt 

fd t,., (x..., -~)1 = - _!_ R ( A + B ) ( c -A ) 
kdt i ' 

00 

(24) 

giving 
CA (c-A)- AB ( A -t- l3) 

>t=I~ BC(S-tC) (25) 

To illustrate the magnitude of~, results of caloulat1on tor 

TABLE II 

axl02 bxl02 Fx102 A(= x .. )xl02 Bxl02 o{:2b)no8 
'I 

0.5 2.5 4.7 0.65 2.9 5.0 1.oe 
1.5 2. 3 7.1 1.25 4.). 4.G 0.95 
1.5 1.5 5.7 1.02 3.,3 ,3.0 D-87 
2.5 1.0 5.2 1.03 3. r/ 2.0 o.s2 



The values of ~ obta,ined in examples 1 and 4 represent the 

extremes to be encountered in this study; 2 and 3 are more 

typioal values (the data in line 2 correspond to those of 

run IV-52, already cited in Section III-B). Sinc,e the. slope 

changes most rapidly dUring the first half-time of the zeao­

tion it is likely that the slope of the lin• ohosen will dif• 

fer from the asymptotic slope by considerably leaa than is 

indicated by the factor~ . The average error from this 

oause 1s probably of the order of .10 per oent or leas, •xoept 

possibly 1n a few oaa•s where the ratio alb is unusually high. 

The drift of the pattern following its sudden displace­

ment presents a less easily handled problem. This effeot is 

clearly evident on those photographs in whioh the half-t11m• 

ie very short; the observed displacement rises sha.rply to a 

maximum, then falls<Ct more slowly. If it be assumed as a 

first approximation that this drift also follows an expone~­

tial law, its half-time may be estimated as about 0.10 to 0.15 

seconds. An attempt was made to estimate the l'!J&gnitude of the 

uncertainty from this cause in the following way: on trad.nga 

derived from several runs of very short half-time, the sloping 

envelope of the latter portion was extrapolated linearly and 

the half-time wae dttermined from a semi-log plot representine; 

the d.ata a.a displaoement from this line. This resulted 1n an 

increase of 20 to 25 per cent for half-times estimated by the 

ordinary method as less than 0.02 seconds. Since this pro­

cess oould not be applied 1n most oases, the trend of the dis­

crepancy with increasing half-time could not be determined, 



but it seems likely thra.t as the promine:noe of the ma.ximum 

lessens the disturbanoe of the mtt.ruilured half ... time do~s also. 

D. The results. 

Listed in Table III are the temperature, oompoaition, 

and total flow rate for ea.oh experiment, together with th• 

half-time ~ (determined as explained above) and the produote 

r F and r F ( b- ; 00) whioh serv• to teat respectively the second 

and third order hypotheses. Figures 6 and 7 present theae re­

aul t~ graphically. In i'igure 6a, where the value a of t"' F a..r• 

plotted against b, the initial pressure of water vapor, there 

oan be observed a distinct trend in the sense of inverse vari­

ation, whereas in Figure 6b a oompuable plot of r- F(b- "~)vs. l, 

d1sµlays no such trend. In figures 7a and 7b respectively, 

the ea.me products are plotted aga1n&t et , the 1n1 tial value of 

Pftl2.o,J , the "available" N203 • No trends are evident in these 

charts, but it can be seen that the points in Figure 7a are 

more widely scattered than those in 7b, with respect to both 

the extreme range and the :range of more :frequent values. Thus 

in 7a, the ratio between highest and lowest values is about 10, 

while in 7b it is near 4; s,imilarly in 7a, the ratio between 

values excluding the highest and lowest five per oent of the 

points is 3.5, while in 7b it is l.9. 

These oonsid•rations indicate that of the hypotheses test­

ed the third order law oorxeaponding to J~quat1on IV-3 with 

is the most satisfactory; i.e., the reaction may be 

considered :f'ixst order with respect to N2o3 and second order 



• 

40 ... 
I 
• 20 

10 

" • 
0.5 1.0 1.5 2.0 2.5 

Figure 6a. 

40 - • • 
• 
11 

•• 
... 
~ • • 

20 - • a •• y ,1• 
• .. _..,. 

- II .. ,, a _,.. t , .... - --111911 ..... 
" ... . -- ,, 

• • • IC • 10 - • • 

r I I I I 

0.5 1.0 2.0 

Figure 6h. 



• 

40 
II ,. .- • • • 

" • .. • • ... JI 
,c • • " •r • •" I ••• • • J • 

20 " JO( •• • 
IC • • •• ,, 

* 
,, • • •• •• • 11 • • It •• • IC • • •• • • JI ..... • • II 

JI • • • • • • • • • • • • .. • 
10 • JC •• - • • 

IC • - • -" • • 
• • 

0.5 1.0 1.5 2.0 2.5 3.0 

Figure ?a. -rF~10"' V.,. Pr~aO,}i X /0" 

40 

·ti: ,,\II • • • ~i • . .. .. .... • 20 .. • _. a C at1 -. • "•..,. ..... • " tC .- • • -· ~ 7•• • • • • " ., . • • ......... -~ • • It • • ca • • • • IC " • • M • • • • • 10 •" 

0.5 1.0 2.0 2.5 

Figure ?b-. 



with respect to H2o. The reverse reaction must, for consia­

tency, likewise be assumed to be third order, its rate de­

pending on the f1rgt power ot water vapor pressure and the 

square of the pressure of nitrous aoid vapoJ. 

Table IV presents -t.he data concerning tlle 'tests on dilu­

tion of NO.Noa mixtures wi 'th N2• A separa.te blank was taken 

for each run; the photographe obtained show•d no evidence ot 

lag in a.ttaining equilibrium. 

TABLE III 

Film T Flow PcN.01]i P,,,.o; P[N,()JJ; F 1" rF -rF(h- ~-) 
no. oo R!te x 102. x 101 

Pl-4.o, 
I /0._, JC ,02. dO" K /O' 

om /aec. atm atm a'b! aec 

I-1 25 9.5 1.48 1,43 1.03 5.6'1 2,8 16 15 
2 25 9.4 1.sa 1.42 1,08 5.92 2.1 16 15 
3 25 9.2 1.59 l,42 1.12 e.02 2.1 17 15 
5 25 8.9 l,24 1.43 o.a? 5.35 3.0 16 15 
6 25 a.a 1.aa 1,42 .90 s.25 3.0 16 15 
7 25 a.1 1.;sa 1.43 .sa 5.51 3.1 17 16 
8 25 a.e 1.37 1.42 .87 5,60 2.1 15 14 
9 25 a.a 0.90 1.42 .63 4.57 4.6 21 21 
10 25 8.5 .92 1.43 .64 4.54 5.0 23 23 
11 25 8.2 1. ()() l.42 .71 4.01 4.4 21 21 

1 1) ,~ 25 e.2 1.00 1.42 .71 4.81 4.,3 21 21 
13 25 a.o 0.63 1.42 .44 3.88 6.0 23 25 
14 25 8.0 .66 1,42 ,.45 3.96 5.6 ,,, ~-·, 

G~ 24 
15 25 ?.ts .67 1.41 .47 3. 96 5.7 23 25 
16 25 7.8 .. 69 1.41 .49 3.89 6.9 23 25 
21 25 7.0 2.32 2.01 1.12 a.as 1.4 12 16 
22 26 1.0 2.33 1.99 1.17 8.67 1.4 13 15 
23 25 6.9 2.36 l.H3 1.22 a.so 1.3 11 13 
24 25 6.8 2.44 1.92 1.27 s.7o 1.6 14 16 
26 25 9.6 l,d58 2.05 0.88 s.ao 1.5 10 15 

27 25 9.6 1 .. 41 2.05 .69 6-86 1.6 11 16 
28 25 9.2 1.50 2.05 .73 7.07 1.8 13 19 
29 25 8.9 1.eo 2.02 .79 7.23 1.5 11 15 
30 25 a.7 1.25 2.03 .62 6-45 l.6 10 15 
31 25 8.6 1.24 2.03 .61 6.42 2.3 15 22 



TABLE III {CONT.) 

Film T Flow Pc1v .. 0.3]i PHLOi PrN,OJ] i F T -r F rF(b- ;ry 
no. oo Rate X 102. -r 102. F:t .. o; 

~ 101.. .,,. ,o ... ic 10 04 "106 

om3/sec a.tm atm a.tm seo 

I-32 25 8.6 1.32 2.03 0.65 6.61 1.9 13 19 
33 25 8.3 l .. 40 2.0:s .69 6.80 l.9 13 19 
34 25 8.2 0.94 2.02 .46 5.63 2.2 12 19 
35 25 8.0 1.06 2.00 .53 5.92 2.1 12 19 
JS 25 8.0 1.oa 2.00 .54 5.97 a.o 12 19 
37 25 7.7 1.16 2 .. 00 .58 6.18 l.4 9 13 
38 26 7.4 0.69 2.00 .34 4.90 2.a 14 23 
39 25 7.4 .?3 2.00 .37 5.01 2.s 13 21 
40 25 7.0 .84 1.99 .42 5.31 2.6 14 22 
41 25 7.0 .86 l.99 .43 5.37 2.1 ll 17 

42 25 7.1 1.52 1.02 1.49 5.02 6.8 
47 25 6.7 1.08 1.04 1.04 4.26 8.5 36 24 
48 25 s.e l,O8 1.06 1.02 4.35 8.1 35 24 
49 85 6-5 1.12 1.03 1.09 4.32 8.0 35 24 
86 25 9.7 1.03 1.44 0.71 4.92 4.8 24 25 
67 25 9.4 1.us 1.42 .ao 5.08 4.6 23 23 
68 25 9.1 1.19 1.44 .83 5.16 4.1 21 21 

II-3 24 6.8 1.03 1.50 0.69 4.90 3.6 18 19 
4 24 6.8 1.09 1.50 .73 5.20 3.6 21 22 
5 24 6.7 1.19 1.50 .79 5.40 4.1 22 23 
6 24 6.4 1.68 a.40 .70 7 .. 50 0.9 6 10 
16 24 ?.1 1.39 2.10 .64 7.00 1.6 ll 17 
17 24 7.3 1.23 2.16 .57 6.70 1.6 11 17 
18 24 1.2 1.25 2.15 .58 6.70 1.7 11 17 
19 24 6.9 l,10 1.00 .. 58 5.90 2.5 15 21 
20 24 6.9 1.22 1.90 .64 6.20 2.1 13 18 
21 24 6.9 1.29 1.90 .68 6.40 2.4 15 20 

22 24 Ca7 o.a9 1.56 .57 4.80 5.8 28 33 
23 24 $.8 .93 1.57 • 59 5.00 5.2 26 30 
24 24 6.7 .95 1.58 .60 5.00 5.0 25 29 
25 24 6.3 .10 1.07 .10 3.00 20. GO 40 
29 24 e.o 2.12 2.35 .90 9.00 l.3 12 19 
30 24 6.9 2.22 2.34 .96 9.10 1.0 9 14 
,32 24 5.7 2.00 1.95 1.03 7.90 1.9 15 19 
33 24 5.7 2.04 1.9e 1.05 a.oo 1-.3 10 13 
34 24 5,4 2.02 l.95 1.04 s.oo 1.2 lO 13 

35 24 5.4 2.01 1.95 1.03 7.90 1.5 12 15 
36 24 6.3 1.43 l.4& 0.9$ 5.80 2. 9 17 17 
37 24 5. 3 1.43 l,49 ,96 5.80 3.5 20 ao 
38 24 5.3 1,46 1,49 • 98 5.90 3.5 21 20 
42 84 4.8 3.27 a.os 1.,59 10.50 1.6 17 lH 
43 24 4,6 3.16 2.01 1.57 10.20 1.1 ll 13 



II-44 
45 
48 
47 
48 
49 
50 
51 
52 

53 
55 
56 
57 
61 
62 
63 
64 

III-2 
4 
6 
8 
ll 
12 
13 
18 
19 

IV-3;;:. 
23 
27 
29 
Z>l 
33 
35 
.38 
39 

43 
45 
46 
.. 1,.a 
49 
51 
52 

T 
OQ 

24 
24 
24 
24 
24 
24 
24 
24 
24 

24 
24 
24 
24 
24 
24 
24 
24 

24 
24 
24 
24 
24 
24 
24 
24 
24 

23 
23 
23 
24 
24 
24 
24 

24 
24 
24 
24 

Flow 
Ra tc. 

om3/sec 

4.6 
4.6 
6.7 
6.5 
6.4 
8.2 
6.l 
e.o 
5.9 

5.9 
S.6 
5.5 
5.5 
5.0 
5.0 
4.9 
4.9 

6.9 
6.8 
6.8 
6.4 
e.o 
6.0 
5.9 
5.4 
S.4 

3.4 
3.3 
3. l 
8,l 
8.l 
8.l 
s.1 
7.9 
7.8 

7.5 
7.4 
7.4 
7.4 
7.3 
7.1 
?.l 
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Pcf'I._0.1]; 
Ii ,o~ 
atm 

2-57 
2.57 
1.83 
1.95 
2.54 
2.51 
2.so 
1.87 
l.98 

1.98 
l.65 
1.ss 
1.e7 
0.94 

.95 
1.03 
1.03 

1.91 
2 .. oa 
2.27 
2.a2 
2.13 
2.20 
2.52 
2.45 

2.9 
3.0 
3.2 
1.ao 
1.ao 
1.ao 
1 .. 80 
1.as 
L,90 

1.44 
1.43 
l.46 
1.43 
1.45 
1.49 
1.48 

1.49 
1.49 
l.50 
1.50 
1.51 
1.50 
1.51 
1.26 
1.26 

1.26 
1.01:1 
1.11 
1.11 
1.78 
1.19 
1.77 
1. 7·7 

1.42 
1.43 
1.43 
1.43 
1.45 
0.94 

.91 
2.21 
2.27 

l.38 
1.43 
2.04 
l.89 
1.89 
1.49 
l.49 
o.sa 

.95 

1.73 
l. '73 
1.22 
1.30 
1.68 
l.67 
1.12 
1.48 
1.57 

ld57 
l.51 
1.49 
1.51 

.53 

.58 

.58 

lu34 
1.45 
1.5B 
1.83 
1.4? 
8.3 
2,5 
1.08 
1.11 

2.1 
2.1 
1-6 
O.95 
0.95 
1.21 
1.21 
1.9 
2.0 

.96 1.50 

.98 1.46 

.ea 1.49 
1.50 0.95 
1. 47 . 98 
2.3 . 65 
2. 3 . 65 

F 
x 101 

atm 

8.00 
a.oo 
6.60 
a.so 
7.00 
7.80 
7.90 
6,20 
G.30 

6 .. 00 
5.60 
5.40 
5 .. 40 
5.20 
5.30 
5.40 
6.40 

6.70 
6.90 
7.20 
7.70 
7.00 
5.90 
s.oo 
9.60 

7.50 
8.50 

10.30 
7.40 
7.40 
6.60 
6.60 
5,.43 
5,48 

4.75 
4,80 
4.85 
5,90 
5.87 
7.50 
?,47 

r 
",oi. 
sec 

3.1 
2.3 
1.9 
3.8 
4.2 

5.5 
6.5 
e.s 
6.3 
2.9 
3.0 
2.9 
3.3 

2.1 
2.7 
2.4 
2.6 
2.5 
s.o 
a.a 
1.4 
-, M 

J.. • l_± 

J.5 
J.8 
5,l 
4.4 

5.7 
5.7 
5.7 
3.5 
4.4 
1.4 
l.4 

rF rF(li- ~00

) 

•ID" x.fo' 

18 16 
18 15 
17 16 
10 18 
24 20 
18 15 
15 13 
23 17 
27 19 

35 25 
35 22 
35 23 
34 22 
15 19 
16 22 
16 21 
18 24 

14 12 
19 16 
17 14 
ID 16 
25 15 
36 16 
37 16 
15 19 
14 19 

18 13 
f:;6 19 
16 lS 
13 lV 
16 21 
23 22 
25 24 
28 14 
2-3 11 

2? 15 
27 15 
;::37 15 
17 17 
2G c.::5 
11 17 
11 17 



TABLE II! (CONT.) 

Film T Flow FfN.03] i p HLO. p[NaO:,]i 
p t' rF -r-F(h-~"') 

Ho. OQ Ri.t$ X /01. lf !O a 
p H1.0 i 

X /0'2. ,: ,o .. '-'{0~ X/0 6 

omv/seo atm a.tm atm SitO 

IV-54 24 8.9 1 .. sa 1.52 1.04 6,23 4.0 25 25 
55 24 6.8 l.33 1.50 0.89 6.70 4.6 ~ 25 
56 24 6.7 0.99 1.52 .86 4.95 s.e 28 30 
59 f~. n: 

""£.: B.6 .'78 1.51 .51 4,.43 a.~ 37 J9 
65 24 e.o 2.3 1.50 1.5.3 1.sa 8.1 23 ro 
66 24 5.9 2.4 ,, l ,:;,. 1.14 9.05 1.7 15 20 
67 24 5.9 a.4 1.s7 l.4J s.10 2.8 23 22 

V-19 2.3 6.5 1.so 1.a3 o.ss 6.90 l • 3 9 ll 
21 23 6.5 1.63 l,83 -89 6.90 1.0 7 10 
24 23 6 .·i;-:; .o 0 .. 81 1. ::;;s .44 4,80 2.4 12 17 
00 23 7.5 .75 ld::13 .41 4.50 ,3. 0 14 31 
31 23 7.2 .79 l.70 .4H 4 .. 70 2.9 14 18 
43 25 ?'.6 1.03 1.a3 .56 5d30 2,0 11 14 
45 25 7.6 1.0:s 1.s;s .56 5.60 2.2 12 16 

VI-14 24 4.0 2.1 1.45 1.45 7.00 3.3 23 20 
17 24 3.8 ~ .. 2 1.45 1.s2 7.20 2.5 18 15 
23 24 3.6 2-4 1+45 1.55 7.50 3. 2 24 ao 

TABLE IV 

Flo! rate T Dilution 
om· /seo oo Ratio 

Nz NO Oa N2/NO 

l 4.1 1.a 0.031 23 2.3 . ..., 
.:, 4.1 l. r/ .028 23 2.4 
3 7.1 l.6 .021 23 4.5 
4 3.3 l.6 0 ')0 • u,:.· ~13 2.1 

As a result of this observation, alower limit rnay be eeti­

ma.ted for the rate of d1ssoo1at1on of n1 troi::;en sesquioxide. If 

the 1·ate constm t and equ:ilib:rium oonstint for ti1e dissociation 

are kc and K, respectively, the diffG~ential rat~ equ&t1on 



may be written 

(l) 

Setting o.'=PNO 
l l 

and P,.,,o .. , so that 

(1) is also expressible as 

- j;, ~ kc { O.:_-tl11;co} 

= k.[et'(l-t,-)- °"~0]. (2) 

This 18 readily integrated to give the expQnential rate law 

I aPNo -u-;0 Jk,t( I aP,.,.,) 
a = p_ + e ' ct· - o K,-,,0 ' K,-r,.,0 > 

whioh leads to the halt-,1me 

J( t... :i. 
le:: k,(f{-~J) 

(3) 

(4) 

P,., 0 being considered constant during the course of dissocia­

tion. 

Since the highest flow rate used in these tests was near­

ly 9omi/see. and the volume between the point of dilution and 

the point of observation about O.l om3 , it may reasonably be 

ae8umed that the lapse of at least two half-tim~s required not 

more than 0.01 seo. In the same run, ~o was less than 0.2; 

Kc is 2.1 (se& Section III-A). Substitution of these values 

in (4) provides the estimate kc < 150 88(.)"°'1. 



V. CONCLUSIONS 

A. The rate constant. 

Assuming for the formation of HN'Oa the rate law 

which has betn di souaaed in Part IV, the ra. te oonatant k may 

be oaloulated from the relation 

1. P-. 2 
k = rF(b- ~"") 

where the denominator is the pz-odact represented in figures 

6b and 7b. fhe median value of this produot from all the ex­

periments is l.9 x 10·5 , which, when substituted, leads to 

the result at 23 to 25°0 with PNa = l atm., /{ : 7. 3 x 104 

..,,. -a -l a .. m sec or log k ~ 4.86 with a probable error of o.09, 

corresponding to a factor of 1.a. 

On the same baste, treating the forward and reverse pro­

oesaes separately, one finds 

I I ,_ 
k =2 n= 

7 2 .,_ . 

and since (Section III-B), 



: 1.1 x 105 atm-2 sec•l 

: 6.8 x 107 l~ moles•2 sec~l 

Finally, for the reverse reaction> 

_ d P,,Nt), = k ,,, p 2 p 
dt HN02 H.,O 

k 111 = I<. If(, 
J 

taking Ka 1.1 (Seotion III-.B), 

k"'.s. a X 104 atm-2 seo .... 1 

.4.0 x 107 12 moles-2 sec -l 

It is clear, of course, that the values here given oan 

apply only to the assumed third order law. If one should 

clloose rather to ignore the trend of th• results with water 

vapor pressure (discusses in Seotion IV-D) and apply the sec­

ond order law 

the corresponding vcl ues of ,~, h' • f1" , and It"' would ea.oh be re­

duced from those given above by a factor of very nearly 100 atm-1 

or 2500 l,lmole. 

B. Comparison with kinetic th&ory. 

Since the rate of reaction p-oves to be very high in 

spite of the rather smal 1 ooneentrations of the reactants, 1 t 

is of inte:rest to dfd,ilrmine wheth•r the simple kinetic theriJ"y 

predicts a sufficiently high rate of triple oolli&iona to a.o­

count for the observations. For a typical mixture in which 

th& pressures of water vapor and of available N203 were both 
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0.015 atm., the required collision rate at 2500 would be 

Z = N d fcN.0,1 = N I., A P. 1. - 3 /0 ,, -J _, 
3 V J f V " [rl{1'3J "·() - X ~ '2.L~ 

( N represents Avogadro's number and V the molar volume). 

The number o:t oollis1ons to be expected may be estim&.ted, 

following Hinshelwood (13), in 1he following manner. The rate 

of binary collisions between molecule& of different apecies 1• 

given by 

where ~A and n 0 are the numbers ot molecules of the two kinds 

pE1r oub1o c~ntimete:r, V1111 1$ the :mean of the molecular dia­

meters and~ is the reduced molecular weight of the pair (1••~ 

; "';,. -t-*). R is the gaa constant { = 8.3 x 107 c.g·.s units 

per mole) and T the absolute tfimperature in degrees Fi.. Under 

the cirour,tstanoes oi ted above, -n.rN.._011 and 7111,0 would ~utoh be 

4.0 x. 1cl 7 with 11"' c • 1.3 x 1017. In th• absence of a.courate 
> l 

dat.a regarding the molecular diameter of N203, we may take 

4 x 10-8 cm. as a .reason&ble value for <:rAa ; µ for Nz03 + H2o 

is 14.7. These substitutions lead to th® result r~ = 1.7 x 1024 

per sec. 

As an approxima.tion, the ratio of the number of ternary 

collisions to the number of binary collisions may be taken to 

be the same as the ratio of the diameter of the third molecule 

to th._ mean free path for that species. The mean free pa.th 

of water molecules at 0.015 atm. and 25°C, assuming ~HLo= 3 x 10-8 

cm. ~ would be 



and the ratio 21/z2 : 5 x 10-5 . Multiplying by the value oalou­

lated for Z,. gives Z3 :: 8 x 1019. Thus assuming that Nao3 is 

the participating speo1•a, approximately one t•rnary ooll1s1on 

1n twenty-.fi ve results in reacrtion. 

While this 11 a oom:tortable margin :from the st;.ndpoint of 

oolliaion frequenoy, it must be observed that the requiri}ment 

of a certain spatial oonf1gurat1on for the reaction complex 

might easily :reduoe the probability of .reaction tor each su1 t .... 

able ooll1sion by an order of magnitude. If this picture is 

to apply it ia neoessary to conclude that the energy of aot1va­

t1on must be praotioal.ly nil. This, of course, ia a oomrnon 

characteristic of third order gas reaot1ons and, in view of 

the probability that the heat of reaction (as well as th• fr•• 

energy change} is very small for this system, it is perhaps 

reasonable to expeot it to hold here also. 

Since the rate of the reverse re~otion is of the sane order 

of mais;nitude a.a that of the :forward reaction and e1noe the a­

mounts of products and of reactants in equilibrium ciiXtures are 

comparable, the considerations given above apply equ.a.lly well 

to thG reverse prooe~s. A oult>ua oonsequenoe of the third-

order law is that wat4iir vapor 1a apparently a catalyst in the 

formation of an acid anhydride {N2o3 ) from the aoid vapor. 

It should perhaps be remarked that although the third­

order hypothesis is reasonably satisfactory in explaining both 

kinetics and mechanism of the reaction 



NO+ N02 + HaO • 2HNOz, 

yet because of the rather limited range of the eonoentrations 

used in this study it oannot be regarded as well-established. 

The true explanation ot the observed behavior may well be es­

sentially more complex. 
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Propositions submitted by Lowell G. Wayne 

Ph.D. Oral Examination. September 16, 1948, 1:00 P.H., Crellin Conference Room. 
Co1J1J11i1itee: Professor Yost (Chai~), Professor l3ates, Davidson. de Prima, 
Kirkwood, Niemann. • 

l. a. A theorem which is illuminating in connection with the behavior of 
dissociating gases such as N204 may be stated as follows: in any system con­
sisting of a gas and its gaseous dissociation products in equilibrium, where the 
heat of dissociation is s'Ufficiently high, isentropic adiabatic expansion de­
creases the degree of dissociation. 

b. As a corollary to this theorem it may be observed that for any such sys­
tem there must exist a minimum temperature, below ~hich exceptions to the be­
havior stated may not occur. This temperature is of the order of magnitude of 
AH/R. 

2. The objections of Krichevsky and Rosen to the Mayer statistical mechanical 
theory- of critical point phenomena. are not damaging to this theory. This paper 
illustrates a common failing in ascribing to nature continuity properties which 
though commonly observed, need not be universal. 

Krichevsk:y and Rosen, Acta Physicochimica USSR_gg, 153 (1947) 

3. More elegant and more flexible than the usual derivation given for bond 
angles in s-p hybridization is a derivation utilizing direction cosines as co­
ordinates for the angular parts of the wave functions and based on the recog­
nition of the orthogonal character of the matrix involved in forming suitable 
sets of hybrid orbitals. 

Pauling, "Nature of the Chemical :Bond", p. 85; Ithaca, 1939. 

4. The rate of dissociation of nitrogen tetroxide has been estiniated by 
means of measurements of the velocity of sound and by the measurement of temper­
atures in a steady flow system. Results obtained by the former method are prob­
ably more reliable but they furnish only rather widely separated limits for the 
rateconstant sought. I propose the application of the impact tube method (re­
ce~tly employed for the evaluation of relaxation times of various gases) for the 
more exact determination of this quantity. 

Richards and Reid, J. Chem. ?hys. 2, 193, 206 (1934) 
Brass and Tolman, J. Am. Chem. Soc: _2!, 1003 (1932) 
Kantrowitz, J. Chem. Phys. 14, 150 {1946) 
Huber and Kantrowitz, J. Chem. Phys. ,!5, 275 (1947) 

5. A theory currently favored by meteorologists to account for the presence 
of cloud-forming nuclei in the atmosphere is that such nuclei consist of nitrous 
acid formed from the elements in the electrical discharge. I propose the con­
sideration of nitric acid and nitrogen dioxide as each more likely to constitute 
such nucei, on the basis of equilibrium considerations as well as comparison 
of chemical and physical characteristics of these substances. Experimental evi­
dence is cited. 

G. C. Simpson, Quarterly J. Royal 1-ieteorological Soc. fil, 99 (1941) 
Crane and Halpern, Phys. Rev . .2§, 232 (1939) 



6. Due to the neglect of the equilibrium N 203 + H20 ;;;:= 2HN0 2 , the values 
given by Abel end Neusser for PHNOa/(J.fN03), the vaporization equilibrium constant, 

are too high by about 10% on the average. If corrected for this effect, their 
results permit the calculation of a value for the standard f~ee energy of form~ 
at ion of nitrous acid (g) which would be sufficiently reliable to justify its 
inclusion in comprehensive tabulations such as those of Biohowski and Rossini. 

Abel and Neuss~r, Honatshefte ~,855 (1929) 
Bichowski and Rossini, The Thermochemistri of Chemical Substances, 
Reinhold, New York, (193b) 

7. The photochemical decompogition of N805 , sensitized by N0 2 , has not been 
observed for wave lengths of 4360 A or more, even though N03 absorbs strongly at 
longer wave lengths. On the basis of the mechanism proposed by Ogg for the de­
composition of nitrogen pentoxide it is to be predicted that the absorption of 
quanta by N02 in the system should accelerate the decomposition, even without 
preliminary photodissociation of the dioxide. I therefore propose a specific 
search for this effect, as bearing importantly on the correctness of the Ogg 
mechanism. 

Baxter and Dickinson, J • .Am. Chem. Soc., -5!_, 109 (1929) 
R. A. Ogg, Jr., J. Chem. Phys. 12,, 337 (1947) 

8.a. Despite the fact that the reactions 2N0 + Cla = 2N0C1, 2N0 + :Sr 2 = 2N0B 1· 

and Br 2 + 01 2 = 2l3rCl are all slow at room temperature, a mixture of the three 
gases nitric oxide, chlorine and bromine has been reported to reach equilibrium 
very rapidly. I propose a simple mechanism to account for this peculiarity, based 
on the postulated intermediate NOC1 2 , which has previously been suggested to ac­
count for the third order kinetics of the reaction between NO and 01 2 

Yost and Russell, Systematic Inorganic Chemistry, p. 43 Prentice Hall, 
New York, 1944 • • -·,.: 
Hinshelwood, Kinetics of Chemical Change, Oxford, London 1940 

b. The multiplier phototube and oscilloscope should prove useful in in­
vestigating this hypothesis. 

9. Smith reports that the gas phase react ion of nitric acid vapor with nitric 
oxide, 2.HN03 +NO= 3N02 + H20, is autocatalytic, following approximately the law 
d(NOa)/dt = (NO)(HN0 3 )(N0 2 ), and that it is also catalyzed by water vapor without 
elimination of the time-lag (induction period). I propose a mechanism involving 
the intermediates N203 and HN0 2 to account qualitatively for the observed behavior. 

J. H. Smith, J. Am. Chem. Soc. 69, 1741 (1947) -
10. In view of the importance of water vapor as a chemical reagent from both 

the theoretical and the practical standpoint it is surprising that so little 
quantitative work has been done on the kinetics of reactions involving it. I pro­
pose that reactions such as the following should be studied, in the hope of obtain­
ing a clearer insight into the mode of action of water vapor in homogeneous react­
ions. 



(1) I 2 + C12 = lCl. Hildebrand has reported that in carbon tetra­
chloride solution this reaction is strongly catalyzed by water and that the 
"wet" reaction has a large negative temperature coefficient. 

(2) N205 + H2 0 = 2HN03. Smith and Daniels found that the rapid re­
action between N2 O5 and NO was strongly catalyzed by water vapor; since HNOa 
reacts with NO more rapidlt than does 1{20 6 , the hydration reaction seems to be 
a probable first step in that process. 

(3) SO+ H2 0 = ? It is claimed that active sulfur monoxide is 
consumed by water vapor ten times as fast at 0° as at 4o°C. 

J. H. Hildebrand, J. Am. Chem. Soc. 68, 915 (1946) 
Smith and Daniels, J. Am. Chem. Soc.~, 1735 (1947) 
N. lvi. Emmanuel, J. Phys. Chem. (u.s.s.R.) ~. 15 (1945) 

(Chemical Abst.racts ~. 3720) 

11. Use of the letter system ing-ading undergraduates at California Insti­
tute of Technology may in some cases have an adverse effect on their future 
placement. t propose its abolition. 




