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ABSTRACT

Using the absorption of light by nitrogen dioxide
a8 a measure of its concentration, the rate of the re-
action NOp + NO + Ha0{g) = 2HNOz(g) has been measured
over a five-fold range of water vapor and nitrogen di-
oxide concentrations, with nitric oxide greatly in ex-
cess. Changes in light intensity were detected by means
of an slectron-multiplier phototube and recorded by pho~
tographing the soreen of a cathode~ray oscilloscope.
Half-times a8 short as 0.01l4 sec. were observed. The
reaction rate was found to depend more strongly upon
the concentration of water wvepor than upon that of ni-
trogen dioxide and to be kinetically consistent with a
mechanism involving termolecular collisions.

As incidental results of the study, the equili-
brium constant of the above reaction has been calcou-
lated and its order of wmagnitude experimentally confirmed,
and a lower limit has been fixed for the rate of disso-

clation of nitrogen sesquioxide.
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I. INTRODUCTION

Following the successful application by Johnston (1) of
the combination of multiplier phototube, cathode-ray oscillo-
scope and casmera to the study of the kinetics of the very
rapid reaction between nitrogen dioxide and ozone, it appeared
desirable to study by this technique other reactions whose
rates are so great as to be unmeasurabls by the comuon meth~
ods. The reaction between nitric oxide, nitrogen dioxide and
water vapor, which is 2lso of interest because of its possible
importance in connection with theories of rainfall, appeared
to fall in thie category. Dr. Cliver VWulf, who had studied
the equilibrium in this reaction spectroscopically (2), testi-
fied that equilibrium was ettained practicelly instantaneously.

Instances in the literature of the quantitative study of
kineticse of homogeneous reag¢tions involving water vapocr as a
primary reactant are rather rare, and most of these concern
pyrolysis of hydrocarbons or other high temperature studies
in whieh the effect of chain reactions is predominant. The
reaction between water vapor and sulfur trlioxide in the gase
phase was studied (3) at room temperature by the Polanyi stream-
ing method; in this czse, of course, the product, sulfuric acid,
appeared as a mist. The authors estimated that about one col-
lision out of every hundred between mdecules of the reacting
species was effective, so that the reaction was extremely fast.
The system proposed here is comparasble to the water-sulfur

trioxide system at lezst in the respect that it, too, involves
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an acid anhydride, namely, nitrous anhydrlde or nitrogen ses-
guioxide, which is alweys present in eguilibrium with nitric

oxide and nitrogen dioxide in their mixtures.

II. EXPERIMENTAL
A. Genersl.

In principle and in many particulars the procedure
was the same as that employed by Johnston (loc.cit.). Essen-
tially the apparatus comprises four parts! a flow-system in
which ges streams containing the reacting substances could be
metered and mixed, a device consisting of a reaction eell and
stopgate by means of which a non-equilibrium nmixture could be
trapped, an optical system producing a beam of light which
pessed through a porticn of the reaction cell, and a detecting
and recording system comprising the multiplier phototube with

its power source, the cscilloscope and the camers.

B. The flow system.

Pigure 1 Bhows schematically the arrangement of the
flow system. Nitric oxide, prepared as described below, en-
tered the system at A, filied the two-liter bulb B (which
served to cushion the effect of suddenly closing the system)
and was divided into 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
strean of oxygen was introduced. The stopcocks J and K per-

mitted these sections of the flow system to be cut off from
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the mixing chamber L and from each other. Oxygen from a com-
mercial oxygen ¢ylinder was introduced at M; its pressure was
adjusted by means of the bubbler N and its flow rate measured
by flownmeter P. Stopcock & served to shut off the oxygen
strean.

Dibutyl phthalate was used as the mancmeter fluid in cap-
illary flowmeters D, G and P, which were of the usual construc-
tion except fur & stopeock which had to be inserted in the left
arm of manometer P to prevent the accumulation of dissolved
Ng0s with resultant imbalance in the absence of flow. The
capillaries were calibrated at several points throughout their
rangee of utility by timing the displacement of a known volume
of water. {(Suitable corrections were made to allow for the
vapor pressure of water; sclubilities of nitric oxide and of
oxygen in water were neglected.)

Water saturator I consisted of a 120 cm. length of 12 mm.
tubing bent to sit flat and filled with glass beads and suffi-
cient water to occupy half the remaining volume. It was kept
imnersed in water at room temperature. A gravimetric water
vapor determination showed it to be more that 99% efficient at
the flow rates used.

Kixing chamber L (Fig. 2a) was of the same construction
a8 that used by Johnston (loc. cit.), with the two streams be-
ing introduced tangentially and the mixture flowing ocut cen-
trally. The volume of the mixing space was ca. 0.05 cmS, as
indicated by the weight of acetone it held.

Bubbler N consisted simply of a tube imiersed to an ad-
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Justable depth in & column of watex.

The concentration of water wvapor in the resction nmixiure
could be zdjusted by diverting wcre or less of the total ni-
tric oxide flow through stopecck €; the concentrations obtain-
able in this way ranged from about 0.5 to about 2.4 mole per-
cent. The total nitric oxide flow rate was fixed by setting
the valve on the supply cylinder.

The temperoture of the flowing mixture was measured by
means of & thermocouple of #30 B & S constantan and 36 gauge
copper placed axially in the stream issuing from the reaction
¢ell. No attempt was wade to control the temperature, which
therefore varied slowly, ususlly between 23 and 25°C.

Tygon tubing was used for all connections. As it was
found that this tubing was slowly attacked by nitrogen dioxide,
conneotions were arranged so as to expose s ninimum of the ty-
gon surfzce to the stresm containing this component.

For ithe experimente concerning possible time lag in the
HO,-No05 equilibrium, the water saturator was removed from
the systenm and nitrogen from a comuerciasl "dry nitrogen® cyline-
der was introduced into the mixing chamuber.

ilitric oxide was generated by the methced given by Jobnston
and Giauque (4), in which B0% sulfuric acid is dropped into a
sclution approximately 4N in Bodium nitrite and 1N in potassi-
wn iodide. The gas evolved was passed consecutively through
three washing bottles, the first contzined concentrated sodi-
un hydroxide solution, the others ssfturated polassium fodide--

then through a drying tower contoining phosphorus penteoxide
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and & cold trap immersed in a bath of dry ice and isopropyl
glecohol and was finally condensed in a glass buldb =t liquide
air temperature. It wes then redistilled (the last five per-
cent or 2o of each batch being discarded), into a steel and
brass collecting system (A, Fig. 1) attached to the supply
cylinder, which was of the type used for oxygen. (At room
tenperature one molé of gas produced a pressure of about 100
pounds per square inch in this system.) The only likely im-
purity in the gas thus produced was nitrous oxide. No nitro-
wen dioxide coui& be detected.

c. The reaction systen.

Pyrex lmu capillary tubing served for tue reaction
chanber, constructed in the form shown in figure 23¢. The to-
tal length of tubing was aboul 15 om., the length of the light
path about € cm. and the length preceding the light path about
S ou. The total volume of the reaction chamber was thus ca.
0.12 cm®, the volume between the inlet and the center of the
light patih 0.065 om®,

iieces of uicrosope cover slips served as optical wine
dowe Lor the straight porticn of tubing whichh provided tue
1ight path. These were stuck on with a thin layer ¢i de
Khotinsky cement which also cut out any light which night
otiierwise have been transmitted lengthwise timugh the glass.
The entrance and exit ends of the chamber were ground to fit
closely into countersunk holes i the stoppale block

The stopeate, (fig. 8b) constructew . stainless steel,

conprised s thin slide machined to fit bvetween two blocks in



-8

such a way that two channels through the system could be
opened or closed simultaneously by movement of the glide.

The mixing chamber and the rezsction cell were affixed in
countersunk holes in the blockes by means of "Inszlute" cement
and bolstered with liberal quantities of paraffin. The whole
was mounted, with the light path approximately horizontal, on
a 20-pound lead block eguipped with thumb screws to facilie-
tate adjustment. In operation the stopgate was closed by a
"snepper? consisting of & 20 gram bronze block on one end of
a 10 cm. strip of spring brass, the other end of the strip be-
ing fixed on the gide of the lead blook.

D. The optical system.

Light from & 500 watt G.E. Mazda projection lamp
(rated for 120 v but operated =t 68 v) was passed throuzh
yellow and blue filters to isolate a relatively narrow wave
length reglon (maximum intensity at 4500 2, half-width about
400 E) which is particularly strongly absorbed by N0p. A
pair of condensing lenses fooussed the filtered light on a
pinhole (in 30 gauge copper sheet) from which issued & diver-
rent beam. A small lens intercepted the light from the cen-
ter of tiis bean (avoiding the diffraction ring) and focussed
it near the proximal end of the reaction cell.

The opticsl system, except for the small lens, was mount-
ed on an adjustable base so that position and direction of
the emergent beam relative to the reaction chamber could be
chanzed. BSuitable settings to minimize the effects of the

nmechanicsl disturbance of closing the stopgzate and to provide
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a convenient amount and intensity of light for the measure-
ments were obtained manuaslly by trial and error.

E. The detecting and recording systems.

An RCA 1P21 electron multiplier phototube served

to measure the intensity of light emerging from the reaction
chamber. Volteze for the operation of the tube wag provided
by 2 set of sixteen 673v. Minimax batteries. A 900,000 ohm
voltage divider furnished 80 volt steps belween guccessive
dynodes and between dynode #8 and the anode. For the elimina-
tion of high Irequency nolse, an R-C filter was inserted in
connection with the output of the tube. (This circuit is dia-
gramsed in Fig. 3.) The signal from the tube was conveyed to
a cathode-ray oscilloscope {(Du HMont Type 247) having s S5-inch
gcreen giving & "high actinio" trace. A light-chopping disc
with 1C openings, rotated by a synchronous motor &t 1800 r.p.m.,
was 80 placed as to interrupt the light beam between the pine
hole and the small collecting lens, thus providing in the sig-
nal produced by the phototube a 300 cycle a.c. component, with
amplitude proportional to the intensity of trensmitted 1light.

The screen was photographed with the aid of a lerocury II1
¢amera having an f-2.7 lens which was set fcorwerd about 1/18
inch so as to focug satisfactorily when used at a distance of
about 12 inches from the screen.

F. The procedure.

To make and record & single run, after the desired

steady stete had been ettained in the flow systen and the pat-

tern adjusted %o & satisfactory peozition on the screen, the
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operstor in rapid sequence opened the camera shutter, sprang
the snapper to close the stopgste, 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 sgingle-
sweep feature of the oscilloscope was avoided. This procedure
had the additional advantaze that each photograph so taken
showed the position of the pattern before the gas flow was
interrupted, thus automaticel ly providing a blank for sach
run. However, in the experiments on dilution of NgOz the sin-
gle sweep circult was used, triggered by the movement of the
snapper; blanks were made separately.

After sach run the stopzate was quickly opened to avoid
excessive pressure in the flow system. New flow settings
were then made, if desired, and in the interim while a new
steady state was being established, flownmeter and temperature
readings and new oscilloscope settings were made. The time
necessary for attainment of the steady state was usually one
or two minutes, depending on the total rate of flow of nitric
oxide, which was ordinarily between 5 and 10 cubic c¢entineters
per ssecond.

e Calibration of the detecting system.

Since it was desirable to use the detecting system
under ¢onditions such that its response to change of light
intensity would be approximately lineer, the arrangement de~
vised was tested by inserting varicus calibrated screens in
the 1ipht path and measuring the amplitude of the resulting

pattern on the oscilloscope screen. ithen the volta.e applied
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acrosge the projector lamp was 70 v, or less, response was
satisfactorily linear. Throughout the experiments this con-
dition was met.

In corder %o magnify the observable effect produced by
reaction occurring in the chamber, it proved useful to set
the oscllloscope controls so that only the lower edge of the
pattern was observed on the screen. A further calibration
was necgessary to relate the data thus obtained to the intensi~
tv of the light transmitted through the reaction chamber. It
was found that when the vertical positioner was set at its
extreme clockwise position, the position of the pattern edge
could be correlated (within about 5:) with the applied signal
by assuming the center of the pattern to be 5.0 inches above
the center of the screen and its amplitude proportional not
only to the intensity of light incident on the phototube but
also to the setting of the Y-gain knob, 80 long as tihis var-
ied within the rough limits 15 to 60. These assunmptions were
used in estimating the eguilibrium constant from the photo-
grapihs bult were unnecessary in finding the half-time and rate
corresponding to any particular run. In this connection it
is to be noted that the full amplitude increase produced by
a sudden change in intensiiy was observable at the lower edge
of the »attern, since the increase in amplitude of the a.c.
component of the sicnal was matched by a proportional sudden
increase of the d.c. conponent. The position of the upper
border of the pattern, corresponding to the dark period of
tag intensity cycle, was only affecteld more slowly as the cen-

ter drifted back to its equilibrium position.
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To avoid distortion due to the curvature of the screen,
the pattern was usually adjusted so that its lower edge prior
to reaction was slightly sbove the center of the sereen. To
insure the messurability of the position of this edye on the
photograonh, a strip of cellulose tape marked in Indis ink pro-
vided & frame of reference directly on the screen. Tests
sihcwed that the distortion due to curvature was not important
in comparison with the randoun variability of the amplitude of
the pattern.

Johnston {loec. cit.) found that with light filtered as
described sbove, nitrogen dioxide obeyed Beer's Law. This
finding was confirmed with the aystem used in the vresent work.
The readings obtained with given total concentrations of avail-
able nitrogen diexidgrgst accurately reproducible because in
the presence of nitric oxide at atmospheric pressure approxi-
mately one third of the total is sesquioxide, the exact ratio
varying slightly with the temperasture. Nevertheless the calib-
rotion of the system zgainst totzl available nitrogen dioxide
wes useful in osermitting the confirmation of the calculated
gcguilibriuwn constant for the reaction under study.

H. The ohotograohs.

The photographic negative, on 35 mm. Plus-x film, pro-
duced an image of the oscilloscope scoreen having @ diameter of
about 10 mm. The vattern prcduced on the screen by each sweep
of the electron bezm across the cathode ray tube somewhsat re-
senbled sn inverted nicket fence (as seen in figures 4c¢ and 44,

for which the single sweer apparatus wes used); in genersal,



three or four of these appeared in superposition, as in fig-
ures 4a and 4b.

For measurement, the imeage wes projected in a wnicrofilm
reader onto a sheet of sguared paper and the positions of sue-
cesasive peaks recorded. The magnification fzctor between
screen and tracing was found to be Z.4. The interval between
successive points corresponded, of course, to a time lapse of
1/300 of & second.

J. Remarks concerning the apparatus.

It was apparent that the apparatus used in this
study is susceptible of considersblie improvement, locking to-
ward its use in securing more accurate date and in studying
even Iazster reactions. The usefulness of the date obtained
in this investigetion was limited because of both mechanicsl
ingtability of the optical system and rendom variability in
the response ¢f the detecting systen.

The mechanical instability of the opticszl arrangements
wes found to be due principslly to the thumb screws with which
the lead block supporting the rescticn cell had been equivped
in order to meke the direction of the ¢ell resdily adjusisble.
These allowed some vibration of the block (and therefore of the
cell) relative to the light besm, and elthough this was @aiﬁﬁ-
takingly minimized by trizl and error adjustment before making
& set of runs, the effect wae clesrly visible in the photographs
a6 & Cisturbance of frequency about 30 to 40 per second. It is
beiieved that the systen used for snapping the stopgzte shuib

(s described in section C above) is not directly responsible
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for this pronounced effect. The primary problem, therefore,
is to arrange the reaction cell tc be adjustable with respect
to its mounting but vibrationless when fixed thereon.

The variability in response of the detecting system is
of two sorts: (1) a high frequency variability which causes
the ragpedness of the pattern edge, as seen in figures 4c¢ and
44, and (2) unpredictable but substantial 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-
fluence of "noise® produced by thermionic emission of ele¢irons
from the sensitive surface of the multiplier phototube and by
statistical variaticns in the random process of secondary

s

emissicnfh . This effect can reportedly be much reduced by
operating the phototube at & low temperaturagj The second
sort includes changes due to fatiguing of the sensitive sur-
face, the voltage source for the dynodes, &nd the response of
the oscilioscope to imposed signals, as well as discontinuous
cienges which are probably due in the main to the very slight
variations in the D.C. line voltaze to the iight source buil
are certainly due in some cases to errztic behaviour of the
oscilloscope. In the current investigation the wmethod of ansl-
ysis of the data obviated to & large extent the requirement of
long-interval stability of the system, but such stability is
desirable in any event.

In addition, it is clearly desirzble to obtazin runs at
tenperatures different from thet of the room, for which pur-

pose a8 much of the flow system as possibie should be thermo-
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statted. This would probably require construction of an air
thermoustet to enclose the reaction cell, stopgate and mixing
chamber and of an efficlent heat exchanger in the flow system
to bring the reacting gases to the desired temperature before

they enter the mixing chamber.

I1I. THE EQUILIBRIUM CONSTANT
A. Thermodynamic¢ c¢calculation
Becsuse the reaction
NO + NOp + Hy0(g) = 2ENOz(g) a.
does not proceed to completion but reaches equilibrium with
appreciable amounts of the resctants remaining in the system,
a knowledze of its equilibrium constant is essentigl in in-
terpreting its kinetics. Abel and Neusser (7), in measuring
the vapor pressure of nitrous acid above its aqueous solu-
tions, also encountered this problem; on the basis of equilib-

rium data then available they calculated the quantity

P 2 .
K= 0, = 17,00 L% o fomole

at 25°C, the gse phase being szturated with water vepor. In-
troducing the pressure of water vapor and the factor

" (HNO,)

k = 00352 L. ol fomotle

deteruined by these authors one readily calculates for the
rezaction

\5803 + HzQ = BHNO‘? b.



- b

the dimensionless equilibrium ccnstant

/{1, = (ck)l/c /(z'PH.o =24

combining thie with the value K.=d2! ahn. found by Verhoek
and Daniels (8) for the dissociation
Necz’ - NO + NQ& Q.

gives Ka= KoM= 1.2 oT ™
In caloulating the value given above for K, Abel and

Neusser found it necessary to employ the estimated figure

(H*)(N0,") P .
K. = (HN(;;!N = 100 4. alim /-m,a-&

obtained as an incidental result of their experiments. They
pointed out that only the order of megnitude of this figure
was established, since the experiments were not designed to
provide an accurate determination; indeed, the individuazl re-
sults range from about 50 to more than 300, It is perhaps in-
dicative of the authors' uncertzinty on this score that, zl-
though their calculations showed that in a2 typical run approx-
imately 105 of the trivalent nitrogen in the vapor phase would
be N0z, they made no attenpt to correct for this error in
either the individual experiments or the final average value
of .k, which is therefcre presumably too high by 10 to 20
per cent.

Thermodynamic data now available permit a more reliable
calculation. The result s8till depends uyon the vapor pnressure

dztz of Abel and Neusszer and is therefore subject to the same
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10 to 2C ger cent uncertainty, but the :uch umore refined
trestment of the thermodynamic properties of nitrie acid
given by Forsythe and Giauque (2) removes the order-cf-magni-
tude uncertzinty inherent in the above estimate.

Consider the reactions

H%Og(aq.) = HNOp (g) (a)
$Hy + 2Np + Oy = HNOy (agq.) (e)
kNg + Op = NOg (£)
iNy + 405 = NO (&)
Hg + 305 = Hg0 (g) {h)

Combining these in the proportions 2{(d) + z(e) - (f) - (g) ~ (h)
vields the net reaction (a). Extrapolation of the results of
Abel and Neusser tc ionic strength zero gives Ky = 0.03085,
from which A}if is calculated to be 2,080 cal./mole. The
standard free energy changes for (f) and (g), taken from For-
gsythe and “iauque, are ¢s§f = 12,375, AE?= éO,GﬁO; from
Latimer (10), zsﬁf z ~13,020, and from Le%is and Randall (11),
A K2 = -54,307. Thus for the resction in question, AR =
#oxX D080 - 2 x 13020 ~ 12275 + 20650 + 54507 = -300 cal./mole,
and K‘zfia Peo Pro = [ 65 4lm"" in Teasonable agreement with the
value calculsted frowm the data of Abel and Neusser. Multiply-
ing by A, gives K, - K K <35,

B. nxperimental confirmation.
Beczuse of the technique involved, the data re.orted

in this investisstion were not well suited tu the calculztion
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of equilibrium constants. A particular difficulty was that
the intensity of transmitted lizht had to be estimated from
the amplitude of the pattern, of which only one edge was visgi-
ble on the screen, while the position of ite center was sub-
Ject to a slow drift. Nevertheless, such estimates a8 could
be carried out confirmed for K. and K, the order of magni-
tude found in the above calculations. A single example will
show the method employed.

In view of the faot that all runs were carried out in the
presence of a large excess of nitric oxide, its pressure could
be considered constant and the ratio of NpOz to NOp in these
systens also constant. Neglecting the small pressurs of Np04»
therefore, the actual concentration of Nig in the reaction
cell was always proportional to the total pressure of NOg+Ny0s,
which is henceforth, for convenience, ozlled "available" NjOx
in recognition of the essentially instantaneous establishment
of equilibrium between these gases. Denoting this quantity by
P.o,1 , one obtains

Pouog = Pror * Froy = Proy (17 22
It is also convenient to define the "equilibrium constant®
involving this quantity, taking Pyp = 1, as
o

NN O,

P[N.OJ Pﬂ‘a - K' Pro P""- /P[N,a,] = ,'65/,'5 =11

In what follows, the term "equilibrium constant" will refer
to K thus defined, unless otherwise specified.

Run IV-52 provides particularly suitable conditiona for
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estimating the eqilibrium constant for seversl reasons. First,
the half-time fcound was very short {about 0.014 second), so
that equilibrium could be established before the drift of the
pattern became appreciable. S8econd, the messured effect was
large, so that the uncertainty introduced in calculating Fowo,
by difference was relatively small. Finally, this run was in-
mediztely followed by a “"dry run" in which the initial HM%y
was practically the ssme but [, was zero, thus furnishing

& ressonably secure refersnce point for the ecalibration of the
8C0pe response.

Between Fﬁu%} and the osecillcscope readings, there ex-
isted the general relation, previously estsblished by calibra-
tion (cf. Bec. II-G):

P[Nlds] = TI@" »ez? ‘%{Q' (1)
where G denotes the Y-gain setting, « the amplitude of the
pattern, and s an adjustable factor to account for changes
in the response of the plolotube or csecilloscope, or in the in-
tensit, of the 1iiht scurce. The dry run IV-53, with
Pio] = C.0151 and G = 20, gave « = 20.4, fron waich
is caleulated to be 1.78. ( « here is given in terms of the
theoretical width of the entire pattern on the tracing on the
assunption thet magnification is linear. In this case the
ed.e of the pattern was found to be 3.2 inches below the ref-
erence point of the tracing; the centexr of the pattern was
calculated tc be 7.0 inches above this reference noint, so

the amplitude was 2 x (3.2 + 7.0) or £0.4 inches).
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For run IV-52 the initial concentrations were

Pivog: = ©.0148 and P, = 0.0230; the total rate of flow
was 7.1 omg/sea., g0 that the gas in the light path had frs-
valed an averaze of (0.014 seconds after nmixing {the volume of
the mixing ochamber plus half that of the reaction chanmber be-
ing estimated as 0.10 omS; see Section II-G). From the trac-
ing, the amplitude corresponding to the steady state is found
to be 23.0 inches and the maximum dieplacement of the pattern
edge 3.0 inches (gain with Y-gam 20). Hence « ig assigned
the value 26.0 and from (1), the available NOp st equilibrium

haa the pressure

/73)(20
P[m;]“ /6 Z‘g 26.0 = 0.0085

From the stoichiometry of the reaction it is clear that
Prvow = 2 (Paogi = Phoge) = 0.0126

and PHaom = PH"O" - P[N‘O_;]{ + P{:Nloj]w =0.0/6 7

_ _(o.0126» 112
hence N = o ss0.0167 - '

in fortuitously excellent agreenent with the predicted value.
Table I gives experimental ccnditions, cbserved values

of 7 and calculuied values of Funo,~ and K for the obher

runsg of this series, the avera e for the set is 1.16, the

range C.61 to 2.06.  This constitutes satisfeetory confirmatory

evidence concerning the order of magznitude of KA.
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TABLE I

Frame Flow Fingogi ¥ 10° -PH,.O( x[0° PH~01,, x10*  rx(0* K

1,13

No. rgta
cem®¥ /sec. atm atm atn 860,

29 3.1 1.80 1.89 1.54 1.7
Sl 8.1 1.80 1.88 1.54 8.3
33 8.1 1.80 1.49 1.12 3.5
35 8.1 1.80 1.49 1.14 S8
38 7.8 1.85 0.96 0.82 5.1
39 7.8 1.0 -85 78 4.4
485 74 1.43 .98 78 5.7
45 7.4 1.46 <98 .78 b7
49 7.8 1.49 1.4% 82 4.4
81 7.1 1.48 Red 1.86 1.4
52 7.1 1.48 Bed3 1.236 1.4

IV, CRDER OF THE REACTIONM.
A. Characterisgtiocs of the rate curve.

In mixtures containing the gases nitric oxide, ni-
trogen dioxide and water, other substances which may be pres-
ent at equilibrium include oxygen and the sesquioxide, tol-
roxide, pentoxide and trioxide of nitroren as well as the vae
pors of nitrous snd nitric acids. Tor the ecuilibriun constent
Pvo Po /Puo, 8% 2289C Glaugue and Kemp (1Z) give 7.2 x 107 ;

for the constant £, P:No_, /p:oz F.

o Forsythe =nd Giazuque (©)

give 1.05 x 10™° et the same temperature. Since in this study
R, was about unity and F,, and F,, were of the order of
10“3, the equilibrium concentrations of oxygen and nitric acid

=14 2na 10°8 respectively and can

vapor are of the order of 10
be neglected. Clearly, nltrogen pentoxide and trioxide will

slsc be abzent under these conditicns. The concentration of

2.08
3.08
1.09
1.12
0.85

73
.98
«98
.81

1.18



-20-

nitrogen tetroxide will also be neglected; this is further
digcussed below (Section IV-C).

8ince it has been shown that there is no lag in estabe-
lishment of the equilibrium 5

NO + NOp = NaOg,

at least within the limits of cbservation of the apparatus,
it follows that any reaction which proceeds with a measurable
velocity in such 2 system must furnish the end-product HNDg.

The two xeaetions which thus c¢ome into considerstion are

NO + NOg + H,0 = 2HNOg {(a)
ang NpOz + Hp0O = SHNOg. (k)

For the purposes of this investigation, however, it is imma-
terial which of these reactions is the faster. Indeed, no evi-
dence is furnished concerning this poin%, as the veriables
Fuwo, 5 Pno, and Fpy,e (= Pyo,+ Puo,) are essentially identi-
gal, differing =zt sll times only by & scale factor. In any
gvent, the net reaction can be written

[E303]-+ HgO = SHNO,
(where the wotation [NpOz] signifies available nitroien ses-
quioxide) with the ecuilibrium constant K = 1.1 as discussed
in Section III-B. Remembering that Py, = 1, the differentisl

rate eguation can be expressed by

k—j—j—: Y[(a- $)08-2)- 5] (1)

where =z denotes f1~ol &8s a function of Tine t ,
a is the initial value of Freg,

bis the initial vdue of .
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k is the assumed rate constant of the forward reaction
and Y is a factor whioh may be variable, reflecting any in-
fluences which affect forward and reverse reactions equally.
The validity of this expression follows 1f it be assumed that
the mechanisms of the forward and reverse reactions in non-
equilibrium mixtures at any instant are the same as those of
the reactions which balance when equilibrium is reached.

If the factor Y can be expressed as a polynomial in x ,
or if 1% is constan®, thisg expression may be intsgrated by a
straightforward method involving partial fractions. If Y is
taken to be a constant, corresponding to the obviocus hypothesis
that collision between sultably activated molecules of N30z
and H,0 1is the rate determining step, and if K iz assigned

the value 4, the integrated curve proves to be of the form

Xy - X = Kowe KT

(2)
where X. denctes the equilibrium pressure of HNOp and
m i8 a numerical factor independent of x and T .

Thus under these conditions a plot of‘&}(kw-x) ve. t gives a
gtraizht line whose slope is proportional to m ; & convenient
measure of this slope is the half-time, which is conatant and
inversely proporticnal to m.

It can be shown that if K is of the vrder of megnitude

of

W

ti:0 sgre relations hold approxinately, and trhet this is
2150 true even if Y is veriable, zs long =2 its nmagnitude

does not change gresvly during the course of reacticn. In



agreement with these considerations it was found that semie
log plots of the individual runs did indeed furnish approxi-
mately straight lines, and that the slope of such lines de-
pended upon the initial concentrations of the reagents much
more sensitively than did the curvature. (See Figure 5, in
which curves & and b correspond to the photograph, Figures 4a
and 4b, respectively.) The procedure adopted, thersfore, was
to plot the data in terms of displacement from equilibrium vs.
time on semi-log paper, draw the most plausible straight line
through the points, and measure the apparent half-time from
this straight line, the order of reaction was then tested by
investigating the dependence of this apparent half-time on the
initial concentrations.

B. Derivation of Order Tests.

Rearranging (1) leads to the equation

kdt -

o (3)
Yla-3)6-3) - %
which can be integrated exactly with the aid of Pierce's in-

tecral 68. Utilizing for convenience the subslitutlions

R=f%5 (4)
and F=vVar+(4£+2)ab +b* = V(a-6)'+ 16ab/K (5)

and applyving the initial condition, x =0 when t=0 , the re-
sult is
_‘_f_ -t /?x+a+[7_ -« a+b
kt= 7y (Gah = k™ —F /; (6)

sclving for x gives
L4 - axt
x = R7[-(a+b)+ FTuul, (LQ'FV*TM[\ l&E'L')] (7)
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Figure 5. Displacement from equilibrium vs, time (semi-log plot)
Curve &, Run IV-59, corresponding to Figure 4a
Curve b, Run IV-52, corresponding to Figure 4D
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As T increasses without limit, Ye approsches *w , and {7) be-

comes
F-a-b
= R (8)
cozbining this with (7) one finds
g -~/ a.*é
ot = o [1- Tk (RFF Y4 tanf 7 228)] (9)

The slope of the curve representing x--x va AT on a semi-log

plot is given by

Aot =x)  f (Rpo -x)
d kT (ro - hdt

2 7 AT - +
_ f_\_/ MJ (TFYﬂF En\.[l ' '&/'{‘A
[tk (B Fy +Tand " 222)

or, since 4La£L€:=/— éiMAﬂlgl

Adelraca) EYf) g f (BFY k" 2) 0 20)

This incressges monotonicelly with time, the ratio of final
value to initial value being expressible as

){:QF/(F-M\-*E) (11)

It is not difficult to show that this ratio is a maximum when
g and b are taken equal, corresponding to the value
Arox = 42+ ). (13)

Assuning a value of K not iess than 1, n would be not greater
that 4/3. Examining the shape of the appropriate hyperboliec
tancent curve, one finds that the mejor part of this variaztion
in slope cccurs during the first half-time of the rezction.

Thus a set of data which accurately fcollowed such 2 law could
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be approximaitely represented (on the semi-log plot) by a
straight line asymptotic t¢ the curve.

Another cese of interest is that Y may be proportional
to the concentration of one of the reactants. If Y=6-3% ,
equation {3) may be conveniently resrranged into the form

d x
¥ Rkt = TG (13)

where A, B, and C are the magnitudes of the roots of the

polynomial in the denominator. Specifically,

A RT'(F-a-b)= x, (14)
B=R'(F+aeb)-= Xeo +2(a+b)/R (15)
C =24 (16)

Re-expressing (13) in terme of partial fractions, it becomes

Jx dx Jx
/ -
TREAT = o m ) © BemBr OB~ EmB Otz  (17)

or, remembering that dx= d (Bex)=-d (A-x)=-d(C-x),

, (-8 40 U+E) 0.2
g Rkdt == 8YcAY © TBeAIBr) T T(C-AXGC) ° (12)

In view of (14), therefore,

Lo (a0 %) C-A) odln (1E)  (A+B) J L. (1-F)
i—/m—"—rg#ﬂ(ma)(c-/q)w%;@—k—zfj)wh (@e8) JL(172) (10

As C increases without 1imit the last two tems of (19) ap~
proach zero, so that using (14), (15), and (16) the asymptotic

glope ig found to be

-X) = ETa
7 kO] (20)

it is interesting to note that (19) is formally equivalent %o
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the asymptotic ap.roximation

v~
—

k d+ 2

(21)

derivable from (10).

From the preceding discusseion it will be c¢lear that the
apparent half-time to be used in testing the dependence of
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 standard error
of the individual pointe, however, this was not practical and
the method outlined in Section A was followed. In this manner
an apparent half-time v was found for each individual run,
and combining this with the recorded concentrations the quan-
tities 7F , tF(b-%) , and others were caloulated. The
assembled values were examined for their constancy particularly
with reference to the existence of any trends relating the
calceulated values to the initial concentrations or the ratio
of initiel concentrztions.

c. Discussion of the aypsroximstions.

For purposes of discussion, three principal a?grax»
imations may be recognized: (i) the assumption of linear re-
sponse of the detecting and recording system; (ii) neglect of
gomplicating factors in interpreting the composition of the
reacting mixture; (iii) uncertainty in the determination of
the asyvomptotic half-time for each run. The first assumpition
was checked by calibration, as discussed in Section I1I-G;
the errors dus to non-linearity of this sordt in all _robabil-

ity would affect observed amplitude differences by less than
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S per cent. A systematic errcor ls indeed introduced in assum-
ing that the quantity X« -x {8 linearly dependent on the
distance of the points on the tracing from the eguilibrium
position, since the intensity of transnitted light is an ex-
ponential function of the concentration. This may be illus-
trated by a calculation, using the data of run IV-53 {(which
has been previocusly cited in Section III-B). From the phobo-
graph the steady state amplitude and equilibrium amplitude
were 23.0 and 26.0 inches, respectively, corresponding to
Fw.o1 of 0.0119 and 0.0085 (caloulated from equation III-1).
A point giving the exactly intermediate amplitude 24.5 inches
would correspond to anog = 0.0103, while the linear approx-
imation would give instead 0.0103; the half-time c¢alculated
on this basis would be shorier than the true value by 6 per
cent. This example is an extreme one because the amplitude
change involved ip large. In most runs the error casused by
this procedure would be certainly less than 5 per cent.
Complicating factors in determining the composition of
the reacting nixtures are the presence of nitrosen tstroxide,
the chenge of pressure of nitric 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 28°g,
the dissociation constat of N0y 18 0.14 atm., from which 1%
may be shown that Fmo, = 7o, = 350y ; 1.6., the pres-
gure of ﬁ864 ranges up to about 10 per cent of the total a~-

vallable W03, belng in most cases nearer tc 5 per cent. If
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NoQy 18 & non-participating molecular species it should af-
fect the half-time by providing a reservoir of [N;0z] which
would not bLe detected by absorption of light. This effect
should be comparable in magnitude but opposite in sign do
that of the systematioc error discussed in the previous para-
graph, providing some compensation in this respect. The
change in FPvo due to its disappearance in the resction is
of the order of one per cent or less and may legitimately be
neglected. Non-uniformity of the gas mixbture in the light
path is not particularly disturbing because of the fortunste
circumstance that the course of the reasction is approximately
exponential, so that the half-time is roughly the same for all
parts of the system and consequently is given by that of the
integrated system. At any rate, the maximum age difference
to be considered was about one hundredth of s second, Bo that
no important effect would be expected except perhaps for those
runs giving the wvery shortest half-itimes.

Uncertzainty in the determinztion of the hali-time is due
to two principal causes, nemely uncertainty in determining
the yproper slcpe on the semi-log plot, due to scatter of the
individual points, and uncertainty in the determinstion of
the value X.. -x for the individual polints due to drift of
the pattern. As may be seen by examining Figure 5, the points
which are useful in the semi-log plot range over a period of
only two or three half-times, so that the halli-tine e¢stimated

iz likely to fall between the asympiotic velue and the initial
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value. The quantity n , defined as the ratio of final to
initisl siope of the theoretical curve on the semi-log plot
{i.a.,[o(ﬁn(xw—X)/o(T]m/[c(ﬁ-(X.,-x)/a(t]; ) has 2lready been
shown (Section IV-B) to vary vetween 1 and 1.3 on the ussump-
tion of & second order rate law. A gimilar treatment shows
that if & third order rate lsaw 1s assumed, n may vary over

somewhat wider limits. Setding x =0 4in equation {17) and

rearranging,
dx _[.1 _C-A A+B } L _4) ,
< =[- T~ 378v0)" TELO g R(A+6)(C-A), (22)
hence [y g (i _x) _dx 1 _RBC(A+B)(C-AXB+C) -
kit |, = Akdt = ¥ Bc(G+C) - CAlc-A)-AB(AD) (75)

But from equation (19), since the last two terms vanish at

[125"7%:12]00 - L R(A+B)(C-A), (24)

gliving
CA(c-A)-AB(A+B)
7=+ T gC(B ) (25)

To iilugtrete the magnitude of n , results of caloulation for

a few typlcal cases zre shown in Table I1.

TABLE II
ax10%  bx10%  Fx10%  A(sx.)x10%  Bx10®  C(z2b)x10® g
0.5 5.5 4.7 0.65 2.9 5.0 1.06
1.5 2.3 7.1 1.25 4.1 4.5 0.95
1.5 1.5 5.7 1.02 3.3 3.0 0.87
N 1.0 8.2 1.03 3.7 2.0 0.82
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The values of % obtained in examples 1 and 4 represent the
extremes to be encountered in this study; 2 and 3 are more
typical values (the data in line 2 correspond to those of
run IV-53, already cited in Section III-B). Since the slope
changes most rapidly during the first half-time of the reac-
tion it is likely that the slope of the line chosen will dif-
fer from the asymptotic slope by considerably less than is
indicated by the faoctor y . The average error from this
cause is probably of the order of 10 per cent or less, expept
possibly in a few caseés where the ratio a/b is unugually high.
The drift of the pattern following its sudden displace-
ment presents a less essily handled problem. This effect is
clearly evident on those photographs in which the half-time
is very short; the observed displacement rises sharply f0 &
maximum, then falls o f more slowly. If it be assumed as a2
first approximation that this drift also follows an exponsep-
tial law, its half-time may be estimated as sbout 0.10 to 0.15
geconds. An attempt was made to estimate the magnitude of the
uncertainty from this cause in the following way! on tracings
derived from several runs of very short half-time, the sloping
envelope of the latter portion was extrapolated linearly and
the half-time was determined from a semi-log plot representing
the data as displacement from this line. This resulted in 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-
ceses could not be applied in most cases, the trend of the dis-

crepancy with inoreasing half-time could not be determined,
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but it seems likely that as the prominence of the maximum
lessens the disturbance of the measured half-time does zlso.
B. The results.

Listed in Table III are the temperature, composition,
and total flow rate for each experiment, together with the
half-time © (determined as explained above) and the products
tF and ©f(b-%2) which serve to test respectively the second
and third order hypotheses. Figures 6 and 7 present these re-
sults graphically. In ¥Figure 6a, where the values of vF are
plotted ageinst b, the initial pressure of water vapor, there
can be cbserved a distincet trend in the sense of inverse vari-
ation, whereas in Figure 6b @ ocomparable plot of cF(b-*2)ys, b
disclays no such trend. In figures 7a and 7b respectively,
tihe same products are plotted againet o , the initial value of
P00 » the Yavailable" NzOz. 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 Ta, the ratio between highest and lowest values is about 10,
witile in 7b it is near 4; similarly in 7a, the ratio between
values excluding the highest and lowest five per cent of the
points is 3.5, while in 7b it is 1.9.

These oonsiderations indicate that of the hypotheses test-
ed the third order law corresponding to Equation IV-3 with
Y=P.,, is the most satisfactory; i.e., the reaction may be

considered first order with respect to N305 and second order
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with respect to Hzo. The reverse rezction must, for consis-
tency, likewise be assumed to be third order, its rate de-
pending on the first power of water vapor pressure and the
square of the pressure of nitrous acid vapor.

Table IV presents the data concerning the tests on dilu-
tion of NO~-NOp mixtures with Ny, A separate blank was taken
for each run; the photographs obtained showed no evidence of

lag in attaining equilibriunm.

TABLE I1I
Film T Flow Fnoge  Puo: v F v TF tFG-%)
no. og § x[0* x [0? W x 0% x10* x10Y «xip$
sec. atm atm e atm gecC

I-1 25 9.5 1.48 1.43 1.08 5.687 2.8 16 15
3 35 S.4 1.53 l.42 1.08 §. 92 2.7 16 15
& o5 .2 1.59 l1.42 1l.13 85.02 B.7 17 15
5 25 8.9 1.24 1.43 0.87 5.35 3.0 18 15
8 25 8.8 1.28 1.42 « 90 5.88 3.0 18 15
7 25 8.7 1.33 1.43 « 93 5.51 3.1 17 186
8 25 8.6 1.37 1.42 .97 5.80 2.7 15 14
8 25 8.5 0.90 1.42 «B83 4.57 4.6 21 21
10 25 8.5 .92 1.43 .64 4.64 5.0 &9 20
11 25 8.3 1.00 l.42 .71 4.81 4.4 21 2
1g ob .2 1.00 l.42 .71 4,81 4.5 21 21
13 25 8.0 0.83 l.42 o 04 388 6.0 28 2
14 25 8.0 « 86 1.42 <48 3.66 5.6 2 od
15 25 7.8 .87 1.41 .47 3.868 5.7 29 2B
16 25 7.8 +688 l.41 <49 589 5.9 =3 25
31 25 7.0 2.3 2.07 1.13 8.86 1.4 1z 186
23 =5 7.0 2433 1.98 1.17 8.067 l.4 iz 15
23 a5 6.9 2. 36 1.93 1l.22 8.60 1.3 11 13
24 85 6.8 2144 1.828 1.27 8.70 1.8 14 18
28 a5 9.6 1.38 2.05 0.68 6.80 1.5 10 15
27 35 S.6 1.41 2.05 88 5.86 1.8 11 18
a8 25 Do 1.50 Z.08 e 73 7.07 1.8 13 19
2 25 8.9 1.80 2.03 <78 7e23 1.5 11 15
& b 8.7 1.35 2.03 .82 5.45 1.8 10 15
31 25 8.6 1.24 2,03 81 Ged2 Bed 15 23
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1.32
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1.08
1.08
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1.13
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1.03
1.09
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¥ [0
atm

8.038
2.03
2.02
2.00
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TABLE III {CONT.)

Film T Flow %u%L Pro : @nmh F T
no. g Rate x [0* x{0* 2 x(10* x{o*
cmd/sec  atm atm (Hos atm sec
11-44 24 4.6 2.57 1.48 1.73 8.00 2.3
45 24 4.6 287 1.4 1.73 8.00 B
43 24 6.7 1.83 1.50 1.28 B.80 2.6
47 34 G+ 5 1.95 1.50 1.30 6.80 .8
48 24 B.4 2.54 1.51 1.88 7.80 3.1
49 24 6.2 2.5 1.50 1.67 T.80 2.3
50 24 6.1 2.80 1l.851 1.72 7.90 1.9
51 24 6.0 1.87 1.26 1.48 G, 20 5.8
58 24 5.9 1.98 1.86 1.57 B.30 4.2
53 24 5.8 1.98 1.86 1.57 6.30 5.5
55 24 5.5 1.65 1.0 1.51 5.50 8.3
58 24 5.5 1.86 1.11 1.48 5.40 6.5
87 24 5.5 1.6%7 1.11 1.81 5,40 8.3
81 24 5.0 C.94 1.78 0.5& 5.80 2.9
82 a4 5.0 <95 1.78 53 5.30 3.0
83 24 4.9 1.03 1.77 .58 5.40 2.9
84 a4 4,9 1.03 1.77 . 58 5.40 3.3
I111i-2 24 6.9 1.91 l.42 1.34 B5.70 2.1
4 24 6.8 2.08 1.43 1.45 B.90 2.7
6 ab 6.8 2.87 1.48 1l.5% T.20 2.4
8 24 8.4 2.682 1.43 1.83 7.70 2.8
11 24 8.0 2+¢13 1.45 1.4% 7.00 Z.5
12 24 6.0 2.280 0.94 2.3 5.90 6.0
15 sﬂé 5.9 Eﬁ- &8 491 305 ‘3-00 ’SOB
18 b 5.4 5.45 2.27 1.08 9.60 1.4
IV-3o PAg5) Do 2e8 1.38 &Z.1 7.50 Se4
28 23 Sed S 1.43 &.1 8.50 3.1
27 &3 S.1 e & z.04 1.8 10.80 1.8
38 23 8.1 1.80 1.88 0.95 7.40 1.7
31 s 8.1 1.80 1.88 0.95 T.40 2.8
33 24 8.1 1.80 1.48 1.31 8.80 3.5
35 24 8.1 1.80 1.49 1.3l 8.60 3.8
38 24 7.9 1.8 0.86 1.9 5.43 5.1
39 Z4 7.8 1.80 85 2.0 5.48 4.4
43 24 7.5 1.44 .96 1.50 4,75 5,7
45 24 T.4 1.43 .98 1.46 4.80 5.7
46 a4 Tk 1.46 .28 1.470 4,85 5.7
48 24 7.4 1.43 1.50 0.95 5.90 3.5
4% % Te3 1.45 1.4% 99 5.8%7 4.4
51 a 7.1 1.49 2B . 55 7.50 l.4
52 2 7.1 1.48 G .65 7.47 1.4
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mated for the rate of diescciation of nitrogen sesquioxide.

TABLE III (CONT.)

T Flow P[A/zo’]i PH.,O :
og Rgte x/0* x[0*
om~/Bec  atm atm
24 6.9 1.58 1,88
&4 6,8 1.33 1.80
-3 8.7 0,99 1.53
e 6.5 .78 181
24 6.0 Bad 1.50
a4 5.8 Sedl ded
84 5.9 34 1.87
23 8.5 1.80 1.83
33 6.5 1.85 1.83
&3 BeH 0.81 1.03
23 7.5 75 1463
83 7.8 TG 1.70
25 7.8 1.03 1.838
&5 7.6 1.03 1.83
24 4.0 2.1 1.45
24 5.8 el 1.45
24 3.6 3.4 1.45
TABLE IV
Flog rate T
/sec oQ
Ny NO 02
1 4.1 1.8 0.031 23
2 4.1 1.7 028 b
3 7.1 1.6 . 087 23
4 Fe 3 1.8 « 38 Pes]

P[N;O,]z F
'7?__f_ x/0*
o atm
1.04 628
G.89 5.70C
+ 85 4,98
51 4.43
1.53 7:83
1.14 G.08
1.43 8.10
0.88 8.80
.88 6:90
&4 4.80
+41 4. 50
+ 46 4.70
« 56 5.60
ti'—j@ ﬁ# 80
1.865 7.50
Dilution
Ratio
N,,/NO
2.3
2.4
4.5
el

T
x (0*

&
o
=

- »

A

* -+ - "
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25
%
28
37
ad
15
a5

12
14
14
11
12

25
24

X/o‘

28
25
S0
39

28

11l
10
7
81
R
14
i8

20

30

Ag a result of this observation, alower limit may be esbti-

If

the rate constamt and equilibriunm constent for tie dissociation

are

k., anda K. respectively, the differentisl rate ecuation



may be written
dP, /
- S = k(P R B, ). w

Qﬁtting d/= PN,.OJ and 0~” = PNOL 3 80 that a,+aI,=P[~1037 = a H

{1) is also expressible as

c[a, 4 //P,w_,
-2—2—=k¢ (a*-a—‘{T) P
<k fa(1-Be) - 2pne ] (2)

This is readily integrated to give the exponential rate law

P (1=
;2 No + e (/ Kc)/(‘t(qf- G,:No

a :Kc"evo PT‘:—P;" ’ (5)
which leads to the half-tinme
K. b 2
Tk K-B,)" (4)

P

vo being considered constant during the course of dissocia-
tion.

Since the highest flow rate used in these tests was nesar-
ly 9cm?/eec. and the volume between the point of dilution and
the point of observation about O.1 cms, it may reasonably be
assumed that the lapse of at least two half-times required not
more than 0.01 se¢. In the same run, Fﬁo was less than 0.2;
K. is 2.1 (see Section III-A). Substitution of these values
in (4) provides the estimate K < 150 sec~l.



v. CONCLUSIONS
A. The rate oconstsnt.

Assuming for the formation of HNOg the rate law

(g Do)

which has been discusaed in Part IV, the rate oconstant Kk may

bve calcoulated from the relation

2242
k = Koo
tFb- 5
where the denominator is the prodact represented in figures
6b and 7v. The median vslue of this product from all the ex-
periments is 1.2 x 10~2, which, when substituted, leads to
the result at 23 to 35°C with P = 1 atm., k = 7.3 x 10%

-1 or log k= 4.86 with a probable error of 0.09,

atu™? seo
corresponding to a factor of 1.3.
On the same basis, treating the forward and reverse pro-

cesses separately, one finds

- d P[N‘OJ] _ kIP Px
dt - ol " Ho
‘ / - N N - =
k' =z k= 2,7 51 10% wtu”" sec”t

or if the assumption be made that the reacting species is NjOg,

d R0, ” ?
i T = K P”=°3 PH:.O

and since .y = 3/ A, (Section I1I-B),

3



. 31k
k-7 z 1.1 x 10° atw~2 sec~1
= 6.8 x 107 1 moles~2 gec~1
FPinally, for the reverse reaction,

JPNa 0" 2
-_ZE"'_Q =k vao,_ PH&o

k™= Kk/K;

taking A = 1.1 (Section III-B),
k"a6.6 x 10% atm-3 sec™
2.0 x 107 1% moles™? sec ™
It is clear, of coursge, that the values here given can
apply only to the assumed third crder law. If one should
choose rather to ignore the trend of the results with water
vapor pressure (discusses in Section IV-D) and apply the seo-
ond order law
TR (0 5Nb-3)-
tie corresponding velues of K, k', k", and k" would each be re-
duced from those given above by a factor of very nearly 100 atm
or 500 l/mcle.
B. Comparison with kinetic theory.
Bince the rate of reaction poves to be very high in
spite of the rather small oconcentrations of the reactants, it
is of interest to deivermine whether the simple kinetic theowy
predicts a sufficiently high rate of $riple collisions to ao-

count for the observations. For a typical mixture in which

the pressures of water vapor and of available N3Oz were both
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0.015 atm., the required ccllision rate at 25°C would be
N o Onog

ol _

N, . g
Zys v e = Y K Py By = 3x10" em T ane™

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

The number of collisions to be expected may be estimated,
following Hinshelwood (13), in the following manner. The rate
of vinary collisions between molecules of different species is

given by

Z, = mamg Oap (SZRT)/L
where n, and ng are the numbers of molecules of the two kinds
per cubic centimeter, v., ig the mean of the moleculsar dia-
meters and u 4is the reduced molecular weight of the pair (i.e.
A M, ) R is the gas constant ( = 8.3 x 107 c.g.8 units
per mole) and T the sbsolute temperature in degrees N . Under
the circugstances cited above, 7y,,; and 74, would each be
4.0 x 1077 yith ny,, = 1.5 x 107, In the absence of accurate
data regarding the molecular diameter of N,0sz, we may take
4 x 1072 cu. as 2 reasonable value for was ; u for NgOg + HaC
is 14.7. These substitutions lead to the result Z, = 1.7 x 10°%
per sec.

Ag an approximation, the ratio of the number of ternary
collisionsg to the number of binary collisicns may be taken %o
be the same a&s the ratio of the dismeter of ths third molecule
tc the mean free path for that species, The mean free path
of water molecules at 0.015 atm. and 259C, assuming suo.= 3 x 10-8

cri. . would be



- (5 Do
L= (VT roiyng,) = 635107 con.

and the ratlo %%/7, = 5 x 10°°. Multiplying by the value calcu=
lated for Z, gives Z; = 8 x 1019, fThus assuming that NzOz is
the participating species, approximately one ternary collision
In twenty~five results in reaction.

¥While this is & comfortable margin from the standpoint of
collision frequency, it must be observed that the requirement
0f a certain spatial configuration for the reaction complex
might easily reduce the probability of reaction for each suit-
able collision by an order of magnitude. If this picture is
to apply it is necessary to conclude that the energy of activa-
tion must be practically nil. This, of course, is a common
characteristic of third order ges reactions and, in view of
the probability that the heat of reaction (as well as the free
energy chanze) is very small for this system, it is perhaps
reasonable to expect it to hold here also.

Bince the rate of the reverse reaction is of the same order
of magnitude a&s that of the forward reaction and since the a-
mounts of products and of reactants in equilibrium mixtures are
comparable, the considerations given above apply equally well
to the reverse process. A curous consequence cof the third-
order law is that water vapor is apparently a catalyst in the
formation of an acid anhydride (N,0z) from the acid vapor.

It should perhaps be remarked that although the third-
order hypothesis is reasonably satisfactory in explaining both

kinetics and mechanism of the reaction



-0
NO + NOp + HgO = HNOp,

yet because of the rather limited range of the concentrations
used in this study it vannot be regarded as well-established.
The true explanstion of the observed behavior may well be eB-

gentially more complex.
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Propositions submitted by Lowell G. Wayne

Ph.D. Oral Examination, September 16, 1948, 1:00 P. li., Crellin Conference Room.
Committee: Professor Yost (Chairman), Professor Bates, Davidson, de Prima,
Kirkwood, Niemann.

1. a. A theorem which is illuminating in connection with the behavior of
dissociating gases such as N30, 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 sufficiently 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 vhich exceptions to the be-
ha;ior 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.

Krichevsky and Rosen, Acta Physicochimica USSR 22, 153 (1947)

3. lore 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 béen estimated by
means of meagurements 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-
cently employed for the evaluation of relaxation times of various gases) for the
more exact determination of this quantity.

Richards and Reid, J. Chem. Phys. 2, 193, 206 (1934)
Brass and Tolman, J. Am. Chem. Soc. 54, 1003 (1932)
Kantrowitz, J. Chem. Phys. 1k, 150 (1946)

Huber and Kantrowitz, J. Chem. Phys. 15, 275 (1947)

5. & 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 nuckl, on the basis of equilibrium considerations as well as comparison
of chemical and physical characteristics of these substances. ZExperimental evi-
dence is cited.

G. C. Simpson, Quarterly J. Royal keteorological Soc. 67, 99 (1941)
Crane and Halpern, Phys. Rev. 56, 232 (1939)
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6. Due to the neglect of the e%uilibrium N,03 + H30 ;:EEHNOQ, the values
given by Abel and Neusser for PHNO / HNOz), the vaporization equilibrium constant,
2

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 free energy of form-
ation of nitrous acid (g) which would be sufficiently relisble to justify its
inclusion in comprehensive tabulations such as those of Bichowski and Rossini.
Abel and Neusser, lonatshefte 54,855 (1929)
Bichowski and Rossini, The Thermochemistry of Chemical Substances,
Reinhold, New York, (1936) T

7. The photochemical decompogition of N 0z, sensitized by NO,, has not been
obgerved for wave lengths of 4360 A or more, even though NO, 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 NO, 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. 15, 337 (19%7)

8.a. Despite the fact that the reactions 2NO + Cl, = 2NOC1l, 2NO + Br, = 2NOB:-
and Br, + Cl, = 8Br(Cl 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 NOCl,, which has previously been suggested to ac-
count for the third order kinetic¢s of the reaction between NO and Cl,

Yost and Russell, Systematic Inorganic Chemistry, n L3 Prentice Hall,
New York, 19ul ‘ . = :
Hinshelwood, Xinetics 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 reaction of nitric acid vapor with nitric
oxide, 2HNOz + NO = 3NO, + H,0, is autocatalytic, following approximately the law
d(N0,)/at = (NO)(ENO,;)(NO,), and that it is also catalyzed by water vapor without
elimination of the time-lag (induction period). I propese a mechanism involving
the intermediates N 03 and HNO, 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.
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(1) Ip+ Clz; = ICl. Hildebrand has reported that in carbon tetra—
- chloride solution this reaction is strongly eatalyzed by water and that the
"wet" reaction has a2 large negative temperature coefficient.

(2) N 05 + HpO = 2HNO3, Smith and Daniels found that the rapid re-
action between NzOg and NO was strongly catalyzed by water vapor; since HNOj
reacts with NO more rapidly than does N;0g, the hydration reaction seems to be
a probable first step in that process.

(3) SO+ H 0= ? It is claimed that active sulfur monoxide is
consumed by water vapor ten times as fast at 0° as at LQ°C, :

J. H, Hildebrand, J. 4Ap. Chem. Soc. 68, 915 (1946)

Smith and Daniels, J, Am. Chem. Soc. 69, 1735 (1947)

N. M. Emmanuel, J. Phys. Chem. (U.S.S.R,) 19, 15 (1945)

(Chemical Abstracts 39, 3720)

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





