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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.



16
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,
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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



22
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,
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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



32
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



| 37

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 t