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- ABSTRACT

Shock waves in argon bearing about one percent nitrogen
. pentoxide vapor have been used to initiate the rapid decom-
position of N,0; between 450° and 1100°K. The important
intermediate in the reaction is the nitrate radical, N03’
whose characteristic absorption bands in the green and red
are known. These bands have been identified in flash absorp-
tion spectrograms, and quantitative photoelectric measurements
of absorption by NO3 have followed its appearance and dis-
appearance in the reaction mixture. Simultaneous measurements
with violet light have recorded the production of NOZ'

The first step in N205 decomposition is: N205-—9N0 +-NO3
Near SOOOK, the forward rate and the equilibrium in this
reaction have been measured. Above 600°K, the dissociation is
rapid and complete, and the rates of the bimolecular decompo-
sition reactions N02+N0 — NO + 0, +NO

3 2 2 2 2
have been measured. The contributions of these steps have been

and 2N03——)2N0 + 0
established by experiments in the presence of excess NOZ. The
reaction NO3 + NO-—-)ZNO2 is fast, and although NO2 is unstable
with respect to NO and O2 above about 600°K, the stoichio-
metric reaction NZOS——)2N02-+%02 has been observed in the
short times of these experiments. The rate equations and
the constants and energies measured agree very well with
predictions based on mechanisms known at room temperature.

Two papers on the rate of dissociation of molecular
iodine, by the present author and others, are included. The

abstracts accompanying these papers are on pages 118 and 131.
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,i. THE DECOMPOSITION CF NITROGEN PENTOXIDE
' AT HIGH TEMPERATURES
A. INTRODUCTION
1. The Problem.

Many reactions of nitrogen pentoxide gas depend upon the
dissociation of N205 into the molecular radicals N02 and NO3
and the subsequent reactions that result in the reduction of
NO3;<1) The rate of'oxidation of nitric oxide(z)(j) and the
rate of equilibration with isotopically labelled N02(4)(5)(6)

are controlled by the rate of dissociation of NZOS’

dissociation
(1) 02NONO2 < > N02 + NO3
recombination

In the well known first order decomposition of pure N205, the
rate determining step is the bimolecular decomposition

reaction between N02 and NO3:(7)

(2) N02 + NOB-———> NO + 02 + N02

In mixtures of N205 and excess ozone, N02 is oxidized rapidly
to NO3, and the rate of destruction of ozone is controlled by
the bimolecular decomposition reaction:(a)

(3) NO3 + NO3 —> N0, + 0, + NO,

Near room temperature, the equilibrium in reactiom (1) lies
far to the left, and the rates of reactions (2) and (3) are
controlled by the small equilibrium concentrations of NO2 and
NOB' For this reason, the rate constants of reactions (2)

and (3) have not been separated from the equilibrium constant

in reaction (1). The research described here is an
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investigation of the decomposition of N205 between 450° and
1200°K. The rate of dissociation of N,0; and the equilibrium
‘in reaction (1) have been observed directly between 450° and
550°K, and the rate constants of reactions (2) and (3) have
been measured between 600° and 1100°K under conditions where
N205 is completely dissociated.

' The experiments have been designed to take advantage of
sevéral properties of this system. The most important of
these is the strong, characteristic absorption of visible
light by NO3. This absorption spectrum readily identifies
NO3 qualitatively in the reaction mixture. The strong
absorption in the red has been used to measure spectro-
photometrically the appearance and disappearance of N03 in
the course of the decomposition of N2O5 into NO2 and oxygen.
The simultaneous formation of NO2 has also been determined,
with the use of violet light. Values of the absorption
coefficients of I\TO2 and NO3 at several wave lengths énd
temperatures have been recorded as part of the kinetics
investigation.

Under the concentration conditions of the present
experiments, the dissociation of NZOS requires several seconds
at room temperature. Near SOOOK, complete dissociation has
been measured in about 10-5 seconds, and at higher tempera-
tures, the dissociation is still faster. The activation
energies of reactions (2) and (3) are much lower than that of
reaction (1). .However, the rates of.these bimolecular

reactions are kept small by the use of low concentrations of



the reactants, and the decomposition of NO3 requires between
1072 and 10~% seconds in these experiments between 450° and
'1000°K. These times are short enough that no significant
decomposition of N02 occufs, and yet they are long enough
that equilibrium in reaction (1) is established relatively
quickly.

These reaction times between 1072 and 10~ seconds are
in fhe range that can be examined conveniently by the shock
wave methods developed recently in this laboratory.G) Since
the system N205—N02-N03 contains two differently colored
substances, it is very well suited for study with the present
shock tube equipment. The analysis of the kinetics of decom-
position of N205 represents an extension of the shock wave
method to a more complicated reaction than those previously
analyzed, (9)(20)(11)(12)

The results that have been obtained agree very well with
the predictions made by extrapolation of the room tehperature
results. They add to the information derivable from room
temperature experiments by providing directly measured values
and temperature coefficients of the equilibrium constant in
reaction (1) and the rate constants in reactions (2) and (3).
The most significant contribution of this investigation is
the preparation and direct study of known concentrations of
the intermediate, NO3, whose importance in several reactions
has been deduced kinetically, but whose concentration and
absolute reaction rates have not previously been measurable

directly.



2. Thé Method.
A direct method of studying'rapid chemical processes

has three important characteristics.(lB)

First, a macro-
scopic sample is uniformly displaced from equilibrium in a
period of time that is short compared to the time available
for observation. The shock wave method does this by suddenly
compressing and heating a homogeneous sample of gas to a
temperature at which reaction proceeds. It is a fact of
hydrodynamics(l4) that a finite sustained compression is
propagated into a gas as a shock wave, which has a steep
front and a velocity that is supersonic with respect to the
unshocked gas. A cylindrical shock tube is used to generate
a plane shock wave that travels the length of the tube with
a constant velocity. In the absence of induced chemical
processes, the temperature, density, and flow vilocity of the
shocked gas are constant behind a shock wave of constant
velocity. The values of these shock wave parameters are
calculated from the shock wave velocity and the properties
of the gas.

The second feature of a rapidly reacting system is that
it cannot be kept at constant temperature by external means.
Instead, the conditions in the reaction mixture are at the
mercy of the heat and the composition change of the reaction.
(The times involved in shock wave experiments are so short
that thérmal cqntact between the walls of the tube and the
hot flowing gas in the shock wave is practically negligible.)

In general, a chemical reaction occurring in a shock wave
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situation is neither isothermal nor adiabatic. Nor does the
reaction occur af constant volume. This is because the thermal
state of the gas and the parameters of the flow are rigidly
related. In order to maintain nearly constant temperature
and density throughout the course of the reaction, one uses
an intermal thermal buffer in the form of a large excess of'
inert gas. In all the present work, this gas is argon, whose
behavior is simple and well known. This carrier gas deter-
mines the conditions of the shock wave, which, to a first
approximation, are constant and independent of the reacting
material. The effect of the presence of up to one percent of
the reacting component is easily treated as a linear pertur-
bation on the conditions determined by the inert carrier gas.

The third characteristic of an experiment to follow a
fast reaction is a fast method of detecting and recording the
progress of the reaction. The methods of detection used in
most shock wave experiments are optical. The methodé of
recording are electronically operated and generally provide
a photographic recérd of the data. The present experiments
have used both spectrophotography and photoelectric spectro-
photometry. A spectrogram made with an electronically operated
flash lamp has recorded the absorption spectrum of NO3 during
its brief presence in the shock tube. Rate measurements are
made by following the appearance or disappearance of a colored
substance as the reaction proceeds. An appropriate wave length
band is selected and the transmission of the system is measured

photoelectrically and recorded continuously over the experiment
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ﬁy an oscilloscope. A cémera records the oscilloscope trace
during the experiment aﬁd auxiliary calibration traces.
Measurements at two wave lengths have been made in each
experiment in order to determine N02 and NO3 simultaneously.
Two photoelectric observation stations and oscilloscopes make

this possible.
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. B. RESULTS, INTERPRETATIONS, AND CONCLUSIONS

1. Background from Experiments near Room Temperature.

The background for this investigation lies in three
reaction systems whose kinetics have been studied and corre-
lated at room temperature.(l)

The oxidation of nitric oxide by nitrogen pentoxide,
(4)_ N205 + NGO —— 3N02,

(2)

is a reaction which occurs in two steps. The first step

is the dissociation of N205 into two fragments.

(5) N205 —éigleiﬂoz + NO3 (dissociation)*

The second step is the oxidation of nitric oxide by the very

reactive nitrate radical, NO3.

(6) NOg + NO —£ oo, (reaction (£))
The recombination of NO3 with NOZ’

(7) N02 + No3 _13.(.”11)_) N205 (recombination),

competes with reaction (f£) for the available NO;. The exact

rate equation derived from these steps is:

(8) d[_I\TOz] ) 3 AQM) ['_N205J
at B(M) [NOZJ

£ [xo]

1+

*The scheme of denoting reaction rate constants is taken
from reference (1).
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In most of the studigs of the reaction of N205 with NO,
reaction (f) is much faster than the recombination reaction,
‘and the rate determining step is the dissociation of N205.
This makes the denominator in equation (8) nearly unity and
the overall rate of N02 production practically independent

of the NO concentration. Thus:

: d t

= 3 A(M) [NZOSJ

Recently,(lS)

the oxidation of NO by N205 has been studied
in the presence of excess NO, and the ratio B(M)/£ has been
evaluated.

This reaction system has been used to obtain extensive
information about the unimolecular dissociation of nitrogen

pentoxide.(B)

The dependence of its rate and activation
energy on the composition and amount of inert gas, M, that
is present will be considered more fully later. In general,
both A(M) and B(M) depend on pressure, but their ratio, K, is
the equilibrium constant and is independent of pressure. At
low total pressures, the dissociation rate constant, A(M), is
nearly linear in pressure and at high pressures it is inde-
pendent of pressure. The activation energy of the high
pressure rate is the critical energy of splitting the N205
molecule, about 21 kcal/mole, and the activation energy at
low pressures is a few kilocalories lower than that.

Nitrogen pentoxide gas by itself is unstable at room
temperature and decomposes according to the equation:
(10) W0

1
5 —> 2N0, + 20,
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The kinetics of the reaction puzzled chemists for many years.
The reaetion is of the first order in [NZOS] and independent
- of [NOZ] , but the rate constant‘does not exhibit the pressure
deQendence which is charaéteristic of a unimolecular decompo-

sition process.(l6)

The mechanism that explains the observed
kinetics(7) involves the dissociation of N205, the recombina-
tion of N02 with N03, and in addition, the decomposition

reaétion between N02 and NOS:

(11) NO, + NO, =2 3 NO + 0, + NOg (reaction (e))

The nitric oxide produced in this reaction is an intermediate
which is quickly removed by reaction (f). The rate equations:
d[N -afmog)  4afwo,) . 2a{o, ] _ 2 ek [w,0.)
d

(12) =+
at t . . B
2 e

with the definition:

(13) K = éﬂl
B(M)

are valid provided that f£»e, so that the steady state
concentration of NO is very small. ZExcept at very low
pressures, B(M) is also very much greater than e, and the
reaction rate is simply proportional to the N205 concentration.
Under these circumstances, the activation energy observed for
the decomposition process is the sum of the activation energy
of step (e) and the internal energy change which accompanies
the dissociation reaction, (5). Its value is 24.7 kcal/mole.

Since the equilibrium energy of dissociation is approximately

equal to the critical energy, 21 kcal/mole, the activation
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energy of reaction (e) is only about 4 kcal/mole. These
facts are important'in the qualitative understanding of the
~kinetics of decomposition of N205 at higher temperatures.

The third reaction System that provides pertinent infor-
mation about the reactions of NO3 is the decomposition of
ozone catalyzed by nitrogen pentoxide. By the reaction
between ozone and NOZ’ this system generates appreciable
concentrations of NO3, which can be readily observed spectro-
scopically. Unfortunately, the NO3 concentrations obtained
in mixtures of O3 and N205 cannot be measured or calculated
directly, so that absolute values of the absorption coeffi-
cients of NO3 are not known. The key reaction is the
decompogition of NO3 into NO2 and the product, oxygen,

according to:
(14)  NO; + NOg —£5 %0, + 0, + NO, (reaction (g))

The estimated activation energy of this process is 8 kecal/mdle.
It is never important in the decomposition of N205 at room
temperature because of the ever present excess of N02, but it
will be seen that the high temperature decomposition mechanism
includes step (g).

In the first order decomposition of nitrogen pentoxide,
the macroscopic rate of appearance of the irreversible
decomposition product, oxygen, follows directly the disap-
pearance of N205 with no time lag. This comes about because
the equilibrium dissociation of N205, reactions (5) and (7),
is very small. Equilibrium is maintained by virtue of the

fact that NO2 and NO3 recombine to form NZOS much faster than
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they decompdse to liberate oxygen. Let us consider what
happens to this'mechénism when the temperature is raised
‘to0 a point where equilibrium in the dissociation process
calls for appreciable diséociation. Two limiting cases are
possible for the rates of dissociation and decomposition of
an initially pure sample of N,05. Pirst, the dissociation
equilibrium may be achieved rapidly and maintained through-
out-the course of the slower decomposition reactions, (e)
and (g). Under such circumstances, the initial reaction is
the dissociation of N205, and the rate equation is:

-a [r¥,0.] i a[wo,] ) a [wo,) - aonfr,ol)

a4 4t az 275

(15)

The second reaction that becomes important is the recombina-

tion, so that the rate equation becomes:

| S

—aw,0.]  afwo,] a[wo.]
(16) di 2= = a;l = —d—{z— = am) [wy0.) -B(w) [0 Jfvo,

When the steady state of virtual equilibrium is reached, this
rate expression becomes substantially zero. The equilibrium
conditions determiﬁe the rates of whatever subsequent steps,
such as (e) and (g), occur, and equilibrium keeps pace with
the changes resulting from the liberation of 02.

The other limiting case is that in which the recombina-
tion reaction is slow compared to the formation of oxygen.
Equilibrium is not maintained, and the stoichiometric decom~
position, equation (10), keeps pace with the disappearance of

N205, This case is realized at extremely low pressures near

50°¢C.
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The equilibrium controlled case is the one that can be
most nearly achieved in shock wave experiments, where one
-works with a low concentration of N205 in a large excess of
inert carrier gas. The darrier gas enhances the rates of
dissociation and recombination while the rates of such bi-
molecular reactions as (e) and (g) are kept low by the small
concentrations of reactable species that are produced. More-
ovér, the activation energies are such that the dissociation
rate constant A(M) increases with temperature very much
faster than the rate constants g and g. This means.that at
very high temperatures the dissociation reaction proceeds to
completion before significant decomposition of NO3 occurs.
On the other hand, reactions (e) and (g) have significant
energies of activation, whereas the recombination of N02 and
NO3 requires virtually no energy. Thus at temperatures near
500°K and inert gas pressures near one atmogphere the rate
constants e and g are much smaller than B(M), so that equili-
brium between NO2, NO3’ and N205 is practically maintained
even under conditions where N205 is over half dissociated.

The rate equations under conditions of comparable concen-
trations of NOZ’ N03, and N205 are much more complicated than
the simple equation, (12), which holds at the low temperature
limit of the equilibrium controlled decomposition of NZOS'
However, it is possible for shock wave experiments to achieve
another gimple kinetic system as the high temperature limit
of the equilibrium controlled decomposition. The dissociation

is rapid and quantitative, and is completely separated in time
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from the production of oxygen.
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2. Spgctral Properties of N02 and NO3'

Both N02 and NO3 absorb light strongly in the visible
-gpectrun. N02 absorbs strongest in the blue and near ultra—
viclet regions; NO3 absorbs strongest in the red. The con-
centration measurements in the several experiments reported
here make use of the absorption spectra of both of these
oxides.

The absorption spectrum of gaseous NO3 has been photo-
graphed in the visible region under low dispersion and at

room temperature by Jones and Wulf.(l7)

The strongest
absorption bands are centered near 662 np and 624 mp. Weaker
bands fill the region between 610 mp and 500 ma, becoming
progressively weaker at the shorter wave lengths. In a series
of photographs of a decomposing mixture of ozone and nitrogen
pentoxide, these bands appear and then disappear before the
absorption by N02 below 500 %p becomes evident.

Figure 1 shows a flash spectrogram of a decompoéing N205
sample in a shock wave experiment. The flash, which lasted
for about fifty microseconds, was triggered 12 microseconds
after the shock wave passed the segment of the shock tube
between the lamp and the spectrograph slit. The timing of
this exposure was arranged so that the dissociation of N205
was virtually complete when the flash was started but the
decomposition of NO3 was less than half over when the flash
ended. The presence of NO3 in the shock tube is undeniable.

The quantitative analysis of NO2 in gas mixtures is often

done spectrophotometrically using blue light. The absorption
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Tigure 1, Tlash absorption spectrogram of W0z, The charac-
teristic bands of TOz, together with absorption by 1i0g, &re
ghown in exposure g, "he source, & xenoan flash laup, is
chown through the empty 15 cm shock ftube in b and ithrough
the unshocked mixture of Mol and argon in 4., The diiference
between b and d is the slight irreproducibility of the
source, & is o two minute exposure to the other 11 Juns that
were used in the experiment, “hen this page is Liglu to the
light, the 5461 R and 4358 R lines of mercury and g£oic con=-
tinuous exsosure in the red are faintly visible, The plate
ig an Fastman Kodak go. type 103~F, The formal o505 concen-
tration was 23 x 10~° m/1, the shock temperaiure was about
530°K, and dissociation was at least 90% complete before
the fifty microsecond flash wasg started,

The print below is copied from that published by Jones and
vulf, (17)

7000 6500 6000 5500 5000 4500 4400 4300
A

1. 1. The absorption of NQj, overlain with weak ozone absorption in «, b, ¢. The absorption of NO3 shows in <.
The apparent relative intensity differences within the NOjg spectrum between different strips is probably to be accounted
for by the diffuse ozone absorption overlying certain of these. The wave-length, X, is given in angstroms. Maximum N;O;
pressure roughly 80 mm Hg; maximum O; pressure roughly 50 mm 1Ig.
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coefficients have been measured repeatedly(ls)(lg)(Zo) for
a number of selécted wave length bands at temperatures near
-300°K. Beer's law has been found to be generally applicable,
and the absorption coefficients are satisfactorily independent
of the total pressure in the system. The determination of
N02 in the decomposition of N205 at high temperatures requires
knowledge of the extinction coefficients for a particular
wave length band over the entire range of temperature of the
experiments. To provide this information, a number of shock
wave experiments have been done in which mixtures of NO2 and
argon were compressed and heated to temperatures between 500o
and 1000°K. The extinction coefficients of N02 at the shock
wave temperatures have been calculated from the initial condi-
tions and the measurements of light transmission after the
passage of the shock wave.

Let io represent the intensity of the incident light
beam, ir the light that is transmitted to the photomﬁltiplier
through the N02 sample before it is shocked, and il the light
transmitted after the shock wave passes the observation
station. In the unshocked gas, the concentration of N02 is
Co¢, where Co is the total concentration of gas and @ is the
mole fraction of NOZ.- The concentration of N02 that is present
in the shocked gas is given by CO¢A , where /\is the density
compression ratio across the shock front. The optical densi-
= logy(i,/i,), and D' = log;fi,/i,)

are defined. These are related by:

(17) €(>\’T2)CO¢AL =Dy =D + D' = €y 5500%)CoBL + D'

ties D, = loglo(io/il), D,



17
The length of the light path is L. The initial optical density,
Do’ is calculated from the measured concentration and path
“length and the extinction coefficient quoted from other
measurements. D' is the increment in optical density observed
in the experiment. The value of the high temperature extinc-
tion coefficient, E;C\,Tz), is calculated from these data and
the particular T2 and A\ of the shock wave. Correction of Do
for the small amount of transparent N204 is straightforward.
The results of these measurements at several wave lengths are
presented in table 1. The results at 366 %P’ 546 m, and
650 mp. are included in figure 2.

The significant qualitative conclusion that can be drawn
from these measurements is that near the maximum in the N02
absorption spectrum, the absorption coefficient decreases with
temperature, while in the green and red regions the weaker
absorption has a positive temperature coefficient. This be-
havior is typical of molecular electronic absorption'spectra.
The maximum in the absorption curve represents absorption from
low vibrational states, while the edges of the absorption
region correspond to transitions from higher vibrational states.
At low temperatures, only the lower states have gsignificant
populations, and the absorption is confined to the spectral
region in which they absorb. At higher temperatures, the high-
er vibraticnal states are populated at the expense of the
lower ones, and the absorption épectrum is broader and flatter.

_The analysis of shock wave mixtures for NO3 has been

carried out with light in the green and red regions of the
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spectrum. The absorption by NO3 in the red is very much
stronger than any visible absorption by NOQ, so that the small
absorption by N02 in the red introduces little difficulty in
the simultaneous determinafion of comparable amounts of N02
and NO3.

To a greater degree than the NO2 spectrum, the NO3 spectrum
is marked by a number of strong bands separated by sharp
minima. From the gtandpoint of qualitative analysis, this is
ideal, but for quantitative spectrophotometry in the gas phase,
it presents several complications. Beer's law is strictly
valid only for a line source of light, and its applicability
to band sources depends on the constancy of the absorption
coefficient over the interval of the spectrum that is used.
The choice of a suitable wave length interval for use in the
analysis of NO3 is severely restricted by the large changes in
extinction coefficient between successive maxima and minima.
Even when one works with a monochromatic source, the effect
of pressure on the absorption intensity in an absorption band
may be annoyingly large. The general effect ¢f temperature
noted in NO2 likewise may be expected to be present in the
N03 spectrum. In addition to these fundamental difficulties,
there is the practical prcblem of obtaining a rapidly respond-
ing photocathode with adequate sensitivity in the red end of
the visible spectrum.

fost of the experiments have been done using a tungsten
lamp as source and a wave length band of 3.6 QP half width

centered at 652 my.« This wave length is near an absorption
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minimum'between.the two strongest absorption bands, 624 gp and
662 qP,'and it also excludes two fairly pronounced bands near
634 m and 640 mpa. The extinction coefficients recorded in
table 2 have been measured in mixtures of N02 and NO3 produced
immediately after the dissociation of N205 behind a shock wave,
They have been calculated from equation (17) with the substi-
tution of zero for Do and the mole fraction of N205 in the
unshocked gas for @. The latter substitution is based on the
hypothesis that at the instant when Dl is measured, N2O5 has
been quantitatively converted to an equimolar mixture of NO2
and N03. The data are confined to temperatures above 600°K,
where the evidence presented in the next section indicates
that the dissociation is comblete. The values listed have
been corrected for the absorption by N02 using the curve shown
in figure 2. They show more scatter than the absorption
coefficients measured in NO2 because‘the conditions of the
measurement of Dl are only present momentarily before'the de-
composition of NO3 becomes significant. (See figure 3a.)
Accordingly, the scatter is greatest at the highest tempera-
tures and the highest concentrations of nitrogen oxides.

These extinction ccefficients describe the absorption by
NO3 in an environment of about lO_gm/l of argon. The extreme
values of the NO3 concentration are 2.5 x lO—Sm/l and
12.5 x 10_5m/l. No systematic deviation from Beer's law is
evident over this range of concentraticns. (See experiments
91-96 in table 2.) There is, however, some indication of a

positive effect of total pressure on the absorption coefficients.
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(See egperimenté 81—85) " The magnitude of this effect cannot
be reliably estimatéd, but probably it does not exceed fifteen
- percent per atmosphere of argon.

Experiments were carfied out to test the dependence of
the extinction coefficients of NO3 on wave length near 650 mp.
These experiments were done near 825°Kk using wave length bands
centered at 648, 650, and 652 mi. (See experiments T72-78.)
The results can be expressed as d ln€/d>\ = +3 £ 2% per m,
and they confirm the hypothesis that a 4 mp half width is
tolerable.

The results contained in table 2 can be summarized as

follows:
7 (°) (652 mu, T) (/1) ten™ Ugiggizfl%v
300 220  (extrapolated) 30
650 260 15
825 282 | 15,
1050 305 25

A few experiments were done with 546 mp light isolated
from a high pressure mercury arc. Around 6500K in 0.008 m/1

argon, €:NO3 =530 ¥ 50 (m/l)_lcm-l, and it appears that GZNO

3

is rather pressure dependent. (546 QP is in the edge of one
of the stronger absorption bands.) |

Qne exploratory experiment was done with a 4 QP wave
length band centered near 615 %P' The measured extinction

-1

coefficient was 1250 (m/l)‘lcm at 520°K. This result indi-

cates considerable inclusion of the 624 @p band, which is the
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broader of the two very strong absorption maxima shown in
figure 1. Another Such experiment was done in the band at
589 mp, and the extinction coefficient is about 1000.

From these measured éxtinction coefficients and wvisual
examination of the flash spectrograms like figure 1, one can
estimate the maximum absorption coefficients of NO3 in the
strong bands at 662 and 624 mp as 3000 ¥ lOOO(m/l)_lcm-l.

 The abéorption by NO3 in the blue and violet regions is
not nearly so strong as in the strong bands in the green and
red. Nevertheless, there is considerable absorption by NO3
throughout the blue and into the near ultraviolet. This
absorption is not obvious in the flash spectrogram of the
mixture of NO2 and NO3 because it is masked by the N02 absorp-

tion. In the published spectrogram(l7)

of an ozone and nitro-
gen pentoxide mixture it is less striking than the character-
istic bands. There is, however, unmistakable general
darkening (of the positive print) in the 440 o regibn. This
darkening is not due to absorption by ozone or by NOZ’ because

its time history exactly parallels that of the NO3 bands.

However, the sign of d E;ﬁo /A in the blue is not determined
3

by the room temperature plate, even though the darkening
clearly increases toward the blue end of the spectrum. This
is because the illumination of the plate decreases strongly
toward the blue end of the spectrogram and much less absorption
is required to produce noticeable darkening of the print.

The following data on the absorption coefficients of

NO3 were obtained as a by-product in photoelectric measurements
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whose principal function was to record the appearance of N02

in the'decompositioh of NZOS'
% € Uncer- Number of
;Kggl av. (A, T) tainty Experiments
436 650 130 20 6
405 650 90 20 2
366 600 25 15 4
366 825 40 15 12

These values represent the averages of several individual
experiments in which the optical density was measured after
the rapid increase produced by the dissociation of N205 but
before the decomposition of NO3 was appreciable. (See figure
3b.) The equimolar composition in N02 and I\TO3 corresponding
to complete dissociation of the N205 was assumed. The absorp-
tion by N03 was computed as the difference between the observed
abéorption and that calculated for one equivalent of NO2 on
the basis of the independent extinction coefficient data
presented in table 1. The individual data are badly scattered
because they are obtained by difference. At 366 mp, where
data are most plentiful, the differences are smallest and the
gcatter is greatest. Alternative interpretations of these
experiments and the evidence in favor of this one will be
presented in the next section.

iwo qualitative conclusions can be drawn about the NO3
absorption in the blue. PFirst, the absorption decreases

toward the violet. The lowest values recorded are at 366 qp,

and these have a positive temperature coefficient. The minimum
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thét must oécur someplace is not leécated, but it seems certain
that no strong maxima are present in the near (pyrex) ultra-
-violet. Second, the absolute strength of absorption by NO3 at
elevated temperatures is‘comparable to that of NO2 in the blue
region, and even at 366 o, NO3 interferes considerably in the

analysis of N02.
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3. Stpichiometfy of Dissociation and Decomposition of N295.

At 300°K, the decomposition of nitrogen pentoxide is
- described by the equation:

4
(18)  N,0, —> 2N0, + 40

At equilibrium, the reaction is complete and the products,

2

N02 and 02, are stable with respect to further reduction of
N02. The only side reaction is'the removal of NO2 to satisfy
the equilibrium:
(19) N0, == 2N0,
At high concentrations, this process complicates colorimetric
or manometric determination of the extent of the decomposition
reaction. However, at the high temperatures of the present
experiments, it is unimportant.

It was proposed at the outset of this work to separate
the decomposition of N205 into two stoichiometric steps, first

the dissociation of NZOS’

(20) N205 E— N02 + NO3’

and second the decomposition of NO3’
. 1
—_—> 2NO2 + 702

(21)  NO, + XNO

2 3
Quantitative establishment of these steps has been a signifi-
cant part of this investigation.

Proof of both of these steps would be straightforward
if one could analyze the mixture specifically for NOZ'
Attempts to do this spectrophotométrically using light in the

blue and near ultraviolet regions have not been wholly success-

ful. Pigures 3 and 4 are typical of the records of optical
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Figure 3a, Photoelectric record at )\=:652 mp showing
initially no absorption, sudden rise in absorption as N,04
dissociates into NO; and MOz, and finally constant small
absorption by the product, W05, T = 801° after dissociation,
811°k after decomposition, Timing blanks are every 30 Paec.

Figure 3b, Photoelectric record at )\ = 366 mp showing
incident light, absorption by egquimolar NOp and NOz, and
finally somewhat greater absorption after NOz becomes NOo
and Oy, Same eXperiment as above, Sweep only half as fast,
Calibration spacings are about 15% of incident light,

03] pax = 12.5 x 107° m/1; [0 £ina1 = 23.6 X 107° /1,



27

Figure 4a, Photoelectric record at >\ = 546 mp showing
initially no absorption, sudden rise in absorption as N205
dissociates in the shoeck wave, and then the decrease in
absorption as ¥0z disappears, To = 627°K after dissociatiom,
[EOg] max % 3.66 x 102 m/1, Timing blanks are every 30 psec.

__p'q.\ PIY AL LS

Tigure 4b, Photoelectric record at >\=436 1:!9.1 in the
game experiment as that shown above, The absorption remains
constant as NOz is converted to NOg, As the decomposition
ocours in this mixture containing 0.447% W50g5, the density
decreases by 1%, and the teumperature increases by 6°K,
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.absorption versus time in the experiments between 600° and
1100°K. In all these experiments, the absorption by the N205
and argon mixture before the arrival of the shock wave is nil.
Immediately after the shock wave paéses the observation statiom,
light absorption commences and rises nearly as a step function
. in time to a definite level. PFurther changes in the abéorp—
.tioh occur nuch more”slowly, and finally a condition of con-
stant absorption is reached. In the green and red;-the initial
surge of absorption 1s mostly due to the production of NOB’
and the absorption decreases with the subsequent decompositiqn
of NO3' (Figures 3a and 4a) The récords at 366.@p are
qualitatively consistent with the expected course of absorptim
by NOZ' (Figure 3b) The initial surse is followed by a slow
further increase to the final constant value. At 436 mp
(Figure 4b) almost no change in absorption occurs after the’
initial fast rise, although the simultaneous record at 546 %P
clearly shcws that N03 is disappearing.

Quantitative measurements of the initial absorption
increments a%t each of the wave lengths shows that the émount
of absorbing material is proportional to the formal N205
concentration at any given temperature. Moreover, the varia-
tion in absorption per mole of N205 originally present in-
creases only slightly with temperature between 600° and
1100%K at 652 o and indetectably at 366 ..

At 366 and 436 ma the initial absorption ig consistently
higher than corresponds to one mole of HOE from each mole of

N?O5 by = factor that is independent of the amount of N?O5
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present. This.factor at 366 mp ig about 1.3, and it increases
somewhat with témpefature. At 436 QP near 650%K it is about
~2.0. Exploratory experiments have also been done at 405 oy
and 487 o The behaviof at 405 gﬁ.is intermediate between
the phenomena at %66 and 436 %P’ while at 487 mp the absorp-
tion by NO3 is dominant and the total absorption decreases
after the initial rise.

All these data are consistent with the hypothesis that
the dissociation of N205 is rapid and complete and that
appreciable NO3 absorption exists throughout the blue and
violet regions, increasing toward the red and having a positive
temperature coefficient. Quite apart frop the predictions
made by extrapolation of room temperature experiments, this
interpretation is the most reasonable one on the basis of the
high temperature data alone. Let us consider briefly some
alternative interpretations.

Suppose that the dissociation of N205 were incomplete.
This would mean that the initial absorption would not be linear
in the formal N205 concentration. Also, the absorption would
increase markedly with temperature, since the equilibrium
dissociation energy is about 21 kcal/mole. Further, the
absorption in the blue would be expected to be less than
instead of greater than that calculated for the amount of N02
produced by complete dissociation. Such behavior has of
course been observed between 450 and 550°K. The dissociation
rate and equilibrium data are presented later. Suppose, on

the other hand, that the initial destruction of N205 is complete
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but is somehow ﬁore complicated than the simple dissociation
reaction, (20). Suppose specifically that NO3 does not
absorb at 366 ma at all, and that N02 is produced in excess
0of the formal N205-concenfration, while NO3 makes up the
balance of the dissociation products. This could come about
if there were some other mode of decomposition of N205 which
yields two N02 molecules and whose rate is comparable to the
simple dissociation rate. The data between 600° and 1100°K
require that any such process have a rate that remains compar-
able to that of reaction (20) over this entire temperature
range. This means that its activation energy must be near
20 kecal/mole. Any bimolecular process, such as
(22)  N,05 + NO; —> 30, + 0,  [H,gy = -3kcal/mole
could not keep pace with the unimolecular dissociation, (20),
unless its activation energy were substantially less than
5 kcal/mole. Any process involving oxygen atoms is endo-
thermic by ét least 50 kcal/mole, and need not be considered.
Nor can any process be considered which involves NO3 but not
N205. Such a process would be required to destroy one portion
of the NO3 immediately and the remainder rather slowly.

The analysis of the final state of constant absorption
is free of complications. With NO

destroyed, NC, is the

3 2
only possible oxide in the system, including NO, which can
absorb visible light significantly. The results of all the
experiments in which the final state was observed show,

within experimental error, that N205 has been converted

quantitatively to N02 and 02. This statement applies to
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measure@ents at éeveral wave lengths and to the highest
temperature of this investigation, 12%6°K. The results are
presented in table %3 as extinction coefficients calculated
from the final optical denéities observed and the assumption
that two moles of NO2 appear in place of every one of N205.
They may be compared with the extinction coefficients of NO2
measured in independent experiments. (See figure 2.) The
complete results are recorded in table 3, and the data at
366 mp and 652 mp are included in figure 2. Incomplete
conversion to N02 would have given values of E:that were too
low. Measurements made when there was still some NO3 in the
system would have given high results in the red and low results
in the violet.

This conclusion that in the shock wave experiments N205
has decomposed stoichiometrically into N02 and 02 is an
important one, because at temperatures of GOOOK and higher,
N02'is unstable with respect to NO and oxygen. The thermal
decomposition of 10—4 n/1 N02 at 1000°K is known to require

about two seconds.(Zl)

Hence it is too slow to be significant
in the present experiments, which are of much shorter duration.
However, the present conclusion also excludes the possibility
that NC is accumulated in the system by other reactions,

particularly those involved in the decomposition of NO

3
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4. Kinetics of Decomposition of N03.

In the previous'section, the stoichiometric steps in the
high temperature decomposition of N205 were established. 1In
the experiments between 600o and 1100°K the dissociation
step is too fast for its ratd to be measured with present
techniques. The decomposition step, however, occurs at a
rate that is convenient for studying. The useful part of
the-photoelectric record begins somewhat after the shock
wave has passed the observation slit. N205 is completely
dissociated and the optical density, D = loglo(io/i), has
the value Dl' The continuous record of transmission follows
the changing optical density as it approaches its final con-
stant value, Doo - In general D in this system is composed

of two terms, representing absorption by N02 and by NO3'

(23) D= €y, [vo,] = + ENOB[NOB] L

In the shock wave notation, the formal concentration of N205
at any point behind the shock wave is C °¢A , where C o¢ is
the N205 concentration before the shock arrives, and A\ is
the density compression ratio.

In the shock wave situation, chemical reactions do not
take place at constant volume. For this reason, it is con-
venient to use the degree of decomposition of NOB,/3 , in
developing and using the rate equation. /53 is defined by:

(24)  [vo,] =c g1 -8)

When no added N02 is present, it follows from the stoichio-

metry that:
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(25) [NO,) =C BAQ +/3)
To relate/3»to D, it is necessary to consider the effect on
D of the change in the density of the reaction mixture with
the progress of thekreaction\ In experiments in an excess

of inert gas, this change is small and can be treated as a

linear correction. Accordingly:
(26) A=D1 484 1wD/4B) = D (1 - /3 a nD/aB )™

With these substitutions, equation (23) becomes:

(27)
D =C gL (1 +3 4 /i3 ){€N03(1-/3) +€N02(1+p)}

C Tl (14734 1nD/4/3) {( EnotEono) (173)+ zenof}

Substitution of the end conditions, D1 and D,, and the defini-

tion

(28) px =D (1-/34 1D/a/3)
D} =D, D* = Dy (1 - 4 1nA/4/3)

yields

(29) px =p. (1 -8) + D% 3

from which

(30) D, - D* D* - D*
B 1-B)=—F
Dl-D‘” Dl‘Doa

Possible variation of the extinction coefficients with the

temperaturé changes accompanying reaction has been ignored.
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The special case in which both extinction coefficients have
the same logarithmic temperature coefficient can be easily
incorporated into the above treatment by replacing
(@ 1nM/4 2 ) by the sum (a 1nA/a/3 +d1n€/43).
In the present experiments the temperature changes are only
a few degrees, and corrections for changing extinction coeffi-
cients are negligible.

‘The differential rate equation can be deduced from the
kinetics of the processes believed to be important in the

transformation of NO3 into N02 and oxygen. These are:

£
(31) NOz + NO; —25 NO, + 0, + NO,
and the combination:
e
(32) NO, + NOz-=3NO + 0, + NO,
followed rapidly by:

£
(33) NO, + NO —>NO

3 5 + NO

2
The rate constants describe the reactions at constant volume.

When £3> e, the total rate can be expressed as:

13

(34) (-4 [No3]/d %), Rate = 2 g [NOZJ[NOB:I +2g [N03J2 ,

from which:

Rate [Nozl
= e + £

7 2[mo,J(wo,] [, ]

In the shock tube situation, differentiation of (24) at con-

stant volume gives:
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(36) (-d[m3]/a 1), = Rate = CgAaB/a %
i is the‘time aiﬁce the Shock wave heated the particular
element of flowing gas under observation. i?' is the time
since the shock wave was observed at the fixed observation
station. The transformation is:
(37) dt =Na T
With this substitution and division by (24) and (25), (36)

becomes:
Rat a3 /a7
(vo,][;o;] g A% -3%)
and the rate equation, (35) is:
(39) e + Z M = a3 /a7

(143) 208 A0%0 -32)

In the event that NO, is added to the initial mixture, (39)

becomes:

(40) e+g——LBL_ . TN
(143 +7) 2 6B (1-3)(143+ 7 )

where 77 is the formal ratio of N02 to N205 in the unshocked
gas.

Two limiting cases are of interest. If g 3> e, all but
the last part of the reaction is just the simple bimolecular

decomposition of N03, and the rate decreases as (11/3)2.
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Sooner or later, as NO3 is depleted and N02 is built up,
reaction (e) becomes significant. If e > g, reaction (e)
is dominant from the start, and the rate decreases only as
(a-3%). |

If by coincidence e¢ = g, the reaction rate is pseudo
first order, decreasing as (1 - ,/3). The effective rate
constant is C°¢£§(g + g). In this case NO; reacts equally
iapidly with N02 and N03’ the sum of whose concentrations
is constant. It will be seen that this last situation is
closely approximated near 600°K, and that e and g are of
comparable magnitude throughout the temperature range of
this investigation.

In any event, the rate predicted by this mechanism is
controlled exclusively by bimolecular processes, and the
initial rate of reaction is proportional to the square of
the formal N205 concentration and independent of the inert
gas pressure. This seems to be the case.

If one or the other ‘of the two reaction paths were
dominant, an integrated rate equation would be useful in
treating the dsta. In general, however, the ratio e/g is
not known a priori, so the following point by point procedure
has been used. D is evaluated from the optical transmission
recoxd at selected values of 7 . An approximate value of/é?
is deduced, and D* is evaluated by equation (28). In the
experiments where Do is not observed, it is Ealculated using
the extinction coefficients of N02 measured in other experi-

ments. Most of the points have been taken from measurements
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at 652 m and 546 mp. The measurements at 366 mp are less
precise because of the significant interference of the NO3

absorption. This interference renders measurements at 436 mp
| useless. From the measuréd sequence of/g‘versus'?’, the
average value of 4,3 /47T 1is evaluated between successive
points and assigned to the mean values of /3 and T . The
reduced rate function, which is the right side of equation
(39) or (40), is tabulated and plotted against [NO5]/(NO,].
In the absence of added NOZ’ the abscissae in such a plot are
(1 -/1’ )/ (1 +ﬂ ), and cover the interval between zero and
unity. The mechanism predicts that the plot is linear with
positive slope equal to g and positive left'intercept equal
to e. In practice, the points are scattered, but in all but
one case, the most plausible curve is a straight line with
positive slope and intercept. This exception is a very fast
reaction at 1127°K, and a negative slope is indicated.

The intercept of these plots at [NOSJ/[Noa] = 1 (the

right intercept) is the apparent bimolecular rate constant
at the beginning of the reaction, which is the sum, (e + g).
This is the quantity that is most accurately deduced from the
experiments by this plotting procedure. The data measured
early in the reaction are inherently more reliable, and the
later data are included as a guide in extrapolating to the
beginning of the reaction. In calculating the ordinates for
these points, the initial wvalue, Z}l, has been used in
equation (39) throughout each experiment. This does not

affect the right intercept, and the corrected left intercept
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can be obtained merely by multiplication by

(DY D = (-2 a DNB),

The decomposition of NO3 is exothermic, and the temperature
at the end of the reaction is higher than that at the be-
ginning. Adjustment of the left intercept, e, to the initial
temperature, T(/3= 0)’ involves a negative correction that
nearly cancels the positive correction for the density change.
This cancellation is a comsequence of the peculiar combina-
tion of the activation energy of reaction (e), the exother-
micity of reaction (21), and the heat capacity of argon. It
is independent of @ because the changes in A\ and T are both
proportional to @.

The resulting values of (e + g) in the several experi-
ments are plotted on logarithmic scale against reciprocal
temperature in figure 5. The nearly linear form of this
plot indicates that e and g have not very different tempera-
ture coefficients. The line has been calculated by the
least squares method. It gives the average activation energy

as 6.42 ¥ 0.3 kcal/mole. The equation of the line is:
(41)  logy (e + g) = -(1403 T 60)/T + 9.340

The two rate constants have been separated in two ways.
The most reliable of these uses the initial rate data in a
series of experiments in which N02 was added to the initial
mixture so that at the beginning of the decomposition,
ENO3]/[N02] was between 0.3 and 0.1. These values of

(e + & [N03] / [Noz] ) were combined with the values of
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(e + g) at the same temperatures given by equation (41). The
values of e obtained in this way are plotted in the lower part
"of figure 5. The equation of the line through them is:

(42)  log y(e) = -(965 ¥ 150)/1 + 8.41

and the activation energy is 4.42 ¥ 0.7 kcal/mole.

" The other set of values of e are obtained as the left
intércepts of the plots of equation (39). These data are
shown in figure 6. The calculated line is

(43)  logy,(e) = -(1981 ¥ 60)/T + 9.590

and the activation energy is indicated as 9.1 t 0.3 kcal/mole.
The dashed curve in figure 6 is equation (42). This strong
disagreement between the values of the activation energy of
reaction (e) calculated by the two procedures arises largely
from the data at the low end of the temperature range. Here
the reaction is not followed past about /3 = 0.5, and the
extrapolation to [Nojj/[noz] = 0 is long and uncertain. The
plots always yielded positive intercepts, but the values of
e indicated were substantially lower than those measured by
the method of adding N02 to the original mixture.

Near 820°K, the center of the temperature range, the
two methods of separating e and g agree with each other.
Data from twenty-one experiments between 750° and 934°K
have been adjusted to 820% using the temperature ccefficient
of equation (41). These include data from experiments with

the initial N205 concentrations differing by a factor of five.
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and from experiments with N02 added to the mixture. The plot
of these data acCording to equation (40) is shown in figure 7.
The general validity of the kinetic interpretation, equation
(34), is supported. The best values of the individual rate
constants afforded by this investigation are derived from
this plot. The parameters determined from this treatment by

the least squares method are:

(44) e = (1.50%0.09)x 107 (m/1) tsec™ at 820°K
g = (2.34%0.17)x 107 (m/1) " sec™! at 820°k
(e + g) = (3.84%0.10)x 107 (m/1) *sec™® at 820°%K

The activation energy of reaction (g) is calculated from
the temperature coefficients of ¢ and (e + g) as follows.
Consider the formulation: k = (e + g}. The activation energy,
- R4 1n(k)/d (1/T), is the weighted average of the individual

activation energies:

e Ee + g Eg

(45) By = Y

Substituting E . = 6.4 kcal/mole and the preferred value of
E,» 4.4 kcal/mole, together with the values of e and g at

820°K, gives the result: Eg = 7.7 kcal/mole.

Above about 1000°K, investigation of the kinetics of
decomposition of NO3 in the presence of N02 is complicated
by several factors. First, there is the experimental diffi-

culty of measuring the very fast disappearance of NO3 at

higher temperatures. In the fastest of the present experi-
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ments, the decomposition was followed virtually to completion
in about 2O‘Psec. The minimum resolution time of the appara-
‘tus is about two psec. The bimolecular reactions (e) and (g)
can be slowed down by_working with lower concentrations of
reactants, but the spectrophotometric analysis is then less
accurate.

Of more interest than the experimental problems are the
complications that may occur in the reaction mechanism
itself at higher temperatures. The rate equation that de-
scribes the decomposition of NO3 between 600° and 1000°K
involves only two reactions, (e) and (g). As in the low
temperature decomposition of N,0g, reaction (f) is so fast
that its inclusion in the mechanism of decomposition of NO3
does not affect the rate equation. The concentration of NO
remains small so long as NO3Ais still present. The analysis
of the decomposition products after NO3 has disappesred shows
0. has been converted to NO,. The

275 2
uncertainty in this analysis is about ten percent. This sets

that all of the original N

an upper limit of 0.1 on the ratio [NO]/[NOz] at the end of
the decomposition of N03. The net rate of production of NO

in the system is given by:
w o) o) -1 [w)

In the steady state approximation, this expression is zero,

and:

(47) (n0)/[vo,] = e/f =<1
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This relationship and the observed maximum value of
[NO]/[ﬁOzj of 0.1 lead to the conclusion that £ = 10 e
throughout the temperature range of these experiments.

Because 0.1 is really not negligible with respect to
unity and because a large fraction of the NO3 is converted
directly to NO, by reaction (g), the steady state approxi-
mation, equation (47), may not be justified. If in fact
the'net rate of production of NO is not hegligible compared
to the rate of reaction (e), then the steady state is not
reached before the NO; is all gone, and [NO]/ENOz]is always
less than ¢/f. This means that the estimated maximum value
of e/f, 0.1, may be too small. An upper limit can be placed
on e¢/f, however. Consideration of the values of g and g
near 1000°K indicates that about half of the NO3 undergoes
reaction (g), so that only the other half can undergo reaction
(e). At least 90% conversion of N,05 to NO, means that not
more than 50% of all the NO produced by reaction (e) remains

at the end of the reaction. This fact can be expressed as:

(4,8)& e [Noz][Nos] - 2 [w0] [wos]a 1 £ O'SLeg‘ proglivos]e

eaction action

Rearrangement yields:

(49) greacg[yo}] {0 5 e/ - [N0)/ [Nozj} 0

This says that on the average, [NO]/[NOz])av = 0.5 e/f.

The approach to the steady state from the initial condition
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of [NO]/[NOé] = 0 means that:
(50) 0.1 [no)/[§0,]) ) = [w0)/[W0,]),, = 0.5 e/2,

from which: f = 5 e.

The rate equation for the room temperatﬁre oxidation
of NO by N205 depends on the fact that £ is greater than
B(M), the rate constant for recombination of NO2 with NO3°
It will be shown in the next section that near 500°K and
at moderate pressures, B(M) is about one hundred times the
value of e at 1000°K. The conclusion that £=5g¢is
really a very weak one, and serves only to show that £
does not have a large negative temperature coefficient.

No other decomposition reactions are fast enough %o
be of any consequence in the times of the present experi-

ments, at least in those below about 1000°K. Below lZOOQK,
the bimolecular decomposition of NOz,

(51) NO, + NO, —> NO + 0, + NO

is insignificant in 10™% m/1 NO, in times shorter than a
(21)

milisecond. However, the rate of N02 decomposition

has been measured at temperatures as low as l450°K in the

shock tube;(zz)

and the instability of NO2 must be consider-
ed in the decomposition of NO3 above about 1500°K.

| Probably the most serious complication in the kinetics
of NO3 decomposition above 1000°K comes from unimolecular

diésociation of N03. The present experiments between 1000°
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and 1200°K indicate that some reaction with a high activa-
tion energy is'competing with reactions (e) and (g). In
Figure 5 the computed values of (e + g) break sharply up-
wgrd from the linear plof at the high temperature limit of
the investigation. In the twofexperiments above llOOOK, the
deviation is unmistakable. Near lOOOoK, the dependence of
the initial decomposition rate on the formal N205 concen-
tration shows slight deviations from the bimolecular rate
law, equation (34). The experiments with the largest N02
and NO3 concentrations give lower values of (e + g) than
the experiments with one fifth as much N205 in the initial
reaction mixture. The differences in the apparent rate
constants are much smaller than the fivefold variation in
concentrations, but they are in the direction of less than
second power dependence on the formal N205 concentration.
Among the data at lower N205 concentrations, the highest
apparent rate constants are measured in the experiménts
with the highest argon concentrations. This dependence
on total gas concentration is charscteristic of a unimolecu-
lar decomposition reaction of a simple molecule at low total
pressures.

In the experiment at 1216°K, the initial rate of de-
composition gives a computed bimolecular rate constant that
is four times the value of (e + g) indicated by equation
(41). In this one experiment, the value of the apparent
unimolecular décomposition rate has been computed. The

bimolecular contribution to the initial rate,
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2 (e + g)[NOZ][N03], has been calculated and subtracted from
the observed rate; The remainder of the decomposition rate

can be described by:

(52) -—Z—[-?z = 2.3xlo4[N03]
or

(53) —_%-[—1:—92 = 2.5 x 10°([n0, ] [argon]

Time is in seconds; concentrations are in moles per liter.
The interpretation of these rate constants is not clear.

It is clear that they describe the rate of initiation of
some process by which N03 is converted to N02 without the
production of appreciable quantities of NO. In the experi-
ment at 1216°K, this path is the dominant one, and the
analysis indicates virtually complete conversion of N205

to NO,.

2

The most reasonable dissociation of NO3 is:

(54) NO; —> NO, + 0 AE = + 50 keal/mole.

The rates of the many possible secondary reactions of oxygen
atoms in this system are not known, and the rate equation
might be very complicated indeed. The order of magnitude
of the rate of decomposition of NO3 initiated by unimolecu-

lar dissociation of NO3 is not inconsistent with the known
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energy of reaction (54) and simple unimolecular reaction
_rate theory. "If one supposes that the rate of recombina-
tion of oxygen atoms with NO, (the reverse of reaction (54))
is small and that the principal reactions of oxygen atoms

are.

(55) NO; + 0 —> NO, + 0,

and

(56) NO, + 0 —> NO + 0,

followed rapidly by reaction (f), then the total rate of
disappearance of NO3 by this path is twice the rate of
reaction (54). The rate given by equation (53) can be

approximately computed by the expression:(zs)

(57) i?%ﬂ = 22 (5/RD) @ “1(g —1) 1t & F/BT [ gorffio,

when Z is the kinetic theory collision number, E is taken
as 50 kecal/mole, and g is taken as 5.

Another possible reaction is:

(58) NO3 —> 0, + NO AN\E = + 4 keal/mole,

which may proceed unimolecularly through isomerization of
NO3 to the much less stable peroxy compound,(24)

O -0~-N=0. This process is stoichiometrically equiva-
lent to reaction (e), but kinetically, it is very different.

Its activation energy may be as low as 45 kcal/mole. If
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reaction (58), and not reaction G4), is in fact the important
one, then it may be possible to measure the rate of reaction
(f) in experiments with low concentrations of NO3 and N02 at
temperatures between 11600 and 1300°K.
The specific effect of molecular oxygen in catalyzing
reaction (54) through the intermediate production of ozone

can be examined. The activation energy of the bimolecular

reaction:

(59) 1\703 + 02 > N02 + 03

can be estimated at high temperatures from the heat of the
reaction and the known activation energy of the reverse

(25) The sum of these

reaction near room temperature.
energies is 32 kcal/mole. Under conditions where reaction
(59) is fast enough to be significant in the decomposition
of N03’ the mean life of ozone molecules is very short

indeed.
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5. Kinetics and Equilibrium in_the Dissociation of NZQS’

At temperatutes between 450° and 550°K, shock wave
experiments in oné percent mixtures of N205 and argon give
photoelectric records like those in figure 8. These differ
from the experiments at higher temperatures in two respects.
First, the fast increase in absorption after the passage of
the shock wave is slow enough that its rate can be measured.
Sécond, the magnitude of the initial rise, which determines
the maximum in the NO3 absorption record at 650 mp (figure
8a), is less than that calculated for complete dissociation
of the N205. The decrease after the maximum and the corres-
ponding slow increase in absorption at 366 ma are generally
too slow for accurate measurement. They are also so slow
that they do not interfere seriously with measurement and
interpretation of the initial increases.

From the initial rates of appearance of N02 and NO3
after the passage of the shock wave, the rate consfants for
the dissociation of NZOS’ A(M), have been obtained. A(M)
has been studied as a function of argon concentration near
520°K, and as a function of temperature near [A] = 0.0076 /1.
Equilibrium constants for the reaction
NO

(60) N + NO

205 = N0,
- [N02] [NO3] A(M)
A O G

3
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Figure 8a, Photoelectric record at >\ =650 mu showing
* W,0. at 4809K, In about
2

slow, incomplete dissociation of %,

100 psec after the shock, the ahﬁo; ion rises t0 a maximum
and then decreases slowly as "o decomposes, In this mixture,
g =0,36 %, and To= 483° pefor: disnociation, 475°K afterward,

]

Tisure 8b, Photoelectric record at }\ = 366 mp in the
same experiment as that shown ahove, After the fast rise,
there is a slow further increace in absorption as NOz is

5

converted to MOy, In this experiment, [Mo0g] pomey = 3¢2 X 10
m/1l and [A] =8.8 x 107"m/1, At equilibrium, o{=0,79,
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have been calculated between 450° and 550°K from the state
of near equilibrium that obtains at the time of the maximum
in the 650 mp absorption record. All these measurements
depend on values of thé extinction coefficients of N02 and
NO3 extrapolated from the work at higher temperatures.

The reactions whose rates are important are:

A(M) .
(62) N205-—)N02 + N03
' B(M)

e
(64) NO. + NO_———> NO + O

5 3 5 + N02
£
(65) NO5 + NO —=—>2No,
(66) WO, + NO, —=—32NO0, + 0
3 3 2 2

The concentration of N,0; is given in the shock wave situa-

tion in terms of the degree of dissociation, o , by:
(61)  [Wy0] = oA -<)

Equations (24) and (25) can be extended to describe the
NO2 and NO3 concentrations for the case when o is less

than unity.
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(68) [mwo,] = o gA(X+ 3)

(69) [wo5) = cpA(X - 3)
qu completeness:

(1) [o,) = tc g3

() (&) = c,AGQ-p

Barly in the dissociation reaction, /G? is substan-
tially zero, and [NOZ:] = [NO3] =C gACK . This is the
portion of the experiments in which the rate of dissocia-
tion of NZOS is studied. The optical density, by equation
(23), is:

(72) D = C@A Lo €N°2 + €N03)

Differentiation of (72) with respect to time and substitu-

tion of the time transformation, equation (37), yields:

(73)
. d In/A 4am€ Ja
3= = c gl €N02+€NO ) {1 St o= %E t
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Partial differentiation of equation (67) at constant

volume gives the rate equation:

(74)
(-a[nzos]/d ), = Rate = C gNa0</a &

From the mechanism, equations (62) and (63), the rate

equation is:
(75)

(-a[¥,0:]/a %), = Rate = a(m)[w,0.] - B()[N0,][w0,]

i

A(M) co¢A(1- o) - B(M) (co¢AO<)2

Combination of equations (73), (74), and (75) yields a
useful expression for A(M) at oKX= 0.

(76) @7 )y N

AM) = 5 sec
L LN, ( €N02+ €N03)

A(M) is the first order dissociation rate constant,
which depends on the nature and amount of each of the gases
present. Properly, M is the weighted sum of the concentra-
tions of all the gases in the system. The weighting factor
for each gas is its efficiency, relative to some standard

gas, in exchanging energy with the internal motions of
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Nzos, In.this work, the standard gas is argon, and for

the present considerations, the differences between M and
'[A]+[5205]::l.01 [A] a?e ignored. These experiments have
been performed in a region of argon concentration where
A(M) is nearly linear in M. Accordingly, it is of interest
to compute the ratio of A(M) to the total gas concentration,
COZB. Calling this ratio A', the apparent second order

dissociation rate constant, we have:

(A DT ),
c2 ¢L‘3%( E:N02+ E:NO3)

(77) A (m/1)-1lgec™t

A(M) and A' have been calculated from the initial
gslopes of smoothed plots of D versus 77 in twenty experi-
ments. The results are recorded in table 4. The values
of the logarithm of A' at M = 0.0076 m/1 are plotted against
reciprocal temperature in figure 9. The line fitted to
these points by the least squares method is:

(78)  1logyo(A'y oo76 m/1) = -(3607 = 150)/T + 13.681

The activation energy given by this equation is 16.5 ¥ 0.7
kcal/mole.

Figure 9 also contains measured values of A' near
0.003 m/1. It can be seen that these experiments yield
values of A' that are larger than the average values at

0.0076 m/1. This trend is to be expected, since at any



o7 7.0
o
Q
(73]
- —~
P
S =
— <
Q
"\‘ o
= o
= -
<
106 6.0
y—
| I I I O O | | ) 1 1. 4111601 l 1 ¢+ 1 13 1111 l t 1 1 1111

1.9 1000/ 7T 2.0 2.1
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finite pressﬁre, A £ Al, the low pressure limit of
A(M)/M. The average deviation of the 0.003 m/1 points
from the line, equation (78), is 22 I 14%. Crude extra-
polation to M = 0O indicates that A! is about 30% greater
than A} 476 m/1 * 88 given by equation (78), within the
temperature range of these experiments. On this basis,
A} at 500%K is estimated as 3.84 x 10%(n/1) lsec™!,
' These data include measurements of photoelectric
records at 366 o and at 650 mp. The data at 366 mp have
consistently given values of D/( 6:N02 + E:NO3) at par-
ticular values of ‘7 that are from zero to fifteen per-
cent higher than those given by the 650 o data. Some
excess absorption at 366 m is to be expected, since as
/3 becomes significant, [Noz]:>'[N03]. However, the
values of/A3 indicated in several of the experiments are
somewhat too large too early in the reaction. It is not
known which of the measurements are more reliable; so the
averages have been used. Two sources of error are known
which can account for this type of discrepancy. Extra-
polated extinction coefficient data are used at both wave
lengths, and either of the extrapolétions may be wrong by
a few percent. The other possibility is that more than
the estimated one percent of the N205 in the unshocked
mixture is decomposed. If this were so, the compression
of the excess NO2 would add a noticeable amount to the

absorption at 366 ma.. This would produce an erroneously

high ratio of the absorption at 366 mp to that at 650 mp,
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especially at the begihning of fhe dissociation. It is
not possible to decide between these explanations from the
data.

As the dissociation of NZOS becomes appreciable, the
recombination reaction, (63), and the decomposition
reactions, (64) through (66), become important. The ex-
pression for zero net formation of N03, derived from the
known reactions, can be written in a constant volume situa-

tion as:

(79) [NO2;| LNOKJ ) K

C
(%50, L.2lere [vo/[wo,] )
B(M)

This equation is ‘formally equivalent to the steady state
approximation which determines the small NO3 concentra-
tion in the room temperature first order decomposition of
N205. It is invoked here not as an approximation but as
the condition for the observed maximum in the NO3 concen-
tration. It is adapted to describe the condition of
maximum absorption at 650 ma through equation (23). This
introduces the parasitic effects of the small amount of
absorption by N02 and the change in density with reaction,
and the result is:
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(80)

[ro, ) [io,) x

o]

2 NOs )1 €No2 Dyt 4 1”4\)
etz - -
L. [¥o] Exo, Dyos 43
€N02 Diotel d lnA)

+

ae
€3n03 DN03

B(M) (1 +

The data from the palrs of photoelectric records have been
analyzed for the values of the NOZ’ NOB’ and N205 concen-
trations at the time of the maximum in the absorption at

650 QP. The equilibrium constants, K_, have been calcu-

c?
lated in those experiments where &X < 0.9 at that time.
The results are recorded in table 5 together with the
measured values of o< and /3 and other essential data.
The range of temperature of these determinations has been
extended from 5200 to 550°K by experiments in which excess
N02 was added to suppress the extent of dissociation.
Pigure 10 is a plot of loglch versus reciprocal tempera-
ture. It shows rather large scatter in the results at the
higher temperatures. The most reliable data have been ob-
tained near 460°K, where 5 x 10™°m/1 N205 is only about
half dissociated at equilibrium. The average value of

K, at 460°K is 2.75 x 10-5nM1. The best linear relation-

ship, shown in figure 10, is:

(81) log)o(K,) = -(4383  232)/T + 4.967
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The energy change, /\E, for the dissociation of N205 is
calculated to be 20.1¥1.1 kcal/mole. The fact that this
reasonable temperature coefficient is measured indicates
that there is no great.error in the extrapolated extinc-
tion coefficients and other data used in interpreting the
results. For it can be seen that a small error in the
extinction coefficient of N02 or NO3 produces a large per-
éentage error in the calculated value of the N205 concen-
tration in the experiments above 500°K, where the degree of
dissociation is large.

In the calculation of K, by equation (80), the cumber-
some correction term is negligibly small under the condi-
tions of high inert gas concentration used in these experi-
ments. This does not imply that the extent of NO3 decompo-~
sitidn,/CS , 18 negligible in the time before the*NO3
concentration reaches its maximum value, but merely that
the rate of turnover in the NO3 population is high at the

maximum and thereafter.
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6. Correlation with Room Temperature Results.

The state bf our knowledge of the kinetics of gas

- phase reactions of the nitrate radical was reviewed in
1951 by Johnston.(l) - In the high temperature decomposi-
tion of N205 we have been concerned with the elementary
processes of that paper. These are:

(82a) N205 +M-—>N205; + M

b

bj
*
(82b) N2051 +M —N,0; + M
31
*
(82¢) NZOSi ——— N0, + NOg

(824) NO, + N03 ——f)N205;

e
(82e) N02 + N_03 —> NO + 02 + N02

b4
- 0
(82g) N03 + N03 ——-—>2N02 + 0,

h
(82h). NO, + 03 ———————9N03 + 0,
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This formulation of the kinetics of dissociation and
recombination of N205'considers the rates of dissociation
:and recombination of the critically excited states of N205
individually in steps (é) and (d). Steps (a) and (b)
include the dependence of the excitation and deexcitation
_rates of each of the activated states, i, on the nature and
concentration of specific molecules as M. The special cases
that are of particular interest involve limiting concentra-

tion conditions. These are:

8 i M = = A'(M
(832) o a(m)/[M] rey 1 (1)
(83b) MlimwA(M) = igi_c_i/_tg.i = Ao
8 lim B(M = a = Beo
.( 3c) S (M) }l:_l

Measurements of the rate of oxidation of NO by N205 have
given considerable information on the unimolecular dissocia-
tion constants, A(M).(B) The best data near the low
pressure limit, Aé(M), are in a temperature range about
50°C, while the high pressure data have been measured at
lower temperatures. Additional data at the low pressure
limit have been derived from experiments on the decomposi-
tion of pure N205 at such low pressures (10 °mm) that
equilibrium in the dissociation reaction is not main-

tained.(26) Selected data from reference (1) and other
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recent sources are:

Quantity T °k  Value Eact System Source
(m/l)‘lSeéd'knalﬁmole
A;)(.Nzos) 323.7 .2250. - N,05-NO (3a, 3b)
t + -

AL (N,05) 323.7 3500. 18.32. N0y, M=0 (26) (27)

A}(N,0-+F0)  323.3 1130, t30. 19.3%0.6 N,05-N0  (3c)

A!(argon) 323.7  304.L 24, - N,,0,-NO (38, 3b)

A'(argon)  500. 2.9x10° 16.5%0.7 N,0; shock

0.0076 m/1 waves

A!(argon)  500. 3.8 x10° extra- shock
polated waves

A, 300. 0.29sec™ 21.12  N0.-FO  (3d)

One basis for comparison of the results near 500°K
obtained in the present investigation with those near room
temperature is the Rice-Ramsperger-Kassel formulation of

the unimolecular dissociation rate.(28)

This theory allows
definite values of A(M) to be calculated at any value of
[M] and T by specifying the form of 24 hi’ and [ in terms
of four parameters which may be adjusted, within certain
limits, to fit the available experimental data. The model
of the reacting molecule is a system of g lightly coupled
harmonic oscillators all having the frequency ) = Ec/hg.
The frequency factor, J, measures the rate at which energy
is exchanged among the oscillators. Dissociation occurs
Wheﬁ the critical energy, EC, (m quanta) is present in a

particular one of the oscillators. The theory has the

important qualitative feature that the specific dissociation
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ratesvof the éxcited states, [ increase with the energy,
ihy”, in excess of the critical energy. This is in agree-
ment with the usual observation that the activation energy
is less at low pressureé than at the high pressure limit.
The great simplifying approximation is that the deactiva-
~tion rate constants, hi,M’ are independent of the degree of
activation, i. In the simplest RRK formulas, b is equated
to the kinetic theory collision number. The collision
number contains some dependence on the nature of M, but
additional dependence of b on M, independent of i, can be
easily incorporated as a slight refinement. The frequency
factor and the critical energy alone determine the high

pressure limit.
(84) Ayp = J e"Ec/RT sec™1

In these terms,

m+i+s-1 ~hy/kT .
(85a) a, = b (1L -e )& e-(!&;)h)"/kT
g-1
(850) b = 2 (817‘1:@/)1)‘lr 02 Nx1072(m/1) tsec™t
i+s-1 m+i+g-1 =1 1
(85¢) ¢4 = J sec™

8-1 s-1
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andl

| e e, [n)
(86)  A(M) Z I[Mi'*'ci

The calculations made here have used the fixed values of
J and Ec indicated by the high pressure limiting results,
ho=6.85x 1015 -21. O/RT in spite of the uncertainty in
these values. Various values of s and m have been selected
to fit the low pressure limit, A (N 5) = 2250 at 323.7°K.
The maximum allowed value is g is taken as fifteen, the
number of vibrational modes of the N205 molecule. The
minimum value of s, seven, is the one that is needed to

fit Aé(NZOS) in the classical limit of the RRK summation

as ) —>0. Though it is known that the collisional excita-
tion efficiency, iM is substantially less than unity for
(3a)

several monatomic and diatomic gases, the approxima-

tion I 0.~ 1l is believed to be more nearly correct. For

275
definiteness, it has been used, and £ is taken as

=argon

0.154,(33) independent of i and of temperature. In per-
forming the computations of the low pressure limits, the
approximate summation formulas, equations (12) and (13) of
reference (3c¢c), have been used. The computation for
0.0076 m/1 argon used similar formulas for all but the
first two terms of the sum (86), since these are the only

ones seriously affected by that value of [M]. The collision

radii quoted in reference (3a) have been adopted.
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At 323.7°K, with B, = 21.0 kcal/mole, we have:

s m ;?bm'l Aé(NZOS) (111/1)-]‘39(:"'1 Eactkcal/mole
15 10 735 1950 20.1
12 14 525 2540 19.5
10 20 369 2550 18.9
9 26 282 2270 18.6
7 0 0 3300 17.5
Experiment 2250 19.
At 500°K, in argon, the same parameters give:
-1 -1
s Aé(argon) (m/1) “sec E .t Aé.OO?QA%
kcal/mole
15 10.6 17.3
10 T.5 16.3 0.83
9 5.9 16.1
7 4.6 15.5
Experiment 3.8 £ 0.7 <£16.5 0.77%0.13

Consideration of the values of the rate constants and the

observed local activation energies leads to the choice of

13 :sec"l

about ten oscillators with freguencies near 10 as

fhe best overall description. That was the conclusion

reached over the smaller temperature range from the measure-

(3c)

ments in N205 plus NO mixtures. On this basis, the
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observed rate1constant'at 500°K agrees ?ithin a factor of
two with that calculated solely on the basis of measure-
ments near room temperature. The overall change is a
factor of 104. In view‘of the approximate nature of the
theory and the uncertainty of the value of the critical
_energy, this agreement is satisfactory. Closer examina-
tion shows that all the values calculated at 500°K are
higher than the measured value, and that there is really
little to choose between large g with large vibrational
quanta and small g and nearly classical behavior. Also,
small changes in the critical energy do not greatly affect
the predicted constants at 500° when agréement with those
at 324° is maintained. It is not possible to say how much
of this inadequacy of the theory lies in the variation of
ii,M with i and M and how much depends on other things.

It is also of interest to compare the room temperature
results with the high temperature shock wave results by the
gsimple Arrhenius equation. Comparison of Aé(argon) between
323.7° and 500°K'gives an average activation energy of
17.% kcal/mole. This value is intermediate between the
two measured local activation energies. Direct comparison
of the values of A(M) in 0.0076 m/1 argon between 300° and
500°K is also possible. The computed average activation
energy is 18.6 kcal/mole. The value of A(M) at 300°K used
for this comparison was not actually measured in argon,

(3d)

but in other gases. However, at 0.0076 m/l at 300°K

(144 mm), A(M) is closer to its high pressure limit than
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to its low préssure limit, and the differences between
different inert géses are small. At 500°K, A' at
0.0076 m/1 is a much greater fraction of A than at room
temperature, and the diétinction between gases is important.

The present experiments near 500°K definitely show
that the activation energy of the dissociation of N205
near the low pressure limit decreases with temperature.
They also show that the transition between low pressure and
high pressure behavior occurs at higher concentrations as
the temperature is increased. Both these facts iﬁdicate
that the specific rate constants, [ increase with the
energy of the molecule. The fact that the low pressure
activation energy is less than the high pressure activation
energy at 300°K is also a consequence of this property of
the [ 's.(3d) The present experiments are over too small
a range of total pressure and NZOS/argon ratio to contri-
bute significantly to our understanding of the activation
and deactivation processes. Nor do they reduce the exist-
ing uncertainty about the activation energy of the high
pressure limiting rate. However, they do confirm the
interpretation of the rate measurements made by indirect
methods at room temperature by showing that the unimolecu-
lar rate of production of NO3 can be observed directly at
suitably high temperatures.

Rate measurements near 300°K on the decomposition of
N205 and on systems containing ozone and N205 have been

combined to yield relationships among the constants
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e, & K, and Beo. 1In these systems, the NO3 concentration
is determined by the unknown equilibrium constant, K, so
that none of the rate constants can be deduced directly.
There are enough relatibnships, however, that knowledge of
one of the‘constants, or of the NO3 concentration in certain
experiments, would permit evaluation of the other constants.
These relationships, which have been taken from table II of

reference (1), are:

Quantity Value at 300°K E ot kcal/mole
ek, 4.1 x 102 gec™d 24.7 ¥ 0.1

g

. 1.9 x 1009(m/1)%sec* 24. * 2,

Prom measurements of the temperature coefficient of
the absorption by NO3 in ozone and N205 mixtures, the activa-
tion energy of reaction (g) has been deduced.(a) This
calculation is based on the assumption that the extinetion
coefficients are independent of temperature and of whatever
pressure differences existed. This allows computation of
all the energies in the set above, but still none of the
constants. The results, taken from table III of reference

(1), are:
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Quantity E kcal/mole  Temperature Coefficients Combined

act
£ 8.1 % 2. NO3 and 03 decomposition rate
Kc 20. ¥ 3. £, h, O3 decomposition rate
e 5. ¥ 3. Kc’ N205 decomposition rate
B oo 1. % 4. K., Aoo

This investigation includes direct measurements of values
of ¢, g, and Kc’ together with values of their temperature
coefficients. Of course, the measuréments reported here
are at temperatures much higher than the room temperature
range. 9Still good correlation is possible with the two
independent sets of activation energies. The raw results
of the high temperature work are:

= 2.26 x 10° e-‘"'d'z/RT (m/l)-lsec:-l near 820°K

o

g2 =2.6%5 x 10 ¢ T TO/RT (1/1)"1gec™] near 820K
K, =9.26 x 104 ¢720-1/RT (111} pear 500°%.

R is expressed in kcal/mole degree. The uncertainty in
each of these energies is at least one kcal/mole. All of
them lie well within the limits set in the room temperature
work.

It was pointed out in the concluding remarks of
reference (1) that K is a more important and interesting
quantity than ¢ or g. Not only is it the most important
quantity in fhis gystem, it is also the key to other

equilibrium controlled reactions involving N205 and
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NO}.(Zg)(BO) From the above tables, it can be seen that
the most precisely known quantities are the product, gk,
and the associated sum (Ee + EK). These come directly from
the first order decomposition rate of N205. (See equation
(12).) The evaluation of Ey from Eg involves three other
gquantities, and introduces some 3. kcal/mole uncertainty,
so that the great accurécy of (Ee + EK) is lost before
further use can be made of it. A direct approach to EK
has been recommended.(l)

From the results of the present research, four addi-
tional estimates of EK can be made. Ee and Eg can be
adjusted from 820° to BOOOK by simple collision theory.
Consideration of the factor T% in the collision number
yields the formula B, =E_ + 3RT. The adjusted values
are E, = 3.9 2 1. kcal/mole and E, = 7.2 ¥ 1.xcal/mole at
300°K. The difference between the heat capacities of N205
and its dissociation products has been estimated.in order
to adjust the observed value of EK from 500° to 300°K.
Another approach which is probably as accurate as the
temperature coefficients measured here is the estimation
of the entropy change in the dissociation of N205. The
estimated value AS® = 35.5 e.u. at 300°K has been combined
with the estimated small heat capacity difference, Zle =
-2. cal/mole degree to interpret the value of K meésured
at 460°K. The basis of these estimates is presented in

the next section. The five estimates of EK are assembled

below:
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EE kcal/ﬁole ' Source

20. ¥ 3, reference (1)

20.8 * 1. Eq(820°)r (Be + Bg)(300°)
20.4 ¥ 2.5 By (820°) (#Bg + By (3000)
20.9 ¥ 1. Ex(500°)7 AC,

21.9 ¥ 1. K(460°) 85°(3000)r B,

The average of these values is taken as 21.0 kcal/mole.
The value of K_(300°K) = 1.65 x 10™%(m/1) is computed from
this energy and AS®%(300°) = 33.6 e.u., which is consistent
with the measured value of K at 460°. The two chains of

calculations between 300o and 460°K are indicated schematic-

ally below.
Assuming AS° (300°) Asguming AE (300°)
and AF (4600) and F (4600)
r %X 300 460 300 460
. - 09 + .9
As® cal/mole °K  35.5 — 34.6 33,6 —— 3297
+.32 l -.32 T
AH® kcal/mole 22,5 & 22.2 21.6 —— 21.73
+.6 -.9 T+.6
T- +.64 l
AE® kcal/mole 21.9 ¢— 21.3 21.0
AF° keal/mole 11.9 6.3 11.5 6.3

Exemination of these numbers indicates that the standard

free energy of dissociation of N205 at 300%K is probably
known to within 0.6 kcal. Accordingly, K is known to within
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a factor of three. The other rate constants and activation

energies are now evaluated.

Quantity Value at 300°K Pre-exponential kc§E7E§¥e
K 1.65 x 10 m/1 AS®=33.6 e.u. 21.0 ¥ 1.
e 2.5 x10° (m/1) tsec™t 1.3 x 108 3.7 %1,
Boo 1.7 x 107 (w/1)~lsec? 1.9 x 10 0.0 % 2.
P 1.3 x 104 (m/1)-lsec-1 3.1 x 109 6.0 ¥ 2,

With the values of ¢ and g obtained in this way, one
now compute the Arrhenius activation energies Ee and Eg
averaged between 300° and 820%K and compare them with the

measured local activation energies.

Local 300° Local 820° Average

Reaction logi k Energy loglog Energy Energy
(¢) 5.40 3.7 keal 7.18 4.4 keal 3.9 keal
(g) 4.12 6.0 keal 7.37 7.7 keal 7.1 keal

can

This apparent agreement is probably better than the indivi-

dual data justify.

One conclusion that can be drawn is that the collision

and steric factor in reaction (g) is comparable to the

recombination rate, g;gﬁ_= Boo, and is an order of magnitude

greater than the corresponding property of reaction (e).

Another approximate check on the values of Kc and g at

300°K can be obtained from the optical densities due to NO3

absorption in the N205 catalysed decomposition of ozone.

Sprenger(s) has reported the product GENO [NO?] at the
' 3
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- wave length of maximum absorption, 660-664 m, together
with the other’conditions of his experiments. Using the
values of the constants proposed here, one can calculate
the appropriate extinctibn coefficient as l200(m/l)_lcm-l
near 300°K. The crude estimate derived from the present
work is 3000 I 1000 (m/l)-lcm_l near 600°K.

Finally, the state of our knowledge of the very fast
reaction (£) can be reviewed. Recently values of the
ratio B(M)/f have been measured in experiments on the
oxidation of nitric oxide by N205 in the presence of excess
NOZ.(ls) These experiments are at total pressures between
50 and 450 mm and at the temperatures 220, 300, and 40°C.
The value of f at 300°K can be calculated from the values
of B(M)/f near that temperature and the values of B, and K
deduced above. Since the ratio A(M)/B(M) is equal to K at
any value of [M] and the ratio A(M)/A, has been measured
~over the appropriate range of [M], the value of B,,/i can
be computed. A%t BOOOK, this value is about 0.3, and thus
£=6x 10° (w/1) Ysec™t.

This value is a pérmissible one for a reaction with a
very low activation energy. If one formulates f as
P Z e"Ef/RT and substitutes the kinetic theory collision
number, Z, and the maximum value, unity, for the efficiency
factor, P, then the computed maximum value of Ef is
2 kcal/mole. The experimental measurements of B(M)/f showed

a negative temperature coefficient for that ratio.(lS)

The present results, combined with the earlier work at room
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temperature, indicate that Bee has no temperature coeffi-
cient and that’B(M) decreases with temperature below the
high pressure limit. These results lead to the conclusion
that £ has a significant negative temperature coefficient.
The computed "deactivation energy" is E, = -2%2 ¥cal/mole.
Such a negative temperature coefficient is difficult to
understand in terms of conventional reaction rate theories.
The reaction itself is far too fast to be a complex re-
action in which a negative temperature coefficient might
be expected. However, the present work on the decomposition
of NO3 at high temperatures does not exclude the possibility
that £ may decrease by a factor of ten or more between
300° and 1000°K.

Further improvement of our knowledge of the equilibrium
constant for N205 dissociation, and of the rates of the re-
actions which it controls, may be pursued along several
" general lines. Quantitative measurements of the visible
absorption spectrum of N03 are the basis of the present
advances. Further work can be done. Throughout the visible
region, the absolute absorption coefficients of NO3 are
large compared to those of other simple inorganic molecules.
This strong absorption has been both a help and a hindrance
in the present work. More important, though, is the
strongly banded nature of the spectrum, which makes neces-
sary very careful specification of the wave length, tempera-
ture, and chemical environment in quantitative absorption

measurements. Preparation of known quantities of gaseous
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N03lcan be achieved at rather high temperatures and for
rather short intervals of time. Under similar conditions,
the N205 dissociation equilibrium can be brought into the
open and studied directly by photoelectric methods. The
shock tube has been véry useful for such experiments. Flow-
ing gas experiments in which external heating is used have
yielded qualitative observation of the NO3 absorption
(31)

Spectrum, and it is reported that those experiments

(32)

are currently being resumed. It will be of interest to
compare the results which they provide with those obtained
by the shock wave experiments.

The ozone—N205-oxygen system ought to be reinvesti-
gated spectrophotometrically using a light source, mono-
chromator, and detector combination that can be calibrated
directly in high speed experiments over a range of tempera-
tures upward of BOOOK. FProm the standpoint of having a
large ratio of G:NO3/ 6:03 combined with unquestionably
reproducible monochromatization and adequate intensity for
the high speeds required, a d.c. sodium vapor lamp
specially adapted for this purpose is recommended.

Another approach to systems involving N205 and NO3
lies in better understanding of the properties of the sub-
stances themselves. Although N205 is a fairly common
substance, its molecular structure and vibrational fre-
quencies are not yet known in enough detail to permit an

accurate calculation of its heat capacity and entropy.

Calorimetric measurements to date are likewise inadequate.
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- Reliable values of these quantities would contribute
significantly even to the interpretation of the present
results. Burely some of these gaps will be filled in the
near future.

N03 is a relatively simple molecule, almost certainly
a symmetric top. Even now there is enough general informa-
tion on related substances that reasonable estimates of its
thérmodynamic properties can be made. Perhaps one day
infrared or Raman spectroscopy on liquid or frozen solu-
tions of NO3 at low temperatures will determine some of
the molecular parameters exactly. The heat of formation
of gaseous NO3 from the elements is obtained from knowledge
of the heat of dissociation of N205. The value of
ZSHfgga, for N03 based on recent work is 17.1 ¥1. kcal/mole,
which replaces the value of 13. kecal/mole quoted in the
NBS tables. (>3
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7. Thermodynamic Properties of N295 and N03.

No experimental information is available on the thermo-
- dynamic properties of NO3’ and the information of N205 is
very incomplete. Estimafes of the heats of formation, heat
capacities, and entropies of these substances have been
used in interpreting some of the results of this investiga-
tion. The basis of these estimates is presented here.

" The heat of formation of N205(g), ZXHfggs =
+3.6 kcal/mole, is indicated by the heat of formation of
the solid, -10.0 kcal/mole, and the heat of sublimation,
which is quoted at +13.6 kcal/mole at 31.500.(34) These
values seem to be known to within 0.5 kcal/mole or less.

The standard entropy of N205(g), S898 =

82. cal/mole °K, is likewise obtained from data on the

(35)

solid and the vaporization process. The entropy of

sublimation of~N205 derived from vapor pressure data(34)
(35)(36) is 45. e.u. The uncertainty in this value'corre—
sponds to the uncertainty in the heat of subiimation, and
is about 1.5 e.u. The entropy of one formula weight of the
solid is given as 36.6 I2 e.u. from extrapolated calori-

(35)

metric data. This value is not very well known, and
the National Bureau of Standards tables do not include it.
An alternative estimate of the entropy of the solid can be
made on the basis of its ionic composition, NOE NO%. The
average entropies of nitrite and nitrate ions in crystalline

combination with univalent cations are given by Latimer(37)

as 17.8 and 21.7 e.u. respectively. Using the idea that
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' NOE has about the same entropy as NOE in crystals, one can
estimate the standérd entropy of solid nitrogen pentoxide
as about 39. e.u. (The origin of the value 27.1 e.u.
quoted by Latimer(38) 1s‘unknown;) Thus the uncertainty in
the standard entropy of Nzos(g) at 25°C is about 3. e.u.

The heat capacity of N205 vapor is not known experi-
mentally. Neither the fundamental vibration frequencies
nof the details of the molecular structure are known.
S5till, there is enough general information available that
a reasonable estimate of the heat capacity can be made.

NZQS gas is, structurally as well as stoichiometrically,
the anhydride of nitric acid. The valence bond structure
has been discussed by Pauling and Brockway,(Bg) who write
the formula

S y—o—ng"
045; Q§}0

in which double bond resonance is confined to the terminal
oxygen atoms in each nitro group. They point out that
participation of the central (0') oxygen atom in conjugated
structures of the type

0 o

—

0 0
strongly violates the adjacent charge rule. One can also
observe that a planar structure with abnormally close
contact between oxygen atoms would be required by such a

conjugated system of double bonds. Accordingly, a structure
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was proposed in which O' lies in the plane of each of the
nitro groups and'rotétion of the nitro groups about the

N-O' single bonds is nearly free.
| This much informatioﬁ on the structure. of N205 makes
possible a classification of the fifteen normal modes of
internal motion. Two stretching modes and one bending mode are
agsociated with each nitro group. The bent OZN-O'-NO2 skeleton
likeﬁise has two stretching modes and one bending mode. The
remaining six modes are derivable from rotations of the nitro
groups. Four of these are low frequency rocking vibrations
normal to the N-O' axes and the other two are the internal
rotations about the N-O' axes. All of these but the intermal
rotations are approximately harmonic vibrations with well
defined frequencies. Approximate assignments of these frequen-
cies have been made by using the values generally observed in
the simpler nitroalkanes(4o) for the rocking, bending, and
stretching motions of the nitro groups and substitutiﬁg the
frequencies of 6120(41) for those of the N-O'-N skeleton. The

assumed frequencies expressed in cm-l

, are as follows: N02
symmetric stretches, 1360;'1\102 asymmetric stretches, 1640; NO2
bends, 630; N02 rocks, 450; NO'N symmetric stretch, 680; NO'N
asymmetric stretch, 973; and NO'N bend, 330. At 25°C, the
calculated contribution of these thirteen vibrations to the
heat capacity of N205 is 5.4 R.

An idea of the height of the barrier hindering the inter-
nal rotations can be obtained by examining the entropy of the

Zas at 25°C. The translational entropy of an ideal gas of

molecular weight 108.0 is 40.0 é.u. The estimated entropy of
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the thirteen vibiations outlined above is 5.8 e.u. The remain-
der of the 82 entropy units of N2.05 gas must be divided among
the internal and total rotations. The moments of inertia have
been calculated on the basis of the following assumed structural
parameters: /ONO=128°, 0-N=1.228, 0'-N=1.458, /NO'N=120°, and
molecular symmetry sz with the planes of the nitro groups per-
pendicular to each other and to the NO'N plane. The computed
rigid rotational entropy of such a structure is 25.9 e.u. This
means that the entropy contributed by the internal rotations is
about 10 e.u. If one assumes that both nitro groups rotate freely
énd independently on the rigid NO'N frame, the calculated entropy
contribution is 12.7 e.u.(42) This limiting case is not incon-
sistent with the known facts, but it certainly is not required
by them. Harmonic torsional vibrations with frequenc‘ies in the

neighborhood of 50 et

also f£fit the entropy data. The problem
is further complicated by the interaction between the two nitro
groups, which form a pair of loosely fitting gears with each
other. In the absence of more definitive data, one can only
guess that the rotational barriers are at most a few kilocalories,
and that the two rotations together contribute about 1.3 R to the
heat capacity of N205 at 25°C. Classical inclusion of rotation,
translation, and the PV product in the heat capacity yields the
estimate CP(N205)3000K = 10.7 R.

The only information about the thermodynesmic properties of

ISTO3 is the approximate value of its heat of formation derived

from _the heat of dissociation of N205. Prom the reactions which
it exhibits, one is certain that NO3 is the nitrate free radieal,

in which all three oxygen atoms are equivalent. Valence bond
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formulas involve a three électron bond and two single bonds to
. OXygen ih resonaﬁce arouhd a central nitrogen atom. Assumption
of a planar structure with symmetry D3h’ N - 0 distances of
1.33 R, a doublet electronic ground state, and vibration fre-
quencies somewhat lower than those of the nitrate ion(43)
leads to the heat capacity and entropy values calculated below.
An aiternative basis for the estimation of these properties is
provided by the known properties of N02(44) and the differ-
ences between the known properties of SO3 and 302.(45) The

computations of s° and CP/R at 25°C for N03 are summarized

below:

Estimated Molecular Properties s° e.u. ‘QPLE
Translation: Molecular weight = 62.01 38.05 1.50
Rotation: N -0=1.33 %, Dap 19.96 1.50

2 05 2
8 - 1.532 x 10° amu &
Vibration: Yy = 1000; V = 800; 1.29 1.76
;é = 1200; ;ﬁ = 600 em~t
Electronic: One unpaired electron 1.38 -
- 1.00

60.68 5.76

Anal ogous Compounds

No, 57.47 4.47
SO3 - 502 1.91 1.30
59.38 5.77

Average 60.0 5.77
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- C. DETAILS OF THE METHOD

1. Reagents.

NOZ-N204 was condenéed from a cylinder (Matheson)
into a bubbling trap at -10°%. Oxygen (Linde), purified
by passage through a U-tube packed with glass wool and
cooled in dry ice, was bubbled through the liquid N204.
The effluent oxygen stream, saturated with nitrogen dioxide
vapor, was directed through a 35 ml column of P205 coated
glass beads into a storage trap on the vacuum line. After
the liquid N204 had become pale yellow, solid N204 was
condensed from the stream by application of dry ice to
the storage trap. When the liquid was exhausted to the
point that its composition was formally 95% N204 and
5% HNOB, as indicated by the appearance of a nitric acid
rich phase, the flow was stopped and the oxygen was pumped
- from the solid preparation. In one instance the prbduct
was surrounded by an ice-salt bath in a Dewar flask at
about 15°C and allowed to stand five hours. On examina-
tion, the N204 was partially melted and the temperature
of the bath was -11°C. The melting point reported by
Giauque and Kemp is -11.2600.(46)

N205 was prepared from N204 by oxidation with ozone

in a flowing system in the glassware described above.
The oxygen stream was divided after passage through the

dry ice-glass wool trap and the major portion was passed
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- through a P205.column into an ozonizer.* The effluent
stream, which was about five percent ozone, was fed into
- the NOZ-NZO4 stream immediately after the latter had
passed its P205 chamber. The flow rates were adjusted so
that the stream was colorless after the junction. (The
glass was warm to the touch for a few cm after the junctionm.)
The OB—NZOs-—O2 mixture flowed through about a foot of
tubing, which could be examined lengthwise for color,
before it reached the collecting trap at -80°%Cc. After
each preparation, the nitronium nitrate crystals were
warmed to 0°C and the vapor was examined for color.

Two points of caution should be made about this
preparation. First, in using the batch process described
by Nightingale, et g;.,(47) one should NOT concentrate the
ozone and then admit it to a bulb containing N204 or NZOS’
for in the absence of diluent gas, the N205 catalyzed
‘decomposition of ozone is dangerously explosive. Sécond,
if the flow method described above is used to prepare large
guantities of N205 in a2 small vessel, care should be taken
t0o avoid condensing top thick a layer of N205 on the inside
of the trap. This is because solid N205 has a significantly
higher coefficient of thermal expansion than Pyrex and is

a hard ionic solid even at room temperature, so that it is

*This ozonizer, a 1 meter tall, water cooled discharge
chamber, was generously loaned by Professor L. Zechmeister
and his colleagues.
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not possible to warm the preparation up without cracking
the container. |
Argon (Linde, 99.92% pure, principal impurity N2) was
passed through a dry ice;glass wool trap and admitted to
the vacuum line through a phosphoric anhydride column.

N205 - Argon mixtures were prepared individually for

each shock wave experiment because of the instability of
N205 vapor. The mixtures were made up in a five liter

flask immersed in an ice water bath. The flask was evacu-

4mm of Hg or less. The N,O

275
storage trap was warmed to 0°% and a charge of vapor was

ated to a pressure of 10~

withdrawn. The pressure of NZOS in the mixing bulb was
measured with a dibutyl phthalate manometer whose reference
arm was connected to the diffusibn pumnp while the measure-
ment was being made. The balance of the mixture was made
up with argon, and the total pressure, which was usually
near one atmosphere, was measured on a mercury manoﬁeter.

A cold finger in the mixing bulb was then filled with an
ice and salt mixture at about -15°C to promote convective
gstirring. The reagents were allowed two hours to mix in
this fashion. The 1/e time for the first order decomposi-
tion of N205 at 0°C is 350 hours,(48) so that the decompo-
sition during the mixing period was always less than one
percent. The shock tubevwas routinely evacuated to

2 x 10"3 mm of Hg or less. In the later experiments it was
purged of water by a five minute exposure to a few milli-

meters pressure of N205 vapor and re-evacuated before the
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experimental ﬁixture was admitted. In order to avoid
a pressure measurement after the charge was admitted to
the warm shock tube, the concentration ratio involved in
the expansion from the ﬁixing buldb into thelshock tube
and connecting manifold was determined accurateiy in
separate experiments. At the end of the mixing period,
the ice-salt mixture was removed from the cold finger.
When the stopcock was opened admitting the charge to the
shock tube, one minute was allowed for the attainment of
thermal equilibrium, and then the shock tube was isolated
and the experiment was initiated as soon thereafter as
possible. Thus the NZOS was at room temperature for no
more than two minutes before the gas was shocked. Eighty-
five seconds at 25°C is equivalent to an hour at O°C,
from the standpoint of N205 decomposition. Thus the
total decomposition in the handling of a charge of N205
was not more than one percent. |

N02 - N204 - N205 - Argon mixtures. In those experi-

ments in which extra N02 was included in the charge of
N,05, the latter was admitted to the mixing bulb at 0°¢
first. N02 - N204 was admitted second, the total pressure
was again measured on the dibutyl phthalate manometer, and
finally argon was added. Calculation of the formal mole
fraction of N02 in these mixtures was carried out using
the value K = pﬁozpﬁéw = 0.016 atmospheres at 0°C. This
value is an average of extrapolated data of Verhoek and

(49) (50)

Daniels and Bodenstein and Bo¥s and measurements



at 0% by Wourtzel. (1)

89
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2. Instrumentatiog.

An Osram HBO-200 high pressure d.c. mercury arc pro-

- vided an intense monochromatic source of light for one of
the spéctrophotometric récords in each experiment. The
light output of this lamp was satisfactorily free of 120
cycle ripple when it was operated from a 150 volt generator
stabilized by a choke input filter with L = 1 henry and
C=1.5x loipf. The prominent lines in the mercury spec-
trum were isolated from the beam incident on the photomulti-

plier with the filter combinations listed below.

Wave Length  Interference Filter Cutoff Filter
Bausch & Lomb Corning # Laboratory #

366 %y 360 %P - 5562 15

405 405 3060 48

436 436 3060 48

546 546 3384 54

"RCA 931-A photomultipliers were used to detect this'radiation.
For the spectrophotometric measurements with red light,

a 500 watt tungsten projection bulb, operated at 120 volts

d.c., served as source. An RCA 6217 photomultiplier was

the detector. This photomultiplier tube has the S-10

spectral response, with maximum sensitivity at 540 mp and

34% of that sensitivity at 650 mp.« A wave length band of

triangular profile and 3.3 %p half width centered at 650

mp was isolated by means of a Bausch & Lomb 500 mm reflec-

tion grating monochromator with slits 1.0 mm wide. The

experiments in which the center of the band was moved to
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648 and 652 mp were done with this monochromator.

Most of the experiments, however, were done using a
- similar wave length band isolated by means of a two prism
glass spectrograph® withvan exit slit mounted in the focal
Plane. This monochromator was about three times as fast
as the grating in this application. The dispersion and
the position of the spectrum in the focal plane were deter-
mihed from a plate of the mercury arc emission. A pair of
parallel slits was constructed with the principal slit
0.40 mm wide and displaced 15.0 mm from a narrow auxiliary
8lit. This slit system was mounted in the focal plane of
the spectrograph so that the 54618 line of mercury emerged
through the auxiliary slit, which was then taped shut. By
measurement of the plate it was determined that the band
thus isolated was centered at 652 mp and was 3.6 mp wide.
The entrance slit was adjusted to subtend the same angle
on the prism as the exit slit, thus giving the optiéal band

its triangular profile.(sz)

In the earlier experiments,
the exit slit was positioned differently, and the band was
centered at 650 ep.

The optical bench is described in part II.

*This spectrograph was built at the California Institute for
use in Raman spectroscopic work and is describhed briefly in
papers by the late Professor R. G. Dickinson.(53) Professor
R. M. Badger has generously made available this instrument
and instruction in its use.
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The flash tube used to photograph NO3 in absorption
was a G.BE. FT4126.lamp. The lines in its output are those
of xenon. The lamp was Qperated with a l.Pi capacitor
charged to 12 kv., and the flash had a mean duration of
about 30 microseconds. The beam included a 1.7 cm length
of the shock tube which in a typical experiment contained
a linearly inhomogeneous region of gas whose times of shock
arfival spanned some sixty microseconds. The spectrograph
that was used is the one referred to above. The plate was
exposed at f£/8, and figure 1 is a contact print.

Measurement of the shock velocity was accomplished by
timing the wave over a 30.00 cm or a 40.00 cm course with
a 1.6 megacycle counter chronograph, Potter model 456. The
photoelectric signals which were amplified to start and
stop the chronocgraph were generated in the absence of colored
material in the shock tube by the large refractive index
gradient in the shock front. This was observed by fhe
schlieren optical method as a decrease in light passing
onto the photomultiplier when the light beam emerging from
the shock tube was deflected to the upstream side of the -
final slit. Care was taken to align the light beams so that
they missed the unremovable downstream slit edges. Light
filters were used in these beams, but only as convenient
attenuators. No failure of this triggering system was ever
observed. The smallest density increments in any of the

experiments involved compression of 0.04 atmospheres of
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of argon by a factor of two. (The width of the shock tube
is 15.0 cm.) |

Triggering of the oscilloscopes was initiated by the
same device that started‘the chronograph. The signal was
sent to the oscilloscope via a thyratron in order to lock
out subsequent trigger pulses from later disturbances of
the light beam by reflected waves, bits of membrane, and
the like.

The voltage developed by the photomultiplier anode

4 ohms was introduced at the vertical

current across 10
amplifier input of the oscilloscope. With coaxial leads,
this circuit presents nearly 100 ﬁPf of capacitance, so that
the rise time of the detection apparatus was about one
microsecond. To cbtain signals of the order of a volt,
currents of 100 microcamperes were drawn from the photo-
multiplier, and the Voltage divider on the dynodes was
stabilized for the duration of the experiments with‘suitable
capacitors.

The oscillographic records of the photomultiplier out-
puts were photographed on 35 mm film (Eastman Linagraph
Pan.) and were measured from tracings of enlarged projec-
tions.

The time scale was provided by a 100 kc. crystal con-
trolled oscillator circuit. This was connected to an
intensifying electrode in the cathode ray tube so as to
blank the trace once every 10n )wec,' where n could be

selected from the set of integers 1, 3, 4, 5, or 6.
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The duration of the blanking was about n psec. This disturb-
ance of ten percenf of the trace necessarily interfered
slightly with the observation of the passage of the shock
wave in some of the expeiiments, but this interference was
tolerable.

Calibration of the photoelectric measurements was
achieved by using the d.c. difference amplifier of the
oséilloscope_(Tektronix model 512) to display on the experi-
mental trace the difference between the photomultiplier
output voltage and a reference potential from a dry cell.
Auxiliary traces displayed fractions of the reference poten-
tial selected by a Helipot precision potentiometer. (When
these traces were recorded, the photomultiplier output was
replaced by ground; it is not sufficient to simply remove
the photomultiplier and allow the unused input grid to
float.) This calibration procedure is valid provided that
"the reference potential and the reference position 6f the
oscilloscope trace are constant for the few minutes between
the exper;ment and the introduction of the calibrationms,
and provided that the reference position of the trace is
independent of the magnitude and duration of the signal
which deflects it. When the oscilloscope is warm, the
former condition is satisfied, but the latter is not. How-
ever, the behavior of the so called "d.c. shift" is known,
and correction for this inadequacy of the instrument has

been made in interpreting the data.
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5. Calculation of Shock Wave Parameters.

Temperatures and concentrations are not measured
directly in the shock wave experiments. They are calculated
from measurements of_the‘conditions before the arrival of
thé shock wave, the velocity of the wave, and the progress
of chemical changes induced by the shock. The equations
that govern the shock wave behavior are expressions of the
conservation of mass, momentum, and energy as gas flows
normally across.a plane shock front. The velocities that
appear in equations (87) through (89) represent motion

relative to the shock front.

(87) $1% = fou, = density x velocity
(88) 2 2 R 2
P + Py = pous + P, = density x (velocity)© + pressure

(89) h, + %Ei = h, + %ES = specific enthalpy + i—(velocity)2

Subscripts 1 and 2 refer to conditions in the unshocked and
shocked gases, respectively. The adaptation of these equations
to the laboratory situation of a shock wave moving through.
stationary gas with veloéity'g and imparting the flow

velocity ¥, involves the Galilean transformation,g‘z 2y

¥ =8+u,. Elimination of the velocities from (89) by (87)

and (88) leaves:

(90)  h, - hy = ¥(2, - P)(1/9; +1/9,)

Expression of the initial conditions for Wl grams = one mole
of ideal gas and Iintroduction of the compression ratios
T=2/B, D=,/¢;, and © = T,/T, yields:

(91) (n, -by)¥; = R /2 (77 - 1)L - 1/D) = AR
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Solving (87) and (88) for the transformed velocities yields:

(92) &= pfp (2, - B(S, )

or
(93) g% = R1/My (- 1)1 - 1/A)™
and

(94) ¥ =g (1 -1/4)

_’ For a given one-dimensional shock wave with fixed s,
these equations relate the initial conditions to the shocked
conditions in any plane behind the shock front. TFor the
chemical changes in which we are interested, the specific
enthalpy, h2, adjusts with the progress of the reaction, so
that TT; Zl, e, and v also vary with time and distance
behind the shock. In general the molar composition of a
reacting mixture changes too. With the assumption of ideal
gas behavior, h2 can be formulated in terms of the molar
composition and the temperature for a selected extent of
reaction.

The procedure that has been used to obtain numerical
solutions of the shock wave equations in individual experi-

ments is guided by three considerations. First, T, for all

1
experiments is room temperature, which is never far from
25°C. Second, tables of enthalpies are available at con-
venient temperatures throughout the range of T2 of the
experiments. Third, the shock parameters in all the experi-
ments ére essentially determined by the carrier gas, whose

behavior can be calculated easily and precisely. The effect

of the reacting component is treated as a small perturbation
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- which is proportional to the percentage of reactant in the
mixture and linear in'the<fractidnal extent of reaction.
Accordingly, s and /\ are calculated at selected shock
temperatures, TZ’ and fixed Tl = 298.16°K for the pure
carrier gas and for mixtures containing one percent of the
reactant, with and without reaction. Large plots of g and
A\ versus T2 are constructed for the carrier gas. The
adjustments of s appropriate for one percent of the react-
ing component are tabulated over the temperature range of
the experiments and plotted against g. The corresponding
adjustments in /\ are likewise determined and plotted
against T2.

The form in which equation (91) is used for these
calculations is given first for the pure carrier gas. The
perfect gas law implies: 11' = /\ 6 , since the molecular
weight is fixed. The left side of equation (91) is

T, |
AH = C, 4T
298.16

2 AH/RT 1
B e I

This quadratic equation is easily solved for a series of

values of © by tabulating the function in brackets and
solving for /\ by iteration, since 1/ASO = 1/7 is small
for most of the cases of interest. For the special cases
in which the heat capacity of the gas is satisfactorily
constant between T, and T, the term in brackets in (95)

becones (ZCP/R - 1)(1 - 1/©). This is certainly the case
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with argon, and one may use:
(96)  OD=1Q -1/8) + 1/
Calculations for vibrationally unexcited gases are made
8imilarly, using only the heat capacity for the active
degrees of freedom. The values of A\ and 77 thus obtained
are substituted into equations (93) and (94) to obtain
the corresponding shock velocities.

The inclusion of two or more components in the initial
mixture introduces the following changes which must be
substituted in equations (91) and (93). W, is the mass,
in grams, of that quantity of gas that contains Avogadro's
number of molecules before the arrival of the shock wave.
In terms of the individual substances of molecular weight

W, present in that gas in mole fractions ¢i, W, is the

mean molecular weight:

(97) W = g AN

In this case, the mechanical equation, (93), becomes:

(98) §2 _ RT (77 - 1)
~ ) g.u, 1 -1/A)
1

It should be observed that this equation is valid whether
or not the molar composition changes behind the shock front.
The enthalpy increase for Wi grams of material now

becomes the sum:

(99) BE = T3 -E),

so that (95) becomes:



| 2/RT, L B(H, -H), +1
(100)’ A= — L -1 +—A—1é—

Reaction of one of the components according to a
process in which (p+l) moles of products are formed for
each mole that reacts further complicates the expression
for OH and also affects the gas law. Suppose for simpli-
city that there is only one reacting species, r, in the
carrier gas, ¢. Let ©{ represent the fractional extent
of the reaction that results in the disappearance of r to
form the products, p. Then:

(101) 77‘

and

(1+80xX)AOS

(102) 2D = ¢C(H‘2’ - 19)

e + B.(1 - o) (HY - H)

c r

+ $,X(H; - H) + B.o< (AR

l)reaction
The extension to two or more reactants or products is
straightforward. With these substitutions, equation (95)
becomes: -
2 AH/RTl + 1 1
A::(1+¢5r_r_1.<=-<)6 —l+(1+¢r;1_o<)Aé——

The specific form of the expression used to compute

(103)

WI(h2 - hl) = AH is governed by convenience. The heat of
the reaction may be introduced at any reference temperature,
and the enthalpies of the products and reactants are
accounted for accordingly. Equation (102) chooses the
initial temperature of the experiment, Tl’ as this reference

temperature.
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The sets of calculated shock wave parameters that
have been used in this investigation are recorded in table
- 6. In the calculation of these tables, thermal and thermo-
chemical data on gaseoust, 02, NC,.NO,, NZOS’ and NO3 have
been used. Reliable data for A, 02, and NO have been taken
from Series III of the NBS Tables!45) Data on N02 have
been taken from Series I of these tables(33) and from the
NBS-NACA tables.(44) The other data are less accurately
known. Their sdurces have been discussed in a previous
section. The only reservation on the validity of the calcu-
lations for mixtures of argon and N02 is that they apply to
initial conditions in which the association of N02 to N204

is negligible.
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D. TABLES

- 1. Extinction Coefficients of N02 Measured in the Shock Tube.

>\== 366 mp €(300°K) = 150 (m/1) Lem™t
o 1
ﬁ#: T, K D D €N02
58 730 .0545 .1062 120
59 703 .0632 .1203 126
60 718 .0609 .1185 122
61 37 .0400 .0758 123
62 723 .0454 0864 124
63 733 .0902 1768 119
64 768 .0210 .0408 117
66 782 .0851 1566 123
67 722 .0953 .1810 124
68 818 .0581 1073 120
69 . 988 .0788 .1438 113
70 965 .0460 .0849 113
T1 888 .0600 .11%4 113
98 846 .229 . 388 127
99 905 .0380 .0690 118

)\= 405 mp C(BOOOK) = 160 (m/].)"lcm'l

o '
N# T2 K D D E:N02
58 T30 .0580 1131 128
59 703 .0665 1275 133
60 718 . .0680 .129% 133
61 737 .0430 .0812 132
62 723 .0510 .0947 136
63 733 .0976 .1900 128
64 768 .0223 .0434 125
65 956 .0591 .1028 130
66 782 .1000 L1763 139
67 T22 .10%2 .1947 134
68 818 .0639 1164 130

70 965 .0530 .0945 125
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Table 1 (continued)

-1 -1
N\= 436 mp | E(300%%) = 150 (/1) "em
ff 7, K D' D €xo
1 616 .1035 .2198 123
? o43 10879 1007 153
3 722 .0638 11233 122
.0630 1225 121
4 739 0535 3004 1ot
2% 73 .0598 21102 130
24 727 .0680 .1267 126
25 709 .0670 .1246 129
26 73 ,0633 .1159 131
-1 -1
N# T, °K D' D Ero,
23 713 .0240 .0364 43
24 727 .0289 .0434 43
25 709 .0263 .0405 42
131 708 .102 .148 45
-1 -1
M\ = 652 R €(300°K) =5 (m/1) "em
N# 2, %K D! D Ginoz

98 846 .038 .043 14
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56
57
72
73
14
75
76
7

81
82
85
84
91
93
94
95
96
100
102
103
108
109
110
111
112
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Calculated Extinction Coefficients of NO

Eiperiments near 650 QP with initially pure N205.

(o}
T, K

586
642
686
684
818
826

824 .

820
820
820
813
998
997
1014
1022
786
801
825
832
779
860
832
830
972
1048
1154
1216
1064

517

0013 O VAN
(m/l% (m/l%
x 10 x 10

8.75 4.80

9.35 5.24

9.72 5.44

5.20 6.17
10.8 6.01
10.4 5.91
10.6 5.95
10.6 5.50
10.6 5.72
10.5 5.72
10.6 6.45

4.55 2.83

4.72 3.57
13.6 2.60
13.6 2.54
135.4 12.2
13.5 12.1
10.1 2.46
10.1 2.35

3.94 3.50
10.4 3.07
10.3 2.96
10.5 3.48

9.20 5.91

7.56 5.01

9.54 5.40

9.41 2.60
11.2 3.50

7.65 4.18

X
ilt

650
650
650
650
650
648
648
652
652
650
650
650
650
650
650
652
652
652
652
652
652
652
652
652
652
652
652
652

615

"y
5+
Crost €nos Cros
(m/1)1 cm-1
260 251
262 252
276 266
268 258
298 285
270 257
284 271
292 279
283 270
311 298
280 267
308 291
292 275
325 308
319 302
303 291
304 291
296 283
295 282
280 267
302 288
305 292
312 299
342 326
329 311
331 311
318 297
340 322
1260 1250
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Table 2 (continued)

Experiments at 652 mp with mixtures containing N02 amiNzos.

N T, %K AN [Noz]/[mzob.] in D D €N03
n/l x 10° initial mixture +total NO

b}
113 1090 11.9 3.54 245 .193 314
115 893 13.4 2.18 275 .239 309
116 . 1122 14.8 3.16 . 345 274 308
117 934 14.1 4.78 .360 .285 326
119 750 12.5 3.08 .260 .228 342
120 751 12.8 9.12 .261 © .185 297
124 647 10.0 4.46 273 .231 302
126 661 11.4 3.48 .205 179 303
127 582 10.8 3.04 231 .204 282

Experiments at 546 mp with initially puré N205.

. o )
Nt T K A C A €N02+€N03 o,
n/l x 10° /1l x 10° (/1) Lem™t
17 640 8.58 4.14 500 457
18 627 8.30 3.66 550 507
19 614 8.30 3.38 596 . 554
20 570 7.97 3.66 610 569
21 739 8.91 3.24 590 545
22 786 6.75 2.11 562 516
132 686 11.2 4.00 710 666
Experiments at 436 mp with initially pure NZOS'
N T, K LA CBA €N02+€N03 o,
n/l x 10° m/1 x 10° (m/l)_lcm—l
17 640 8.58 4.14 203 5
18 627 8.30 3.66 218 89
19 614 8.30 3.38 242 112
20 570 7.97 3.66 233 100
21 739 8.91 3.24 261 149
22 786 6.75 2.11 262 143
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Table 2 (continued)

Experiments at 405 m with initially pure N205.

o
NI K YA c g ST VS
m/l x 107 n/l x 10° (m/l)—lcm-'l
33 585 8.73 4.65 204 64
34 714 8.40 10.6 232 100
Experiments at 366 m with initially pure NZOS’
N T, K CoA AN E€xo;Ero, Exo,
m/1 x 10° m/1 x 10° (m/l)-]‘c:m-l
33 585 8.73 4.65 143 13
32 T4 8.40 10.6 159 35
54 586 8.75 4.80 149 19
55 642 9.35 5.24 144 17
56 686 9.72 5.44 151 26
57 684 5.20 6.17 147 22
T2 818 10.8 6.01 185 66
T3 826 10.4 5.91 174 55
T4 824 10.6 5.95 149 30
5 820 10.6 5.50 147 28
76 820 10.6 5.72 152 33
17 820 10.5 5.72 156 37
T8 813 10.6 6.45 158 39
83 1014 4.55 | 2.60 151 39
84 1022 4.72 2.54 134 23
86 972 14.6 12.8 153 40
87 972 14.3 12.8 141 28
90 1005 14.6 13.1 162 50
91 786 13.4 12.2 173 52
92 796 13.5 11.9 164 44
93 801 13.5 12.1 165 45
94 825 10.1 2.46 145 26
95 832 10.1 2.35 145 26
96 779 3.94 3.50 146 25
103 . 830 10.5 3.48 149 30
109 1048 7.56 5.01 157 47
110 1154 9.54 5.40 181 T4
111 1216 "9.41 2.60 182 76
112 - 1064 11.2 3.50 158 48
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3. Absorption by the Final Decomposition Products of N2 O -
Calculated Extinction Coefficients of NO,.
Experiments at 366_mp ﬁith initially pure N205.

o
N_# T, K 2C O¢A Doo €NO
m/1 x 10° (m/l)
33 . 575 9.05 .148 109
34 726 20.3 .362 119
86 981 24.8 .398 107
87 981 1 24.8 .401 ~ 108
90 1018 25.5 .420 110
91 797 23.5 407 115
92 806 23.2 391 112
93 811 23.6 .402 113

103 835 6.87 .115 112

109 1054 9.81 .164 112

110 1162 10.6 .190 119

111 1220 5.16 .085 110
Experiments at 366 mp with mixtures containing N02 and N2O5.

N 1, K Co’z’mozA 20 Py oA Do ~ Ero,
m/1 x 10° m/l x 105 (m/1)" Aol

113 1095 14.3 8.16 .364 108

114 680 11.3 7.10 317 121

115 898 11.1 10.2 370 116

116 1127 18.6 11.7 .526 116

117 939 27.1 11.4 .649 112

118 830 11.5 11.0 .403 119

119 754 13.6 8.80 .402 125

120 754 37.4 8.20 .853 125

121 754 18.4 9.06 .506 123

122 690 15.0 10.8 .469 121

123 713 22.1 9.93 .553 115

124 649 22.4 10.0 .609 125

126 664 13.5 T7.80 411 129
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Table 3 (continued)

Experiments at 405 mp with initially pure N20 .

5
o
N# T, K 2¢ A\ Doo QZNOZ
n/1 x 10° (m/l)-lcm-l
33 575 9.06 172 127
34 726 20.3 .403 132

Experiments at 436 mp with initially pure N,O:.
P 275

o

N# T, °K 2¢ 8O Deo Q;NOZ
. n/l x 10° (m/1)-lem—1

17 645 8.15 .126 103

18 633 7.25 .120 111

19 620 6.65 123 123

20 574 7.16 .128 119

21 T42 6.40 113 118

22 790 4.20 .068 108

Experiments at 652 ma with initially pure N205.

N# T, K 2c g Deo €:N°2
. n/l x 10° (m/1)"tem™t

78 819 12.6 017 9

84 1024 5.05 013 17

87 981 24.8 .065 17

90 1018 25.4 .067 18
110 1162 10.6 , .034 21

111 1220 5.16 .018 23

Experiments at 652 withvmixtures containing NO, and N, Q..
e 2 2

) o
N T, K CofyedS 20 Ay, 08> Deo Exo,
m/l x 105  m/l x 10 (m/1)=lem—1
113 1095 14.3 8.16 .065 19
116 1127 18.6 11.7 .083 18
120 754 37.4 8.20 .076 11
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MeésurementsAof the Initial Rate of Dissociation of N205.

4.
N# T, % g%
4 543 .92
42 533 1.05
43 527 1.05
44 528 1.13
45 516 1.12
37 511 1.12
38 511 .89
39 512 .81
40 524 .42
46 481 .65
47 471 .67
48 473 .66
49 469 .66
50 465 .68
51 462 .67
52 469 .40
53 462 .94

104 483 .36

106 468 .41

107 546 Al

cA=H
mn/1 x 107

3.22

3.18
3.18
3.12
3.11

7.62
7.55
7.50
7.60

7.79
T7.79
7.75
7.79
7.70
7.69
7.70
T.75

8.75
8.60

9.85

A(M) Aﬁ
sec™t (m/l)"lsec"l
x 104 x 10-6

3.8l 11.8

3.37 10.6

2.51 7.90

2.52 8.07

2.24 T.20

3.30 4.32

3.46 4.59

3.81 5.08

4.05 5.33

1.25 1.61

.682 .878
. 704 .909
.820 1.05
567 .736
.643 .83%6
.820 1.07
. 751 .970

1.34 1.53

.98 1.14
9'02 9016
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5. Egquilibrium Constants in the Dissociation of Nzgs

Measured at the Time of Maximum Absorption by NO3.

Experiments with pure N205.

K _[NOZJ[NOBJ — C¢A(°< - 3%)

c (7,0, ] ~ (1 -x)
_ o _
N# T, °K C 0¢A o< /3 X,
m/1 x 10° apparent apparent M
47 463 5.4 .52 .04 .30
48 465 5.4 51 .06 .29
49 461 5.3 .52 .04 .28
50 458 5.4 .50 .04 .26
51 456 5.4 47 .04 .22
52 464 3.2 .62 .05 31
53 453 7.7 42 .03 .22
104 477 3.2 .79 .01 .97
106 462 3.6 .64 .01 .42
43 505 3.7 .80 .07 1.11
44 506 3.8 .80 .04 1.17
45 495 3.9 .75 .02 . .86
36 514 4.8 .76 .04 11.15
37 492 9.2 .67 .06 1.24
38 495 7.1 L7 .08 1.85
39 494 6.5 .79 .03 1.92
40 515 3.3 .89 07 2.34
Experiments in mixtures of NO2 and 1\T205
M 1,k ¢ ¢N o A [m0,])/[m205) < K,
in original 4
m/lx 105 mixture apparent n/1 x 10
128 548 4.3 3.86 .90 18.7
129 - 547 4.7 6.50 .78 12.2

130 519 4.4 1.57 .13 2.7
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6. Shock Parameters Calculated for Argon and Mixtures
Containing Ox'ides of Nitrogen.
T, = 298.16°%

Argon  C_ = 4.9680 cal/mole °K W = 39.944 grams/mole
T, KT A C | X
(em/sec)“x 10~ cm/msec cm/msec
298.16 1.000 1.000 10.344 32.16 0.000
400 2.028 1.512 18.85 43.42 14.70
500 3.227 1.924 28.78 53.65 25.77
600 4.497 2.235 39.28 62.67 34.63
700 5.796 2.469 50.03 70.73 42,08
800 7.110 2.650 60.90 78.04 48.59
900 8.430 2.793 71.82 84.75 54.41
1000 9.759 2.910 B82.82 91.01 59.73
1100 11.090 3.006 93.84 96.87 64.64
1200 12.422 3.087 104.87 102.41 69.23
1300 13.757 3.155 115.91 107.66 735.54
1400 15.089 3.213 126.94 112.67 77.61
1500 16.429 3.266 138.02 117.48 81.50
1600 17.767 3.311 149.09 122.10 85.22
1700 19.105 3.351 160.16 126.55 88.78
1800 20.444 3.386 171.24 130.86 92.22
1900 21.783 %.418 182.32 135.03 95.53
2000 23.120 3.447 193.39 139.06 98.72
Mixture 99% argon, 1% NO, W, = 40.005 grams/mole
T, %% (20 - HO)L A 8 s
2 2 1°NO, a A(mixture) -~ g(mixture)
kcal/mole —A(argon) cm/msec -g(argon)
400 .944 1.520 .007 43.39 -.03
500 1.949 1.941 017 53.69 +.04
600 3.023 2.258 .023 62.78 +.12
T00 4.156 2.498 .029 70.90 +.17
800 5.335 2.684 .034 78.26 +.22
900 6.551 2.831 .038 85.03 +.28
1000 7.800 2.951 .041 91.33 +.32
1100 9.070 3.051 .045 97.23 +.36
1200 10.362 3.135 .049. 102.82 +.41

* Prom reference (44).
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Table 6 (continued)

Mixture 99% érgon, 1% N,0g W, = 40.625 grams/mole

No Reaction

Approximation: (Hg - Hg)N205 = 2(Hg - Hi)No2 + (Hg - Hi)02
0 ) 0 -
T, K (H; - Hl)N205 VAN AN 2 g
kcal/mole cm/msec cm/msec
400 2.61 1-551 004 43-09 ‘033
500 5.35 2.000 .08 53%.60 -.05
600 8.25 2.338 .11 62.86 .19
700 11.30 2.594 12 71.10 3T
800 14.45 2.793 .14 78.57 .53
900 17.70 2.951 .16 85.43 .68
1000 21.03 3.081 A7 91.82 .81
Reaction: N,0y—>2NO, + $0,, AH°298 = +12.6 kcal/mole
0 0
T, K H2(2N02 +30,) A SA s s
0
Hgg(N05)
kcal/mole cm/msec  cm/msec
400 14.8 1.760 .25 44 .43 1.01
500 17.2 2.168 .25 55.20 1.55
600 19.8 2.468 .24 64.38 1.71
700 22.4 ' 2.692 .22 T72.51 1.78
800 25.2 2.867 22 79.87 1.83%
900 28.0 3.005 .21 86.64 1.89
1000 30.9 3.117 21 92.92 1.91
1100 33.9 3.231 22 98.77 1.90

1200 36.8 3.309 :22 104.34 1.93
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Table 6 (continued)

. o _
Reaction: N205 —NO, + NO3’ AH 08 = +20.5 kecal/mole

e s o ) _ (wO _ yO 0 _ 1O
Approximation: (H2 - Hl)N03 = (H2 Hl)N02+-1‘r(H2 Hl)o2

o o
T, K Hy(NO,+ NOB) A SA s s
o) ,
~H3 (N205)
kcal/mole cm/msec  cm/msec
400 22.7 1.933 .42 45.24 1.82
450 23.9 2.150 .41 50.97 2.27
500 25.1 2.32% .40 56.08 2.43
600 27.7 2.607 .38 65.22 2.55
700 - 30.3 2.816 <35 73.30 2.57
800 33.1 2.979 .33 80.60 2.56
900 %5.9 3.108 .32 87.32 2.57
1000 38.8 3.213 .30 93%.56 2.55
1100 41.8 3.301 .30 99.47 2.60
1200 44.8 3.374 .28 105.0 2.6
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II THE RATE OF DISSOCIATION
OF MOLECULAR IODINE

This section consists of two papers describing
measurements of the rate of dissociation of
molecular iodine in the shock tube. The first of
these is feprinfed from "The Study of Fast Reactions,"
a general discussion of the Faraday Society held
in Birmingham, England, in April of 1954. The
second is copied from a manuscript accepted for
publication by the Journal of Chemical Physics on
February 20, 1956. The investigation includes
experiments in several inert gases and combines
the work of the authors indicated in each paper.
The present author has contributed only the

measurements in argon, helium, and oxygen.
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SHOCK WAVES IN CHEMICAL -KINETICS

THE RATE OF DISSOCIATION OF MOLECULAR IODINE

By DoviE BRITTON, NORMAN DAVIDSON AND GARRY SCHOTT

Gates and Crellin Laboratories of Chemistry, California Institute of Technology,
Pasadena, California

Received 18th February, 1954

Inert gas 4 ca. 1 % T, mixtures have been rapidly heated to temperatures of 1060°~
1860° K by passage of a shock wave and the rate of the dissociation reaction,

kp
M+LaM41-HT,

kr
measured photoelectrically. The reaction times were of the order of 30-300 usec. The
experimental results for the rate constants for recombination are given by logio kg (mole-2
1.2 sec-1) = 8-87 — 1-90 (= 0-14) logio (7/1000), (argon) ; logio kg = 8:85 — 1'91 (4 0-29)
logp (771000), (N2, assumed to be vibrationally umexcited); logp kr = 901 — 1'44
(4 0-32) logge (771000), (N> assumed to be vibeationally excited). Comparison of the
average high temperature results with those obtained at room temperature by flash
photolysis confirms the negative temperature coefficient for ky but suggests the relation,
kg = A{T1-5. The high temperature values for ky, for argon fit the equation, kp = 1:5x 107
T#U/RT)28 exp (— U/RT) mole-1 1. sec~1, where U = molal energy of dissociation of
I, at 0° K. The extinction coefficients of I» at 490 mp and 436 mp were measured as
a function of temperature; as expected, the former decreased with temperature and the
latter increased. The rate data do not reveal whether the nitrogen is vibrationally un-
excited or excited during the time period of the experiments; the extinction coefficient
data favour the former possibility. ‘

A shock wave is a positive pressure wave with the shape of a step-function
which moves through a gas with a velocity which is greater than the velocity of
sound in the unshocked gas, and therefore which is of the order of, or for strong
shocks somewhat greater than, the mean molecular velocity. The shock front is
a few mean free paths thick, so that, as the shock passes through a particular mole-
cule, the translational and rotational energy of the latter is increased in a time of
the order of a few collision times. A shock wave is, therefore, the most rapid
method of directly transmitting translational energy to an element of a gas. The
number of collisions required to readjust the vibrational energy varies with the
nature of the gas.

. The rates of chemical reactions in the heated gases behind a shock can be
most conveniently studied with the plane, uniform waves generated in a shock
tube.»2 Fig. 1 illustrates the basic features of this instrument. The left-hand
chamber contains a * driving > gas B at a high pressure; the right-hand chamber
-contains the gas which is to be shocked, A, at a lower pressure. When the diaphragm
D breaks, the gas A is subjected to a compressional pressure wave. The propa-
gation of the various pressure disturbances in the tube is represented in the sequence
of pressure profiles in the lower half of the figure. [Irregularities caused by the
breaking process are smoothed out by the time the pressure wave has propagated
YJownstream a few (3-20) tube diameters and a shock wave S is formed. The
uniform pressure behind the shock front characterizes the case in which gas A
undergoes no chemical reaction after being shocked. At the same time, B expands

58
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and pushes on A, so that an expansion wave propagates to the left through B.
D’ is the boundary between expanded cold B and heated compressed A. In
practice the shock front S is well formed but the boundary D’ is not.

~ For a given initial pressure ratio between chambers B and A the greater the
velocity of sound or the molecular velocity of the driving gas B, the greater is the
shock strength. Tt is therefore advantageous for the generation of strong shocks
to use hydrogen or helium as B. It is easy to compute that the limiting enthalpy
increase per mole (W, g) of gas A in a shock tube configuration for infinite bursting
pressure ratio is 2(Wa/Wa)yaRTa/(ys — 1)2, where W refers to molecular weight,
ys is the heat capacity ratio, and 7 is the initial temperature of gas B.3 :

A light beam and a photomultiplier-oscilloscope combination can be used to

observe the initial compression and any subsequent chemical changes provided a
reacting component of gas A is coloured. The temperature and density changes
across the shock can be computed from the velocity of the shock wave using the
quantitative relations described subsequently.

L-] L-2 L-3
l'al L1/:7(:uum @ @
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_\ Time= 270
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FiG. 1.—(a) Schematic diagram of apparatus. B, driving gas; D, diaphragm; A, driven

gas (inert gas | iodine mixture); L, lights; PM, photomultipliers. () initial pressure

configuration in the tube. (c) and (d) pressure configurations after diaphragm bursts.
S, shock front; D’, boundary between expanded, cold B, and compressed, hot A.

The time resolution in this method is related to the time for the shock wave to
move through the light beam. For a 1 mm beam and a shock of velocity 105
cmy/sec (typical of the experiments reported here), this is 1p sec. The gas behind
the shock wave is flowing downstream (to the right in fig. 1) so that at a time 7
after the shock wave passes the observer at PM-2, the gas at PM-2 has come from
farther upstream and has therefore been heated for a time considerably longer
than 7. Because of this featurc, the true time resolution is that computed above
multiplied by a factor equal to the compression ratio across the shock and is 3-7
usec for our typical experiments.

The measurement, in this laboratory, of the rate of dissociation of NO4
behind a (weak) shock wave at final temperatures of — 20° to 28° C has previously
been described.4 We report here a study of the rate of dissociation of iodine,
M+ In— M+ I+ 1, where M is an inert gas (nitrogen or argon), in the tem-
peraturc range 1060-1860° K. This reaction is of kinetic interest because it is a
simple dissociation process ‘and because its rate is known at room temperature
from the flash photolysis measurements of the reverse process.> Because of its
kinetic and experimental simplicity it is well suited for an initial investigation of
the use of strong shock waves in high temperature kinetic studies. A problem
of interest in the nitrogen investigations was whether the vibrational degree of
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freedom of N, became excited during the short time of the experiment (ca. 4 x 105
collision times) or whether the N, behaved as a rigid dumbbell.

Other investigations of elementary processes by means of shock waves include
the study of the structure of the shock front itself and the rate of equilibration.
between translational and rotational energy,b and the measurement of vibrational

equilibration times.” '
METHODS

EXPERIMENTATION.—The driving section of the shock tube was a 180 cm length of 15 cm
diameter steel pipe. The shock wave section consisted of a 140 ¢m length of 15c¢m
aluminium pipe and a 150 cm length of 15 cm Pyrex pipe. Cellulose acetate diaphragms
were clamped between the stcel and the aluminium sections. The shock wave chamber
could be evacuated to 1 p pressure and degassed or leaked at a rate less than 0-1 p/min.

The spontaneous bursting pressures of the membranes are not very reproducible
(4- 20 9%). Some typical values are: 0-005in., 1-7 atm; 0-0075in, 2-2atm; 0-010in.,
2-1-2:7 atm; 0015in.,, 3-5-4-1 atm. Depending on the experiment, the membranes
were allowed to break spontaneously or were induced to break at a slightly lower pressure
with a needle. Good shocks were obtained even when the membranes were broken at
one-half their spontaneous breaking pressures.

The inert gases used were Linde Air Products Co. argon, stated by the supplier to be
better than 99-8 9 pure (with the principal impurity nitrogen), and Linde pure dry nitrogen,
stated to be 99-90 % pure. In many of the experiments, the N, was passed through a
150 cm column of Drierite ; within the rather large experimental error, this did not affect
the results. These gases were allowed to flow from the cylinder at a regulated pressure
of a few psi and at a rate of ca. 500 cm3/min through a flowmeter and then a needle valve
across which the pressure dropped to that of the experiment, and then through a 1cm
diameter U-tube packed with a 30 cm length of c.p. iodine. The gas mixture entered
the shock tube at the downstream end, flowed through the tube, and then out via a needle
valve to a trap at — 80° and a pump. The only significant constrictions were the needle
valves ; and the flowing gas between them was at a constant pressure. The total pressure
was measured with a dibutyl phthalate manometer and the iodine partial pressure
computed from the temperature of the saturator (measured to 0-10°) and vapour pressure
data.8 The shock tube was isolated just before breaking the membrane, by closing wide-
bore stopcocks lubricated with Silicone grease.

Observations were made with light beams defined by 2-5cm by 1 mm slits on both
sides of the shock tube. The light sources were 500 W tungsten projection lamps operated
from a d.c. generator, Observations with A = 436 mu were made with a Hanovia medium
pressure d.c. mercury arc, Sc 5031.  Schlieren and total internal reflection at the shock
front can bend a light ray several degrees. It is therefore necessary to use a well-collimated
sheet of light if the sharp change in density at the shock front is to be observed. The
four slit system indicated in fig. 1 achieved this end.

The transmitted light was passed through suitable filters and the intensity changes
measured with RCA 931 photomultipliers and a Tektronix 512 oscilloscope. Typical
operating conditions were 80 V/dynode, 100 pA output current, and electronics rise time
about 1 usec. The signal/noise ratio is limited by the intensity of the light sources and
was about 50. Three or four light beams were used, each one being 10-0 or 20-0 cm
downstream from the preceding one, and the first one being 240 cm (16 tube diameters)
from the membrane. .

Several slightly different systems for obtaining data were used. The one used for
most of the experiments is illustrated in fig. 2. The amplified signal from the first photo-
multiplier, PM—1, triggers a univibrator trigger circuit when the shock wave passes this
station. This triggers two delay circuits. The delayed output of one of these triggers
a single horizontal sweep of the oscilloscope at a suitable time (30-150 psec) later. The
delay time of the second circuit is accurately known from careful calibrations (+ 1 usec)
and this output pulse is mixed into the vertical amplifier system. Iis position on the
trace essentially gives the time that the shock wave passes PM—1. The particular oscillo-
scope used is provided with a difference amplifier and the difference in photocurrent
between PM—2 and PM—3 is recorded as the vertical deflection. Until the shock wave
reaches station 3, this is essentially the photoelectric record of the change in iodine
concentration at station 2. From the record one can measure the average velocity between
_ stations 1 and 2 and between 2 and 3. The pictures also contain vertical calibration
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Fi1G. 3.—Oscillograph records of photocurrent for typical experiments. A, signal from
delay circuit 2, related to arrival of shock wave at PM—1 ; B, compression as shock front
passes PM—2 (increasing photocurrent from this station deflects the trace down); C,
compression as shock front passes PM—3 (end of experiment). The small pips are 10 sec
timing markers. The smooth horizontal traces are evenly spaced voltage calibrations.

Photograph a b c
argon nitrogen argon
¢ 2:27 % 10-3 mole/L. 1-65 1-75
¢ 0-484 x 102 0524 0-623
K 1-000 x 105 cm/sec 1-429 1-136
*
Aq 3-10 4-65 4-1;7 326
To 1195° K 1276 1216 1455
%o 079 090 082 097
Ay 327 4-73 503 346
Ty 1172° K 1253 1195 1422
Subscripts zero refer to conditions immediately behind the shock front. Subscripts

+ refer to equilibrium with respect to iodine dissociation.
* calculations made assuming N to be not vibrationally excited.
T calculations made assuming N3 to be vibrationally excited.

[Te face page 60
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Fi16. 4—(a) Shock wave heating an argon | iodine mixture to 953° K, where the rate

of dissociation is negligible ; (#) shock wave heating an argon | iodine mixture to 2100° K,

where the dissociation is complete and rapid. The subsequent decreasc in photocurrent
is attributed to cooling at the walls.

[To face page 61
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marks applied with a precision potentiometer {Helipot) and time markers on the sweep
from a 100 ke crystal controlled oscillator.

An improved procedure has been to measure the time for the shock to travel between
stations'1 and 3 or 4 with a Potter Model 456 1-6 Megacycle Counter Chronograph which
is a time interval meter that can be triggered on and off by univibrator voltage pulses
from the photoelectric stations. Two oscilloscopes are available and two independent
photoelectric records can be made from PM—2 and PM—3. The time scales of the
two sweeps can be interrelated so that the average velocities between all the successive
stations are known.

CaLcuLaTtions.—Fig. 3 and 4 show some typical oscilloscope records for shock waves
heating inert gas + iodine mixtures (ca. 1 % Iz). When the shock passes through the
light beam, the light transmission abruptly decreases because of thc compression and
then gradually increases as the iodine molecules dissociate into an equilibrium mixture
of atoms and molecules. ;

Quantitative interpretation requires a knowledge of the conditions of the heated
gas, specifically of its temperature and density and of the extinction coefficient of molecular
iodinc at the high temperature. As the endothermic dissociation reaction occurs, the
gas mixture cools and compresses somewhat. The photoelectric curve of light trans-
mission as a function of time, after the initial step due to the shock compression, results

(?PM—/ M2

-
anpli- Lra gger e ‘2/ ay § ——vertical
i
1
'
]
1]

Scope
Ffrer crreurt omplifier|

aelay sweep
1 T |frgger

FiG. 2.—Block diagram of the recording system. Circuits enclosed by the dotted line
are part of the oscilloscope.

from a combination of () a decrease in iodine molecule concentration due to dissoci-
ation, (b) an increase in iodine molecule concentration due to compression, and (c) a change
in extinction coefficient due to the change in temperature. Fortunately, effect (a) is
much larger than (&) or (¢). The kinetics arc complicated by the following factors. As
the molecular iodine dissociates, the reverse recombination reactionl + T~ M - 1> + M
must also be considered. Since the gas behind the shock is flowing downstream, a
transformation from laboratory time to the time that molecules in the light beam have
been heated is introduced. The rate constant for dissociation is a function of tem-
perature and therefore changes as the reaction proceeds. It is the object of this section
to outline the calculational procedure for making all these corrections. Because the
jodine is highly diluted with inert gas (ca. 1:100) the changes in density, temperature,
and extinction coefficient are small and the corrections are readily made. The legends
to fig. 3 give typical examples of the changes.

For a perfect gas of constant heat capacity, the temperature and density of the gas
just behind the shock can be expressed as simple closed functions of the initial conditions
and the velocity of the shock wave.? For a general fluid, a numerical sotution of the
following equations is required : :

Hy—H 1 1,1
T TS5+ 52) o
Dy Py - P
2 .- = -
S D DDy @

where subscripts 1 and 2 refer to. conditions in the unshocked and shocked gas, re-
spectively, W = mean molecular weight of the unshocked gas, H = enthalpy per Weg
of gas, P = pressure, D = density, and s = shock velocity. The enthalpy is a function
of P> and D, (for a perfect gas with variable heat capacity it is a {unction of P/ Dy, that is,
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“of the temperature). For a given s the above equations can be solved. For a shock
- wave propagating at a constant: velocity down a tube of uniform cross-section, these
" equations apply to the properties of the fluid at any point behind the shock. In particular,
_for a reacting gas, the enthalpy can be expressed as a function of temperature and of a

reaction variable (which in the present instance is «, the degree of dissociation). For

a given shock (fixed s), the pressure, density and temperature can therefore be determined

as functions of «. ’ ) .

Let o= (Py/Py), 8 = (T2/T1), A = (Dy/Dy), U= molal energy of dissociatidn of

I gas at 0° K, B == 2[(H — Hy)/RT] — 1, 6 = mole fraction I in the initial gas., The

quantity § is related to an effective heat capacity for the gas. Superscripts M, Ip, and I
" refer to inert gas, iodine molecules, and iodine atoms. The perfect gas law is,

. ) == (1 4- da)AS.
Eqn. (1) an_d (2) become :

7= - $)ES — B
=+ #{l(1 — )p% + 20pl1o — BY + 20(U/RTY)}

£ (1 $o)(8j), )
Ry (=—1) '
W iy . @

With these equations and thermodynamic tables,!® numerical values for =, A and s
as functions of § and « can be calculated for an assumed value of . These can be graphed
so as to show the variation of A and # with « at particular values of 5. The character-
istics of the shock wave were computed for ¢ - 0 and, as a function of «, for ¢ = 001,

-and it was shown by a few additional calculations that for the range of ¢ used (¢ < 0:025),
a linear extrapolation or interpolation was satisfactory. Two separate sets of calculations
for nitrogen were made assuming: (a) that HM — HM = (7/2)R(T; - - Ty), i.e. that during
the time of the experiment the N> remained vibrationally uncxcited, and (b) using the
thermal equilibrium values for Hé‘{.

1f the velocity of the flowing gas behind the shock is v, conservation of mass in steady-
state flow requires A = s/(s —2). The transformation between * molecule®® time ¢
and laboratory time = is then readily shown to be d7 == Ad+. For the chemical reaction,
M+L =M+1+1, the rate equation is -- [d(I2)/df]a - kp(M)(I2) — kx(M)(I)2;
kr = kp/K, where K is the cquilibrium constant (dimensions, moles/l.) for the chemical
equation above. The rate equation can be transformed to

dafdr - kg A3[(e1K(1 — 2)/A) — dgey202], 5)

whete ¢; — total concentration of unshocked gas (mole/l.). The quantity A changed
at most by 10 9 from x = 0 to « = 1, whereas K changed typically by 50 %, but both

A3 and K/A were, to a satisfactory approximation, linear functions of «. This makes
t possible to integrate eqn. (5).

;1_{[1 4 M ‘*[,_f_ U rm -
Kohge L " T =2 20 = oIS — 2= &1 — )]

m|. . Feo—=* _.7T. <
o I:(l =) = (€ (e - 96)] [(E*F ) — 21—
x In [(%" — old 7‘(;”»;% :‘ %o 02]]} =: kp7 '} constant,
where §= #;AO,
o

_dlnK dinA 3dmlnkdlnA
K P P S e P
_3dmhA
T de

Subscript zero refers to conditions just behind the shock wave at o == 0. '

(6)

{
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On the oscilloscope records one determines « at various points in time behind the
shock. This involves knowing the density as a function of « (from measured velocity),
the initial concentration, and the extinction coefficient of I as a function of temperature
(i.e. «).” These values of x at times = are inserted in eqn. (6) and the indicated function
plotted against =. The slope of this plot gives kg and kp = kzxK. The basic assumption
here is that kg is temperature independent and kp, has the same temperature dependence
as K. The results of the experiments show this is not so but correcting for this effect
would change the individual ky’s by less than 5 % and the temperature dependence not
at all. It may be mentioned that for cases where at equilibrium « > 95 %, the effect of
the back reaction can be neglected and a simpler integrated rate equation used.

RESULTS AND DISCUSSION

DISSIPATIVE EFFECTS

Other workers have observed, by means of flash interferograms or Schlieren
pictures, that the shock waves generated in shock tubes are planar and normal to
the tube walls.2 In most of our experiments when the light beam was properly
aligned and collimated, the abrupt decrease in photocurrent as the shock wave
passed the light beam occurred in 1-2 usec, indicating that the shock front was
well formed, plane, and perpendicular to the tube axis.

Fig. 4a shows a shock wave heating an argon - iodine mixture to 953° K where
the rate of dissociation is negligible. The photocurrent is constant to 4-1 %, for
220 usec of laboratory time (600 usec molecule time) indicating that there is no
appreciable cooling and compression at the walls.

Fig. 4b shows a shock wave heating an argon - iodine mixture to 2100° K where
the dissociation occurs in about 20 sec. The photocurrent then corresponds to
100 9, transmission. There is a subsequent slow decrease in photocurrent which,
we surmise, is due to re-association in a cooled layer next to the walls. In this
case there is a decrease in transmission of about 5 % over a period of about 70
usec (laboratory time), which means that a layer of gas about 1/40 the diameter
of the tube (i.e., 0-4 cm) has cooled to below 1100° K where the re-association
becomes large. It was noted that, as expected, this cooling effect was greater at
low gas densities. A rough estimate of the rate of cooling may be made as follows,
The thermal conductivity 11 of argen at 1500° is about 1-1 x 104 cal cm1 sec!
and the heat diffusivity at a concentration of 3 x 10-6 moles/cm3 (the concentration
of the shocked gas for fig. 46) is about 12 cm2 sec™1. Therefore in 240 psec (mole-
cule time for this experiment), the mean diffusion distance (2 D#)}, is calculated as
0-08 cm, compared to the 0-40 cm which is the crude observation. If gas in a
cylinder is uniformly heated to a temperature above that of the wall and if a con-
centric ring of gas at the wall, dr thick, cools by conduction so completely that it
effectively contracts to a much smaller volume, the gas in the middle of the cylinder
will expand outward adiabatically and therefore cool. The magnitude of this
cooling effect is (A7/T) = 2(y — 1) (dr/r). Taking dr = 0-20 cm as a compromise
between the experimental and theoretical values for the thickness of the cooled
layer, the computed value d777 for the main body of gas is 0-03.

Experiments at the higher temperatures were done at low gas densities to
increase the reaction time; nevertheless, the rate of dissociation was so fast that
a slope like that of fig. 4b and a cooling like that computed above are not serious.
In experiments at lower temperature, the gas density was higher and cooling less
important. The kinetic results did not show any anomalies or variations with
pressure that could be attributed to cooling effects. The evidence is, therefore,
that cooling effects due to the walls were not large enough seriously to affect the
kinetic results of this investigation. It should be emphasized that there is no
satisfactory experimental or theoretical treatment of dissipative phenomena in a
shock tube; the problem is quite complicated because it involves both heat con-
ductivity and viscosity effects. It is probable that these dissipative effects will be
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“limiting factors in the quantitative study of reaction rates at still higher tempera-
" tures by the shock tube method.
In almost all of the experiments, the two average velocities measured with three
- photoelectric stations at 10 or 20 cm intervals agreed to 11 %. The apparent
acccleration was sometimes positive and sometimes negative. It is not known to
what cxtent this change in velocity is due to experimental error in measuring the
oscilloscope records or to a lack of reproducibility in the delay time of the cali-
brated delay circuit, rather than to a real change in strength of the shock wave.
A few experiments were discarded because the velocity change between successive
" stations was as high as 4 9%  The temperature of the reacting gas is calculated
from the shock velocity and is approximately proportional to the square of the
velocity, so that a 1 % uncertainty in velocity corresponds to a 2 % uncertainty
in temperature. At 1500° K, the corresponding uncertainty in the rate constant
for dissociation is 4 26 %, which is about the same as the mean deviation of
the results. '

EXTINCTION COEFFICIENTS

Most of the observations were made with the light from a 500-W tungstcn
filament projection bulb with the colour temperature defined by operation at 120 V.
The light filters were a Bausch and Lomb interference filter with a measured
maximum transmission of 36 9 at 487 my, a half width of 8 my and a trans-
mission of the order of -1 % through the rest of the spectrum, and a Corning
no. 3385 sharp cut filter with a transmission of 50 % at 487 mpu, of 37 % at
481 mpu, and which was opaque to bluer light. The detector was an RCA 931
photomultiplier. The molar extinction cocfficient of I, at room temperature,
e = logio (lp/D)/cl mole~1 1. cm~1, for this particular optical system, was found
to be 450 4 20, by measuring the photocurrent in front of and behind shocks
of sufficient strength to dissociate more than 99 { of the I present in an
argon 1 % I mixture, as in fig 4b. This value is the same as that at 490 mpy
as measured in a Beckman spectrophotometer 12 and we take 490 mp as the
effective wave length of the light. In previous experiments using the interference
filter without the cut-off filter, lower values of ¢ were observed because of a
greater contribution from blue light.Sc For some shocks in nitrogen, € at
436 mp. was measured using a mercury arc, a 436 my interference filtcr, and a
"Corning no. 3389 sharp cut filter which was down to 37 % transmission at 436 my.
The value of 30 for e at room temperature was taken from spectrophotometer
experiments. )

The high temperature extinction coefficients were found by extrapolating the
photocurrent records back to zero time visually, and computing the concentration
of I, just behind the shock from the compression ratio which is calculated from the
shock velocity. :

Curve A of fig. 5 displays the results in argon for 490 my and fig. 6 gives the
results in N3 at 436 mp. - As expected in view of the potential curves and by
analogy with the other halogens,13 the extinction coefficient at 490 myu falls with
temperature because the extinction coefficient of the zeroth vibrational state is
greater than that of the higher vibrational states at this wavelength, and the ex-
tinction coefficient at 436 my rises with temperature, because the reverse is the
case.

Fig. 5 also shows the absorption coefficients at 490 mp measured in nitrogen
experiments and computed assuming that the nitrogen behind the shock is not
vibrationally excited (curve B) and is vibrationally excited (curve C). The ex-
perimental points are shown for curve B and the scatter of the points is about the
_same for the other curves. The wave length 490 mp is beyond the convergence
limit of the discrete spectrum of I, and the absorption coefficient should be in-
dependent of inert gas. Curves A and B coincide within the limit of experimental
error but curves A and C (vibrationally excited N3) do not. This suggests that
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the nitrogen is not vibrationally excited for at least 25 psec (typically 4 x 104
nitrogen-nitrogen collisions) after being shocked, but, in view of the rather large
expenmental error, this conc]usmn is only a tentative one.
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Fi6. 5.—Extinction coefficients for I; at 490 mu. A, argon; B, N; assumed vibrationally
unexcited; C, N, assumed vibrationally excited. The experimental pomts for curve B
only are shown.
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FiG. 6.—Extinction coefficients {or I; at 436 mp in N,. B, assumed unexcited, points'
shown; C assumed excited.

KINETICS

Fig. 7 shows the results of this investigation plotted as logyo A against logio 77
for argon, nitrogen assumed to be vibrationally unexcited, and nitrogen assumed
excited. Parameters for straight line plots of the results have been found by least
squares (using for convenience the erroneous assumption that the temperatures are
known with certainty) :

logyg kg (moles—2 L.2sec2) = — 1-90 (= 0-14) logyo (77/1000) + 8-87 (argon),
logyg kr = — 1-91 (£ 0-29) log;y (7/1000) - 8-85 (N2 unexcited),
logio kx = — 1-44 (4 0-32) log;o (7/1000) + 9-01 (N excited),

where the indicated uncertainties are probable errors. The mean deviations of
the experimental rate constants from the calculated curves are + 11 9 (argon),
+ 22 9% (nitrogen-excited or unexcited). We cannot at present evaluate all the
sources of experimental error. As noted previously, there is an uncertainty of the
order of 26 % in the rate constants due to possible errors in the measurement of
shock velocity. It appears that there are also significant errors in reading the
oscillograph records and in. making the elaborate calculations involved in inter-
.preting the data. We do not know why the nitrogen results show greater scatter
than the -argon results. Over a threefold variation in total pressure at a fixed
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temperature, the rate showed the expected first-order dependence on imert gas
concentration. '

Fig. 8 shows the results of this investigation at 1060-1860° K and of the various
flash photolysis measurements of kz, mainly at room temperature, as a logip &

15k . /-5 /'8
I L [ o
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’ Y
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D
~
021 o -o-2 °® A
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Fic. 7.—Recombination rate constants.
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#0r Argosm « ——
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urexcrted o
- 201 . 1
(-3
1 .
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X Jop ]
2 0.7»— 4
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- FiG. 8.—Recombination rate constants. Points are the low-temperature flash-photo-
lysis results. Heavy lines are the results of this research. The light lines go through
the average room temperature results and the average high temperature results.

against logjo T plot. In spite of the present experimental uncertainties both at
high and low temperatures, it is clear that kr decreases quite significantly with
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temperature. The slope of a straight line through the average of the room tem-
‘perature argon results and an-average high temperature argon result is 1-49 i.e.,
kr = AJT1'9, as compared to a slope of 1-90 for the high temperature results
above, - It is possible bui by no means certain that this change in slope is real.
The slopes of the.logig k against logyo 7 plots through the room temperature and
the average high temperature results for nitrogen are 1-59 (unexcited), 1-26 (excited).
The temperature coefficients of kr obtained at Manchester by flash photolysis 5»
at 293° and 400° K are larger than those reported here and correspond to # = 30
for an assumed power law dependence, kn = A/T=. It is most probable that the
conflicting result obtained in Pasadena 5¢ by flash lamp experiments that kg for
neopentane is constant from 298° to 473° K is wrong. A curve going through both
the Manchester and the shock wave points is irregular and bumpy in an implausible
way ; probably one set of data or the other are wrong in so far as the temperature
coefficients are concerned. The shock wave experiments cannot be extended to
lower temperatures .because the rate of dissociation is too slow; further careful
flash lamp experiments over a range of temperatures will be of great interest.

.
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FiG. 9.—Temperature dependcnce of the rate constant (inert gas, argon) and the equ111b=-
rium constant for I, dissociation.

It is of interest to consider the temperature coefficient of kp, the rate constant -
for dissociation. Fig. 9 displays the temperature dependence of log ikp + UJ2:303
RT for argon and log K + U/2-303 RT, where U = 35,544 cal. The former, of
course, decreases more rapidly with temperature; the high temperature data fit
the equation

ko = (A]T23) exp (— U/RT),

although the room temperature results fall considerably below this.

In conclusion then. the main results of the present investigation is to prov1de
additional evidence that kg decreases with temperature, and that this dependence
can be approximated by kr = A/T15. The physical significance of this result is
that the average kinetic energy in a system undergoing a recombining three-body
collision is less than the average kinetic energy of all three-body collisions. By
microscopic reversibility, in a dissociating collision between an inert gas molecule
and an iodine molecule, the resulting iodine atoms and inert gas molecule have
less- than the average kinetic energy as they fly apart. The rate constant for dis-
- sociation can be described by the equation, -

kp =150 X 107 T% (U/RT)283 exp (— U/RT) moles—! 1. sec-1,
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- The * collision theory ” interpretation of this kind of a rate expression is that
several degrees of freedom other than translation along the line of centres contri-
bute energy to the dissociation process.

It is to be noted that in the rate constants which have been used for making
calculations about Hy + Br; flames, it has been assumed that the rate constant for
recombindtion is a constant and that the pre-exponential factor for kp increases
with temperature.14

The kinetic results for nitrogen do not reveal whether or not it remains vibra-
tionally unexcited during the time of an experiment (typically, about 4 x 105
nitrogen-nitrogen collisions and 4 x 103 nitrogen-iodine collisions). The extinc-
tion coefficient measurements make it appear probable, but not certain, that for
the first 104 collisions the nitrogen remains unexcited. It is of course conceivable
that the nitrogen relaxed vibrationally during the course of the iodine dissociation
reaction. This would make the measured values of kg too low. With the present
limited experimental accuracy there is no possibility of recognizing such a pheno-
menon. It may be recalled that impact tube measurements 15 indicate that vibra-
tional equilibration requires at least 107 nitrogen-nitrogen collisions at 600°-700° K,
whereas ca. 3 x 104 collisions between N and H,O are required for vibrational
adjustment of the Nj.

We are grateful to the O.N.R. for its support of this research. One of us
(D. B.} is the recipient of a fellowship from Du Pont, Co.
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Shock Waves in Chemical Kinetics: Further Studies
on the Rate of Dissociation of Molecular Iodine.

Doyle Britton; Normen Davidson, William Gehman,
and Garry Schott

Gates and Crellin Laboratories of Chemistry
California Institute of Technology

Abstract

The rate of the dissociation reactionm,

has been measured by the shock tube method for argon,
helium, nitrogen, oxygen, and carbon dioxide as inert

gases, M, in the temperature range 1000°-1600°K. The shock
wave results by‘themselves and the comparison of the shock
wave measurements with the room temperature measurements of
gR by flash photolysis both show that ER has a negative
temperature coefficient. The absolute value of this negative
temperature coefficient derived from the shock wave measure-
ments is greater than the value derived from comparison of
the average high temperature result with the room tempera-
ture result for any particular gas. This may be due to
experimental error in the determination of agﬁ/ag at the

high_temperatures, but it is believed that the values of k.
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determined in the middle of the temperature range studied
(Table I) are reliable.

The experimental evidence indicates that, for the
measurements with 002, the rate of vibrational equilibra-
tion is so fast that the observations made here pertain
entirely to vibrationally equilibrated 002. Evidence from
other experiments indicates that the rate of vibrational
relaxation in oxygen is such that most of the dissociation
reaction occurs in relaxed 02, but that nitrogen remains
vibrationally unexcited under the conditions of the disso-
ciation reactions studied here.

The ratio, gR,Iz/gR,A, of the efficiencies of iodine
and argon as third bodies is not greater than 30 at 1300°K
whereas it is 250-600 at room temperature. The hypothesis
is proposed that in general the ratio gﬁ,gas/ga¢hf°r complex

gases will decrease with increasing temperature.

¥ % * X X * * *

In a previous communication(l) the application of the
shock wave method to the study of the rate of dissociation
of molecular iodine was reported. The kinetic results were
computed as rate constants for the reverse recombination
process |

(1) I+I+M—>I,+N, d(I,)/dt = ke (12 ()

M represents a "third body" gas molecule. Values of gﬁ at
room temperature for a number of gases as M were first

measured by the photostationary state method.(z) More
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recent;y, measufementa'of gﬂ at room temperature (and a few
at 127°C) have been made by the flash photolysis method. >’
(4)(5)(6)(7)(8)

Neither the flash lamp results nor the shock wave re-
sulfs are as yet satisfactorily accurate or precise. However,
several significant conclusions are already apparent and
further problems are suggested.

" The present set of measurements which consists in part
of the repetitioﬁ of our previous experiments and in part of
measurements with different gases and with different ratios
of iodine to inert gas, were performed in order to extend
our knowledge of reaction (1) and to test the accuracy and
limitations of the shock wave method of measuring reaction
rates.

Experimental. - The technique was essentially as described
previously. An improved system for aligning and collimating
the light beams was used in the spectrophotometric measure-
ments. Bach light beam from a 500 watt projection lamp was
defined by a set of three slits, each 2.5 cm by 1.00 mm.
Light from a lamp 17 cm from the tube passed through the
first slit 1 em from the tube, then through the 15 cm tube,
through another slit 1 cm from the tube, tﬁrough the third
glit 16 cm from the tube, through some filters, and onto the
photomultiplier, 9 cm further on. There were four light
beame and slit Systems, 10.000 .005 cm apart. The slit
systems were perpendicular to the tube axis to within an

anglé of 1.4 x 1070 radian. The plane containing the
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successive firét slits was parallel to the tube axis to 3 x
10"3 radian, as were the planes.fér-the sécond slits snd the
. third slits. The 6 inch (15 cm) Pyrex pipe used for the
shock tube was of uniform wall thickness and the diameter
vaiied by 0.1 cm over a 100 cm length of the pipe in such
a way that the maximum angular variation of the walls from
parallel was 4 X 10~> radien.

The collimation systems were such that, for & shock
wave requiring l‘ppec to actually traverse the 1 mm width
of the slits, schlieren and reflection effects at the shock
front would cause a rise time of 3‘psec or less for the step
function change in photocurrent as the shock passed by the
light beam. Most of the shock waves showed rise times within
this limit. In some cases, rise times of 5 to TIEsec were
observed, indicating that the shocks were, to a small degree,
curved or not normal to the tube axis.

Extinction coefficients at high temperatures were
measured by extrapolating the oscilloscope traces back to
zero time to obtain the initial change in photocurrent. The
effective wave length obtained from the tungsten lamp with a
Bausch and lLomb interference filter and a Corning no. 3385
sharp cut filter was 487 %P' In experiments on helium and
oxygen, the same interference filter and a Corning no. 3389
sharp cut filter were used, and the effective wave length
was 484 %g. The 436 qg mercury line was isolated with a
Bausch amd Lomb interference filter and a Corning no. 3389

shafp cut filter.
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Dissigative Effects. - It was noted in a set of special
experiments usihg.tﬁo electronic timers that the shock waves
- were of uniform velocity to ¥ 1% over two 10.0 cm intervals
starting at 245 cm and 265 cn from the membrane. Spectro-
photometric rate measurements were normslly made at the
255 cm and 265 cm stations. The curves of photocurrent vs.
time in shocked compressed gases at temperatures below QOOQK,
where dissociation is negligible, were constant to 1% or
better over periods of time of lOO-ZOO‘Psec on the oscillo-
scope trace, under conditions of 50% light absorption.

The facts cited above support the belief that, in accord-
ance with ideal shock tube theory, the temperatures and
densities behind the shock waves in nonreacting gases were
satisfactorily constant under the conditions of our experi-
ments. The effects of heat and momentum transfer from the
walls and of pressure disturbances radiated from the contact
surface were therefore thought to be unimportant. |

Some special difficulties encountered in the high
temperature carbon dioxide experiments are mentioned separate-

ly.

RESULTS
Smoothed curves of the measured extinction coefficient
of I, for all the gases used are displayed in Fig. 1. The
average deviation of the experimental points from a smoothed
curve was 5%. Special features of the experiments with

different gases are discussed below.
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A summary of the klnetic results is presented in Table I.
The way in which gﬂ should vary with temperature is not under—
. 8tood theoretically. Therefore the expsrimental results for
gﬁ as a function of tempérafura,are represented by fhe two
alternative equations, kp = A exp (U/RT) and kp = B(1/1000)2,
Values of gﬁ are listed for the middle of the temperature
range studied, where we believe that the results are most
reliable. This value of gR is compared to the value for
argon at the same temperature computed from the equation
gR,A= 0.76 x 108 exp (4560/@2).

Argon. - A set of 37 new experiments was performed with
initial argon pressures ranging from 0.025 to 0.075 atm, with
I2/A ratios of 0.002 to 0.018, and with initial shock tem-
peratures between 1080 and'1570°K. The results are displayed
in Pig. 2. They are in complete agreement with those obtain-
ed previously over a narrower range of conditions. As can be
seen in Fig. 2 there is no systematic variation of gﬁ when
the 12/A ratio is varied from 0.002 to 0.018. Using ¥ 50%
as the safe limits of error for kp we deduce that the ratio
ER,IQ/ER,A’ the reiative efficiency of iodine compared to
argon as M in reaction (1), is less than 30.

Helium. - A set of 19 experiments was performed with
initial pressures ranging from 0.015 to 0.030atm, 12/A ratios
of 0.007 to 0.011, and imitial shock temperatures between
1100 and 1800°.

Nitrogen. - The interpretation of these expériments is
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complicated by fhe interesting question as to whether or not
the vibrational‘degrée of freedom of N2 becomes excited dur-
-ing the short time of the experiments. This makes a small
but significant differencé in the calculated temperature and
density fatio (é}) behind & shock wave of given velocity,
egspecially for stronger shocks. This is illustrated in
Table IT.

Table II
Calculated Conditions behind Shocks of Given Velocity in N,

with and without Vibrational Relaxation.

Velocity Relaxed Unrelaxed

(x 10_5)

cm sec™t 7° K A ™ K éé
1.30 1040 4.70 1073 4.38
1.50 1190 5.08 . 1336 - 4.70
1.70 1541 5.44 1634 4.93

The results in Fig. 1 and Table I have been calculated
assuming vibrational relaxétion and again assuming no relaxa-
tion. Fig. 2 shows the data for rate constants, to illustrate
the experimental scatter.

Rate measurements were made for a set of forty experi-
ments over a temperature range from 1100 to 1740°K (N2 assumed
unrelaxed). The total initial pressure of gas varied from

0.01 to 0.05 atm, and the mole fraction of 12 from 0.004 to
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0.02. The results agree quite well with those obtainednpre-
viously. There is no evidence that the ratio of iodine to
-nitrogen affecta the ratef indicating kﬂ,Ig/ER,Ng < 35.

It is not possible to decide om the basis of the present
reéults whether vibrational relaxation is occurring. . However,
Blackman(g) has recently reported a set of direct density
measurements with an interferometer on the rate of vibra-
tional relaxation in nitrogen behiﬁd a shock wave, for shock
temperatures varying from 3500°K to 6000°K. Extrapolationm
predicts relaxation times at 1/2 atm pressure as follows:
3600 psec (1100°K), 1700 psec (1300°K), 480 psec (1740°K).
At the same temperatures and pressures, reaction times were
1200 Igsec, T5 )_::sec, and 15 }yaec respectively. The theory of
vibrational relaxation indicates that collisions with fast
moving light atoms are effective in inducing vibrationazl
transitions; therefore it is not to be expected that iodine
molecules or atoms would affect the vibrational relaxation
time of nitrogen. Thus Blackman's results indicate that the
present experiments measure the rate of dissociation or recom-
bination of iodine in vibrationally unexcited nitrogen.

Oxygen. — A set of 12 oscilloscope traces for 6.shock
waves in oxygen-iodine mixtures (driven with helium, not
hydrogen) were analyzed. In all six experiments the calcu-
lated final temperature was within 25° of the average of the
group; ‘The initial pressures were abéut 0.03 atm, and the
12/02 ratios about 0.007. For a shock of velocity 1.45 x 105

1

ce sec — in such a mixture, the calculated temperature and
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 compression ratio are: (a) ﬁssuming no vibrational relaxa-
tion of 0,, 1400%K and 4.80; (b) assuming vibrational
 relaxation, 1275% and 5.40. Blackmen's))messurements of
relaxation times in‘oxygén from 1300° to 25009 give a
relaxation time of-lGlpgec at 1300-1400°K at 1 atm pressure,
and therefore of 29‘gsec at the'pressure used in our experi-
ments. The observed (1/e) dissocietion time was about 160
‘gséc. Therefore it is probable that the dissociation reactions
occurred principally in vibrationally relaxed oxygen.

Rate data were computed from the photocurrent traces for
the last part of the reaction when, according to the above
hypothesis, the vibrational relaxation was complete. The
result is: kp = 5.3 x 10° at 1275° in vibrationally relaxed
oxygen. In performing this calculation, 12 concentrations
were computed using the value of the extinction coefficient,
€, measured in the helium experiments.

Assuming unrelaxed 02, interpretation of the data leads

to a rate constant for recombination at l400° of 1.55 x 108

liter2 mole_z sec™t

3.9 x 10°

s which is less than the argon value of
at this temperature. In view of the room temperature
ratio ER,OZ/ER,A of 1.8, it is expected that O, is more
effective than argon as a third body at 1400°. The kinetics
data therefore support the hypothesis that the 02 was vibra-
tionally relaxed during most of the dissociation reactionm.

Tt should be noted that it would be difficult to recog-
nize the occurrence of vibrational relaxation in a time of the

order of magnitude of the iodine dissociation time from the
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shapes of the.iodine concentration versus time curves. In
the unrelaxed gas, the translational temperature is high
-and the value of d(12)/qg due to reaction is more negative
than that in the relaxed gas. The gas“compresses, however,
as relaxation occurs, and this contributes a positive term
to the value of d(Iz)/dg. The resultant d(Iz)/QE is not
very different from that for the dissociation resction in
the relaxed gas.

It should have been possible to have determined whether
conditions immediately behind the shock wave corresponded to
vibrationally relaxed or unrelaxed oxygen by measuring the
apparent extinction coefficients of 12. However, there was
an unfortunate error in the use of the oscilloscopes in this
particular series of experiments such that the abrupt change
in photocurrent when the shock wave passed the light beam
was not correctly measured, although the subsequent slow
changes in photocurrent were not significantly affecfed.*

Carbon Dioxide. - The photoelectric curves for the high

temperature shock waves in carbon dioxide were rougher and

*This error (sob) consisted of failure to provide a low im-
pedance connection to ground of the unused grid in the input
circuit of the difference amplifier (input B of Tektronix

512 oscilloscopes). A step function applied to the A input

is thereby converted to a step function of 0.85 times the input
nagnitude followed by a slow (~v loolggec) rise of the signal
by the remaining 15 percent.
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much less regular than for the experimehts in any of the other
gases. This is illustrated in Fig. 3. Below about 900°, the
- shocks in 002 were very smooth and flat. We believe that the
differeﬁce'between 002 ané the other gases used is due to the
much lafger denSity ratios for shock waves in 002. The obser-
vations were made at a station 255 cm from the membrane. For
a typical compression factor of 8, when the shock front is at
this station, the contact surface between the hot compressed
002 and the cold expanded driving gas is only 32 cm behind
the shock front, The comtact surface does not possess the
self-sharpening feature that the shock front does, and it
may be assumed that there is a turbulent zone of mixed driv-
ing gas (H2) and shocked gas (002) with dimensions of the
order of magnitude of the diameter of the tube (15 em). Thus
it is not surprising that conditions behind the shock are not
entirely steady. The compression factors for experiments in
argon and nitrogen are all less than 4 and 5 respectively.
It has been impractical, at the present time, to test this
hypothesis by construction of a longer tube.

A set of 24 shock wave experiments with final tempera-
tures ranging from 1000° o 1400°K were analyzed to obtain
kinetic data. Some lower temperature shocks were used for
extinction coefficient measurements. Initial pressures were
varied in the range 0.01 to 0.05 atm, and IZ/CO2 ratios were
between 0.005 and 0.02.

There is a tremendous difference between calculated

temperatures and densities behind a shock wave for vibration-
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‘ally relaxed and unrelaxed carbon dioxide. Thus, for example,
for a shock of velocity 1.34 x 105 cm sec™t in CO, initielly
-at 300°K, the calculated temperatures and density ratios are:
1100°K, 7.78 (relaxed); 1604°K, 4.92 (unrelaxzed). The
extinction coefficient data (Fig. 1) are reasonably consistent
with the argon results assuming relaxed 002, and are very
different for unrelaxed 002. The rate constants are of a
reasonable order of magnitude assuming relaxed 002, but would
have been about a hundred times smaller if calculated on the
basis of unrelaxed 002. Therefore, the evidence is clear
that under the conditions of our experiments, the carbon
dioxide was vibrationally relaxed. This is in agreement with
direct measurements of the relaxation time in 002 of about(ll)
(12) O.S‘ppec at 1 atm. pressure at 1000°K and less at higher
temperatures.

Our meaéurements are not sufficiently accurate to test
the proposal by Griffith that the relaxation time for the
stretching modes of 002 is much larger than the relaxation

time for the doubly degenerate bending mode.(lz)

The effect
of assuming that the stretching modes are frozen im would be
to decrease the extinction coefficients somewhat, bringing
them closer to the values measured in argon, and to decrease
the calculated value of kp by about 30%.

We have briefly considered the following problem. Con-

gider a shock wave of velocity 1.34 x 105 cm sec'l

at an initial pressure of 0.010 atm at 300°K. The tempera-

ture, density ratio, and pressure just behind the shock and
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before vibrational relaxation are 1604°, 4.92, 0.263 atm;
after vibrational relaxation, these quantities are 1100°,
7.78 and 0.286 atm. The vibrational relaxation time is

(11)(12) This time is too short to

estimated as 1.6‘g§ec.
be resolved in our experiments. The question is how much
iodine dissociation occurs while the gas is relaxing from
1604° to 1100°.

The 1/e reaction times for iodine dissociation at the
given concentrations of 002 are 40 P@ec at 1100°. 4an
approximate numerical integration for the amount of reaction
in each temperature interval as the gas undergoes vibrational
relaxation in 1.6 P@ec gives an upper limit of 0.02 for the
degree of dissociation by the time (f\J4.8‘g@ec) the gas
has cooled to 1120°. This amount of dissociation is too
small to be detected by the measurement of the apparent
extinction coefficients of iodine, and it is concluded that

the amount of reaction during the vibrational relaxation

time is negligible.

A DISCUSSION
The experiments reported here are to be considered in
part as a study of the iodine dissociation and recombination
process and in part as an evaluation of the shock wave
spectrophotometric method of studying reaction rates.

Rate Constants. - It is clear from the experiments

performed so fgr that the rate constants for the process

I+I+M— 12 + M decrease with increasing temperature.
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' The exact functional form of the temperature dependence and
its variation with the nature of the inert gas, M, are not
- yet well known. . ,

Measurements of the values of ER for the common gases
at room temperature made by the flash photolysis method in
different laboratories are not yet in satisfactory agreement.
One of the sources of difficulty has been recognized by the
diécovery(3b) that 12 itself is a remarkably efficient third
body for the recombination of I atoms. Thus, in many pre-
vious measurements, the contribution of 12 to the recombina-
tion rate was quite significant. The Cambridge group have
recently reported, | '

KR,A = 3.3 x 10° liter® mole ~2 sec"l, ER,IZ =

9 - 9
850 x 10”7, Eﬁ,He = 1.2 x 10”7,
Unpublished work in our laboratory gives

- 9 _ 9
kp 4 = 2.2 x 107, kp 7 = 1300 x 10°.

2

The value gR’A = 2.5 x 109 has been selected for purposes of
discussion here and for the calculations in Table I. (This
selection was made prior to the appearance of the most recent
Cambridge paper and no implication as to our assessment of
the relative accuracy of the conflicting wvalues noted above
is intended.) The values reported by Christie et al. for |
argon and helium agree fairly well with earlier measurements
by Russell and Simons. The values of kp for 0,, Nz, and CO,

determined by the latter investigators have been used in
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Table I,
There is of course no assurance that the dependence of
kp on I fits any simple relation such as k; = B/ or
kp = A exp (U/RT). The former relation is suggested by the

equation for gD, the rate constant for dissociation,

k=2 [(E/EE)E/_I}_ !] exp (-E/RT). This equation is
obtained in the collision theory of chemical kinetics when
it is said that 2n classical degrees of freedom in addition
to translation along the line of centers contribute to the
energy of dissociation, E. The exponential representation
for ER is suggested by the following formulation of the re-
combination process.

M+I —— MI

MI+1—> M+ I,

The quantity U is the energy of dissociation of the complex
MI, which would normally be held together by Van der Waals
forces.

The scatter in the shock wave points is too great and
the temperature range that can be studied is too small to
permit a choice between the two suggested representatioms of
gﬁ vs. I. Furthermore, the average high temperature value of
gﬁ for argon at 1300°%K of 4.5 x 108 in copjunction with the
room temperature value of 2.5 x 109 leads to the egquations:
kp = 2.7 x 10% exp (1330/R1) or 6.1 x 10® (z/1000)71:17.
Thus, we see that the temperature coefficient of ER obtained

by combarison of the average high temperature result with



150
the room temperature rQSult (and uncertainty about the latter
does not qualitatively affect the.conclusion) 1s less then
- the temperature coefficient for kp obtained from the shock -
wave results alone (Table I).

As noted before, there is no assurance that one simple
representation for gR vg. T will hold from 300%K to 1500°K.
However we suspect that there are unknown systematic sources
of error in the shock wave experiments causing ng/dg to be
too negative. The largest temperature coefficients were
obtained for 002 and He, for which evidence of experimental
irregularities has already been cited.

It should be realized that in effect the quantity ex-
perimentally measured is gm, the rate constant for dissocia-
tion, and the activation energy for gﬁ is obtained from the
small difference in temperature coefficients of gD Qnd K,
the equilibrium constant for dissociation. The discrepancy
between the shock wave negative activation emergy of 4500 cal
and the average shock wave-flash lamp value of 1500 for gR
for argon is 3000 cal. This uncertainty in the activation
energy of 33 - 36 kcal for gD would arise from a systematic
error in temperature determinations that was 50° greater at
one end of the temperature range (1080° - 1570°) than at the
other or from a systematic error by a factor of 1.55 in the
ratio of rate constants at the extremes of this temperature
range. The estimated random uncertainties in temperature
and rate constant are of the order of 25° and 25%.

The rate constant for iodine as a third body is about
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12 2 mole™2 sec™! at room temperature and less than

107° liter
1.3 x lOlo at 1300°K, corresponding to a minimum value of
-U of 3400 cal. The large difference between the temperature
coefficients of gR’IZ and ER,A seems to us to favor the
representation of kp by the function A exp (U/RT) over the
Q[zg-representation. This view leads to the prediction that
the temperature coefficient of gR will be greater for complex
gases as third bodies and that the large differences in the
values of gR for different substances at room temperature
will decrease as the temperature is raised.(2)(4) The avail-
able experimental data presented in Table I is in agreement
with this hypothesis but is not adequate as a critical test.
Extinction Coefficients. -~ The wave lengths 487 mu
and 436 my are in the region of continuous absorption by 12
beyond the dissociation limit at 499 ma. It is expected
theoretically and it has been observed in previous experi-
ments that the extinction coefficients of iodine in this

region are independent of the nature or amount of inert gas

present,(l3) and that € decreases with increasing tempera-
—487

ture, whereas 6:36 increases as the temperature is raised514)
'}

The results obtained in this investigation and presented in
'Fig. 1l are in general agreement with these expectations.
Thus the extinction coefficient data completely exclude the
possibility that 002 was vibrationally unrelaxed in the
high temperature experiments. The nitrogen results, unlike
any of the other results, show a meximum in the € vs. T

curves at 487 mp in the neighborhood of 500°K. This is
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probably due to experimental errors in this particular set

of measurements. Under these circumstances, the extinction
-coefficient data at higher temperatures cannot be used to
decide between the nitrogen relaxed and nitrogen unrelaxed
assumptions.

In general shape, our € vs. I curves agree with those
of Sulzer and Wieland for i;aine in the absence of inert gas,
but in quantitative detail, there is considerable disagree-
ment. Our value at room temperature is based on careful
static measurements by Mr. W. DeMore in this laboratory. We
believe that this value is correct. The measured values at
higher temperatures depend upon the assumed room temperature
absorption of the sample prior to its compression by the

shock wave.
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IITI PROPCSITIONS

1. An investigation of the kinetics of oxidation of carbon
monoxide by ozone in the presence of nitrogen pentoxide is
proposed. This system may provide another example of the
catalysis through NO3 that has been observed in the oxidation
of nitrosyl chloride.(l) Such an investigation would also
serve as another check on the unimportance of oxides of
nitrogen in the recent study of the oxidation of CO by pure
ozone.(z)

(1) H. S. Johnston and F. Leighton, J. Am. Chem. Soc.,

15, 3612 (1953).
(2) D. Garvin, ibid., 76, 1523 (1954).

2. It is proposed to study the kinetics of the partial
hydrolysis of thioamides to the ordinary amides in alkaline
solutions, where thiocamides exist predominantly in an
anionic form. The éffects of metallic ions, such as those of
SnIV and ZnII on these systems are also of interest, both
from the standpoint of catalysis of the hydrolysis and of

the formation of stable mono- or bidentate complexes with

thioamide anions.

3. The results of Nathan (l)

suggest that the unstable
crystal structure determined for l-methyl-T-ethyl-3-
azaphenanthrene is dictated by the spatial requirements of
the T-isopropyl impurity. Synthesis of the pure T7-isopropyl

compound might distinguish this possibility from the
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alternative one that the unstable 7-ethyl structure is
stable.at some lower temperature of crystallization.
(1) R. Nathan, Thesis, Californis Institute of
Technology, Pasadena, 1956.

4. A reinterpretation is proposed for the rate constants
deduced from the polarographic kinetic currents due to the
liberation of formaldehyde from its hydrate in alkaline
solutions. Also, the explanation offered for the maximum at
PH = 13.15 by the original investigators(l) and copied by
Kolthoff and Lingane(g) is conceptually misleading.

(1) X. Vesely and R. Brdicka, Collection Czechoslov.

Chem. Communs., 12, 313 (1947).

(2) I. M. Kolthoff and J. J. Lingane, "Polarography,"
Interscience Publishers, Inc., New York, 1952,
2nd ed., Vol. I, pp. 278-281.

5. An acetamidomethionic ester synthesis of o{~aminosulfonic
acids analogous to the one used for o{-aminocarboxylic acids
is proposed. These compounds are of interest for their acid
strengths and for their detergent properties, as well as for

their physiological effects.

6. Enough information is now available that the decomposition
flames in mixtures of ozone and nitrogen pentoxide can be

profitably reinvestigated.(l)

Emission and absorption spec-
troscopy on the flame, the possibility of ignition by

injeétion of oxidizable impurities, and theoretical examination
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of the flame velocities and ignition limits are of interest.
(1) T. M. Lowry and R. V. Seddon, J. Chem. Soc.,
igzz, 1461.

7. A spectrophotometric reinvestigation of the slow decom-
position of ozone in the presence of N205 is proposed, using
a sodium vapor lamp that can be adapted for high temperature
experiments in which the NO3 concentrations can be known. It
may be possible to discover a contribution to the rate by the

process: N03 + O3 —p N02 + 202

8. The research described in part I of this thesis was
proposed by the author in 1954. BSuggested extensions are:
(1) a quartz apparatus for the examination of NO3 in the
ultraviolet, and (2) low concentration experiments near
lSOOOK to determine the nature of the unimolecular decomposi-

tion of N03. See pages 47-50 of this thesis.

9. The flow filling method described on page 120 of this
thesis for use with iodine can be adapted easily to the
preparation of large volumes of accurately humidified gases

for shock wave experiments with the aid of Glauber's salt.

10. A tax on radio and television advertisements is proposed
as a valuable source of revenue for the federal government and
as a detérrent to the obnoxious advertising currently being
broadcast. A tax structure is recommended that is hardest

on the transcribed commercials employing singing and other
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affectations of voice, and on station break commercials, and
easier on the advertising portions that are essential in the

'support of the longer programs.



