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Abstract

The rates of dlssoclation of Ig in Np and COg, and
Bro in A were measured at temperatures around 13009 by
heatlng room Eempera?ure_mixtures by means of shoék waves
‘and observing therguﬁsequent reactions. The rates of
recombination of both I, and Bry were found to decrease
with lncreasing temperature. The results, combined with
room temperature measurements seemed to be best expressed
~in the form kg = A exp(E/RT). Attempts to measure the
efficiency of I, or Br, molecules as third bodles for  '
the recombinatlion gave only rather wide limits to the.
possible values. » - |

~ The experiments also showed that COp is vibrationally

relaxed at high temperatures in a time short compafed to
the reaction time of 20-200 microseconds. It was not
possible to declide whether or not Ng is vibrationally
relaxed at this temperature in this short time.

Extinction coefficlents of I, andABfgrwere measured
as a function of the temperature. They appeared to be

depe@%nt on the lnert gas.
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Introduction

A shock wave ls a steep fronted pressure wave, It pro-
vides = ﬁeans by which gases can be compressed and heated 1n
a time of the order of a few collislon times for the molecules.
Thus 1t 1s possible to heat a gas to & non-equilibrium situa-
tion 1if the gas ls one that can undergo some reaction at
higher temperatures. The heatling that takes place represents
a change In the translational energy of the gas. Molecular
rotation 1s excited nearly as fast asAthe translation, that 1ig,
In the front of the shock wave ltself, and too fast to be de-
tected by the means described below. The excitatlon of vibra-
tional energy, 2lso referred to as vibrational relaxation,
sometimes occurs nearly as fgst as rotational excitation and
therefore_tob fast to detect, and sometimes occurs too slowly
to detgct, and of course at all rates between. A shdmical re~-
action, in which the molecular species change, 1s also possi-
bie,-and.may occur at a rate anywhere from toojsloW'tb be
measured to too fast to be measured. If 1t is possible to
follow some characteristic of the gas behlind a shock wave as a
fﬁnotion of the time then 1t may be possible to study the
kinetlcs of a reactlon occurring in the gas,

The first chemlcal reaction to be studled by this method
~ was the dissoclation of Np0, into NOg (1), which occurs at a
measurable rate near room temperature. It was studled by fol-
lowing the change in the color of the gas. At the wavelength
of light used the color was due to NOg and therefore provided

8 direct means of following the N0, concentration. As the
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gsecond test of the method 1t was declided to study the raete of
dissoclatlion of I, into atoms (2). Thls reaction is essen-
fially the same aé the_»Nzoé—NO2 reaction except that it occurs
at higher temperatures, around 1300°K, It was of additional
interest because the rate of recombination of I atoms into
molecules had been'studied at room temperature by flash pho-
tolysls technlques, and the hlgh temperature results would
provlde an extension of thils work. After the work on I, was
well under way 1t was declded to study the dissociation of
Br, as well.

This thesls describes some of the work done to date on

I. and Br2 dilssociation.

2

Shock Wave Behavior

From the equatlons of state for a particuldr gas and the
Assﬁmption of conservatlon of mass, momentum, and energy
across a shock wave the conditions iIn a shock wave caﬁ be cal=~
culated. The equations describing the behavior of a shock
wave have been derlived 1n the literature a number of times,
but they are rederived here (Appendix B) in a form more con-
venlent for calculations. The derivation 1s in the spirit of
the treatment by Dbring (3). |

The number of parameters required to describe a shock
wave and the physical restrictlions on these parameters are
such that 1f any one parameter 1s determined and the initlal
conditions are known then all the parameters of the shock wave
are determined. The parameter that is measured in order to

determine the behavior behind the shock wave is the velocity.
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If there 1s a reactlon bshlnd the shock front then the condi-
tions are determlned for any glven amount of reaction. They
are not known for a particular point behind the shock front
because to know thls one would need to know the rate of the
reaction. Measuring the rate of a reaction behind a shoeck
wave involves measuring the change in some property of the gas
‘as a function of dlstance (and also therefore of time) behind
the shock wave, and comparing this v‘.i’;lo*'hthe calculated change In
thls property as a function of the amount of reactlon.

The behavior of various propertiss of certaiﬁ gases 1s
shown, semi-quantitatively as a functlion of distance behind
the shock wave, In figure 1. It can be seen from théSe curves
that pressure would be a poor parameter to measure In any cage.
Densgity would be rather good 1f vibrational relaxatlion or the
dissoclation of pure I, were belng studled. It 1s also appar-
ent that the dlssoclation of pure Io In a shock wave 1s highly
non-isothermal, and that in order to approximaste isothermal
conditions it 1s best to use a large percentage of lnert gas
to act as a heat capaclty buffer. In thils case the density
aiso changes little and I, concentration 1s a much better pa-

rameter to meassure. Thils 1ls what 41s done.

~ The Shock Tube

The shock tube 1s a device for producing uniform shock
waves. In 1ts simplest form it conslsts of a tube which can
be separated into two sections by an easily ruptured dilaphragm.
Into one section gas at hlgh pressure, called the driving gas,

is introduced. Into the other sectlon the gaseous reaction
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Figure 1 Behavior Behind the Shock
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mixture, at low pressure, 1is Introduced. To produce a shock
wave the diaphragm 1s ruptured and the high pressure driving
'gas alloﬁed to expand. Thls compresses the low pressure gas
and drives 1t down the tube. The steep pressure front of this
moving compresséd gas ls the shock wave, It 1is steep fropted
because the gas behind it 1s heated when 1t 1s compressed, and
any pressure lncrements travel to the shock front at the speed
of sound in the heated gas plus the speed of the gas moving
behind the shock wave., This speed 1ls always greater than the
speed of the shock wave itself, so that any pressure incre-
ments catch up with the shock front eventually.

A shock tube and the pressure configurations in the shock
tub§ at several times during the course of the shock wave are

shown 1In figﬁre 2.

The Apparatus and the Experlmentel Procedure

The shock tube and the varlous detecting and measuring
arrangements are shown schematically in figurelz. Flgures 3ab
and 4ab are photographs of the apparatus from varlous angles.
They will be referred to as the different feaﬁures of the ap-
paratus are discussed.

The tube was of unlform 15 cm Inside diameter. Two sec-
tions for the driving gas were avallable, one 182 cm long, and
the other 31 ecm long. The driving sectlon was connected to =a
manifold through which the tube could be evacuated and filled
with any desired driving gas and the pressure measured. The
driving section was mounted on rollers so that 1t could be

moved away from the low pressure sectlion to allow the mounting
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3a View from south, same orlentation as figure 2

3b View from north, showing wvacuum line and high
pressure end




4a Vlew from east, showling low pressure end,
light sources, and icdine saturator

4b View from west above, looking down towards low
pressure end, showing optical bench and light
arrangement
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of the dlaphragm. .All this can be seen In figures 3a and 3b.

The dlaphragms were sheets of cellulose acetate of ﬁhick-
nesses ffom 0.003 in. to 0.030 In, They were clamped between
the driving section and the low pressure section In a device
which allowed them to be broken by & needle if necessary.
There is a certain amount of turbulence at the first due to
the breaking-of the d;aphragm. Presumably 1f the dlaphragm
“broke poorly, that ls, slowly or Into large fragments, there
could be so much turbulence that the region behind the shock
would not be uniform when the shock passed the obéervation
stations, It was observed that even when the diaphragms were
broken at one-half thelr spontaneous breakling pressure there
was no evidence that the shocks were any different from the
usual ones. .However, looking through a fifteen centimeter
light path one might not see turbulence 1f 1t were on a very
small scale or confined to & small layer near the walls.

-The.low pressure sectlon was 202 cm long..-It conslsted
of a 140 cm aluminum sectlon next to the high pressure end and
a 152 cm sectlion of Pyrex pipe through which observations were
méde. Two dlfferent methods were used to fi1ll the low pres-
sure gection with the reaction mixture. For mixtures lnclud-
ing I, the Inert gas was flowed through a 15 cm tube filled
~with 12 crystals, which was held at a fixed temperature. This
device can be seen in figure 4a. It determined the pregsure
of I, and the pressure of the total mixture was measured as
the gas flowed out of the shoeck tube. The flow was from right

to left in figure 2, and served to sweep the tube free of
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other gases as well as saturate with Io. For mixtures involv-
ing Br, the mixture was made up In bulbs on the vacuum line
end stored. The tube was evacuated until just before the
shock was to be run and then fllled to the desired pressure
with the mixture. The low pressure section could befevacuated
to less than 1 micron pressure, and leaked or degassed at
about 0.1 micron per minute.

The arrangement used to study any reactions behind the
shock wave was to observe the colored gases spectrophotometri-
cally at varlious points along the shock tube. Light from a
500 watt tungsten projectlon lamp operated at 120 volts d.c.,
or from a Hanovia medlum pressure d.g. mercury arc, Sc 50$l,
was used., The light from the source, 17 cm from the tube,'was
passed through a slit 1 em from the tube, through the tube,
through another sllt 1 em from the tube, through another slit
16 ecm from the tube, and onto the photomultiplier, 9 cm fur-
ther on. The photomultipliers were RCA 931's.. The light
arrangement can be seen In figure 4b. Filters were used to
1limit the light present. they willl be discussed more fully in
the sections on extinction coefficlents. '

A simple optical bench was congtructed in order to allgn
the lights, slits, photomultipliers, and pube,as well as pos-
sible. The following tolerances were achggved, The distance
between successlve sllts was 10.000 £ 0,005 em. The dlstances
between any particular set of palrs of slits on the three dif-
ferent sllt systems was the same to 0.0005 em. The slits were

perpendicular to the axls of the tube to within an angle of &!'.
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The plane containing the successlive slits was parallel to the
axis of the tube to within an angle of 10'. The inside and
outside diameters of the tube were measured at various points
along the tube. These measurements are shown in figure 5,
The walls of the tube are uniform but the diameter varies by
about 0.1 em in 100 em. The maximum angular variation in the
'dlameters 1s about 157,

These allgnments were made because some results from
early experiments seemed to Indlcate a lack of aligmment and
hence a loas of resolving time., This was 1ndicatéd by the
time 1t took the steep front of the shock wave to rise its
full height on the oscllloscope trace. If one observed the
passage of a shock front at lQO em/msec velocity past a 0,10
em slit system, through which, by perfect alignment, a sheet
of light 0.10 cm thick £;§% passing parallel to the shock
front, 1t would take the shock front 1 mlerosecond to rise to
its full height. Some experiments showed a time of rlse of
5-7 microseconds. The optical system described was construct-
ed in which, with the limits of error given, and the arrange-
mént of slits, lights, and photomultiplliers descrlbed, the
same shock should have a rise time of less than 3 microseconds.
The long times of rise stlll occurred in some of the shocks.
 This indicated elther that the shock fronts were curved or
that they were not normal to the walls of the tube. In flgure
7b an oscilloscope trace displaying thils slow rise 1s repro-

duced.,

As indicated 1In figure 2 signals from the photomultipli-
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ers at elther end went to a timer, a Potter Model 456 1.6
Megacycle Counter Chronograph. Thls determlned the time for
the shock to pass between these two stations to an accuracy of
0.63 microseconds. The signal from the inltial station also
gserved to begln the oscllloscope sweeps., '

Signals from thévtwo middle photomultipliers were dis-
played directly on two different oscilloscopes. 'That two
osclilloscopes were avallable made 1t posslble to observe the
shock wave at two different wavelengths of light or at two
different writing rates on the osclilloscopes. The time scale
was put on the oscllloscope by putting a signal from a 100 ke
crystal controlled osci;lator onto an intensifying electrode
in the cathode ray tube, and blanking 1 mlecrosecond of the
sweep in every 10. Vertlcal deflection callbrations were put
on with a battery and a Hellpot preclision potentiometer. The
oscllloscope traces were photographed, and measuremént;f;;de on
enlarged projections from the negatives. |

Filgures 6ab, 7ab, and 8ab show varilous types'of oscillo-
scope traces. Figure 6a 1s the record of a shock wave in a
CO5-Ip mixture at a temperature low enough that no reaction
takes place. Flgure 7e shows the dissoclation of Bry proceed-
ing at a measurable rate. Figures 8a and 8b éhow the same
shock wave recorded at two different wrlting rates on the two
oscllloscopes. In figure 8b the reactlion can be seen to pro-
ceed up to the cold front, tha? 1s, the boundary between the
driving gas and the driven gas, at whidh_point'ﬁhere is a

sudden decrease 1ln ths Brz concentration.
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6b
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Flgure 6

Shock wave in COo (O. 45% I Temperature 736°K
assuming CO, relaxed. i%ial concentration 2.14
x 10~Smole/Iiter. Compression ratio 5.83., The

splke at the left side of the picture 1s related
to the timing, and can be lgnored.

Shock wave in CO, (1.21% Ip) showing vibrational
relaxation of COs. Temperature 573K before
relaxation, 500°K after. Initial concentration
0,615 mole/liter. Compression ratio 3.63-3.73
{(final}.
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Shock wave in A (1% Brg). Temperature 1490°%
before reactlon, about 1412°K after, Note
sharp rise of signal at front of shock wave,
about 2 microseconds.

o
Shock in A (10% Br,). Temperature 2130°%K

before reaction, ﬁote slow rise of signal at
front of shock wave, about 7 microseconds, when
2 to 3 would be expected, Thils suggests curved
shock front, or plane front not perpendicular to
the walls of the tube.
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Figure 8

8a Shock wave into A (10% Brs). Initial temperature
1767 K., Writing rate of o6scilloscope 20 micro-
seconds per centimeter.

8b Same shock wave as 8a. Wrlting rate of osclllo-
scope 100 microseconds per centimeter. Note
cold front about 350 mlicroseconds after shock
front.



17

The lnert gases used were Llnde Alr Products Co. argon,
sald to be better than 99.8% pure, Linde pure dry nitrogen,
éaid to be 99.90% pure, and carbon dioxide supplied by Pure
Carbonics Incorporated and said to bve 99,5% pure, with impurl-
tles air and water. The I, used was 'Baker's Analyzed' Rea-
gent. The Br, was Merck Reagent Grade. Both were used with-
‘out further purlflication. _

In the 12 experiments the inert gas flowed through a
regulator at a few pounds pressurg_above atmospheric, through
a flowmeter at the rate of about 500 cc/min, through a needle
valve wherekthe_pressure dropped to the experimental value,
over the I,, and through the shock tube. The gas mlxture
entered the shock tube at the downstream end and left near the
dilaphragm where it went to a glass vacuum apparatus in which
the pressure could be measured on a dibutyl-phthalate manom-
eter. It left the vacuum line through a nesedle valve and went
to a pump. The two needle valves were the only significant
constrictions in the system. Since there were no important
constrictlions between the two needle valves the pressure In
the whole system could be assumed unlform, and a measurement
- of the pressure in the manometer on the glass vacuum line was
a correct measubement of the pressure of the gas flowing.
| through the shock tube.

In the Bry, experiments Bry was put into evacuated bulbs
to the deslred pressure which was measured on the dibutyl-
phthalate manometer. Inert gas then was added to give that

total pressure which gave the desired percentage of sz. The
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gases were allowed to stand and mix overnight. The mixture
was fed Into the evacuated tube through the opening near the

‘membrane one or two minutes before the shock was run.,

xtinction Coefficlents of 22

The light used was of two kinds. One was that from a 500
watt tungsten bulb operated at 120 volts and filtered through
a comblnatlon of fllters that gave the transmitted 1ight curve
shown in figure 9a. The other was that from a Hg arc filtered
through a combination of filters that gave the transmitted
light curve shown In flgure 9b. Both curves were determined
using a grating monochromator and the same photomultipller
used In the experiments. The filters used in 9a were a Bausch
and Lomb 486 mp interference flilter and a Corning no. 3385
sharp cut fllter. The filters used in 9b were a Bausch and
Loﬁb 436 mp interference filter and a Corning no. 3389 sharp
cut filter. The tungsten lamp arrangement essentially gave
light with a wavelength of 487 mp. The Hg arc'gave a wave-
length of 436 mp.

~ The room temperature extinction coefficlent for the tung-
sten lamp arrangement was determined from very strong shock
waves In I, mixtures. If the shock wave was so strong that
all the I dissociated then the change In photocurrent ob-
served was that due to the initial absorption by the I,.
These experiments gave a value of 450 + 20 for e. The extinc-
tion coefficlent € 1s defined by log (I/I,) = - ecl, where I
and Io are the transmitted and inecident light respectively, c

1s the concentration in moles per lliter of the absorbing
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| species, and I 1s the path length in centimeters. Combining
the light transmission curves for the fllters and light wilth
7tpe measﬁred extinction coefficients of I, (4) the value €=
408 was found for the tungsten light arrangement. This value
was belleved to be the more accurate one and was used for
calculations.

For the Hg arc (436 mp) the room temperature extinction
coefflcient was taken as 29 from the measured values Indlcated
(4).

From the measured velocity of the shock wave and a knowl-
edge of the initlal conditions the extinction coefficlent of
Io Just behind the shock front can be calculated for every
shock,vwhether or not there is a subsquent‘re&ction.' These
caleulations are outlined in Appendix C. '

~ Figure 10 shows € versus T for shocks in No-I, mixtures,
where No 1s assumed to be unrelaxed vibratlonally. Figure 11
shows the same for N, assumed to be relaxed.  Figure<12 shows
the results from experiments in COg-I, mixtures assuming both
relaxed and unrelaxed COz.
J\ Curves were drawn through the experimental extinctlon
coefflclent points by eye. All the curves so obtgined'are
shown together on figurg 13, Relaxed and unrélaxed No and COq
are compared with A, He, and relaxed and unrelaxed Og, these
latter through the courtesy of G. Schott (5). The N, and A
were measured at both 487 mp and 436 mp, the COp only at 487
mp. Because some fllters were changed in an attempt to iIn-

erease the signal to nolse ratio In the photomultiplier output
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the He and Oy were measured at what was effectively 484 mp
rather than 487 mp.
» On iooking at the curves it 1s apparent that, except for
COy, no decislon can be made as to whether the gases with vi-
brational degrees of freedom are relaxed or unrelaxed. At 487
mp the difference between the results in A and those in Ng,
calcuiated assuming elther relaxed or unrelaxed No, seems to
be larger than experimental 1f one looks at the scatter of the
experimental points. At 436 mp the A and elther Ng_agree with-
in experimental error in the region from 1000°K to 1500°K
where both were measured. - 7 o v

~ The comparison of the COy curves with those oflﬂz and A
makes it seem élear that COs is relaxed vibrationally; This
is substantiéted by the fact that the shock into COy at the
lowest temperature used seems to show a relaxation. This is
shown In figure 6b, which should be contrasted‘with figure 62,
which is typleal of the results In hotter COy shocks. The
relaxation of COp has been measured in a shock tube using an
interferometer to follow density changes (6). These measure-
ménta indicate that in all the COp experiments the vibrational
relaxation time would be a few microseconds or less, agreeing
with the above conclusion that the CO, 1s relaxed;‘ The relax-
| ation time for COg estimated In the one case where 1t was ob-
served 1in the I, experiments agreed fairly well with that cal-
culated from the reported results from the interferometer
method.

The Og results when compared with the He results would
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'seem to show that the Op 13 vibratlonally unexcited, but the
differences ars not enough to be sure of this. The rate con-
stants measured for Og as the third body seem to indicate that
the Os 1s relaxed, and thils is probably the more conclusive
evlidence.

- Allowlng for the change in»wavelehgth, the He and A re-
‘sults agree fairly well, although the scatter in the points
for He 1s quite large. The experiments In He were more uncer-
taln than the others dus to non-uniform conditions behind the
shock wave, probably due to cooling to the ﬁalls (58).

- That the extinction coefficlent of a colored gas, when

measured in the continuous reglon of the spectrum, shduld
chahge with the‘additionrof-a forelgn gas 1s not expected.

However the phenomenon is known in the case of Br, and 1t

2
should not seem unreasonable here. to find a small effect. The
difference between the values measured in A and those measured
1n,32v1n‘ﬁhese_exper1ments are nevertheless so large at low
temperatures as to suggest that there ls some systematic error
in the shockiwéve measurements. Careful statlc measurements
Qf_the»extincpion_coefriciept of I, at and near room tempera-
ﬁuré, that is, 300 to 400°k, in various 1nert gases would be
Interesting to decide thls polnt. If the difference between

" A and N, as foreign gases 1s”really'as great és the results of
the shock tube experiments Indicate 1t should be readlly

measurable.

Extinction Coefficients of 932

In the experiments with Bry, several different.combina-
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.tions of lights and filters were used. Two were the same
combinations used with I, and shown in figure 9. A third was
the Hg aré with a Cornlng no. 5543 wlde band pass fllter and
a Cornlng no. 3060 sharp cut filter. This combination let
through the 436 mp Hg line and some of the 466 mp,Hg 11ne, as
is ghown in flgure 1l4a. A fourth combination, shown in figure
14b, was the tungsten 1llght wilth a Corning 436 mp Interference
filter and a Corning no. 3060 sharp cut fillter.

The extinctlon coefficlent of pure Br, vapor has been
measured as a function of wavelength (7), and, usihg these
measurements, one can assign extinctlon coefficlents to the
light combinations shown. 1In the experiments with Bry it was
possible to measure the extinection coefficlent approximately
in each expefiment. This was because the tube was filled in
about a minute and the change in photocurrent could be meas-
ured with some confldence since the dr;ft rate of the photo-
multipliérs was low. The results of these measurements are
glven 1n table l. Tt should be noted that the Brz'concentra-
tion is approximately the same In every experiment, so that
tﬁe_highsr the percentage of Br, the lower the total concen-
tratlon of all gases. The results in table 1 would then
indicate that a pressure effect 1s very likely present.

That the extlnctlon coefficlent of Bry 1s affected by the
presence of foreign gas, even 1ln the continuum, 1s & known
phenomenon (8). No measurements appsar to have been made in
argon but measurements in all other gases studied showed an

Increase in the extinction coefficlent with 1ncreasing amount
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‘Room Temperature Extinetion Coefficlents of Bry,

light
shown in
figure

wave
length
(approx)

€ in pure
Bro, from

reference
7

% Br, in
mixt%re

S+ I I

10
50
100

153
146
158

9ga

436 mp

134

i+ I+
vl O .

29

Table 1

9b l4a

487 436 + 406

89 138
€
154 £ 12
105 + 9
121 T 11
90 * 4
147 £ 6
137 + 7
133 + 5

14v
435

135

156 * 13

i+
o -

153
144
133

I+
0

i+
w

no. typical

of

cone.

runs moles/1.

11
8
9
5

2.6x107°

3.0
1.6
1.0
0.42
0,08
0,04
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of forelgn gas. Thls 1s what is found here. A few measure-
ments were made in a Cary Recording Spactrophotometer of the
extinction coefficlent of Br, in 10% Br, - 90% A mixtures at
various total pressures. In these experiments the extinction
coefficlent of Br, was found to fall with increasing concen-
tration. Thls was an unsatisfactory point at which to leave
this question, but since the measurement of extinction coeffi-
clents was not the primary purpose of these experiments no
further work was done. It 1s clear that th;sjis a problem in
which more experlmental data would be welcome. |

It was declded to use the measured set of extinction

coefficlents in the calculatlions. At low fractions of Br, in

2
the mixtures 1t does not matter much which extinction coeffi-
cients were ﬁsed, but at higher fractions 1t can make a great
difference In the rate constant. This will be gone into more
fully in the sectlon on kinetles,

The measured7va1ues7of the extinction coéfficiénfs of Br,
are shown in figures 15 and 16. For comparison, values deter-
mined up to 900°k (7) in a conventional manner for pure Br,
afe}shqwn also. The temperature dependence found here agrees
with this earlier work as well as can be expected in view of

the fact that pressure effects have shifted the values of the

extinction coefficlents.

The Dissociation Reactlons

The dissociatlon of diatomic molecules into atoms re-
quires that some otherwlse non-reacting atom or molscule

collide with the diatomic molecule and transfer sufficient
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‘energy to it to allow 1t to dissociate. The equation
describing thls reaction is
* | M+X, —M+X+X , ,‘
where M 1s the atom or molecule with sufficient energy to
dilssoclate the X, molecule. The recombination of the two
atoms into a moleculé 1s described by the reverée of the
reactlion above ‘
M+ X+X — N +X .

In thls reaction M has the role of taking off the excess
énergy liberated in the recombination. In this reaction
M is called the third body, and in the following pages it
will be referred to as such whether recomblnation or disso-
clation is being consldered.

The kinétics of the dilssoclation and recomblnation can

be described by the equation

CaXg) - - k(XM + ()P0,
where (M) represents the total concentration of third bodles.
(A1l concentrations will be given In moles per liter and all

times iIn seconds.) The two rate cogstants kg and kb are re-

lated by k= k K, where K 1s the equillbrium constent for

the reaction

Kinetics of ;2 DisSociatipn

On fifty-pneroscilloscope_traces taken of forty shock
waves 1t was possible to measure the rate of dissociation of

12 in the presence of No. These covered a temperature range
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from 1100 to 17409 if the N2 is assumed unrelasxed, or from
1060 to 1610°K if the N, 1s assumed relaxed. The total
60ncentra£ions of gas uaed'varied from about 0.4 x 1075 to
2,0 x 1073 moles per liter, and the Ip percentége varied
from about 0.4 to 2 percent. Rate constants were calculated
either by using an ihtegrated :ate expression or by measuring
the initial slope of the trace, both as explalned in Appendix
D. The results were substantlially the same by either method
of calculation.

The rate constanis so measured were converted'to rate
constants for recomblnation, ky. The values of_kR obtalned
are plotted in figures 17 and 18 as log kp versus log T. They
could just as well have been plotted as log ky versus 1/T.
The polnts afe so scattered that which of these two forms
gives the better straight line could not be determined.
Figure 17 shows the polnts assumlng the szto be unrelaxed,
figure 18 assuming 1t to be relaxed. The stralght lines drawn
on the two flgures were fitted by least squares to the polints
shown. The points were welghted depending on the smoothness
of the curves, the value of the extinction coefficlent found,
that 1s, how well the extinction coeffic;ent agreed with that
obtained from an average of all the date, and similiar
| considerations.

The equations for these straight lines are
log kg = 8.833 - 1.651 (*¥0,242) log(T/1000)
log ky = 9.007 - 1.376 (+0.267) 1log(T/1000)

for unrelaxed and relaxed N, respectively. The errors given
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are probable errors, calculated according to Margenau and
Murphy (9). The probable errors in log ky at the centers of
the range‘covered are 0.012 (T =1344) and 0.013 (T =1274)
respectively. N |
The corresponding'bquations for log kp versus 1/& are

log kp = 72732 + 1053 (+449)/T and

log kp = 8,138 + 925 (*543)/T
for unrelaxed and relaxed Ng respectively. Tﬁe probable
errors 1ln log k at the centers of the range covered are
0.004 (T =1335) and 0,005 (T =1267) respectively. If one
converts the slopes in this formulation to energy units one

finds 4.81 * 2.05 and 4.23 + 2.48 kilocalorles per mole

respectively. » ]
In CO, only two experiments ylelded rate constants.
These were the followlng: , ,
T = 1077 k= 1.85 x 10° N
' 1137 1.30 €0, assumed relaxed,
1559 2:85 x 10° : ’
1666 2450 C0g assumed unrelaxed.

Looking at these and comparing them with the N2 results which
are of the order of Iognit appears clear that CO, is relaxed,
in egreement with the concluslon from extinction coefficients.
The rate of recombinatlion of I atoms into moleculas.in

byarious inert gases has been measured at room temperature by
a flash photolysis technique by a n;hber of experimenters (10,
11, 12, 13, 14). Although recent work indicates that the older
values for rate constants are too hligh only ogé of the earlier
reports gives rate constants for the gases studied'hefe.

Accordingly this work (12) is used for comparison.
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The high temperature results for the I2 dissociation in
No and CO, have been described. Other work in this laboratory
has yielded simil¥ar results for A, Op, and He (5). These
results are all collected in figures 19 and 20, Theée show
293°K (room temperature) and 400°K results from flash photol-
ysis, and the high témpergture shock wave results. Figure 19
comblnes these on a plot of log kR versus log T. Filgure 20
shows log kg versus 1/T. Since the slopes of the results at
high temperatures are all quite uncertain only_a single point
1s used to represent each set of shock wave results for a
particular lnert gas. _ o

v“From these two flgures it appears that plotting log kR

versus 1/T seems to fit the data over the entire measured
rangerbetter; If one accepts this as the correct representa-
tion then it would appear very likely that No 1a'v;brationa11y
unrelaxed at high temperatures. The prevlious conqiusion that
CO, 1s rélaxedvis supported. No decision can‘be made for Oy,
but judging from the slopes of the other lines relaxed 0o 1s
possibly more likely. Although the He results give a good
sfraight line it should be remembered that there was some un-
certalnty as to the correctness of the h§gh temperature points.

Recent flash photolysis results (14, 15) have 1ndicated
 that I, molecules are themselves exceptionally efficient as
third bodies. One result (14) gives I as 285 times more
efficient than A. An sttempt was made to determine thils ratio
at high temperatures by plotting the percent deviaticn‘of kp

from the smoothed curve values against the percent I, for each
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shock. Ideally thils would give a straight line, the slope of
which would be the ratlio. Actually the scatter of the results
was so gfeat that no reliable value could be measured. That
the ratio 1s probably between O and 30 1s all that could be
concluded. Similiar attempts to measure thls ratio in A led
to the conclusion that I, 1s less than 25 times‘as efficient
as A (5).

Kinetlics of Br, Dissoclation

On sixty-two oscllloscope traces from fprtyctworshocks
1t was possible to measure the rate of dissociatiﬁn of Br, In
A. The percentage of Br, varled from one to ten. The one

percent Br, results are the only ones that are regarded as

2
very}réliable since the correction terms become quite large
and uncertain as the percentage of Br, increases. The results
in one percent Bry, were obtained over a temperature rahge from
1380 to 17710K, These are shown, along with a straight line
fitted through them by least squaresiin figgre‘zl., Also shown
in figure'erare‘therresults from two, four, six, and ten
percent mixtures. The total,concentratibn of gas_béfore the
shock was of the order of 2.8_:;10'}5 moles per 11ter in the
one percent mixtures and proportlionately less with the larger
. percentages of Brz,

_The larger percentages of Brp were used in an effort to
measure the rate constant»for Bro as the third body.’ However,
as 1s shown in Appendix D, the rate constants depend quite
markedly on the value of'de/aT, which from flgure 16 can be

seen to be uncertain by a factor of two at least. Because of
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this, in the ten ﬁércent Br, experiments the rate constants
were uncertain by a factor of about two. Conslderling all the

data as in the case of I, it appears that Br 1s between O

2
and 8 times Q:;e>effective as a third body for the recombina-
tion. The only value given for thls ratio at room téﬁperature
13>14 (16), and thié is fairly uncertain.

| A more accurate estimate of this ratio could probably be
determined in the same manner as was attempted above except
that €O, should be used as the lnert gas. The heat Capacity
of CO, at high temperatures 1s over twice that bf(A so that
the temperature change 1n a one percent Bro shock wave in COgp
is less than half that I1n a one percent Br, shock in A, This
makes the correction terms correspondingly less and therefore
the uncgrtaiﬁty caused by the uncertalnty in d€/dT less im-
portant. Determination of the rate constant at one particular
temperature in one percent and five percent Br2 shocks should
then alldw the measurement of the relatlve efficiencyrof Bro
and CO, as third bodles. It would also be better to observe
the reaction with light around 487 mp where d€/4T is less than
aﬁ 436 mp. ‘

Figure 22 shows the room temperature value (13) combined
with the shock wave value on two plots. One 1s log kyp versus
" log T and the other log kp versus 1/T. That the measured
high tempsrature slope agrees better with the 1/T plot 1s
probably meaningless. No intermediate point 1s available
here to compare the two methods of plotting the results.

The high temperature results for Bry can be represénted

by the equations
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log kp = 8.651 - 0.524 (£1.187) log 1000/T
or _ log kp = 8.300 + 357 (+803)/T .
‘The probéblergrrqrs in log kgp 1n the center of the range ‘
covered are 0.049 (T=51595) and 0,049 (T =1590) respectively.
The latter slope is equivalent to an energy of 1.63 * 3.67

kilocalories per'moie.

Discussion :

The experiments described here are a more stringent test
of the shock tube in chemlcal kinetics than'the‘N204 experl-
ments previously described (1). They pqint up the advantages
of the shock tube quite clearly but they also point pp_SOme
serious deficlenclies. The advantages are that”very>fast reac-
tions can be—studied,uthat high temperatures can be-readily
attained for kinetic measurements in a region where even
étaficﬂmeasurements are troublesome by ordinary means, and
that'ona-ia more or less assured of a homogeneqﬁs reaction.
The disadvantagesvare in some respects necessafy consequences
of the advantages. Because an essential_assumptionkof the
shock wave method 1s that in the short time available the
walls do not Interact with the shocked gas the reactions which
are to be studied must be fast reactions. This limits the
. range of pressure and temperature over which a particular
reaction can be studled. Also slnce the temperature of the
walls 1s not directly related to the temperature of the gas
the behavior of the gas 1s governed by purely hydrodynamical
considerations and if any reactlon takes place 1t does so in

a highly non-isothermal medium. When working in temperature
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ranges far above room temperature the need for essentially
statle dapa, such as extinection coefficients or equilibrium
éonstants; to more accuracy than that attainable by the shock
wave method, 1s often felt, and the data are found to be un-
available. At temperatures high enough the cooling effect of
the walls does_becomé important and limlits still further the
time In which observatlons can be made. Finally the electron-
ic and photometric devices wlth which measurements are made
are being used at their limits because the resolving times
required are so small, Some of these problems are'unavoidable.
Some problems, like the electronic and photometric equipment,
and the lack of high temperature static data can and will
become less serious with time. '

The results recorded here are lnteresting in that they
confirm earller conclusions that the rate of recomblnation
of T atoms decreases with increasing temperaturs, and extend
theée earller conclusions to conslderably highér temperatures.
Such behavior can be Interpreted as meaning that the kinetlc
energles of two I atoms must be below the average kinetic
energy at a particular temperature for recombination to take
place. The questipnrqf how thls temperature dependence
should be QGscribed,‘as log kg versus log T, or aé:log kp
| versus I/T? is anlinteresting}one. If the 1/T description
1s correct, as the overall survey of the exlsting data would
indicate, then it would appear that an energy is assoclated
with the recombination. One is left with the;pleasahtest'of

speculations to account for thls energy. Unfortunately shock
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’waves alone cannot give results precise enough to determine
if this 1/T representation i1s right, at least not in the
bresent,bor In an immedlately forseen future apparatug. The
shock wave points do provide an extension to flash photolysls
results which could and should be obtained up to about 800°K
to decide this point. -

Table 2 shows the equations obtalned by combining the
room temperature points with the high temperature polnts for
both methods of expression. If the form kp= AT™™ is correct
one might expect that n 1s the same for any thifd'body. That
n varlies considerably 1s perhaps another argument for the form
kp=A exp(E/RT).

| Comparison of the results for Br, and I, in A show that
the recombinétion rates are about the same, and have about the
same temperature dependence, even though the dissoclation
rates are qulte different. It would be Interesting and gulte
readlily éossible to measure the rate of dissoéiation‘énd
recombination of Cl,. It would be interesting to measure the
rate of diésocigt;on and recombination of Fg,

_‘ In doing future work elther with Br, éndvI2 and other
iInert gases, or with Cly, and F'2 in any inert gases, 1t seems
clear that ;t is not worth trying to cover a 1arg¢ rangebof
~ temperature, but rather to do enough runs at one temperature
to have some confldence in the average, and to cover a range
of temperatures by combining shock tube and flash photolysis

measurements,
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Table 2

Recombination Rate Constants

between Room and Hlgh Tempserature

Unrelaxed No-Io

ky = 4.54x10%(2/300)72*7% or = 1.57x108exp(1.95/RT)

Relaxed Ngflg

2.14x%10

4.41x10%(T/300) "1 +23 4.28x10%exp(1.37/RT)
Relaxed COnp-I, | » | _

13.0 x10%(7/300) 176 6.37x10° exp(1.78/RT)
e o =1 10 B

3.52x109 (7 /300) " ** 2,44x10 exp(l.57/RT)
He-12 o o : 5 .

1.65%10° (T/300) "L *52 1.28x10 exp (1.51/RT)
Relaxed Op-I N o \ . _

6.42x10° (7/300) 1 * 1.71x10 exp(2.14/RT)
Unrelaxed 02-12 : '

' =241 - 8 i

6.56x109(T/500) 5.71x10 exp(2.78/RT)
szIg . . 2'97 . o ,
between 8,50xloll(T/300)-" 2.78x10" exp(3.36/RT)

| . o e o

and 8.05x1011(T/300) 5 3.50xlovexp(5.90/RT)
A-Br2 : .

2.5 x18°(7/300)~1+1° 8 exp(1.45/RT)
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Appendix A
Definltion of symbols
a veloeity of sound - rypTi1% in cm/msec where given
. [‘C\T] numerically

A concentration of atoms of dissociating gas moles/liter

X degree of dissoclation

B bursting pressure ratio = Ps
P
@ enthalpy function = 24 -1
c total concentration {formal) moles/liter
D density

& a specifle variation in some parameter with respect
to ¢, for example STT = TTy.04 — TTg=o

/A shock density ratic = D,

Dl
E specific internal energy

F° molar internal energy
€ molar extinction coefflcient (decadic) 1iter/mole em
¢ mole fraction of reacting gas referred to no dlssociation
Y heat capacity ratio = Cp

Cv
H specifiec enthalpy

H® molar enthalpy

H. molar enthalpy at absolute zero
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light intensity

Incldent 1light Intensity.

concentration of lnert gas moles/liter
specific reaction rate concentrations in moles/liter
7 ; times 1n seconds
equilibrium constant = R* moles/liter
M
, . , 1
equilibrium constant = Pa | (atmospheres)®
. ey
(kappa) dimensionless molar enthalpy function = H —Ha
| | | RT
length of llght path
natural'logarithm
base 10 logarithm
éoncentration of molecules of dlssociating gas
' moles/1iter
pressure
shock pressure ratio = P
P, .
gas constant in whatever units are convenient
shock velocity in cm/msec whers glven
numerically
time
temperature

apparent time in shock wave
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© shock temperasture ratio = T,
T

u  velocity of gas relative to shock front

Ll, molar heat of dissoclation (one mole of molecules)

Ui molar heat of ilonlzation (one mole of atoms)

v cold front velocity in cm/msec where given
numerically

V specific volume

W molecular weilght

—\7\/; mean molecular welght for & dissoclation

W mean molecular welght x = 0

Subécripts

o 1inltial &alu_e th_a;t Isat tor =0
co €qullibrium value that 1s at t or T = oo

y refers to condltlions before the shock wave
a2 refers to condltions behind the shock wave
3 Trefers to conditions 1n the undisturbed driving gas

¢ refers to values at a particular ¢

a refers to atoms (1f on & refers to atoms as third)
' body
m refers to molecules (1f on ft molecules as third body)

x vrefers to inert gas (1f on & inert gas as third body)
o On & refers to dissoclation

R On > refers to recombinetion
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Appendlx B

Shock Wave Equatlons

The equations to be used for shock waves in which disso-
clatlion or ionlzatlion occur wlll be developed. The develop-
ment wlll be based on a statlonary shock wave iIn a tube of
uniform area. The transformation to a shock wave moving into
a gas which is stationary in the laboratory system 1s stralght-
forward, and lnvolves only the two relations u,=s and u;=s-v.

For a statlionary shock wave the following sequations hold:
(1) Diu, =D,u, conservation of mass

(2) R +Du* = P+ Dyu,” congervation of momentum

c—

. D. =2
(3b) H, + 4’ - Hp + ul
2 2

(32) E, + P 4 u} = E, + P, 4+ u® conservation of energy
D, 2 D.

From these onse obtains

(48) Ha - H, =L (PR-P)(Vi+\)
(4b) =L P (=) (1 + ¢)
(4c) = 1 RT, - n

From (1) and (2) and the velocity transformations one obtains

(5) s = [RT. -1\]%"
. (e
A

(5) vV = s(‘—-__lls_)

H can most easily be defined relative to absolute zero so that

(1) H= H=H" RT _ 4 RT
RT W W
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For a partlally dissoclated gas
(8) H~=(‘_a)""%11 + 28 B\g_ + ay\j‘
The perfsct gas law, which 1s assumed throughout, has the
following form
9) Tt= (1+x)ABS 4 |
Writing Hz—}Iin terms of (7) and (8), and equating'it to (4);
(10)  H,- _(l—a)RmRWT1+2ocumRT1+u Ui _ 30, RT RT

=_2LB\_£',/-(T[—I) (|+_113.)

Solving this and substituting (9)
(1la) TU = 9[(|-u)(2)(’m—l) + Zu(Z)?az-l)] - (Zﬁnl—l)

¢ L ) g
+ RT.d + (1+x) ©

Making the substitution e =2¥—1
(11v) TU= © [(l-u) Bna + 2 ﬂm.] —~ Bm + ;%%' + (14D T'tg‘

Tquations (11lb), (9), (5), and (6) are used to calculate be-
havior in the shock wave. Some special cases of (11b) are of

interest. For a pure gas with_no dissociation_

(1lc) TU= ©Bnr — Bm -l-%

For a monotomic gas (no electronic excltation)
(11a) T = 4(6-1) + %

. For & llnear rigld rotor

(110) TL= 6(6-N + &

For a non-~linear rigild rotor

(117) TU= T(©&-1) + ©
TC
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The same development for the case of a inixture of two

gases, one Inert and one dlssocliating, i1s also of interest.
(12) H® = (1-0) HRT + &[(1-s) 3y RT +2a 3aRT +o:ud_]

| + px
(13a) We = (\—¢)wr + ¢ (1-YWn + daxWn
| | 4 ¢
(13b) = wr +b(whn ~Wz)
| + dot
(13¢c) = W
1+ P
(14a) H = H°
W
(146) = (I=#)#r BT + ¢ [(1—=t) 30u BT +20 30 RT + L]
' w w W w
(15) Hy-H, = (t—M(J?nB_wlz —”I‘BWI') a

- R~ - 1 — 0y RT,
+ @[ 01-2) 2 BB 4 2 380 RT + Ll - R ]

Ty W ()

I:; thls case the perfect gas law becomes

(16) T = (1+¢=) AO

Solving (15) and substituting (16) ,

(172) TU = (|—¢$(§Ize -Bx.) + ¢ {[(’l—od pn7_+2°lpnz]e

~Bni + )_;TUd} + (1+¢) 8

(PIze Bx) + ¢ [(§ﬂ1 ﬁlt)e ~(Bmi- 61']
+ ¢ [(7.(391"@m.) © +2L, RT.] + (l+¢d)_ﬁ

(17v)
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In the same manner one may find the expression for a mix-
ture of an inert gas and a gas partlally dlssoelated which
dlssoclates further in the shock. This is probably the most

complicated system ig which any useful klnetics could be done.

(18) T = %\v(@lze'ﬁr\) +(ﬁ%§.)§[('_°(‘)§m + ?-_°‘7-(3-m._.l e

b st 2 o]+ (42)8

Finally, for a mixture of an inert gas and an ionizing

monatomie gas

(19) TU = (1-9) (B0 -8x,) + 41{4[(!1—0:)9—1]

4+ 2ot U(.} (|
) o Bilced + -I-q)O( S
Thls assumes that a gas of ilons behaves as a perfect gas. In

all of therlagtrthree cases the proper mean»molecular weight,
‘2‘(sée (13)), must be used in (5) when calculating the
velocity.

For cases where ¢ is large the calculations for thg shock
behavior are best utllized by plotting lines of equal«x, equal
S, and equal v on a diagram of TU versus T, for a given T. ’
usually SOOOK »and plotting lines of equal ol on a4A versus S
. plot. A particular shoqk wave will follow,along a line of

constant shock veloclty, S , provided that the gas comes to

* The final parameters are related to a given final temper-
i ature and are insensitive to'the initial temperature being
changed by about one percent, to the asccuracy required

in these experiments.
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| i1ts high temperature equilibrium before the cold front.

In the case where ¢ is small (of the order of 0.01) the
éimplest qprocedure 1s to solve for thg behavior as a function
of temperature for the pure Inert gas, and for the mixture
with ¢ = 0.01 and ot = 0,00, 0.50, and 1.00. From'thé’ée. two

sets of data calculate

(299,) 8TL = TMg-0.01 - Tlg=0o
(20b) §A = Dgp=0cor - D¢=0
(20c) 8v = Vg=a.0t - vg=o
{204d) §s' = Sp-001 — S'g=o0

where s' is defined as the veloclity which the gas would have
had had 1t had a molecular weight W, rather than W, that is

(21) -s' = S(%_)‘ll

In a given shock S 1s measured and ¢ 1s calculated from the
original conditions. From these s' 1s calculated, and then Sg=o
is calculated.

(22) S¢=c = s - & &s'
7 O.0\

Sp=o 15 the velocity a shock wave in pure gas would have had
1i; this same temperature had been produced. From Sg=0 and the
careful calculations for the pure gas the temperature can be
found. Since 6's have been caleculated for severai o's (and
are approximately linear in «) the temperature for any o along
the course of the reaction behlnd the shock can be found.
Knowing the temperature at any & along the shock the true A,

etc. can be calculated,

(23) Ny = Dygog + (_%_&SA ete.‘,'
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since the 6's are given as functions of the temperature. In
mixtures of lodine and nitrogen sample calculations have shown
that the S's are linear in ¢, up to at least ¢==5ng% to the
accuracy required for these experiments. _

To use the observed density changes as a function of time
to study the klnetics of a reactlon it must be realized that
there ls an apparent time contraction in the moving shock wave.

Conslder a shock wave traveling a distance dx. The shock wave

requires dtshock=’§§ to reach X + dx from x. The moving gas
]

s —
vV —
X x+dx

requires dt, ,=dx to reach x + dx from x. However, the
v

rea
observed time after the shock front reaches x + dx that the

gas which was shocked at x reaches x + dx is a% sngerved

==%§ - %5 = Ab,oa1 - Abgp ek Recalling equation (6) and
eliminating dx, one obtalns

(24) dt = dt - A or

real observed

dt = Ad7T
The relation between the original pressure in the low
pfessure side of the shock tube and that in the hlgh pressure
side to the characterlistics of the shock wave 1s glven by

i |
(25) v= 272 aa [l__. (H)Y;ys]
' Va—1{

Thls has been repeatedly derived In the literature (17). Thils
1s not an experimentally gxact formula since the}mechanical
process of breaking a membrane ls not perfect,'but 1t 1s
useful for estimating the correct initial conditions to

obtain a desired shock.
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Appendix C
Caleulation of
High Temperature Extinction Coefficients

~_ The measurement of extinction coefficients at high
temperatures 1s quite direct. The fractlon by uhiqh fhe
transmitted lighﬁ decreases across the shock front, %i,,is
meagured from the oscllloscope trace. The fragtion‘éf the
Incident light that was transmltted by the colored gas
before the shock was run,éﬁ s 13 ealculated from a knowledge

of € at room temperature and the initlial concentration of

colored gas, that is,

leg & = —e,c, £
'°B = 2,

The shéck parameters are determined from a measurement of

the veloeity of the shock so that A is known. Then

67_ = - / ‘0 L,_ l:.
Ac.t 8T =
= —_— 1 '0 ‘-'l
LI e

If a reactioﬂ occurs In the gas the trace can be extrapolated
visually to the initial value except in very hot shocks

where the reaction is very fast and €, cannot be measured,
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Appendix D
Kinetlecs of the Dissociation of a Diatomic Gas
| in a Shock Tube
In a mixture of a dissoclating dlatomic gas and an inert

gas the dissoclation 1s governed by the following differential
equation, which is for constant volume.
(1) —é_PJ_( = %pn MM + RpaMA  + fRp MI

B (R M + Ran PR+ Rz AT
From a consglderation of thermodynamlic equilibrium it holds
that for any third body

At

(2) K—% = ‘%‘D.;
Combining (1) and (2) and factoring
) —%%.ID = (KM"Hl)(ﬁRHM +r frn H t—kRII\

If ¢, 1s the original total formal concentration of gas, and

¢ the total formal concentration in the shocked gas, then

(4a) c= NAcC,
(4b) M= (1—-«) dg, A
(4¢) A= 2xX¢c, A
(4) Tz (1-$) A
(5) ‘“%?ELI - g A %%%
A .
~ Substituting (4) and (5) in (3)
(8) g%c - [wacti-a) —44¢acH ]

[( 2Ren-Rrn)otd + egudg + (1-0) %RI]

At thls polnt the photo_metric equations will be introduced.
(7) € Caps L = — lcg_“.:_:
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where Cabs 18 the concentration of the absorbing specles. In
the case .of lodine or bromine, where molecules are the absorb-

ing specles, Coabs= M= (1-2)pAcs0 that

(8) (== chC.e,Q = -—\og%o

Taking derivatives of both slides of (8)

(92) ¢pac,ed [I - (\~o¢)(d;:(A + d‘hé)] dot \oﬂ /i
In the case where the atoms are the absorbing species this
becomes

(0) 288C,ed [| 4o (dnd +dlneylde - —d log i/ie

It can be seen from these that the case }wherr'e the atoms are
the absorbling specles 1s the more desirable, because the
change in light absorptlon due to the . .density increase wilth
dissoclatlion and that due to dissociation enhance each other,
Equations (6) and (8) are now comblined and the correction

for the apparent time contraction is introduced

(10) g[(?-kan ~frn)ot + Brn]d + (1- 4’)‘9231}
g |
d |£’-/Lo =
aT o, 8 el [ keac,(1-«) 7—74(¢§Cl) o]
|
[\ — (1= (d‘hAr r d |n€-)]

If « can be determined at each point on the curve of \cg 4 the

equilibrium constants can be determined, sincg in any sl}ock
once s is known « 1s known as a function of T, and A, K, and e
are assumed to be known as functions of T beforehand, and
hence also of «, This expression is valld in any case, but
in cases where ¢ 1s small changes in A, K, and € can be

approximated as linear functions of o« and an expression formed
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which can be integrated. In the case where ¢ is large
equation (10) would have to be usedrsincewA; K_; and € could
not be approximated by linear expressions. If this were the
case fepx would probably be known, so that Rg,and kamalone
would need to be determined. The gboYe_ method requirés that
& be known at each pc;“int, but if A, K, and € are known as
functions of X, then glven the shock velocity the value of
los%—.for 8 given o« could be calculated, and all that need be
determined experimentally _is the time depend_encev of "‘B%;

To determine the values of € and fagras functions of
temperature experiments where ¢ is small (about‘ 0.01) must be
carried out. In thls case ¢ is plotted versus T and extrapo-

lated to zero time, From thls one can caleculate (|og.i:;)_t=6

(11) log L/i, = (—x)_ A€

(log /i) 2=0 Az.g €2=0

For small 4> the changes in A and € can be appro'xima‘ted'as

linear with <, that 1s

(12) D = Npag ( 1+ 4dWA o’here dle 1s assumed constant

€ = €q_ d in€_ \w dlne |
'L—.-o( |+ e o() here din€ 1s assumed constant

. o ’
so that
(13) ___—B—————“ Lli" = (“’O( 1+ dlnA ) d e
‘ (“‘1 i./(,),t’_a )( S dAX )(‘+,d“ o(\

Thls can be solved for & by successive approximations.

Bquation (10) now becomes

(148) &gy = dlogiie L .
de K G el [ wonc, (1-a) — 4 (dac) o]
l .

— - dinA dine
t (1-) ( e + s
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' which can be solved as before., If it 13 desired to Integrate

11: is better to go back to equation (6) which becomes {allow-

1ng for the time cerrection also)

A - - LI
(15) §X = her A[Kuc. C1-a) 4(¢Ac.) o)
do

(16)

I}

(2.8 3
4t Rer & A [4‘C- K{(i1-ay — 4(4)(.. _]
Using equations (12) and a similiar expression for K, and

making certaln approximations by the binomlal expansion, (16)

becomes

(A7) da - gor AL (14 50 [k oci(1egad I~) — 4($GY =]

¢
where S -~ 3 dinA
_ d o
7N = dlnlk _ dinA _ 3 dink dhnA
' dox dx 4 Ao d
Let ¥ = 5_%153 and (17) can be written
(18a) Ao -
Ke8S ¢ (1) 1 = (1-n)a - (EHD.&] Fere T
Integrating and rearranging this
(18b) \ 1 | — 1’(\—71)
e A-.LC“ [‘+ 4(!+ ‘]‘ll Z(E“"n)
| (> 0-n) (\ D S o l-n))
\ €t
s
In —-& 2( 5“1) (‘ ) _ - S
« + 1-n  (y4y ) — 32 _ sU-m)
u'é”z)( ) LRI

in [ 1= (1-7)at — (E+n)o(1]lh'
1+ St

= &Rl‘t + constant
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Bxpressing (18b) in terms of the equilibrium o

Xew = 1-n — i + 4G
1(§+7z) ( ‘ \‘ * —71)")
if g#m=o0 Xy = _'_:l_;z_

(18¢c) 1 { 2(8+) — J(i-n)
K.AYc, [|+‘l‘(-5ﬂ1] [2(!-71)[(%“1) -7 K(H'l)]]

L1 HKas — X _ A Y
(1-n) + (E+n) (ot + 1) (§+7m) ~S>-S(1-n)
In [(2es—o0) [(1-) H{EMD) (e a)j
A+ Jeor

The above equation was rather tedious to use and 1t was

ﬁRI T 4 constant

found that a measurement of the initlal slope of the reactlon
gave satlsfactory results more readlily. The calculatibns
based on the initlal slope were made as follows;

For &=0 equation (6) becomes

(19 da = KWAcC, (¢ knm + (-9) Rer )
Let ﬁt_ = ¢ fkrm + (I-) ke
then (19) can be written
(20) R = da l
. at KAC,
—_ d |og </io
At |
d _log </is k A*c,
d ol
Recall
(8) |og.%— = — €N ¢C,1(|-Ol\
which becomes, upon differentiation with respect to o
(21) A leg Yia _ — 1 4A de -
d et N (I _—Jé- )loguo ——-Qlug‘-
If —— 13 plotted versus the slope 1is _—| 4 ':3"’“
|os U p T P ( log '1/{.31 dzx
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so that

(22) P?_ = glope x (1 aq ("/(‘,s)
- ‘ Q K A% c,
—~_ 8slope \

intercept Q@ WA™C,

- The derivatives needed above can be found by different-
lating equations (16), (17), and (5) from Appendix B to
obtaln the results '

L
(23) ﬁq - —¢e‘i(A -L) +(A-1+T-'c)[(7-(5mf(‘m\f %}‘]E

( \‘HPOA ( A"-.‘-‘f‘) + (A“l“‘ JTE_) [( |_¢) @IL + »(P[(l“?l)‘FML‘PZNPHI]:

(24)_01_1_\ - ¢ZA(A“I\([(2@9L-G"L) + )'%rued ] m[(l~¢)PI\;+1>t(l-x)(5nL+ld€A

Aot

same denominator

g_é 1s determined experimentally from the € versus | curves
T . o

and

(25) é._..e = _d__e T' _.d =)
aot o

z d

o
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(16)
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Proposlitions

1. It 1s suggested that the kinetles of the decompo-
"sition of the carbonyl halides be studlied using the shock
wave technlique.

' 2. - Certaln disubstituted compounds of ferrocene have
been prepared which are thought to be substltuted on opposite
rings as far apart as possible (1). .

(a) It 1s suggested that a determination of the space
- group of one of these crystalline compounds might confirm
this conclusion by showing that a center of symmetry is
required in the molecule. o
9 " (b) I% 1s suggested that If ferrocene diacetic acld be
prepared, from this compound it might be possible to obtain
Information about the location of the groups or the energy
of rotation of one ring with bespect to the other by a study
of the formatlon of the aclid anhydride.
(1) R.'B. Woodward, M. Rosenblum, and M. C. Whiting, J.A.C.S.,

74, 3458 (1952).
) - It 1ls suggested that the structures of fifth group
pseudehalides be determined with the end of explaining the
unusual behavlior of some of these compounds. In partlicular -
the structures of the trllsocyanates of phosphorus, antimony,
and arsenic (1, 2) and of phosphorus tri- and pentacyanide (3)
should be determined. From a consideration of possible
resonance forms 1t ls suggested that these molecules might be
planar, as compared to the phosphorus trihalides whioh are
pyramidal. ’
(1) G. 8. Forbes and H. H. Anderson, J. A.'C, Sy 62, 761 (1940).
(2) H.H. Anderson, J.A.C.3., 64; 1757 (1942).
(3) H. Gall and J. Schuppen, Ber, 63B, 482 (1930).

"4, ~ Llght rare earth sulfates crystalllze as ennea-
hydrates, whlle heavy rare earth sulfates crystallize as
octahydrates, the change presumably because the heavy rare
earth lons cannot support the coordinatlon number of twelve
which 1s requlred for one half the metal lons In the ennea-
hydrate structure (1). The other half of the metal ions in
this structure have nine fold coordination.

It 1s suggested that the compound LaY(S0 )5'9H20 should
be prepared 1f posslble, and examined to seé %f the metal
lons are ordered between the two different crystallographic
positions.

(1) E. B. Hunt Jr., R. E. Rundle, and A. J. Stosick, Acta

Cryst., 7, 106 (1954).

5. PBre 13 strongly colored in solution, and In 0.01 F
solution in 681 only about one third dlssociated. Because
of the strong color it might be suspected that there 1is a
molecular compound of some sort rather than molecular PBr,

It 1s suggested that this could be determined by finaing
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the positlion of the phosphorus K absorption edge in this
solution.

(1) A I. Popov and N, E. Skelly, J. A. C. S., 76, 3916 (1954)

8. It is suggested that the compound 1,2,5,6-cyclo-
octatetraene should be prepared 1f possible. It would offer
an interesting example for the study of pi bond iInteraction -
in a non-conjugated system. It would have three more or less
strain free isomers, d, 1, and meso which would differ by

rotation arognd one or two ‘double bonds and which therefore
would’ be sepgrable isomers.

Te It 1s suggested that the decomposition of 1 2-dilodo-~
ethane should be studied by the shock tube method. This
reaction has been studied at low témperatures (1) and the
high temperature results would provide knowledge of &
unimoleciilar reaction over a large temperature range.

(1) L. B. Arnold and G. B. Kistiakowsky, J. Cheme. Phys‘,
1, 166 (1933).

8. It has been shown by radioactive exchange studles that
exchanges rapldly with equatoplal Cl and slowly with
?cal Cl in PClg (1).
- It 1s° suggested that the followling exchange reactions
be studled, Fy=PFc, Cls-PFzCls, FZ-PF501 in the same manner,
(1) J. 7. Dofins Bnd R E. Jofinsofi, JoA.6.8., 77, 2008 (1955).

9. It 1s suggested that benzene hexacarboxyllc acld
(mellitlic acld) 1s a compound which might be completely
intramolecularly hydrogen bonded, and that these might be
symmetric hydrogen bonds, Crystal structure studlies by
x-ray and neutron diffraction should be made to determine
whether this 1s so.

10, The arguments of Perros et al. (1) that PrF, should
be stable are incorrect. A correct argument says that the
free energy of the reaction

PrF:s(e)"“ er(g) —> PrFMc) equa,ls - 11 24

kcal/mole. All attempts to fluorinate PrF; have been

unsuccessful, but 1t 1s suggested that 1t might be possible

to make +4 Pr iIn a fluoride by fluorinating solid solutions

of PrFz in CeF3. .

(1) T9 P. Perfos, T. R. Minson, and C. R. Neeser, J. Chem.
Educ., 30, 402 (1953).



