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ABSTRACT

An experimental method has been developed in which
a shock wave is used to heat a gas by a definite amount
in a time short compared to the rate of adjustment of the
gas to the new temperature. The rate of attainment of the
new thermal equilibrium 1is then followed photoelectrically.
The apparatus described here can be used to study reactions
with half times as short as 10~° seconds.

By this method the rate of dissociation of dinitrogen
tetroxide in the presence of a large sxcess of nitrogen
has been studied over a 48 degree temperature range and
with an eight fold variation in total pressure. ‘the re-
sults indicate that dissociation is a unimolecular reaction,
near its second order limlt at one atmosphere onressure,

and aporoaching a first order limit .t higher pressures,
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1 INTRODUCTTION

This thesis describes a new method for the direct
measurement of the rates of very fast gas reactions.
Interest in this field is not principally derived from
the desire to observe a reaction faster than any previously
studied. Fast reactions are often single elementary pro-
cesses, and as such are the simplest reactions from the
standpoint of theory, and the most fundamental in chemical
kinetics.

In chemical kinetics, as in most branches of chem-
lstry, orogress has come in spurts, stimulated by the
appearance of some new theoretical concept or the de-~
velopment of an experimental technique which extends the
accuracy or range of kinetic measurements. This has been
especlally true of fast reactions. The Polanyi diffusion
flame technigue and the Paneth mirror removal method were
responsible for most of the early work in fast reactions.
minstein's treatment of the dispersion of the wvelocity
of sound in a dissociating gas started a great deal of
work on the rate of dissoclation of NoO,, which up to
then had been altogether beyond wmeasurement. bDickinson's
intermittent light method has proved very useful for
studying fast reactions in photochemical systems. Hecently,
two technicues for the direct observation of fast react-
lons have been developed. A shift in the ecuilibrium

mist be produced much faster than the reaction can respond
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to this change in conditions. The return to equilibrium
may then be followed by fast photoelectric observing
technigues. An intense flash lamp has been used in this
way by Davidson et.al.(1l). It is the purpose of this
thesis to describe a new method in which a gas is suddenly
heated by the passage of a shock wave through it, and
photoelectric methods are used to follow its rate of
adjustment to the new temperature.

It was thought that a first test of this wmethod

siiould be made with a reaction that is fairly simple
Zinetically and experiiientally. Une dissoclation of k20s

to 0o 1is such a reaction. It has been of interest in
chemwical kinetics for many years, but 1ts rate and kilnetic
benavior were only gpproxirately ¥nown. Thils reaction was

of

therefore chosen for the first trial of the shock

method, 4 report of the preliminary results has already
“he development b- SZinstein of the theory of the
dignersion of the wveloclty of sound in a dissoclating gas
led to a great deal of work on this effect In H,04. The
5}
)

method, at first sight very attractive, actually suffers

from several major disadvantages. 1t

s
[
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maximum dispersion
1s only 4% and the change which may be oractically observ-
ed is often only 1. The interpretation of the results

is complicated by the simultaneous absorption of sound,

and by the fact that dispersion is to be expected from



.Vibrational heat capacity lag, altogether apart from dis-
sociation. The best results obtained with the sound dis-
- persion method seem to be those of Richards and Reid(4),
who claim an accuracy of 10%.

Brass and Tolman(5) were able to estimate only the
order of magnitude of the rate constant in their experiments,
in which they measured the cooling of an NOg - NpO4 mix-
ture after it had flowed through a set of orifices.

A study of the rate of dissociation of Ny04 by a
completely independent method‘is clearly needed, and has

been undertaken here.
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TE GENERAL METHOD AND Ru3L

1. Shock YWaves ig a Perfect Qgﬁ

If a plane compression wave is started in a column
of gas, for example by moving a piston into one end of the

colurn, the pressure profile will undergo the changes in

time indicated in Fig. 1.
ig. Lls Progressive Steepening of a Compression Wave

The disturbance at each position in the wave is prop-
agated with the velocity of sound at that particular
pressure and temperature. Since the density and temper-

ature are higher in the rear of the wave, the velocity of
CeRT
C M

wave tends to catch up with the front. This causes the

sound, Q=

,» 1s greater there, and the back of the

progressive steepening illustrated in ¥Fig. 1. Ideally,
this leads to a discontinuity in pressure, density, and
temperature, a shock wave, whose velocity relative to

the flow in front of it 1s supersonic, but subsonic rel-
ative to the flow behind it. Since a gas is not ultimately
a homogeneous fluid, the discontinuity is not perfect. The

thickness of a shock wave 1s of the order of a mean free



path of the molecules in it, about 10-9 cm. for the pre-
sent work.

In agreement with this gualitative picture, the
(nonlinear) differential equations for the flow of a
homogeneous fluid do require that a compression wave build
up into a shock, and by inclusion of viscosity and heat
conduction, the thickness may be approximately calculated(6).

#douations for the tewperature and density changes
across a shock wave may be derived simply by applying the
conditions of conservation of mass, momentum, and energy

across a discontinuity. These conservation equations are,

respectively,

(1) fuzn P,density; u,flow velocity; n,mass flux
(2] F+nuznV P,oressure; V,constant(not volume)
(3)  bn+:nu< «Pus=const. E,internal energy/gram

These ecuations are written in a coordinate system moving
with the shock wave. The situation may be plctured as a
discontinuity, stationary in space, with low pressure gas
flowing into it with supersonic velocity, and gas at high-
er density and temperature flowing away from it at sub-
sonic velocity. ‘These equations apply only to plane, one
¢imensional flow. The last states that the total flux of
energy, internal plus kinetic plus mechanical, through any
surface perpendicular to the flow, is constant. The form
of these equations is that used by Bethe and Teller(7).
Applying these results to a perfect gas with constant heat

capacity gives for the ratios of specific volumes and temp-



eratures across the shock:

(+ —

(4) Ve 2T {= Cp/Cy

(5) 7= 1/[/4—r/1/\‘(1—"f)]

where U= f!/P s Z'=7-/7} , and M = 6(%1 is the Mach number,
which is, in the laboratory coordinate system, the ratio
of the shock velocity to the velocity of sound in the low
preséure gas. Subscript £ denotes conditions in front of
the shock wave, qguantities without subscript refer to
conditions after it. S is defined by

(6) B = Cp/R =g,

The ideal equations (4) and (5) hold strictly only for a
perfect gas with constant heat capacity. In particular,
the situation is more complicated if the heat capacity
depends on temperature, as of course it does in NOg - N204
mixtures. The gas mixture used in the present work,
nitrogen plus 1j% NoOy, obeys the perfect gas law to a
good approximation. It will be shown in Part IL that the
change in its heat capacity with temperature 1s a signif-
icant but small effect, so that equations (4) and (5) are
still approximately valid, and may be used as a basis for

a more exact treatment.

2 The Generation of Shock Waves

The best wav to make uniform shock waves which do
not gradually decay i1s to use a shock tube(8),(¢). The

tube used in the present work is shown schematlcally in



Fig., 2a. The pressure configuration at various times is

indicated in Fig. 2b.

Mg, 2a. Schematic Diagram of Shock Tube. A, high pressure
section; B, low pressure section; C, diapnragm; %W, quartz
windows.
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ig. 2b. Pressure configuration in the shock tube: (1)Before
diaphragm bursts, (2)Eefore reflection of rarefaction wave.
(3)After reflection of rarefaction wave. (4)When the rare-
faction has caught uo with the shock wave. The dotted line
represents the ccldfront.

when the diaphragm separating the high and low pres-

sure gases 1is burst, a sharv, plane shock wave cquickly forms,
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since the shock velocity relative to the gas behind it is
subsonic, so that asny disturbances there catch up and
wmerge with the shock. The shock wave will be uniform, the
conditions behind it being given by equations (4) and (85),
until the rarefaction wave which starts backwards from the
diaphragm as soon as it bursts is reflected from the end
of the tube and catches up with the shock front (4 in Fig.
2b). ‘The boundary sevarating gases originally on different
sides of the diaphragm remains fairly sharp during the flow,
This boundary is called the coldfront, since there is a
temperature difference across it arising from the fact
that gas on one side is part of the shock wave, while gas
on the other side has expanded from the high pressure
section.

The equation relating the pressure ratio across the shock

to the initial ratio across the diaphragm 1s(8):

(B = -
/= [ERlrmapu)

for a perfect gas with constant heat capacity. R is the

initial pressure ratio across the diaphragm, and T is the
ratio across the resulting shock wave. 7This 1s the equation
to be used in making approximate predictions of the perform-
ance of a shock tube. For examnle, one might have B= 550, 7=10,
C=2.6 or R= 2, w=1.4, T=1.1 for shock waves in pure nitro-
gen. Thus, at high pressures B rust be much greaster than 77,

but it is still practical to produce high temperatures
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in this way. It must be remembered of course that the

gas will not have constant heat capacity at temperatures

at which vibration and dissociation become excited. For

the higﬁly dilute Ny0, mixture used here, equation (7) holds
fairly well, but was used only as a gualitative guide. rost

of the work was done with B=2.

5.  Description of the aoparatus

The set up is shown schematically in Fig. 3, page 10.
The gas handling system with which the two sections of the
tube were filled to known pressures of nitrogen and Ng04 -
nitrogen mixture is not shown. This and the arrangement
for cooling the tube to low temperatures are discussed in
Part M. The tube used is steel, 5 cm. square in cross
section, with a one meter high pressure section A sep-
arated from a two meter low pressure section B by a Cel-
lophane diaphragm C. Light beams from the sources D and
E are collimated by the 1 mm. slits S and vass through
quartz windows which are flush with the inner surface of
the tube to minimize turbulence. In the schlieren trig-
gering system, the beam from D, when intersected by the
shock wave, 1s refracted into the denser medium, and
hence clears the knife edge F and reaches the photomul-
tiplier G. The resulting photoelectric signal, after being
amplified, triggers a thyratron which in turn triggers the
delayed sweep of the Tektronix Type 512 oscilloscope, and

the external delay circuit XK. The beams from the two a.c.
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Fig.3 . Block diagram of the apparatus. See page 9.
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mercury arcs L, which were run 90° out of phase to

average out the a.c. variation, are combined by the half
silvered mirror i, and passed through the second window,

12 cm. downstream from the first. The spectrograph H
transmits to the photomultiplier G!' only light absorbed

by NOg. The output of this photomultiplier is connected
directly to the oscilloscope. The internal delay in the
oscilloscovne 1s so adjusted that the sweep starts Jjust be-
fore the shock wave nasses the observing light beam from
the arcs E. Also the delay circuit X puts a small posi-
tive signal on the trace just before the shock wave appears.
This comes at a known time after the delay was triggered
by the shock wave passing the first window. This delay
time, plus the time, measured from the sweep, between

this mark and the appearance of the shock front at the
second window, gives the time of flight of the shock wave
between the two windows, and hence the shock velocity. This
guantity, expressed as the liach number, determines the
temperature and density behind the shock (see eguations (4)
and (5)).

After the sweep starts and the time mark from the
delay has appeared, the shock gets to the second window,
where 1t refracts the light beam so as to produce a sharp
spike on the trace, which lasts 3 or 4 microseconds, and
obscures this much of the reaction. After this, the trace

gives a record of the intensity of the light transmitted
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by the gas behind the shock front. As the dissociation
proceeds and the NOs concentration rises to 1ts new equi-
librium value, the light intensity falls, at a gradually
decreasing rate, which is indicated by a corresponding

fall in the trsce. Figs. 4 and 5 show typical records of
shock waves in nitrogen, and in nitrogen containing 1% NoO4
respectively. The sharpness of the gpike in these pletures
means that the shock wave 1s sharp and well defined. By
measuring the time of travel of the shock wave between the
first two windows, and then between the second and third,
no evidence for decay could be found. The apparatus used
here 1s capable of measuring the rate of a reaction having
a half time as short as 1079 sec.

The sweep of the oscilloscope beam is photographed
and the pilcture carefully measured. ‘1lhe vertical de-
flection is proportional to the voltage change, hence to
the change in light intensity. 7The horizontal deflection,
calibrated by "oips" from a 100 k.c. oscillator, gives the
time scale. The method by which the rate constant is ob-
tained from these data is explained in Part Il. Tt is
found essentially from the slope of a nlot of the log-
arithm of the concentraﬁion of N0g against time, but the
treatment 1s complicated by the deviation of shock waves
in a dissociating gas from the ideal behavior character-
istic of constant heat capacity, and by the fact that a

fairly large shift in"equilibrium is involved. The major
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¥ipg. 4. Oscilloscope record of photocurrent for a shock
wave in pure nitrogen. The small negative "pips" are time
marks 10 Msec. apart. On the upner trace, moving from left
to right, the first positive signal is a timemark from the
external delay circuit. The sharp negative and nositive
splkes are schlieren effects as the shock front passes
through the light beam. The lower trace is for purvoses of
calibration.

Fig. 5. Oscilloscope record of photocurrent for a shock
wave in nitrogen containing 1% No04., 4fter the shock front
passes through the light beam (after the sharp negative
spike), the photocurrent falls as dissociation proceeds,
and levels off as the new ecuilibriu~ is reached. The
smootn horizontal sweeps are voltace calibrations.
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The

problem is to calculate the density and temperature, which
treatment
been used

are not constant, behind the shock front.

shock waves in a dissociating gas which has
ITIX.

of
in these calculations is given in Part I

pxperimental Hesults.
The results of this study of the rate of dissociation

4, Y
of Ny0, in the presence of a large excess of nitrogen are
page 15, and in Figs. 6,7, and 8 follow-

given in Table I,
The results for the dependence of the rate on

the table.
total concentration are rather poor, but the logarithmic

plot of Fig., 6 indicates that the rate is approximately

second order (first order with respect to nitrogen as well

as with respect to Egoé} below concentrations of C.05 m/l.,
At high concen-

where the slope of the curve is nearly 1.
imolying that the

trations, the curve tends to level off,
rate becomes first order (independent of nitrogen concentrat-
were calculated

by assum-

the behavior to be expected of a unimolecular

Thisg 1s
in colurn 4 of Table
2

The wvalues
experimental values of column
ost of the concentrations were

ion).
reaction.
to .055 m/1. from the

ing a second order rate law.,
so that some deviation of the concen-

close to this value,
tration denendence from second order will not have a large
are plotted against 1/T in

effect. "“he constants in columm 4
Hig. 7. Yhe mean deviation from the line is 15%. 3System-

. o X - - -
atic errors are discussed below and in rart III. &t 25 C
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and a total concentration of 0.0855 m/1. (99% nitrogen), the
rate constant is (8.5=t1.3)x104 sec'l, interpolated from
Fig. 7. The value glven by Richards and Heid(4) at this

TABLe I The Rate Constant for the Dissociation of No04 as
a Function of Temperature and Total Concentration.

Temp. k sec., L Total Cong. k at 055 m/1,
°c x10~4 m/1. x10% sec.”t x1074
0 . 346 6.13 .310
~20 - .258 6.153 2532
~20 . 303 6.32 263
-15 1.10 26,2
-15 .975 26,2
~14 1.03 26.7
-9 795 5,99 . 729
-9 . 795 5.99 . 729
-9 .675 5.99 .621
77 .836 6. 04 761
-6 . 492 5,18 850
-6 . 400 3.18 .690
-5 . 665 5.14 1.16
-5 654 3,14 1.11
-4 1.45 5.72 1.39
-3 1.36 BB 1.31
-3 1.13 5.86 1.06
1 5,72 16.0
2 4.32 16.0
2 3.42 16.0
2 3.98 16.0
5 2,45 5.92 2.26
7 2,62 5.65 2,55
8 2,82 5.65 2.75
10 2,94 5.55 2.91
11 4,21 5.52 4,18
11 4.48 5.52 4,44
17 5,54 5.48 3.35
17 5.28 5.48 5.29
26 8.59 5,44 9.69
21 3.76 5.47 8,81
28 7.75 5. 49 7.75
28 10.3 5.49 10.3

temperature and a total concentration of 0.036 m/l, (all

N0p and Ng04) is (6.6#0.7)x10% sec.”l. They found a smaller
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.4 .0 .8 1.0 1:9 1.4
Logarithm of total concentration (m/1l.) 2

¥ig, 6. Logarithm of rate constant at 298°kK., @ denotes a
point interpolated from the »nlot in Fig. 7.
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Fig. 7. First order rate constant at total concentration .055
/1.0 data taken near .055 m/1,@ data taken at .03 m/1.
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Fig. 8. 3econd order rate constant at 298°K.



-] 8-

effect of total concentration than that suggested by the
present work, but comparison is difficult because of the
different efficiencies of nitrogen and NO2 - Ng04 in hold-
ing up the first order rate constant. The activation
energy from Fig., 7 is 11.0£0.6 kcal/m over a 48° tempera-
ture range. Richards and Reid found an activation energy
of 13,92 0.9 kcal/m over a 30° temperature range. Giauque

and Kemp(l0) give 13.1 kecal/m for the energy of dissociation.

Ui

. Principal Sources of ELrror

The density and tewmperature behind the shock front
are very sensitive functions of the shock velocity. An
error of O.6% in the measurement of the shock velocity
means an error of 1.5° in the calculated temperature, and
an error of 15% in the rate constant., This 1s just the
average deviation from the straight line in Fig. 7. It is
believed that 06.6% 1s the probable error in the velocity
measurements, and that this is the principal reason that

the rate constants are reproducible to only 15%. The

03]

€
errors should be random, and subject to averaging out.

It 1s possible that the nitrogen - No04 mixture in
the shock tube may sometimes have contained as much as
1 or 24 of air. This could have no significant effect on
the ratio of the specific heats, or on the mean molecular
weight of the gas, and it seems very unlikely that a

reaction that goes as fast as the N0, dissociation would
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be greatly accelerated by a small amount of another inert
gas, in addition to the large excess of nitrogen. The
presence of other impurities 1s thought to be unlikely.

This, and other sources of error, will be discussed in

more detail in Part III, As a result of these considerations,
it is thought that the absolute error in constants obtained

from the line in Pig. 7 is not more than 15%.

©. BSummary of the Lindemenn lechanism of Unimolecular Heactions

A unimolecular reaction is the result of spontaneous
decomnosition or rearrangement of single molecules. In
general each guantum state of a given molecule will have
a different transition probability for this decomposition.
Thne rate of the overall reaction is then the sum of the
rates at which each state reacts:

(8) - _M = Z’kf/vé' = 5”‘?

4t
L is a set of quantum numbers defining the state of the
molecule, Wy 1s the number of wolecules actually in that
state, and ki is the rate of decomposition of that state.
Suppose that during the course of the reaction the wvarious
gquantum states of the reacting molecules all remain effect-
ively in thermal equilibrium with one another., This will
be the case if the rates of transitions among the various
states due to collisions are all much greater than the
spontaneous decomposition rates kE' Then the number of
molecules in a given state depends only on the temperature

and the total number of molecules. &Each term in eaquation (8)
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will be proportional to the total number N of molecules of
the reacting species, and the first order rate constant for
the unimolecular reaction, defined Dby

(9) - %—”C £

will really be independent of N. In arriving at equations
(8) and (9), i1t has been considered that only molecules of
the reacting species were present. These equations hold
equally well when an inert gas is present. Collisions be-
tween molecules of the inert gas and those of the reacting
speclies will tend to maintain the latter in their thermal
equilibrium energy distribution, If the distribution of
the reacting molecules among their gquantum states 1s not
one of equilibrium, the steady state concentration of each
state is determined by the balance between processes such
as collisions feeding molecules into that state, and opro-
cesses such as collision and spontaneous reaction denleting

the state.

=i

t is assumed, since there is no definite information
to the contrary, that the transition probabilities k, de-
pend only on the energy of the state. Iurthermore, it 1is
reasonable to assume that a molecule must have a certain
rinirum amount of energy, called the critical energy, before
it can react at all, that is, ki 1is zero for all E<KEy. It
will then be approximately all right to consider all mole-
cules having energy below this critical wvalue as beilng in

single class, that of normal molecules. wvepending on the



-2] =

degree of approximation, the other molecules may be dig=-

tinguished according to theilr energy, or all taken together

as energlzed molecules, If there is no reaction, and thermal

equilibrium is maintained by collisions, the rate of col~

a1l molecule

R " »
0 the state n

lisional energizatlion of nor

equals the rate at which & molecules are de-energlzed by
collisions., The critical energy is usually much higher

than thermal energies, so that the energized molecule 1is
in a very improbable state. It is expected theoretically
and confirmed experimentally that nearly every collision
between sn energized and a normal molecule results in two
normal molecules. If a large cxcess of inert gas is pre-
sent, so that its coﬁcentration ¥ is much greater than N,
the the total concentration of the reacting species, the
thermal equilibrium rate of de-energization of & molecules
is the rate of collision between these and inert gas mole-
cules, ZKNy(eq), where Z is the kinetic theory collision
numrber, and W.(eqg) is the equilibrium concentration of u
molecules. ‘This rate of de-energization must, by micro-
scopic reversibility, be the rate of energization at equi-
librium, and we assume that it is the rate of energization
in any case. Then equating the rate of energization to

the rate of removal of energized molecules in the non-

equilibrium steady state:

N - ZMNE/eﬂ
) £ ZM* ke

This 1s the value of N, to be used in ecquation 8 in general.

(10)



When collisions are so infreguent (when the total concen-
tration 1s so low) thét every energized molecule has tiume
to react spontaneously, the over-all rate of reaction is
the rate of energization, a second order process. Thus
the rate can change with total concentration (which may
include inert gas) from first order to second order although
the basic unimolecular meohaniém is the same.

The various theories of uniwolecular reactions
differ in the forms chosen for the functional dependence
of k;; and Ny (eq) on energy. It is to be expected that kj
will increase strongly with energy, since the more energy
the uniolecule lias, the easier it is for a given amount sy

to get into the bond to be broken. The classicsal form

9]

ich should
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rly good for molecules with a large amount of vibrational

*fea wilill find the rate constant as a

sroduct of an average k; and an averasfe X, ead of
averacinge the nroduct T;’L| i ag % tmnllied ’p—n eguations ( ‘}
and (9). ¥or reference in future dlscussion, the basis
and results of several theories will be pressnted here,

several theories are based on the rmodel of a »oly-

atomic molecule as a system of s weakly coupled harmonic

4

oacilintors(ll}., The classical results for Aiq model ares

_ A JE=Eop /V(c/ £ 'ex )
1) ke s A(SF) / /J._) /:?/7),/?7
(12) ke = ACxp(" %2 )

Tk ZMexel 5/7)[//?7 75! /W)[H),f--,/
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in which &y 1s the critical energy, and I’ the total con-

centration. If no single molecular snecies is in great
gxcess, an average 7Z must be used, both here and in ecua-

t

=

on {10). k, and kp are first order rate constants at
the high and low concentration lirdits, respectively, A Is
of the order of vibrational frequencies, being the fre-
quency of the average Iluctuations of energy among the

° :
2

expression for the rate constant at inter-

2
e
=a
0]

oscillators.
mediate values of ¥ can not be integrated., Fowever, if
instead of equation (11), is be assumed that all the k.

S

have the constant value B, one can easily obtain

ko, B
fo T EZm

where ky is the apvarent first order rate constant at

(1¢)

o}

the total concentration M. B is expected to be much small-
er than A, since it represents the rate at which a large
amount of energy accurulates in one bond, rather than

the frequency of the average energy fluctuations.

If the oscillators in the model whose classical treat-
ment gives equations (11),(12),(13), are considered to be
quantized, the result for the high concentration rate is
the same. The results for intermediate and low concentrations
are analogous to the classical results, but not so easily
useful,

ywhen these theories are compared with experiment, it
is usually found that the best fit 1s obtsined when the

number of oscillators s is taken to be considerably less

than the actual number of vibrations in the molecule., 'his
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is because some oscillators will have smaller efficiency

°

than others in exchanging energy with the bond to be broken,

L

and because the vibrations may not all be excited, even

‘.__l
)

)

A"

in the energized wmolecule. nrice( (13),(14), has sug-

gested taking this latter factor intec account by calculat-

ing the temperature T at which the average energy of all

en
the molecules equals that of the energized molecules at the
temperature of the reaction. The effective s would then

be s’=Z&/RTen where & 1s the average energy of the energized
molegules.

ayring's statistical theory apcvlied to a unimolecular

dissociation gives

ZNn_ L7, T
(Jf) k = K2 2 ZM h K

K is an equilibrium constant between activated and normal
molecules.% An activated molecule is an energized molecule
which has the required amount of energy by in the bond to

be broken. The ki introduced above is the rate at which
energized molecules attain this energy configuration char-
acteristic of activated molecules. Activated molecules are
assumed to decomnose in a time of the order of a vibrational
period, mguation (15) is considered to give the rate
constant as a product of an average rate of decomposition

of activated molecules, kT/h, corresponding to the quanti-

ty A introduced above, and an average concentration of
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activated molecules, derived from the equilibrium con-
stant.

The only real advance in the theory of unimolecular
reactions in the past 20 years is the recent work of N.B.
Slater(15). He considers a volyatomic molecule as a system
of s non-interacting normal modes, and calculates the fre-
gquency with which their contributions to a particular
bond length get sufficiently into phase to give that bond
the critical energy. This rate constant is then averaged
over molecules of all energies to give the total rate con-
stant. The treatment has only been apnnlied to the high
concentration cagse, where 1t gives the same result as equa-
tion 12. 1Its most important contribution is that it glves
an explicit expression for the rate Af the average energy
fluctuations (4 of ecuation 12) in terms of the masses and
force constants in the molecule, or alternatively as an

average of the frequencies of the normal modes.

7. Une Significance of the Activatlon inergy.

ore important than the numcrical value of a rate
constant are 1ts activation energy, pre-exponential factor,
and concentration dependence, for it is these that give

information about the physical and chewical processes taking

place in the reaction.
In any discussion of activation energy, four guan-

tities nmust be distinecuished. (1) “he onlv tie with reality

2

is the experivental activation e ergy, found from the slops
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of a plot of the logarithm of the experimental rate constant
against reciprocal temperature. (2) The theoretical acti-
vation energy is correspondingly obtained by differentiation
of a particular theoretical expression for the rate constant.
(3) The critical energy is the mininzum amount of energy
which a molecule rust have before it can decompose. (4) The
therrodynamic AE of the activation vrocess. lWhen "the acti-
vation energy" is mentioned without further qualification,
the result of perfect experiments, or of a correct theo-
retical calculation of the temperature coefficlent of the
rate is meant. If concentration rather than »nressure units
are always used, tnese energy quantities correspond to the
internal energy, not the enthalpy, of thermodynamics.

According to the principle of microscopic revers-
ibility, the forward and reverse reactions in an equilib-
rium system must go through the same activated molecules.,
Hence the difference between the Ax of activatlon for the
forward and reverse reactions rust be the over-all energy
of reaction. Furthermore, since the concentration equilib-
rium constant is the ratio of concentration rate constants,
the difference between forward and reverse activation
energies must equal the energy of reaction. As will be
seen below, the energy of activation may not always egual
the AE of activation.

It is often assumed that the recombination of simple

radicals requires no activation energy, so that the activa-
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tion energy of the corresponding dissociation is the over-
all energy of dissociation. This assumption will be dis-
cussed later.

Tolman(lc) has shown by general statistical wechanical
arguments that the activation energy of a homogeneous gas
reaction is always given by
(1c)  E=E-F + o(RT)

i is an average energy of the reacting molecules, or an
aver ge energy of reactions, defined by

(17) E = 5”‘/[@5

where R, 1s the rate of reaction of molecules having energy

B

#, 1 1s the concentration average energy of all the wole-

(18) £E=- < E—;{-/V‘
The reaction sverage (17) 1s eocual to the concentration
average energy of the activated molecules,

¥+
sl ET. ZER /A
if, in the unlimolecular case, where H;'=K£mh, kg has the form
(20) k,=AF.

in which 4 1s independent of energy and P, is the probabil-

er
&

ity that 2n energized molecule is in the activated state.
The thermodynamic 4% of activation is the difference between
the averages of equations (19) and (18). The additional
term in ecuation (16), of the order of RT, is strictly

zero for a unlmolecular reactlion at its first order 1limit.

At lower total concentrations, it anproaches 5&T, since the
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rate 1s determined by the collisional activation onrocess.
There is another, more important effect as the concentration
decreases. Since energigzed molecules having appreciably
more than the critical energy react much faster than those
having just the critical energy, the concentration of the
former will be relatively decreased, and so i and nhence
the activation energy will decrecase,

1he activation energy obtained by logarithmic differ-
entiation of a particular theoretical rate constant will
natursally depénd on the model and approximations used in
that theory. The predictions of several theorles will be
presented now,

“oe Slater theory, the classical theory of equation
12, and its cquantum mechanical analog, all give the same
form for the rate constant at the first order 1limit, and
all agree that the activation energy should be the critical
energy. By differentiation of equation (185), the high con-

centration activation e¢nergy predicted by the Lrring theory

.r
(21)  En= AF - iRT +RT
where the second term on the right i1s due to the fact that

&

K* in equation (15, is not the true eguilibriur constant

7 il - A 1 ¥ ] 3 T % = 2 s
(see the footnote, p. 24). AL 1is the thermodynamlic energy
of activation. Using the classical model, equation (11),

in equation (lo) gilves

(v2) Eg = Eo*'("'S")RT



where empirical evaluation of the effective number of
oscillators, as suggested by Hice, has been allowed for by
distinguishing the s values of the normsl and energized
molecules by ¥ and ' respectively. The term s" can be
calculated statistically (s"RT can be looked up in tables).
In general, s' will be greater than s", since in the ener-
gized molecules energy transfer amwong the vibrations will
be easier, and more vibrations will be exclted than in
normal molecules. For the dissociation of NgO4, the
critical energy is to be identified with the energv of

ich is given by Giaugque and Kemp(10)

dissociation at O°K, w
as 12.875 kcal/mw The consensus of the theories, then, 1is
that the activation energy for the decomposition at the
first order 1limit should be at least this value,

From equation (13), the classical theory gives as
the activation energy at the second order limit
(23) £y E - (5 I)RT
he Byring theory gives in this 1
) *
(24 ) E = DE

2
sredicting a change of only $RT from the high to the low

mit

[.Jo

concentration limit. ‘he fact that this change is so small
is due to the fact that this theory does not take into
account the decrease in energy of the reacting molecules

28 the concentration is decreased. According to Tolman's

result, egquation (16), the second order activation energy
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is & *5RT. It is reasonable to assume that the energized
molecules have the average amount of rotational and trans-
lational energy. 3ince the relative energy along the line
of centers of two molecules which have at least the energy
By in that direction is Ey + KT, it seems reasonable to as-
sume that & = g + BT olus 3RT for 1o tation and translation.
The result is, for the low concentration limit activation
energy,
(25) Ep= E,* 2RT-S"RT
For NgO4 the data of reference(l7) give s"RT= 2,8RT at 29/°K,
so that ecuation (25) predicts an activation energv of
12.1 %cal/m. -quation (23) gives for s=3, kL=12,1, for
s=4, 11.5, and for s= 5, 10.9 kcal/m. The activation
energy vredicted for the high concentration 1limit was »12.8.
The experimental result obtained in the present work is
11.0# 0.6 kcal/m. at a total concentration of :bout C.0HE
/1, and over the temperature range -207C to 27°C. ‘his
result is consistent with a unimolecular decomposition near
its low concentration lirit at 0.0565 rn/1l. and char.icterized
by 4 or 5 effective oscillators. This plcture 1s zlso
suggested by the concentration denendence of the rate, to
be discussed in section 8.

The fact that the ctivation energy is less than the
dissociation energy(1l3 kcal/m.) means th:t the activation

energy for the assoclation of two N0y molecules 1s negative

under the above conditions. This is explained by the fact
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that the energized molecules (which are involved in both
the forward and the reverse reactions) are not in thermal
eouilibrium in the low concentration region (as long as
there is a finite departure from chemical ecuilibrium). On
the average they have less energy than they would have at
thermal equilibrium, so that only relatively cold NOg mole-
cules can assoclate to form these energlzed molecules. The
concentration of these cold NOgs molecules will decrease,
and so will the rate of association, as the temperature

increases.

8. Jependence of the nate on Total Concentration.

ine data that nave been obtained are shown in Fig. 6,
page 1lb, as a plot of log k at 293%°K against log of total con-
centration. The slope of this curve should approach 1 at the
low concentration (second order) limit, and O at the high con-
centration (first order) limit. The slope in the region of
0.05 m/1. is 0.9, indicating that here the resction is nesr-
ly second order. On the basis of this curve it is estimated
that the limiting low concentration rate constant 1is 1.6x10°
1 mole~l sec.-1 corresponding to an apparent first order rate
constant of 6.4x10% sec.=1 at 0.04 m/1. The second order
constant may be expressed as K;= 2.0x1014 exp(-11000/RT)

1 mole~l sec.”l. The apparent first order rate constant
calculated from ecuation (13), using s= 5, o= 12.9 kecal/m.,

2 0,04 m/1., and collision diameters 3.1 and 5.3 A for



nitrogen and No0y4 1is 2.4x10% sec.”1l, in fair agreevent
with the experimental value 6.4x104 sec,~1,

Johnston(18) has developed a method by which the high
concentration rate constant for a unimolecular reaction
can be estimated from data taken only at the low concen=
tration limit. The second order rate constant in the low
concentration region is »nlotted against total concentration
(Fig. 8). Then, according to Johnston, the nhigh concentra-
tion limit of the first orderioonstant is greater than or
egual to the square of the low concentration limit of the
second order constant, divided by the slope of this plot
(which should be a straight line at low enough total concen-
trations). PRy comparison with the results in the case of
unimolecular reactions which have been studled experimentally
at both limits, 1t 1is possible to guess that the high con-

centration rate constant will exceed tne lower bound set

for it by about a factor of 3. Uhis gives k,=3x10° sec.”+,

or 1x101° exp(13000/RT), assuming that the high concentra-
tion actlvation energy is the energy of dissocilation.

The pre-exponentlal factor in a unimolecular reaction
is typically 1019 ¢o 1014, so that the unusually large value
1010 found here reguires special exnlanation. It may be
understood in terms of the Lyring theory and the entropy
of activation.

rrom equation (15), the pre-exponential factor in

" i 4 ; & " i,"' i "‘*
the high concentration rate constant is Z= 2, Q 18 the
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cartition function for normal ¥oly. 4 is the partition
function for the activated molecule, apart from the U - H
stretching vibration, which is included in the «i/h term,
- - N - L - 2 A .!O —‘5 ) * &) oEE
At room temperature, k1/h is 6x1012 gec,”t. 1 does not
contaln the faetor th(—bo/dT), In what follows, 1t is
5 o o " 2l SR -
shoun that reasonable zuesses give a J /4 which explains
tiie nigh pre-exponential lactor.

8504 1in the solid has a planar structure(24), «nd this
will be assumed for the gas toc, in view of the strong

&

e W00 groups are not free to rotate about

he M= bond in the normal molecule, It

is reasonable to assume tihat this firee rotation does ocecur
It does not seem unreagsonable
to ¢stimnte the ¥-¥ bond length in the sctivited molecule
as the distance corresponding to an energy 4y - "1 in the

N-H stretching vibration, tils distance beling determined

from a Ptorse functlon defined by the dissoclatlon energy u,,

and the equilibrium frequency and internuclear distance of
this vibration. Thus the W-n disténce 1lncreases from l.ov4

A (lief. 24) to .1 A, Uslng thils to calculate the ratio

3

inertia oi activated and normal molecules

P

of the moments of

°
i
1

about an axls perpendicul:ar to the

axis, and calculat-
ing the moment of inertia about thisz axls from the data of

#nef., 24, the ratlo of the classlical rotational partition

@

functions, including free rotation for the activated mole-

cule only, is 52. By snalogy with ethane, the partition



function for the torsional vibration about the N-I bond
in the normal molecule is expected to be near unity. Thers
remaln to be considered only the bending vibrations of
the ¥~-N bond, since the other vibrations in the molﬁcule
will not contribute much to the vpartition function, sand
these contributions fror activated and normal wmolecules
will tend to cancel. The bending freguencies will not con-
tribute much to the partition function of the normal role-
cule at room temperature, since most of them have encrgies
appreciably greater than XT. In the activated moleculs,
on the other hand, these vibrations will be looser and of
lower energy, because of the gre:ter W-N bond length., Fre-
quencies of aporoximately 100 cr,~L for these four vibrations
would raise the total partition function ratio to 10°, and
hence account for a vre-exponential factor of 1olbo

Slater's theory of unimolecular reactions(l5) can
not explain a pre-exponential factor larger than the largest
vibrational frequency in the molecule, which 1is 5x101% sec.”d
for NoO4.

Combining the rate of recorbination of methyl radicals

(25) with the eguilibrium constant for the dissociation of

w

ethane to methyl radicals(20) gives a vre-exoonential factor
of 1.5x101% for the unimolecular dissociation of ethane into
methyl radicals. This may be explained in the same way as

the NoOg value. The fact that it 1= smaller than the latter

may be due to the sraller moment of inertia of the mwethyl



radical about its three fold axis, which would reduce the
entropy of the activated molecule relative to the case of
NoOg.

The rate constant in equation (¢) 1s an average, in
the sense that 1t is a sum over energy of the rates at
which molecules of a narticular energy are reacting, divided
by the total number of molecules considered to be reacting.
If account is taken of the fact that all ki are zero unless
E2 By, one may calculate in the same way an average rate

constant for the decomposition of energized molecules:

o) k= Lo Neg = Aty (BT)T

EXE,
which has been evaluated using equation (11), and hence

holds strictly only in the high concentration liwmit. It

is to be expected that the rate constant will fall off when
the frequency of collisions becomes less than this average
rate. The location of the transition range should be given

aoproximately_py

(27) M= 2/,%

According to the classical theory, the quantity A is the
pre-exponential factor in the high concentration rate con-
stant. Using this, one finds that the region of transition
should lie at 24 m/l. (s=4) while for s=5 it is at 4 m/1.
The same collision diameters were used in this calculation
as on page 3l. Actually, it is more reasonable to take A as

1019 or 1014, since the entrony factor should not greatly

affect the lifetime of an energized molecule. Taking A as
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1014 reduces the transition concentration by a factor of
100, giving 0.24 m/1. for s= 4,

Whenever an equilibrium constant and the correspond-
ing rate constant in one direction are known, the rate of
the reaction in the other direction can be found. Thus the
rate constant for the bimoclecular association of N02 mole-
cules is calculated as 5.2x108 1 mole~l sec.”™t at 298°K.
This corresponds to a steric factor of about 6x10~9, using
as the collision diameter for NOo the value for COg, 4.2 A,
This fairly low probability of association is explained by
the fact that there is a considerable entropy decrease in
this process, due to the ankylosis of two translational
and four rotational degrees of freedom of the two NCgo mole-
cules when they combine to form the activated Ngo04 molecule.
If it were not for the free rotation about the N-N bond in
the the activated molecule, the entropy decrease on ssgoci-
ation would be even greater., If recombination took vplace
on every collision, the corresponding dissociation would
be much too fast for the present apnaratus to follow.

In summary it may be saild that the dissociation of
NoOyg in dilute mixture with nitrogen, has, at a total
gas concentration of 0,055 m/1l., an activation energy to
be expected for a unimolecular reaction near its low con=-
centration (second order) limit. The dependence of the first
order rate constants on total concentration in this range
supports this, and there is an indication that the rate

approaches first order behavior at higher concentrations.
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The activation energy and the value of the rate constant at
the low concentration limit are consistent with the clsssi-
cal theory of unimolecular reactions, with 5 effective
oscillators.

Richards and Reid(4) found an activation energy and
pressure dependence much more typlcal of a first order
reaction, even at concentrations below 0.04 m/1l. Some of
this discrepancy mayv be due to the fact that they used pure
NOo - NoOg, which 1s probably more effectlive than nitrogen
in wraintaining the thermal equilibrium concentration of
energized molecules. This would of course extend the
firgst order behavior of the reacticon to lower total con-

centrations.
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IIT DuTAILS OF THo AXPRRIMBNTAL AND THHORETICAL #MaTHODS

1. OUperation of the Shock Tube,

The principles and operation of the apparatus have
been described in a general way in Part II. A more thor-
ough description of the physical set up will now be given.

The shock tube was of the type frequently used in
hydrodynamic investigations(8),(9). rach window was fitted
into a carefully machined seat so that the inner surfaces
of quartz and steel were flush. O-rings here and in the
flanges joining sections of the tube made the apparatus
vacuum and pressure tight. The diavhragm could be burst
at a definite pressure by oricking 1t with a needle roving
on the end of a shaft which was sealed through the side
of the tube witn another O-ring. A screen just down-
stream from the needle assembly served to catch the larger
pileces of the burst diaphragm, oreventing them from fly-
ing down the tube. Diaphragms are required that will not
burst spontaneously at the desired pnressure difference
between sections A and B, Fig. 3, but will be sufficiently
strained at that pressure so as to burst catastroohically
when pricked., Xost of the runs were made with the gas in
B at one atmosphere, and a bursting pressure ratio of 2.
The laminated Cellovphane (zip tape) of the Dobeckrun
Company was found most satisfactory for the-required 16 PuBals

pressure difference. It was used in double thickness. For
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pressure differences of 30 or 40 p.s.il. a single thick-
ness of Visking sausage casing was satisfactory.

In the high pressure chamber, Linde Pure Dry nitrogen
was used., The NOo which was used in the low pressure
section was taken from a iatkeson cylinder, and passed
through P50g. fThis gas invariably gave a green liquid
on condensation., This was allowed to stand in the pres-
ence of dry oxygen until all trace of the green color
had disappeared and the rwaterial on freezing gave a pure
white solid. ‘The NOg thus purified was used to fill a
small commercial oxvgen cylinder (which had been carefuly
cleaned and outgassed) to a oressure of gbout one half
an atmosnhere. ory nitrogen was then run in to dilute
the NOo to a concentration of about 1lk. Usually a full
day was sllowed for the two gases to diffuse into one
another in the cylinder,

The mixture so obtained was analysed as follows.

A 1 liter vessel with a narrow neck was filled with the gas
mixture to a pressure of 1 atmosphere. Then 20 ml. of
standard base was added and the vessel capped until all
the 110 had been absorbed, as judged by the disavpearance
of its color. The excess base was then titrated with
standard acid. Results obtained in this way were repro-
ducible to 2%, which was good enough,

The gases were adwitted to the shock tube through

copper tubing, on which the dry N0 - nitrogen mixture
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seemed to have little effect. There were inevitably

small air leaks in the system. Oxygen from this source
would certainly oxidize any NO formed by reaction of NOg
with the copper. It 1s hard fo see how a few mm. of air

mn, of oxygen) could significantly effect the

Wik

(nerhavs
rate of dissoclation of Ny,04 already mixed with a hundred
fold excess of nitropen. A reaction which goes so fast
1s hardly likely to be subject to marked catalytic effects.
Fressures, other than atmospheric, in the low pressure
section were measured with a mercury manometer. 'The
mercury was slowly attacked by the gas, but since 1 mm,
accuracy was sufficient, the method was satisfactory.
Pregsures on the high pressure side were measured on a
Marshalltown Permagage, which was protected from the sudden
change in oressure resulting from the bursting of the dia-
nvhragm by a length of capillary bore copper tubing., Burst-
ing pressures and shock velocities were reproducible to
1% or better.

ine dissociation of Np0y at temperatures above 50 "¢
is too fast to be measured convenlently in the present
apparatus. In order to study the reaction over a range of
temperature, the shock tube had to be cooled. Four lengths
of covnper tubling were soldered lengtihwise to the low pressure
section. A centrifugal opump circulated alcohol (or tri-
chloroethylene, for the lowest temperatures) through these,

and through a coll immersed in a trichloroethvlene - dry ice



_41“,

mixture., In this way the tube could be cooled to tem-
peratures as low as -35°C, with a dry ice exnenditure of
about £ 1lb. per hour. The temperature was read frow two
copper-constantan thermocouples placed near the observing
windows. The thermocounles were calibrated against a
National Bureau of Standards calibrated thermometer. Ghe
temperature could be approximately regulated bv controlling
the speed of the centrifugal pump.

#ihen the shock wave passec the first window, it was
detected by a schlieren optical system and photomultiplier.
Light from a Western Union zirconium arc larp (effectively
a point source) was collimated by a 1 mm., slit and passed
through the tube at the first window. On the other side
it was nearly cut off by a knife edge. When the shock
frront intersected the light beam, the light was refracted
into the shock, away from the knife edge, so that there was
a sharp increase in light intensity reaching the photo-
rultiplier. This sudden signal set other electronic
circuits in action, and located the shock at the first
window,

‘wo (enersl rlectric a.c. mercury arcs f(type AH4)
were the sources of the light whose absorption by the 10,
formed in the reaction was directly observed by the photo-
rultinlier st the second window. In order to get sufficient
intensityv, commerclal a.c. arcs had to be used, ana in

order to partially eliminate the 120 cycle modulation in



49

the light from such a source, two arcs were run 90° out

of vhase, This was accorolished by running each arc be-
tween ground and one of thie leads of thie three ohase power
line., Light from the two sources was cowbined with a half
silvered mirror. As it traversed the shock tube, 1t passed
through 1 mm. slits on either side, 2nd through a small
guartz prism spectrograph which selected wavelengths 4047
and 4358 A for the photomultivlier. 1le 12C cycle com-
ponent in the resulting light was about 15..
objectionable, since the time of observation was lwavs
~uch shorter than the period of this wvariation. ‘or a
glven observatlon, the lighi was essentially const.nt,

°
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2. fGne wlectronic Tnstrumentation.

R.C.4, 1P25 photomultipliers werec used in the schlie-
ren trigeer system and at the observation window. ‘hey
were operated at 50 to 10C volts per stage with a2 con-
ventional filtered oower suppnlv. In typical operation

the wvoltage was incres=sed untiil the -hotocurrents reached

¥ tube and the
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1CC Ma., wlith the gas vixtur

schlieren light beam almost cut off by the knife edge.
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100 M a. 1s the maximum current that can be drawn from
the tubes without fatiguing them.

The signal from the schlleren photomultiplier was
amplified by a GAKS pentode and then used to trigger a
thyratron(2021)., This gave a 150v. pulse which was used
to trigger the oscilloscope and the external delayv circuit
winich was used to measure the shock velccity.

The univibrator delay circuit K (in Fig. 3 ) has
been described elsewnere(l9). Its renroducibility was
somewhat improved by nutting two germanium diodes in thue
input to filter out irregularities in the outout of the

5

thyratron. The delay was calibrate: by displaving its

input and delayed output on the oszscilloscone, witn time
marks frorm a 100 %kc., oscillator superimposed. i calibration
to 2 Msec. (out of about 3CC Msec.) could be obtailned in
this way. fThe variation among various calibrations of

the sawe delay on the same day were never more than 2 Msec,
One of the vproblems which =must be met in order to get nore
accurate determinations of the shock velocity 1s the need
for a better delay calibration.

T..e time mark generator was a 100 ke, quartz crystal
oscillator. 'Uhe cryvstal and the circult in which it was
used were obtained from 'onitor Piezo Products Co. The
oscillator was calibrated agcainst a frequency weter which
had itself been calibrated agalnst 3tation WWV. It was

found to be 10C ke. to within the C.5: accuracy required.
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The output of the oscillator was put In through the time
mark terminal at the rear of the oscilloscope, so as not
to interfere with the other clrenilits.

The delay circult K (Filg. 3) was isolated from
the vhotoelectric signal by a frequency comoensated
attenuator,

The d.c. coupling of the oselilloscope was used, and
only single triggered sweeps were photographed. The mag-
nified sweep feature of the oscilloscope was used as an
internsl delay circult. The signal from the schlieren
circuit triggered a slow sweep whien the shock front passed
the first window. This does not actually apnear on the
cathode ray tube face, but any 20% of its length can be
selected for observation, and the writing rate is auto-
matically increased by a factor of 5 so that this opart
of the sweep covers the whole tube face. The instrument
was adjusted so that the magnified sween, usually writing
at 10 msec. per em., appeared on the screen just before the
shock reiached tne obscrving window. 7The external delay

circuit, which was also triggered by the schlieren pulse,

was used to >»ut a sharp "pip" on the trace just after

it started. fThis, coming at a known time after the shock
nassed the first window, served to determine the position
of the magnified sweev in time relative to that event.
Just after this signal from the external delayv, the shock

front reached the observing window and the changing
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photocurrent was disnlayed on the trace.

The oscilloscope was adjusted so that the level
of the sweep corresoponding to zero light intensity was
near the top of the tube face, while for 100 xa. of nhoto-
current it was near the bottom. The trace rises toward
the center of the tube as the reaction proceeds. ‘he
vertical deflection sensitivity was calibrated for these
conditions by a series of known voltage ratios obtained
from a dry cell by using a voltage divider wade from pre-
cision(1%) resistors.

The oscilloscope trace was photographed with a
rerecury II camera on mastman Linagraph Pan 5 mm. film.
After the sweep with the information from the shock wave
on it, individual sweeps at several callbrating voltages
were triggered externally, everything being recorded on
the same time exposure., Thus a series of horizontal
lines of known relative voltage were sunerimposed on the

original picture. The time scale of the picture was cal-

(§1e]

ibrated by the 100 kec. oscillator, as described above.

In order to measure the pictures, the negatives were pro-
jected in a wicrofilm reader and the image traced onto
graoh naper., From this, voltage - time values were
tabulated and »lotted in the wavy described in section 4.

S. The Absorotlon Coefficients of Hitrogen »lioxide.

shen an absorntion spectrum is discrete, the absorp-

tion coefficient, in addition to depending sensitively on
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wavelength, will in general depend on oressure, path length,
and temperature of the absorbing substance, and on the
nature and amount of inert, nonabsorbing gas that may be
vresent. It will also depend markedly on the spectral
nature of tire light whose absorption is being observed.
If the light source emits a single line, the apnarent ab-
sorption ccefficient will depvend on the relative position
and width of this line and the absorvntion line or lines
which 1t overlaps.

The discrete adsorntion of blue light by NO2 has
been investigited by Dixon(20). 1is absorption coef=-
ficients, obtained with light from a tungsten lamn
monochromatized to a band width of 40 & , show & repular,
alrost sinusoidal intensitv variation, with a period of
about 100 # , superimposed on a steady increase in absorption
towards tihne violet. In tnese experiments he found Beer's
law to be valid, and there was no effect of temperature
up to 55°C. Ifow pressure and high pressure mercury arcs
as light sources gave the same absorntion coefficient as
the tungsten lamp at 4047 K , but both arcs gave a value
15, higher than the tungsten value at 4558 £. absorption
coefficients for lines from a high pressure mercury arc
have becn determined bv Holmes and Daniels(21). 4bsorpntion
coefficients have been deterined in the oresent work,

using the wercurv arcs which were used for the observation

of the dissociation. =all snd Rlacet(22) hive determined
the absorption coefficients with a 2 width in the
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region of interest. All these values, taken over a range

ral b o 2 % el S E it N ) L - A .2 bt % Kl N = o
of band widths from 2 to 40 4 , agree to within 10 or 15%.
This surprising agreement imakes it appear likely tnat

beer's law is approximately valid for the mercury lines

P2V L, -© n A e e L e =S ¢ 3 s

4047 A" and 4355 A , but nore satisfying evidence is clear-
1y needed., BPeer's law has always been assuwed In previous
work with W0o. In this worl on the dissociation of Ng04,
the ontical densities were about 0.4 and the totasl change
was less than C.1l. Under these conditions, a small deviation

from RBeer's law will not be too iwvortant. Furthermore,

j—o

n the aonvroximation that the reaction is close to equi-
librium (see section 4) the plot from which the rate con-
stant is obtained (Fig. 10) does not denend on the absorp-
tion coefficlent, which in general enters only as a fairly
small correction.

The absorption coefficients of a typical N0g - nitrogen
mixture were determined for the two wercury lines and a
tungsten source, using a Beckman ‘odel U spectrophotometer
and a 10 A band width. Concentrations were deterrined
by the method of analysis previously described (section 1)
and the ecuilibrium constants of Yerhoek and Daniels(23) were
used, N204 does not absorb in this wave length reglon (4047
to 4353 A° ). The extinction coefficients for the mercury
lines 4047 and 4358 A, were found to be equal, to 1%, being
150 1 mole~1 em~l, hence the relative intensities of the

two lines need not be known. 7The absorotion was found to
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be independent of nitrogen pressure un to 1 atmosphere. In
working with the tungsten lamp, 1t 1s important to have re-
producible wave length settings, since the sbsorption
coefficient cnanges rapidly with wave length. ‘he spectro-
pnotometer was set on the absorntion minimum at 4375 4° and
the absorontion coefficient determined as 113 1 mole~1 cm‘l,
with a band width of 10 A" . ifter each series of runs in
the shock tube, the composition of the NOp - nitrogen mixture
was checked with the snectropvhotometer, setting the wave
length scale in this way.

4. Calculation of the Hate Constant.

The differential ecuation for the isothermal rate of
change of the NOo concentration following an arbitrary dis-
placement from equilibrium will now be derived and integrat-
ed, taking into account the variation in density due to
the departure from ideal behavior of a shock wave in a
gas with dissoclation heat capacity.

In all that follows, subscripts have the following
meaning., 1 refers to W0g, 2 refers to NgO4, and o denotes
formal quantities, calculated as though all the Nc 04 were
present as NO0s., The suverscriptirefers to the low nressure
region (undisturbed region) and f refers to values just
benind the shock front, where no reaction has taken place.
lThese guantities are calculated using the constant heat
capacity relations oresented in Part II. suantities without

superscripts are evaluated at an arbitrary distance behind



“49_

the shock front. The superscrint oo refers to final, equi-

librium conditions.,

&

Define the degree of dissociation £ by

Co < 1
(28) C,= & ¢, = C,

where C is concentration,Vs= f%b and / is density. olf-
ferentiation gives
c C. I ‘ b7
(29) _1/’.: —t e -f-d(,,_f’i,"
i v AF AL
The first term on the right is the slgebraic sum of the

rate of formation of WOp by dissoclation of N, 0, end its

rate of removal bv associlation to form NoO4:

&
N, 0, == 2 wo,

‘

(30) Co J“ ;‘.’E’ :Zka.c,,"z’eC,z'
var (g

which defines the rate constants kj and ko. ‘The second

term on the right of (29) gives
7 C c,v
(31) G, d% ””); AT N TTPIN. 4
- w v A 2t
with the definition = /- /@? . In section 5 a relation
between J/ and &= Z"— Z (where g is weight fraction) will
be derived. For the purposes of the present calculation,

this can be approximated by #z&4 § wnere a is about 10

in the cases of interest here. Using this and the fact
thatj*f,_—‘ f‘, gives )
] (5.2- 25,) Y Y
52y = 58, (fomlh-2h ’0/+ )= %)L (149)
£

where /] is molecular walght Rearranging this gives
vC A M, V¢ C.rp

(53) Wt ATV IV~ ___f__é_j Ac, +&
/3 a it L

The term in /' may be neglected, sincey is typlically .05
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or less and the g's are of the order 10"%. Since ¢ is
essentially a correction term for the devarture of the shock
wave from ideal (constant heat cavacity) behavior, a 5p
error in # makes a much sraller error in the final result.

it is convenient to use A in the form
C.A I

(Oé‘c) —_— =._j_/,“

v, 4 + 72

mouation (31) may now be written

(35) oC, ;o;'= C,(/W/A{/(' //*”)/”’B)j;’

tsing the fact that c;+2C;- }@. gives from equation (30)

z c &d Co_ Cs
(36) -;,—-’ T £, (-1-;— ":)—zxr,c,%,(;/_; //fﬂg*&/—f,)—zk,c,"

) v at

Combining ecquations (57) and (38) gives, according to (29),
Jc, | bCttec, 7

A& [1- (t)r-8)]

Typically /= .05 and B¢ -,05, so that in the denominator

Co A _ . Ac, ( 2 '
26C° +£, 1/, -)c’ 4114(,;.&9-:— bC~rec, +y

(38)

the # 1in the (/) factor is a sm=all correction to the

10% correction (#-8), and hence may be neglected. In

order to integrate (38), an average value of 4 will be intro-
duced as a constant. With anyv reasonable average value,
((+8-#¢ ) can only be in error by 2 or 3%. The smallness

of ¢ and the resulting sim:1ification in the treatment, is
due to the fact that the large excess of inert gas i1s fairly
effective in overbalancing the "chemical™ heat capacity of

NoOy. Louation (38) may now be integrated:

1+8-2 A
(o) (B2, // -lecond [ A= €€

467 Aty e 456

N

et
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According to equation (37) we have

(40)  Jeb-4bf = kﬁ;—: 8“/%) e

where use has been made of the equLlle1QK constant

s K- 2% -f/‘

¢

The logarithm may be expanded to get a form more useful

when A is small:

S [l [ [ 32 )]

5ince 22 aovroacheg zero as the reaction oroceeds, we

can make the expansion

206 1 20 /25 |3
(43 - Fofam— *
//”// /(r) wr 2lxr +3 -/ ]

cquation (39) mav now be written

(44) e y/{“ 2L L 2a +-—--] /fcovﬂ‘/

4V xr 2lzr
and the rate constant ko is determined from the slope of

a plot of the cuantity in brackets against time,

''he guantities A and t must now be related to the
easured voltage and time. Assuming Heer's law and lin-
earity of the vhotorultiplier,

(s5) A= Gl

where v is the voltage obtained frorx the oscilloscope

trace and the calibrations. € is the absorption coefficient
determined in this work, and 4 is the oontical path length,
c.5 cm.,

The time t that appears i1bove 1s of course the length
of time that the gas being observed has been behind the
shock front, which may be called the orover time, tp. This

is not equ2l to the time t,, wmeasured by an observer in
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the laboratory, between the arrival at the observation
window of the shock wave and of the segrment of gas being
observed. This "relativistic” effect is due to the fact
that when the shock wave reaches the observing window, the
gas that will apoear there st time tg later is already
behind the shock front and has begun to dissociate. If
tae mass flow velocity u were constant btehind the shock

front, one would have
y’,.“‘f‘
(16) L= LG5 L. Z
« é )k v
since ugts is the distance of the segment of gas behind

the shock front and u is its wvelocitv relative to the shock.
The second equality in ecuation (4¢) follows from equation
(1), ».5. Actually u and ¥ are not constint behind the
shock front. Yo find the ty corresponding to a given fts
from equation (46), a V averaged between % and ¥ at ts

must be used. Using the second of ecuations (&%) and the
approximate rate equation

(47) A= A(z‘w)eXP(—,é,,f—z:)

derived from (39) by setting ¢= 0, B= 0, and neglecting

terms in 4 bevond the first, one can easlly evaluate

- / [z dn Ve b7 ] “y
. e == Yo,

The various apnroximations used in deriving this are jus-
tifiable because the result 1s only a 10 or 15% correction.
In equation (48)7V has its value at time t; . It is con-
sistent with the avproximations made in deriving equation

(44), and sufficientlv accurate for the present work to



derive a linear relationship between tp and tq by intro-
ducing an average value of V , independent of tg, into
equation (48). Substitution of this into equation (44)
then merely changes the right hand side to tsq&p«consta,
and the rate is obtalned from the slope in the same way as
before. If it were not for the large excess of nitrogen
used with the Ns04 in this work, the change in V behind
the shock front would be much larger, and an average value
could not be used. The treatment of this more comnlicated
case is outlined at the end of the next section. The rather
good straight lines, Fig. 9, obtained by nlotting the data

e K|

according to eaquation (44) indicate that the assumption

ot
};,

of constant temperature, and the use of an average value
for W are justified. Of course this also confirms the
assumption of a dissociation first order with respect to

N‘gOé °

5. The Temperature and Density Behind Shock liaves in a

Bis sociatlng Cas.

In the previous section, a method of calculating a
rate constant from the experimental data was explained, but
nothing was said about the temperature to which this
value corresoonds. In this section a method is given for
calculating the final (equilibrium) values of the density
and temperature behind the shock. From these and the "frozen
in" values just behind the shock front, one obtains the

average v and 1 used in the preceding section.
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The develonment 1s mwotivated by
cethe and Yeller(7). 7t is based on the three conser-
vation eguations given on page &. f‘hese state that the

flux of mass, momentum, and energy across any surface
perpendicular to the »nlane one dirensional flow is constant:

j fa= n P,density; u,flow velocity; n,mass flux
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(56) z? {r /2 /? 1L+P /gr

.- & 2 £ iy [P 5 B PR &
where is mole fraction, and subscrint 3 refers to the

inert 28 nitrogen. The Quantityéh“k:<kdﬁnﬁd fro= egus

3\

tion (5&) by

(57) #‘,4"2 RE /7: Tﬁ +ah
77

mquating (B7) and (54) gives

(58) g A (1-v*)= ah+ Rﬂ/?’f*?

Now the temperature will bs e¢liminated from this. nx-

preasing the pressure in eguation (850) in terss of the

L1 !

(59) __R_Z_P U = _'_?.Z/ +7 U
777 777
efining 7= Z%Qlﬁnnirearranﬂing oives

#a nlula) +R 2
T RTY %,

ntroducing the downstrear I'sch nuiber by

[ 3 H’z al ~
( b 1- /1 = (J"; //(J
. ,VM R7?é”7 ,’ oy

gives the gimple form

(e2) T= 7[/*7/“1/"7)}

o
),
o

Putting (02} and (cl) ﬂnio (b8) gives
A
R | + ) . + Blr-v Syt m=—¢
(o) FIME(-v>)= )
AR 27
tcarranging into quadratic form

55 e ; v
and Jdividing by £¥m

(64) /ZP—/)V"-ZB//f;:—“;)Vf- //— j{‘j‘f 2F > o

(}’M

're sodablen 1s
- A t 202R) Z
(65) e 2B-1 [B//*r/nt>“ [/"pg//‘;,:'p)]"‘??—_éll

Setting 84 =0 pives

(o) U, = - (6 + __l?
£ ZB—I r/d
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moguations (od) and (©2) glve the density and temperature

at any point behind the shock front, as a function of the
composition of the gas mixture (for given initial con-
ditlions and shock velocity).

5inmaﬂ (2G6.52) 1is aonroximately twice =4,87),
1 4 ¢

equation (56) may be written

) B R4 L) E
'

since f1+2fs5= f5. Since the f's are of the order 10“2,
P does not change aporeciably as the gas dissociates.
ror wost of the runs,.P: S.01 (ﬁ.for nitrogen is %.50).
rwas always taken as 1.4, its value for nitrogen. Initial
values of ¥ and T mav be calculated from ecustions (6o)
and (02). From these, with a 1little experience, 1t is
easy to make a rather good guess of the final values Ve
and Too. These are then used with the equilibrium con-
stant to calculate final concentrations. fThe agreewent
of thfmﬁ(f=ﬂ calculated from these with the observed was
usually 10 - 15%. From these final concentrations ah is
calculated and a second approximation to ¥ and T is derived
This process may be reneated, but this was usually not
necessary. 1Lyplcally, Too- Tf was 1 or 1.5 degree, and
?Zb was 0,95 or greater, corresoonding to & between O

‘ ° £ 2 . o

and 0.05. 4ith such swmall changes fror: the frozen in to

libriur condition, it was not hard to decide on

i

the equ
-7 iy O ) 3 ¢ = ° i e
average values. # was arbitrarily taken as 2/5 of its final

value, and T was taken as Tp +3/4 (T =T¢) since the first
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part of the reaction wes not observed. It is Interesting
that the temperature of the gas uctually increases as a
result of the endothermic reasction taking place in it.

As the dlssoclation nroceeds behind the shock wave, energy

is supplied to it by a slowing down of the flow (with con-

sequent increase in density) rather than by a decrease in
temperature.

If the changes in ¥ and T behind the shock front are
too large to permit the use of average values, these
guantities may be calculated at any onoint behind the shock
front by using the observed values of A , and guessing
a value of ¥ , to find @hand hence ¥ and 7. This av be
repeated with the new ¥ if the first guess was too far off.
Alternatively, the formula
(68) Vs Yy A &(te) @xp Ch rt) + Vo
obtained frow ecuation (47! and the second of eguations (33),

may be used as an interpolation forrula between‘Q?anqup.
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PROPOSITIONS
Submitted by Tucker Carrington

i The rate of excitation of vibration in nitrogen gas
suddenly heated by passing a shock wave through it may be
studied by following as a function of time the intensity

of resonance radiation from a small amount of sodium mixed
with the gas, since vibrational energy 1s much more efficient
than translation in exciting sodium atoms,

D The photolysis, using a high intensity flash lamp, of
methyl iodide in the presence of excess radiocactive lodine,
when combined with a similar study of nure methvl iodide
tagged with radioactive iodine, will make nossible deter-
mination of the rates of the reactions CHz +I—~CH3I and
CHpz + Io—>CHzI +I. The former will give information about
the unimolecular thermal dissociation of methvl iodide,

Few unimolecular reactions have been studied over a
large pressure range under conditions where the mechanism
is simecle and unguestionably known. This should be possible
for tine thermal decomnosition of methyl lodide in the UTG
ence of radioactive iodine. 3imilar study of ethyl 1lodide
%ill allow determination of the rates of the two comneting
modeg of primary dissoclation of the activated molecule.

e work of Rossler(l) on the effect of inert gases on
onance fluorescence of 1 monochro-
g 1oulw be reinteror present

h was not

-
=
Y ot
\J‘

ive lrfct'me

radlatl C
known at Lla tiﬁe of his work, iency which
he found for vibrati olaT ENergy lision is

thus reduesd.

Studies of the tyne made by Rossler(l) for Ip and by
ourand(2) for 39 should be extended to a range of wavelengths
and to other molecules whose electronic transition probabll-
lties can be found, since these studies give information
about vibrationil energy transfer in collision which can
not be obtained from sound dispersion or chemical kinetic
studiles

;ne nossibility of nersistence of rotation of excited
OH in low voressure flames could be investigited by study-
ing monochromatically excited fluorescence from OH in the
flame.

4, Jirect evidence that the energy involved in the quench-
Ing of an electronically exclted metal atom goes oreferen-
tially into translation rather than vibration of the quench-
ing molecule could be obtained by looking for radiation of
the D lines frorm sodium present in 2 svstem in which niltrogen
is quenching excited thalliuw atoms.
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ST The continuous flow isothermal crystallization anparag-
tus of CGarrels, Jones, and Howland(3) should be useful

for studyine the soontaneous resolution of a racemic mixture
by crystallization under various conditions of temperature
and pressure on sultable seeds.

The crystal structure of wvarious metallic salts of di-
carboxylic acids should be cdetermined, with the purnose of
understanding the widely differing yields in ovroWn sis to
cyclic ketones.

G Spontaneous nucleation in a suner-cooled gas could be
stu”i@d in the products of pyrolysis behind a shock wave
of mo lecules such as carbon suboxide or metal carbonyls.
Thne "cobwebs'" of carbon found by Worrish and Porter(4) in
the 1la h photolysis of acetone should be investigated and
the Uosmbllltv of nmucleation by cosmic rays considered.

ium 1s known to be '"soluble®
olubility" and absorotion
o) e would bhe of interest.

T In view of the fact that
in compressed hydrogen(5), 1its
spectrum in compressed carbon mon

Be - ”ke additivity of indicator currents in the system

1 o

G cu® ; Bro, Br~ could be tested by buffering the system
to constant Bry concentration with an organic solvent for

Bro, and then chaqglnr fke Cu® concentration indenendently
of the Er,.
g. A diffusion model similar to that used by Frenkel(€)

in treating spontaneous nucleation in a super-cooled vapor
indicates that the rate of energization in a qguasi-unimolec-
ular reaction is not strongly dependent on the steopwise
nature of the process.

10. The poem "Waldgesprach" by Josef von kiichendorff is
an allegory for seekers of truth.
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WALDGESPRACE

rda

"ws ist schon spat, es wird schon kalt,
as relitst du einsam durch den %ald?
Der Wald is lang, du bist allein,

Ju schdne Braut! Ich fOhr' dich heim!"

"Gross ist der Manner Trug und List,
Vor 3Schmerz mein Herz gebrochen ist,
fiohl irrt das Waldhorn her und hin,

0 flieh! Du weilsst nicht wer ich bin."

"3o reich geschmiuckt ist Ross und Weib,

30 wunderschon der junge Lelb;

Jetzt kenn' ich dich - Gott steh!' mir bei!
ou bist die Hexe Lorelei.”

"> kennst mich wohl - von hohem Stein
3chaut still nein Schloss tief in den Rhein,
ks ist schon spat, es wird schon kalt,
Kommst nimmermehr aus diesem Waldl™"

- Hichendorff



