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The work described herein was undertakes in order to accomplish
two goals. The first was the construction of s mass spectrometer end
associated equipment for use in continually monitoring the kineties of
& chemical resction in the gas phase. The second was the use of this
equipment in the actual study of the kinetics of & thermal decomposition.
The first compound studied was azomethane (MeCoy, 1955). The present
thesis will cover the work on azoethane togetber with a deseription of
part of the instrumentation.

The work deseribed herein d on December 20, 1951 and,

with the exception of processing of the data and the writing of this
thesis, was brought to a close on December 10, 1956. m firet three
years were largely consumed with the construetion of instrumentation and
the checiting out and calibration of it. While the last two years were
lergely spent in experimentation, & considerable portion of this pericd was
elego devoted to rebuilding instrumentation which did not perform satis-
factorily after experimentation had begun.

While three years was spent in the construction of instrumentation,
this thesis will describe only two of the major items. The instrument has
been previcusly described by Bngh. (1952). Since that time many changes
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mm%mmy«mdo«mtmmemnmm; Among
these are a battery electrometer, a magnet power supply for use in sweep-
ing the mass spectrun megnetically, a thermostal and phase shift thermo-
regulator, an emission regulator, snd almost 100 glass diaphragm leaks in
eddition to the many changes in the existing circuliry and in the source
congtruction. Because this thesis 1s intended to report only experimental
regults, the mejority of the additional construction work will not be
veported here. The two items discussed here ave included because of thedir
unigueness snd because of the desire to have plans, specifications, and
eireutty of these devices on record as soon as possible., 7The ftems not
covered here will be reported on later in the literatuve.

As in all experimental work, the data contained herein is not
‘emp;-u. A congidersble mmount of work on this subject vemains te be
dome. As the veader progresses through the text he will Pind suggested
nﬂnﬁtmmm. Many of these avenues have been investi-
gated to some extent. However where these investigations became too
tmmmuummﬁmmufmmmummwm-u
path., Preliminary resulis obtained on some of thess tengential investi
gations were encouraging and where further work, in the opinfon of the
author, would be fruitful, 1t 1s so noted in the text.

The name on the title page suggests that this work was accomplished
by one man. This is not true. Many people have alded in the sccomplish-
mto!wtanmmditngﬁmton&MMﬂummu
these contributions st this time. The United States Atomic Energy Commis-
sion was of great help in supplying needed funds throughout the entire




to actual asgistance in the assembling of an electronic compoment for the
instrument. His help, enecouragement, and understanding were available on
all problems, regardless of size.

The persons described above are to a large extent responsible for
any fruits borne of the five years of work covered by this thesis at the
University of Oregon, It is with deep humility and profound thanks that
I teke this opportunity to acknowledge their econtribution,

William D. Clark

Jamuary 1958
Los Alamos, New Mexico
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CHAPTER I

In order to avoid confusion so often encountered in reports con-
cerning cheuical kinetics & clesr distinetion should be made between the
order of & reaction and its molecularity.

The order of s reaction is an experimental result. Equation (1)
Wmmmuuofmammtnumdsﬂm
chemical species as a function of time.

';-.g'— = KO (1)

Here 0‘ is the concentration of species x, ¢ s time, X is
the specifie rate constant, n is the order of the raction and can be
either an integer or a fraction. I equation (1) fits the experimental
data best when n = 1, then the reaction is sald to be first order,

n = 2: sevond order snd so on.

Tn the event the product of several concentrations are necessary

to deseribe the reaction, then
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-?*Kqﬂ;ﬂ;"' (2)
and n will be equal to &8 + b + € +ees
| Molecularity is obtained from the knowledge of the mechanism by
which the reaction proceeds and suggests the mumber of molecules coming
together to form an intermediate complex which decomposes into the pro-
duets. It does not, m,mmmt%hm&n'tlumu-_
A eollision ¥ two molecules may result in one heving excess ensrgy.
After a short time this activated molecule will either decompose or trans-

fer its excess energy to another molecule via a collision. When it de-
composes the reaction will be unimolecular in that only one molecule was
involved in the reaction even though two molecules were involved in the
activation process. .H, bhowever, the collision resulted in the forma-
tion of & complex consisting of the two colliding molecules united with
.mmm(mmmwumm)mmmmu
be eonsidered to be bimolecular. As long as the reaction is simple, i.e.
involves o single step, the order and molecularity will be identical and
equal to the number of steble molecules which unite to form the complex.

However, relatively few really simple reactions exist. DlNost re-
sctions involve two or more steps. Under these conditions the identity
18 lost and the order results from an empirical rate law which fits
experimentel data, whereas the molecularity may be deduced only from
knowledge or speculation sbout the meebanism. Thus, in general, & uni-
molecular resction does not demand first ovder kinetics any more than a
bimolecular reaction demands second order kinetiecs.

This research is concerned with a first order, unimoleculsr,
homogeneous reaction in the gas phase.




History of Unimolecular Reactions
For many years no unimolecular homogeneous gas reactions weve

known and meny workers were of the opinion that none existed. Tn 1919
Trautz and Bhandarker reported that the thermal decomposition of
phosphine was unimoleculsr and homogeneous above 959K, TLater
(Hinshelwood and Topley 1924) 1t vas found to be heterogeneous. Then
Daniels and Johnston (1921) reported that the thermal decomposition of
go,tumurwm:-mmmmm These results stood
for many years until Ogg (1947, 1950) showed that, in spite of being
Fiveh ovllsr the reastion s not saimolesules but has & more complex
mechaniss. lowever, since 1921 many gaseous reactions which have been
shown to be first order have been reported (Frost and Pearson, Kinetics
and Mechsnism 1953). Iater work on some of these showed them to be
ehain reactions. .

At the time Trauts and Bhandsriar (1919) reported their work, it
m«mw.rmtmmum-mmmxm
and a second order lew required a bimolecular resction. If this were
true and reactions in the gas phase depended on bimolecular oous-aem,
:eroummtmmwnmmmmwu..

The discovery of first order, unimoleeulsr, bomogeneous gas
reactions appear to give substence to the Radiation Theory of Aetiu@iopn
as suggested by Perrin (les Atomes 1913)(1919), Treutz (1918), snd W. C.

¢. Tewis (1918). The statement of the original, simple form of the
Rediation Hypothesis is:



In ordinary thermal reactions molecules are put into an active
state by the absorption of infra red rediation emitted by the walls of
the containing vessel. The frequency of this radiation may be eslcu-
lated from the egquation

%%K"‘g (3)

where X is the thermal reaction rate tant, N is Avogadro's
pumber, h Planck's constant, and v the frequency desired. From this
it sppears that when the reaction wes reversed infrared radiation of

frequency v should be emitted.

Almogt from the outset the theory ran into trouble. Iangmuir
(1920) showed that the density of infrared radiation inside a hohlremm
was insufficient to account for observed rates. Daniels and Johaston
{1921) found that Ng05 Was transperent at 1.16 micron, the wave length
predicted by (3) from the temperature coefficient of the thermal reaction
rate. It was also found (Daniels, 1926; Taylor, 1926; lewis and Mayer,
1927) that by inereasing the intensity of the infrared radiation of the
caleulpted wave length, no increase in rate was observed. The coup
de grace was given the theory with the experimental fact that resction
rates fall off below a critical pressure (see Fig. 3, p. 38). -This:fact is
entirely inexpiicable on the basis of the radiation hypothesis but 4s a
definite prediction of the eollision theory of activation.

The redistion theory has since been shown to be without merit
8and is presented heve only because of ite historical interest. It is
an excellent example of a besutiful theory meeting some ugly facts.




The Coll Activetion
Although the ecollision theory of activation was extant for years
before the disecovery of first order unimolecular reactions, it was not

understood how & collision process could produce them,hence the detour
considering the radiation hypotheses. When the radiation thlory was
found to be without merit, the eollision theory was re explored. In
1922, Lindemann and independently, Christisnsen suggested that activation
by eollision "' compatible with firgt order kineties if there were a
time interval between collisions that was short compared to the mean
1life time of an activated molecule. If this were true, an equilibrium
econcentration of activated molecules, that was directly proportional to
the concentration of the reactant, could be maintained. The consequences
of Lindemann's suggestion can be shown by the following example. This
treatment has become known as the Hinshelwood-Lindemann theory of
unimolecular reactions, (HL theory). Consider a chemical reaction with
the following stoichiometry.

PSP (%)

Associated with this reaction would be the mechanism

.

AsM—2 A% em (5)

and the reverse resction,

k!

A‘ +M——A+ M (6)

k
=S g0 (€3]




I equation (5) and (6) M emn be = molecule of either A, or
one of the products, or an added inert gas. Bqustion (5) gives the
activation reaction whereas (6) and (7) give the two methods by which
deactivation can occur. In the following derivation A, A%, M, B, and
C denote concentrations in some convenient units (i.e. moles/liter).

From equation (7) 1t follows that

g = kp (8)

and sinece

fﬁ-‘ﬁ (9)

.g-x’n. (10)

Now considering equation (5), w. (7) es deseribing the entire reaction,
we consider the relationship for @A¥/dt and obtein

R AR CELYLELD ()
memx«&iﬂummmnﬁxmt
steady-state concentration of A¥ which 1s very small compared to other
substences present, we may write as an spproximation,

ﬁ-‘-u.. (12)

Then equation (11) becomes

o
A* = i?.* k} ‘ (13)




Substitution of (13) into (10) yields

k k. MA
-ﬂ'é*rr; ()

m.thvm‘k5>}kalud(lb)m

-% - mm (15)

which is a second order law. However at high pressures uau>>:3
and (1%) becomes

ap& - %A § (16)

vhich is a first t;rdlr law,

Bo we see that one prediction of the HL theory is that unimole~
cular gas reactions should become second order at low pressures. The
results of this research verifies this prediction as seen in Figure 3
on page 38.

Atm-metumuxoauermmuavxyum.w
from first to second order kineties not observed during any given run.
As long as the coneentration of M es an sctivator or deactivator is
constant throughout a given run, each run will follow first order
kinetice independent of preesure. This ie the case vhen the products
Just compensate for the loss of reactant.

In generel the HL theory does much to explain unimolecular gas
reactions. However, it does not give results which are compatible with
experimental data.

From equation (1) we obtsin the expression for a first order

reagtion




-% s KA. (17)

Solving for the speeific rate constant, K we cbtain

k--3 &. (18)

Compering this with equation (1) we find

M
"%":‘r . (19)
3

Included in equation (19) is the assumption that M 1s constant
in the time interval used in caleulating a first order K from experi-
mentel data. Solving equation (19) for % gives

k,
i‘:ﬁ*:ﬁ:' (@)

Now £rom equation (16) we define a high pressure rate constant which is

. dent of P -

k.
x_-f}l-l . (e

Substituting (21) in (20) gives

%‘E“E;ﬁ (22)

vhich is the second prediction of the HL theory. That is a plot of
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|| 1/K vs 1/ should give a straight line vhose slope is 1/k; end whose
|| intereept is 1/K_. This prediction was found to be in evror. When
Mm.mwummmmm'usﬁ
ldine showed considersble curvatuve (see Pigure 4, page 39).
Perhaps the most serious defect in the HL theory is the asswp- !
tion that all activated molecules resct at the same rate. It seems !
ressonsble to expeet the highly energized molecules to have & shorter
h lifetime than those with lover emergies. This being so k, would be

a function of the pressure and a plot of 1/K ve.1/M no longer ylelds
a straight line. ;

To account for the eurvature in the plot of 1/K ve. 1/M three
theories have been sdvanced. These are due to Kassel (1928), Rice !
end Ramsperger (1928), and Slater (195%) and all are based on the
Lindemann mechonism. The theories of Kassel, and Rice end Remsperger
are quite similar. In view of this,only, the Ksssel theory will be
considered. The Slater theory and the Kassel yield nearly the same
vesults if the substitution

n=2s =1 (23)

is made. Heve s 1s the effective number of oseillators in the molecule
sccording to Kassel, and n is the number of oscillators in the Slater
theory.

The Slater theory requires only the activation emergies in the
way of experimentsl data, However it is limited to rather the emall
number of molecules for which a full spectroscopic study and vibra-
tionel enalysis can be made. Slater (1953) has reported e complete
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mmmwmehmm; In considera~

tion of the fact that the results of the Slater and Kessel trestments
are similar end that the Kessel treatment requires only that experi-

mentel dsta ususlly obtained in kinetic work together with the evalua-
tion of & difficult integral, only the Kassel trestment will be dis-

cussed in this report (see Chapter V).




CHAPTER II

Preparation of Sample

Azoethane is a colorless liquid having a boiling point of 58,0°
(Renavd and Leiteh, 1954) and a melting point of less than -80%., It
was prepared from sym-diethylhydraszine by mild oxidation.

The symediethylhydrazine was prepared by the method according to
Hatt (Organic Syntheses, 1943).

The method proceeds as follows:

i
O o1+ W, uzso‘QO

i

C-Hefi-C
@ O + 2(cu,08,) ;50 + 2Ma0H —>
0 - 20830080, Na. - 2H0
O 37




cx, cn,
i
i llI C-0H
CH3CHN —pRCHzCH; + 2
H
c1” e1”

The dihydrochloride salt was recrystallized from an ethyl
aleohol and -;cr mixture at least five times, The resulting material
was @ snowewhite mass of needle orystals which on standing in open air
slowly developed yellow spote. It was thought that these yellow spots
were areas in which oxidation had begun. After further reerystalliza-
tion the product was kept in an air-tight bottle under an atmesphere
of dry nitrogen. No further difficulty was experienced.

The oxidation of sym-diethylhydrasine has been reported by
Thiele (1909), Jahn (1937), and Remaud and Ledteh (1954).

The method of Thiele (1909) involved a KgCr0; oxidation, The
oxidation was quite vigorous and the yields were small (about 10-20%).
A sample was prepared by this method and purified, Its mass spectrum
did not differ from that obtained from other methods. The yleld was
14% of theory.

The method of Jahn (1937) used the CugCly addition compound of

the dihydrochloride salt. This material was made by the additiom of
CuCly to an agueous solution of the dihydrochloride which had been
buffered with sodium acetate, The precipitate was filtered, washed, and
dried in yaguo. The dried precipitate was then heated to 200°C and the
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azoethane eollected in a dry-ice trap. Mass spectrum of the produet
showed the presence of 20% ethyl chloride, After distillation through
a Todd eolumn, the fraction collected at 57-599C represented a total
yield of 50% of theory and no ethyl chloride was found to be present.
The mase spectrum of the sample agreed with that obtained from the
first method.

The method of Renaud and Leitch (1954) was found to be the most
straightforward and gave the highest yields. In this method an aqueous
solution of 16,1 g (0.1 M) symediethylhydrazine dihydrochloride, 8 g
(0,2 M) NaOH, and 45 ml water was added to a flask fitted with a magnetic
stirrer, Vigreaux column, s receiver, and containing 29 g (0.135 M) Hg0
in 45 wl water. Stirring was started and continued for 10 minutes, at
which time the stirrer was remeved and the flask was gently heated. The
material boiling between 50°C and 70°C was collected and dried by pass-
ing it over Fp0s, which was contained im a tube mounted between two dry-
ice traps., The produet was then distilled through a Todd eolunn and the
fraction boiling betwsen 57.5°C and 58.5°C was removed, The yield was
80+90% of theory. The mess spectrum of this product agreed with that
from the other two methods. A total of 80 g of azocethane was produced
and used in this work, Of this amount 70 g were made by the last method.

The exidation of symediethylhydrazine to ascethans proceeds
ageording to the following equation:

e e o NOH,CHy + H,0+ Hg
EH
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Much attention was given to the purity of the azoethane used in
this work. Other then method of synthesis and boiling point, mo eriteris
for purity were available, Much more material was used in the purity
work than was used in the kinetiec runs.

A low temperature frectionsting column wes constructed after
LeRoy (1950). A sample of azoethane was placed in the eolumn end cooled
to -80°C. A total of six fractions were d at temp inere~

ments of 15°C and their mess spectra run. In the asoethene obtained
from the first and second methods of synthesis, some acetonitrile and
n-butane was found. However, the spectra obtained from the six fractions
on & semple from the third method did not differ from each other. From
these data it was assumed that we had (a) & better product from method
three (Rensud and Leiteh, 195%) and (b) that the mass spectrum was in-
deed the true spectrum of azoethane.

In Figare 1, the mass spectrum of azoethane is yeproduced exactly
@8 it appeared on the Leeds and Fortluup Speedomax Recorder. In this
spectrun the magnet current was varied and not the accelerating voltage
as is usually the case.

Yost of the peals expected from azoethane sppear. The 86 pesk is,
of course, the parent peak. The 57 peak corresponding to the fragment
m,m,q’u;m”wnnmksm(m,%l‘)um
aammp.a(n;nnusu;). The high 41 pesit could possibly have
been due to scetonitrile present as an impurity. However, repeated
fractionstions failed to alter its pize. Seversl fragments with mass bl
could be formed by decamposition of the parent molecule by electron bom-
bardment. mm--ﬂn,a:*,-acm*. Neither of these seems
especially probeble. Reerrangement or recombination could lead to




A Reproduction of an Actual Run.

PIGURE 1

Mass Spectrum of Azoethane.
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“1 an,uze’, but this does not appear probable either. It is not possible to
| decide vhich fraguent or process is chiefly responsible for the 4l peak
;H aod, in fach all could contribute. If one uses 40 volt lonizing electrons
instead of the 70 volts usually used, the mass spectrum of azoethane ve-
mammmmuuwmahmmmm-n
maspes 41, ete. The effect is the same &s decreasing the amount of
acetonitrile in a mixture and observing the decresse in the mass epectrum
of acetonitrile in the spectrum of the mixture. If this effect is real
and the interpretation of the facts given above is correct, the possibility
of organic synthesis by electronic bombardment sppears possible.

‘The complete mass spectrum is given in Table I and was obtained
from the spectrum shown in Pigure 1. In order to £it Figure 1 onto &
standard page it was neecessary to reduce its size photographically. The
original tracing was ~ 1.50 times as large as Pigure 1.

It has not been possidble to pump down the vacuum system in any
mass spectrometer, using & tungsten filament as an electron source, %o
thputm»op‘amobw'ﬁtshmsq-bhdm
10" amps. There 1s alvays st least o mass 18 (vater), and a mass 28
(earbon monoxide). umumamuﬂwn'm"mml
not give & mass 32 peak (oxygen). As @ matter of fact, the presence of &
mass 32 peek is almost always indicative of & lesk in the system. These
residuel peske arve known as background and the spectra obtained must be
corrected for them. This is done by taking a spectrum immediately before
mmmmummﬁnhm«m-wm
from those obtained from the semple. This rather simple correction is




Mass-Charge Type of Relative
Peak Intensity

ratio

TABLE I

liass Spectrum of Agoethane (see Fig, 1)
{corrected for background)

Symbols:

2,1
2,1

BageRL, = 2000 V.
Epoms, =70 V.

Iﬂ'& = 4465 Amp AC
Igpap = 15.5 panp.
Tgage = 4440 pamp,

35
«35
2,27
6,04

.38
.19
1.21

.10
5,72
32.39
24,08

8.21
.19
1.37
2.72
6,16
11.66
9420
5.01
1.50

Hasg-Charge Type of Relative

. ratio Peak Intensity
—{n/e)
45 r,d .16
06
52 .06
53 .ég
54 o
55 64
56 +54
57 2 13.00
58 b % § 1.7
59 i .03
63 .10
65 o13
66 06
69 1.41
70 «13
71 6,10
72 7,1 .22
83 .03
8, +61
85 «32
86 P 13.80
27 i .

Notes on Table I

P « parent peak

b = base peak

i - isotope peak

Leak B (Dia, = 10 micron)

3 br. wait for equilibrium

Sesn time (mass 12 to 102) =23 min,

8,58 resistor)
78.5
r = rearrangement peak
m - metastable ion peak

Pressure = 25,3 micron (C.E.C. micromanometer)

Magnetic Sean 40 ma (mass 12) to 140 ma (mase 102)

{mm/mieron on recorder, shunt 20) Sensitivity of L and ¥ ncoﬁg (8hunt 20)
Agoethane mass 29 (bese peak) 62,1 4 x 10715 amp/mm (with

" mass 86 (parent peak)
N-Butene mass 43 (base peak)

ohm input
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. ZABIS II.
Sackgrousd Rpeetrs for Figue 1

Moss-Gharge  Peek (-:31@{ Msss-Charge  Peak Height

2.0 L8 ones: (00

W vk s e QA
17 8.0 ke e -3
18 35.0 43 8.0
26 2.5 \ b 20.0
o7 10.5 '56 1.0
28 b3.0 : 57 1.0
29 bis A 3.0
20 6.0 86 1.0
.59 3.0

possible beesuse the peak height isylinesr functien of the pressure over
& wide range of pressures. The background spectrum for the sample given
in Pigure 1 is given in Table II.

It should be pointed out that the data given in Table I are rela-
tive pesk heights. Because the mass spectrum of any semple is s function
of the geometry of the particulsr instrument sand the lonizabion efficiency
of the source and bombarding electron beam, it is exceedingly difficult to
obtain absolute mass spectra.
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In most instruments the maguet curvent is held constant end the
mulmtmmwiumwmnmwm.mm While this
mnmzhum-mmwnmmmtomymmtm
this work beceuse of "diserimination” or "voltage effect.” If any mass
is brought to focus st several different settings of magnet currents
and accelsrating voltages, it is noticed that the pesk height will vary,
usually becoming suall at lower sceslsrating voltages. The exsct relation~
ship between accelerating voltege and peek height is also a function of the
geometry of the instrument and the different voltages applied te the
source. This effect is known ss "@iscriminstion.” It cennot be dispensed
num:tmumu.wmmwmmm
ting voltage snd keeping it constant throughout euy work done with the
mass spectrometer. A spectrum is then obtained by varying the magnet
curvent. It was in this msaner that the spectrum given in Pigure 1, page
15 was obteined and in fact in this entive work.
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-CHAPTER III
Experimental Method

The procedure usually folloved during the course of e kinetic
run is summarized below. A sample of azoethane was admitted to & sample
introduction system. The purpose of this system was to provide a means
of gample introduction into the thermal decomposition flask and deterw
mining the initiel pressure in this flssk. In the pressure vange O to
200 nicrons, this initial pressure vas easily detemined through the use
of a Consolidated Zngineering Corporation mieromenometer. However, in
‘the range from 200 microns to 100,000 microns the pressure determination
wag more Aifficult. This wes accomplished by introducing & sample of
agoethsne into a pipette of known volume under s known pressure. This
presgure was determined throngh the use of a 0 to 50 millimeter Wallace-~
mmmm..‘umummému
pipette was so chosen that upon expansion into the reaction flask the
desired initial pressure would be obtained. In the pressure vange 1000

mierons to 50,000 mierons the Wallece~Fiernen msnometer was used directly

88 a measure of the pressure. In the range 50,000 microns to 100,000
microns a mercury mancmeter was the pressure messuring device. These

e




four pressure measuring systems vere carefully calibrated and crogs~
checked to give a true scale of pressure from 1 micron to 100,000
mierons. mmmwwmmwum,mam
gas lav was sssumed to hold true. mmmeob-m:uum,
normal hexane, argon, and azosthsne.

With the sample in the reaction flask, the flask was shut off from
the semple system and the decomposition run was begun. Decamuse the thermo-
stat vas slways at the operating temperature ot which the run was %o be
nede st the time of the sample introduction, it was necessary to complete
the semple introduction and pressure measurement in as short a time es
possible. This wus made necessary by the fact that decomposition sterted
as soon as the ssmple gas entered the heated flask, resulting in a pressure
increase, Part of the gas would then expand out of the reasction flasgk if
mlaﬁ@mitmmmhammmw“my
es possible, In en effort % get consistent pressure meesurements, the
following eriterion was used for mm the initial pressure. Immedistely
m;mmmwmmmMth.omimm
made of the change of pressure with time. As the sample expanded into the
m«m,m'm-munm.mmm. As long es the
pressure vas falling, commmicstion between the smmple system and the
resction flask was maintsined. The fell in pressure began to slov up snd
finally stopped. A% this moment the stopeock was shut off between the two
systems. Using this wmmmmeymmmmmmmm
any given kinetie run within the experimental accurmcy. The time vequirved
for the sample introduction varied from 10 to 45 seconds, longer times
being requirved at lower initisl pressures when using the 13 liter resction
flask.




FIGURE 2

Above: Mmum-nﬁwwmnmw
and at 300° ¢

Below: mmm-uﬁmwmnmw
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The moleculer leak in the center of the resction flask was con-
nected directly to the inlet of the mass spectrometer. A emall semple
of ges was removed from the resction fldsk continuously end in most
cases the pavent peek (mass 86) of azoethane wes continuously monitored.
In two yuns (Ho. 10k end 125) the entire spectrun of the decomposing
system vas monitored. Run 10 ves made at e temperature of 260.0°C end
& pressure of 23,500 microns and was followed for 600 minutes. Run 123
vas at 260,0°C, 10.3 microns, and was followed for 1200 minutes.
mmmmwmmmwuﬂmm
mmvumtwmmummmmu
with the walls of the mass spectrometer. This time veried from 15 to
mmmmwmuum. A typical case is shown
in Figure 2. Imedistely after the introduction of the sample, the 86
pesk of azoethane rose to sbout 40f of its final value. Hereafter, the
rise wae rather slow and consumed 18 minutes befor¢ s stendy velue was
reached, In an effort to correet this condition, the entire tube, com-
prising the nase spectrometer end the puiping lead, vas wrapped with
ummmwmmm Many eurves of the type
shown in Figure 2 were run. It was discovered that after the tube vas
beated to 300°C & further increase in temperature had no significant
effect. The effect of heating the tube to 300°C is shown by the second
curve in Figure 2. auumvanp‘mmmmum
final value in less than 30 seconds. hnmtto‘wthﬂfhu
"stickiness” was a function of the particular compound and not of the
instrunent itself, other compounds were run and peak rise times obtained

on them. The second curve on Figure 2 is the peak rise time of n-butane
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vith the tube either at room temperature or et 300°C. No significent
change was discovered in the peak rise time for n-butese vhen the
tenperature of the tube vas ralsed from room temperature to 300°C.
Thie ves aleo true of meny other hydrocarbon compounds. It was also
discoversd that alcohols, aldehydes, ketones, end anines behaved much
in the same vay s azoethane but to varying degrees. The resulis of
this work indicate that the more poler the compound the more "sticky”
it becomes, with amines and carboxylie acids being the chief offenders.
This seus effect as also noted with respect to the pump-out times for
some of these compounds. Figuve 2 shows two curves obtained with
szoethane with the tube hot aod cold and with n-butene egaln with both
hot and eold tube. It is seen from these curves thai maintaining the
temperature of the tube at 300°C improves the pump-out charscteristics
of azoethane %0 & considerable degree. In the dats that follows, runs
1 through 18 were made with a cold tube. Rung 19 through 151 vere made
with a hot tube.

The technique used in obtaining the date on the kinetic runs
followed cne of two methods. In both methods the perent pesk (mass 86)
was followed as a function of time. In the £irst method the deflection
of & galvsnometer in the output circult of the electrometer was recorded
o8 & function of time, This method became %oo time consuming beesuse it
required contimuous attention for long periods. Therefore, the second
method ves evolved, which consisted of adjusting the mess spectrometer
80 that the parvent pesk was belug obeerved. This wes then recorded on
8 leeds snd Northrup Speedomax recorder. After sppropriste corrections,




25

m«mmmutwmmanwummw,mm
were teken from the Speedomex recorder charts and plotted. A plot of the
anmhmwmuuﬁ-fwmmuw
unwwmwmm hww,md‘ueb-
mm-wmm»mew«m_ In the higher
presgure region this vas reduced to approximately 1 to 1 1/2 half-lives
before devistion from s stralght line was observed. Specific rate con-
stents were cbtained by mltiplying the slopes by 2,303. In the lower
pressure yuns, it was necesssry to apply & leak-oul correction to the
gpecific rate eonstant so obtaiued.

A grest deal of experimentel work vas necessary in order to deter-
mine the velue of the lesk-out correction as a function of temperature.
During the course of this work two different flasks and lesks were used, j
a 2 liter flask for high pressures and & 13 liter flask for lower pressures.
In the range of 3000 microns %o 100,000 microns the lesk used was so suall
that no leak-out corvesction was necessary. The high pressures in this
wmm%ﬁt%“ﬂdhqﬂ»d’mww,mm
the peak height could be followed with ease. In the lower renges, hov-
ever, 1a order thst s sufficient signsl level be cbtained, & larger lesk
was necessary. Of course, the larger lesk mesnt that a larger percentage
of materisl vould be lost through lesk-out. It vas in this range that
legk~out corrections were nscessary. In the range 80 to %000 microns the
leak-out correction wes small. nwmw,nm»mn.yﬁ«
mmmdmmmmmm However, in the ‘renge
1u&ummmm-aetm«mnmmhm¢em
.ttblmﬂm-mn&mﬂ—mﬂdﬁesoﬁatmobm

SEEss e
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CW&‘“M&N““« It was in this renge that
& work was done in order thet a value for this correction could
obtained. WQIMkMGM. the nusber of molecules
will leave the veaction vessel through the leak is glven by

.g.aﬁﬁ : (@)

N is the total number of molecules contained in volume V, A is

Jis the number of molecules that will leave volume V <through a hole in
‘mmdw A in time dt. kourau,;\,v,mllm
eonﬂamt; This reduces the above expression to

~Hex T by (23)

vhere k is the constant containing the sbove parameters. Further,
| vhen only one temperature is considered, Wummmnmm
| expression

-Heww (26)

Thiz is a first order rate law. Nommal hexane was chosen for use in the
lesk-out experiments because its molecular weight is identical to that of
WMW@M&M“&WMM-
mates that of agoethane. Constant values for k', using normal hexene,

gy




mmmtumummmmm%umﬁ.
Obtaining these date wes made difficult by the long times that were
mbmahd—m:m.mltpmlmum
observed becguse of the small leak-out rate. Although the data were
exceedingly scattered, a square root law seemed to be possible. #4n

|| attempt to resolve this Aifficulty wae wade by running leak-out corvection
mumww-mwmmmm
decomposition would be much slover than the lesk-out rete. This turned
|| out to be sbout 200°C. Values obtained here were smaller then those
obtained from aa extrapolstion of the leek-out rate of normal hexane at
the higher temperstures. Because the dats obtained with azoethane at
the low temperatures was fairly consigtent and reproducible, it was
decided to use the squave root of tempersture lav and extrepolate the
lesk-out values for azoethene from 200°C up into the range at which the
kinetic runs were made. The resultant values are shown in Table IIT.

TABLE II
Lesk-out Corrections in Pressure Raage 0-80 p
Kt x 207

0.8

0.84

0.85

0.86

0.87

0.88

E%i!ﬁ%%

R

e S — -

= e



A% the gxm'mrm’wagm-mmmmmamm-
stant followed & first order law, This ensbled us to subtrect the leak~

out rate constant from the specific rate coustent. In this way e core
rected specific rete constant wes obtained and all values of this con-
stant were corrected in this menner.

During ilke entire series of runs & record was msde of one or both '
temperstures from eftber & platimm resistance themometer or a cali- ‘
brated chranel-slunel theruocouple. The therocouple ves plased in & \
nnmmmmmwwmnmtmzwu. The platimm \
resistance thermometer ves placed in the ir streem in one corner of \(
the thermostat. Agreement between the two temperstures measured vas i
meG.Ie. :

oF the total of 151 ummmm. 133 were straight kinetic E
yuns in which the parent peak of azoethane, nsss 86, was followed &8 a ¢
funetfon of time; in 2 runs ell the peaks were followed as s function 1
of time; b yuns were made for the purpose of snalywing the products of
m&mumtSmmmﬁﬁmmmMW‘m. ;
suffieient Pyrex wool to increase the total surface area a factor of 20, E]
Five of these pecked flask runs were at 310°C and in the pressure venge

of 10 to 100 microns, and three were in the seme pressure range bt at

270°¢; & runs were made with e mixture of 90% toluene and 10§ asoethane. ‘
mmne‘thnum-gammm'mumﬁnmum
section, “Dats and Results.” :



CHAPTER IV

Dats and Results

In this chepter the dats @nd the results of the deta vill be
consequences of the results will be teken up in Chepter V, "Dis-
of Results.”
 The data ecollected during the course of 151 kinetic runs ave
in Table IV, kom»Mw,;nmam
was adopted snd is given at the end of Teble IV in the seetion
"Explanstion of Teble IV." In Figure 3, pege 3B, 5 + log) oK va logyoP,
plotted for the seven temperatures studied. The solid curves vers
tained from the Kassel Theory and will be discussed in a later section.
The results of Runs 1, 9, 10, 11, 12, 16, 88, 55, 63, 79, and W3
included in Table IV, but sre mot plotted in Figure 3, pege 3.
1 through 12 vere nade vith & cold spectrameter tube and vere con-
dered unrelisble. A careful check of these mumns vith s hot tube showed
'm1,9,m.u.mmmwmwmummm.
mmmmmmm«mmnmwnm
culties.

A
B
I



TABIE IV
Summary of Kinetic Runs
(See end of table for explanation of the system used here)

§

in um-(ri)

Initisl Pressure K (sec™) us”(r‘) 5+10gy K ; }
' |

9 100 1,01k 2 1,700 -
54 100 1.500 2 :.-.#_”3
53 100 2.957 2 1.1 -5
41 100 2.972 2 1,116 -5 |
40 100 2.993 2 1.762 -5 {
52 100 302 1,596 -5
5:&9 037 2 2.271 -5 i
100 : 3 2a -5
51 100 1.228 3 .81 -5 . : g
(T8 FOLLOWING RUNS ARG AT A TEMPERATURE OF 260.00°C (533.16°K)) !
12 100 2.%0 1
13 10 mﬁx
Rin o1
50 100 74630 1
10 101 9-.%21
‘;glﬂﬂ L.010 2
-
Bw  Gawee
:zmo Q.t;gn
100 1,169 3
;.zmb 1.23 3
”g g.m:
o oo 2.550 & i,
Baw 1003 5
200 1.090 5 3. -5 5.0; . ;
(THE FOLLOWING RUNS ARE AT A TRMPERATURE OF 270.00°0 (543.16%K))
129 94760 0 171k -5 ‘
m;: nﬁx uﬂ-ﬂ m m
s el M 2 O
150 3% 4,110 1 L =5 1.61, 0.5160
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TABLE IV (Continued)
K (see™)

Run No. Initisl Pressure

5ogy gk

mmmmﬂﬁ)

(THE FOLLOWING RUNS ARE AT A TEMPERATURE OF £90.00°¢ (563.16°K))
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ABLE IV (Contimued)
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aﬂgﬁ'ﬁﬁd gzgu m:-auu o ES

Ren No. Initial Pressure (P 10,

: i mieroun() Togo(®y) . 3oy
{9UE POLLOWING RUNS ARE AT A TEMPERATURE OF 31.0.00°¢ (583.16%))
300 1,300 © o.;g 1.00%
300 m& o 00361 X
30 34780 0 09775 L.
300 5,120 ¢ 0.7093 L.48
310 7.980 0 0,9020 2,031
300 9,880 0. 0.9948 1,5869
50 94910 0 ©.9961 2,048
3% 1.070 1 1.029% 1.8209
100 1.2%0 1 1.09% 17077
300 2.120 1 1.3863 L
30 2,170 1 1. 3365 2,12

48 330 . 24200 1 Lo A4
o Sise 1 o+ 7+ 3
: h 3 N
100 3 g 1 x.% 1.,8688
6 330 z. i 15888 1ioks1
330 w140 1 1.6170 1.94872
300 4,180 1 G212 8757
101 5,170 1 1.7135 143
100 ga& 1 1.7210 1.966":
% G0l 1i5e00 e
330 aﬁ 1 1.9263 Mﬁg
100 8.6 1 1.9360 { W
20 9-390 1 1.9713 20301
390 1,010 2 2,0043 2.0488
100 1:&1 2 2,000 22,0043
320 3 2 2.21% 2.1252
100 1910 2 2,233 2,1590
100 1.960 2 a.ﬁ 2.1e22
100 ggaaé 2 2k - 2.1430
100 .50 2 2,598 2,250k
100 1-180 2 2.8561 24
200 B 3 3ha23 sna
200 gm 3 E.eeén 24781
200 1.300 213 24763
200 2‘.% b 401k 2.5252
200 f’ § hh116 2,513
200 ;g N ., 6920 2,541
200 9.850 & k.99% 2.5751
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Bxplanation of Table IV

mmummm‘uuyuwmmu_
; the following systen of notabion ves used in the sbove bable.
dsta in colums headed "Initial Presmure” and "K (sec™),” the last
r with 1t sigs is the pover of ten the mumber is to be mltiplied
s 1a0e, 1,00k 2 reads 1,00k x 10% or 1014 and 1.700 -5 reads 1700 x 102,
The "Run No." is composed of two groups of digits. The first growp
taine mumbers fram 1 to 152 aud is simply the mumber of the mun. The
irst @iglt of the second group indicates %ihe leek used, together with the
ise of the reaction flask. The following i a list of the lesks used and
ir charasteristics.

TABLE V
Chavacteristics of lesks Used

Obgerved Hole of Bensltivity to
Diameter (microns) Hole !umu) 43 peak -
1.8 18 C0.35L
b3 20 1350
5 61 50 1520

The gecond digit of the second group gives the special purpose of

nmmmdmtw‘emm‘ The third digit shows whether the
wes acceptable or not.

B e
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The folloving schemstic gives the general meaning of the complete

1 leak W 13 liter flask (Runs 1-62)

leak J 2 liter flask (Runs 63-106)

3 lesk 5 13 liter flask (Runs 107-152)

(Riiy]




The _Specific Bate Longtants

The specific rate mmumedmhm_rmmmhcf
decrease of the 86 peak (parent peak) of azoesthane. It is somewhat
hazardous to use the 86 peak for this calculation at pressures and
‘temperatures very much higher then those studied here. n-Hexane has
the seme mass ag azoethane snd consequently also has its parent peak ab
ness B6. At high pressures and temperatures n-hexane is one of the pro-
ducts of the dscouposition and would meke some contribution to the mass
86 peak height. The smounts of n-hexane formed st the pressures and »
temperatures studled here were negligible and no ction vas Ve
In Figare 8, page 53 are given the data obtained during Runs 104 and 123.
The plot of peak height ve. time for mass 86 eppears at the lower right.
mmmA(mm.m)mmu.mumwﬁo.w%m

a pressure of 2.55 x lok‘niw, while thet above 1t (Run No. 123) was
mn at & - temp, - o!m.oo%qaammetm.}mem. From a
pmoczo.m(mnmt)u. time, & straight line ves obteined from
vhich K, the specific rate constant, was obtained from the slope as
follows.

If the kineties of the thermal decomposition of aoethane is in
fect firet order, then equation (1) holds

.g.m )

vhere C is the concentration. MNow the pressure was the concentration
unit used and the pesk height (P.H.) was @irectly proportional to the
pressure. This allows us to write equation (1) as

‘ol T

EOSE TS e -

_iiEn




=

3‘{;”- = K(P.H.) (27)

&_Qﬂ&:!:n.x (ﬁ)

wm(ﬁ)unmmwmnmmx:nw
the negative of the slope of the line. It was in this way that all
K's in Table IV were obtained.

The next step 1n the redustion of the dete vas dbtadning K_'s st
six temperstures st which the reaction ves carried to pressures of
microns. Extrapolation of & divect plot of 1/X ve. 1/P vas difficult
wmmnmnumw“mmmm
logs to the reciprocals of X mud P, In order that ss much accurecy
possible be obtained, the following technigue was adopted. ALl valuee
logy g end 1og 1P sbove 107 mierons weve mmoothed by fitting then to
expression

1og K = A + B logygP + 6(log,oP)? (29)
¥ the method of lesst squares. Hix equations, one st each tempersture,
cbtained. Froa these equations smoothed values for P and K were
obtained and their reeiprocals plotted giving the curves found in Figure k.
By extrapoletion of these curves to infinite pressure (i.e. 1/P = 0) values
for K_ for the six temperatures were ocbtained. The reason Figure 4 is




FIGURE 3

Pressure Dependence of Specific Rate Constant
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The Activation Energy
Having cbtained K for the six temperatures the sctivation enewgy
could now be calculated. This is defined by the Arrhenius (1889) equation

£y 2 e ()
P
mloummvammd. Integration of equation (30) gives
«E /R.T
K = Ae BI'L. (m)

A plot of log) K ve. 1/ will give B /2.305 R, as the slope end logoh
as the intercept. m.muimumsumm
plots for several lower pressures. B vas cbtained from the line for in-
finite pressure. By teking the specific rate constant K« from empiriecal
curves through the experimental pointe given earlier in Figure 3jpage 38,
experimental activation energiles at different pregsures were obtained and
mum'umnuamammmrmaﬁ-m
pressures.

A least squares £it was obteined for the K 's from Figure 4 and
the X's from Pigure 3, page 38. The equations cbtained are given below
and ave plotted vith the experimental data in Figure 5. These equations

are:




For infinite pressure (K )

Wn-l"m'gfg
For P = 10° microns
2oy f = 15,703 - 1028
Y

For P = 10 microns
m;mx-n.bsﬂ--’g;m
For P = 107 microns
hc,,!-ls-om&-&;”s
For P = 10° mierons

W-lﬁ.&nﬂ-

For P = 10 microus
10
1.9‘!:;-15.1551-_11&
L

10,286

(3e)

(33)

(3)

(35)

(36)

(31)

(38)

mm-mmwm-amwumm

‘ rmummmummmmmmw-.

e e R et



FIGURE 5

Activation Energy Plots at Various Pressures
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TABLE VI

From Experimentel Date

b g
infinite h8..s
1210 534
3.16 x m" 48.2
1x 10“ i&.ﬂ
5.16 x 10° lwr_.1
1% 107 W1
3.6 x 10° 36,9
1% 0% b7
3.6 k8,2
10 49
3.16 51.2

43

Activation Energy as & Function of Pressure

%
5.87 x 10%
5.07 x 10™
%400 x 1015
2.92 x m"’
1,97 x 20%
1.22 x 10"
6.03 x 20™
hv.76 x XDJ"'
8.8 x 20™
1435 x 0%
4,09 x 20%




Pocked Fiask Bxperinente

As an experiment to determine If the rate of reaction vas inde-
pendent of the surface ares exposed to the decomposing gas, i.e., vhether
umttbnutm-um,mmmm-muﬁ
Pyrex wool. mwmwnﬂmmmwmt
twenty times (shout 20 g Pyrex wool). mm.:so.mwm-o’u- f
umﬂ,m,a&.m.um-gm.o“e.mmmm
conditions and compared to the dsta obtained without Pyrex wool. It
appesrs the decomposition 1s homogeneous in that no chenge in K could
ummmmmmm«xm(wm.hn.ﬁ).

o aai =

s

Toluene Experinents
In many thermal decompositions of this type, it has been shown
‘that the reaction proeceeds via a chain reaction involving free radicals
(Rice and Hersfeld, 193%). The poseibility that ezoethane proceeded
through & free radical chain reaction vas checked by the use of toluene
a8 a free radical scavenger. The choice of toluene was dictated by the
fact that it does not thermally decompose to any epprecisble extent
below 700°C. (Blades, et al., 1954). Bzvare (1950) showed that it
does act as a methyl scavenger to produce methane and dibenzyl end
should thereby inhibit the formstion of cheins. Runs 115, 116, 117,
and 118 at 310.00°C were mede with a mixture of 90% toluene and 105
azoethane. When K was calculeted, the value found corresponded to the
rate constant found with 1004 azoothane et the same pressure and ben-
perature (see Pig. 3, p.38). The significance of this result will be
considered in Chapter V, "Discussion of Results.”
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In the toluene runs, the decomposition was allowed to proceed
through six-helf-lives st which Yime & mass spectrum was teken of the
resulting mixture. The presence of n-propylbenzene and 3-phenylpentene
was established without doubt, However, because of the poor resolution
in the mass renge around mass 182, the presence of 1, Z-diphenylethane
could not be stated with certainty even though & pesk was observed in
the region mess 170-186. It is felt that the presence of n-propyl-
bengene and J-phenylpentane is enough to indicate that toluene behaved
88 expected.

Products of the Resction
Hany runs vere made at different pressures end temperatures to
investigate what p “mﬁ‘.“ d from the el In Pable IV

only W runs ave reported. These are Run 105 at 270.00°% end Run 106
at 300.00°C vhich vere both made at pressures of 49,600 microns. The
dsta presented in this section eve the results of several special runs
{not given in Table IV) made at pressures of 80.0 and 100,000 microus
for the sole purpose of product sualysis. The snalysis of the products
mmmwmmatummw-uasmw
trometer, mtﬁ-m&éﬁnﬁmﬁuﬁm-m»m,
1o attempt was made to complete sn analysis vias the mass spectrometer.

Teble VI gives the results cbtained by gas chromatogrephy on &
mymm;umzsmmntum«mn,mm-
nd 310,00°C. Teble VIII gives the analysis obtained from sa everege of
15 runs et the same temperature but at e pressure of 80 microns.

E
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TABLE VIX
Product Analysis from Gas Chrouatogrephy
' Average of 5 runs
(A1 values wt. %)
itial Pressuwre = 100,000 microns Temperature = 316.09"5
ke § ¢ " ]

5, a7y . . oT a7
68 18.87 15.10 3.77

c,lg 5.57 2476 0.61

¢.8g b3 375 0.63
isobutane o‘.o% 0,03 0.01

a=butens 27,55 NJG k..'w

butene-1 (1) 2.03 L7k 0,29
tebutene-2 1.05 0.90 0.15
c-butene-2 0.58 0.50 0.08
isopentane 0.90 0.75 0,15
n=pentane 1.5 1.10 0.22

¢; olefing 1.46 .22 0.4
J~methylpentane 549 k.60 0.90

nehexane 1.03 0.86 0.17

Cg olefins °.'“ 0.58 0.10

¢, olefine 2.33 1.96 0.57

Cg olefins 1.5% 1.30 0.2k

100.02 5985 i ety
Total = 100,06
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Product Analysis from Gas Chremstography
Average of 15 runs
(A1) values wt. %)
Initiel Pressure = 80 mierons Temperature = 310.00°¢
wee % ¢ B e
0% b2 3o 0.8
o 8, 1.5 1.3 0.2
1z 0.6 0.5 0.1
c,pb 24 2.0 0k
o - o
100.3 6047 12.8 26.8
Totals 100,53

Uging the same ssmples used in obiaining the date for Teble VIII,
a mase spectrometric snelysis was obtained for comparison purposes snd
is given in Teble M.

The date obtained are swmerized in Table X. m&-m
from mass spectra sgree best with theory it is probsbly fortuitous.
mmmudmmtmamupmmmu
be that the products are not simple. The idea that the reaction pro-
oeeds to give n-butene could enly be true st lov pressures (less then
§ mierons). It is evident that as pressures and temperstures inerease
the products get more camplicated.




S~

FIRTIVIE SIS SN G rvv srsvse—srvresns »



TABLE X
Sumary of Product Anelyeis
(ALl values wt. %)
Initial Pressure = 80 microns {

¢ = ¥ |
Mass Spectra 56.8 12.0 n;z = m;q
Ges: Chromstography @7 128 268 =100 ° .
mitisl Pressure = 100,000 microns : _ :
Ges Chromatography 599 a7 205 = 10008

5’ 08 11.‘ ’ 06 - m;”

e

nmwwm,mvmam-nmmmmsm
recorded. These were Runs Nos. 104 end 123 snd were run st pressures of
25,500 and 10.3 mievons and temperatures of 260.00°C and 270.00°¢ res-
thn!.l.MMWysmd’m‘_ﬂh
deta are given in Figuves 6, 7, end 8. In Teble XI the P.H.'s for the
different pesks are given vhich were the highest recorded during the
Tan &t thet mass number. These P.H.'s were equated to 100§ and used
in Pigures 6, 7, and 8. The P.H.'s as given in Table XI gre in milli-
Mummuma_mmmu
ummrmx.mu.mm. The seale given in Figwre 1,
page 15 algo applies here. The sensitivity of the mass spectrometer at
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TABLE XI
Maximm Peak Heights
mum:«u&um. 6, 1,5(::-..)
Feuk Helght at :.; :' . ‘

u::r ?:’éu?g’cl? : 260.00°¢., Suggested Ton
15 286 167 ag;'
16 » 123 on"
B eend st i B 4 , My (o0
2 wes . ho wox*
- o oo .
2 359 2920 o, 0x,”
» 58 466 u,u;
3 23 30
%o a0 18
" 885 6e5 e’
b2 623 b
k3 1807 s o, CE "
b 168 ) W; or c0 *
56 m 276 e'oa‘ 8]
51 555 b o, "
" - g i )
n . " ongon s,
8 5% 320 R0 JNGH, CH,

i
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PIGURE 6

TITE TVX W UILIS d dNasad aawkd atd ATENETIEEY

Variation of Peak Heights with Time for Masses
15, 16, 17, o7, 28, 29
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Variation of Peak Heights with Time for Nasses
¢ i, 56, 57, 58, 71, 86
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muﬂmtmwkmnmﬁdnmmnmaw
of the recorder per micron. In the last column are given the ions
vhich ave most likely to be present and that also correspond to the
correct mass mumbers. Hote that at masses 39, 40, and 42, no ions
mmwumnm-musémwmm
in question. It is worth noting that st massses 31, 45, 73, snd 101,
the masses corresponding to methylemine, ethylamine, diethylamine,
and triethylanine respectively, ave not listed. The P.H.'s st these
nasges were so smail (2-5 mm.) that it is safe to assume very little
or none of these compounds sre present and that the large majority (et
least 99.9%) of the nitrogenjin asosthens is converted to molecular
nitrogen (Ny).

The Kesgel Calculstion

An important part of this work wae the fitting of the date obtained
experimentally to the theoretical expression for the specific rate con-
stant as suggested by Kessel (1928) and given in equation (39)
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= gpeeific rate constent

= eific rate constent at infinite pressure
see equation (21))

= the gmmea funetion of &

= the effective number of vibrational degrees of freedom
in the molecule

= gas constant in calories/°C mole

-mmtmtinm/oemh

-Ivl‘

= energy in calories

= setivation energy in calories

= 9.6612 x 10™ 2/1 molecules/cn’

= pressure in microns

= temperature 1a %k

= molecular diemeter in centimeters

= molecular weight

® e ®m oW = om oW koo o8 ]w
@
S

The form of the integral is usually simplified by meking the
following substitutions.

L S
RO iy
A=K ..*l,,-h,_! (42)

Bk @ (v2)

vhich when substituted in eguation (39) gives
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B (= + B )"

e following values for the constents were used in the caleulation.
B = 1.98646 calortes/’c mole
R, = B.3kh x 107 ergs/°C mole
= = 3.14159
M o= 86,14 |
n x = 2.302585 log, g% : i

From the experimentel eonditions snd dste were Obtained
N wam«uxn.mumwwumm.
Hovever, values for K used in this calculation were cbtained
from equation 32 snd were not the experimental velues obtalned
from Figure b, yage 39. These values ave for T = 250°¢, 3 3,056 x 107}
260%, 7.3 x 10'%; 270°e, 1.706 x 103 980, 3,08 x 10°Y,
eso%, 84 x 10 0%, 1797 x 20°%; R0, 3735 x 1075,
B, By s plot of logygk = log 3 A - (5,/2.303 RT) fron Kee S/MT:
Mm;mlg.uthvs.m,gwxmnmxum
& slope of (8 /2,303 R,) and an intercept of logcA (Fig. 5,p. 12)
B, = 18,58 calories md A = 5,8720 x 20"
P and T Fron the experimentsl conditions
@ From a eonsideration of the moleculsr dismeter of u-hexane
8 From the best £it to the data ,
.. The two most difficult perameters to evaluste are ¢ and s. The maxi-
wan velue that & cen beve is M - 6, vhere n is the muber of atoms in the

¥ £

SR O

molecule. There is veason to believe that s cannct be greater then (3u-6)/2.
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This peint will be discussed further in Chapter V. In the case of aszo-
ethane (3n = 6)/2 =21, The calculation was started with s = 21 and the
best fit was obtained with s =18,

However, a value for ¢~ had not yet been obtained. It was observed
that n-hexane and azoethane should have about the same structure and eone
piderable information was available from which a molecular diameter could
be caleulated for n-hexane, The values obtained from the different wethods
are given in Table XII,

TABLE XII
Nolecular Diameter of n-Hexane

 dethod Disncter §

Nolecular Refraction 4,6

Moleenlar Polarization 6.8

van der Waal's "b" 5.2

Viseosity (gas) 5.0 _

Viscostty (1iquid) A 5.8
Average = ;.5 b1 |

Using the average value of 5.5 % for the molecular diameter of
agoethane, the Kassel integral was evaluated for s —15, 16, 17, 18, 19,
20, and 21, At s =18 and o = 5.5 £ the solid curves shown in Figure 3,
page 38 were obtained and are in excellent agreement with the experimental
data, Tt is possible to obtain approximately the same curves by choosing
different values of s and (*: Table XIII gives the values of 8 and ¢~ that
will give almost the same curve,




TABLE XIIY
Values for ¢ and s for Similar Curves
(sse Pigure 3, puge 38)

) . o(&) .

134 1 b3 19
9.7 16 34k 20
7.2 17 2.7 21
5.5 18

From the form of equation (44) 1t is seen that & change in the
value of & eannot be completely offset by & change in the value for o.
Howsver, any of the values given in Teble XIII will give a set of curves
® sinilar sc as to be indistinguishable from each other on the scale
used in Figure 5, page 38.

Tt seems reasonsble to expect the moleculsr diemeter of asosthane
hum:.sxmmm. Pirst is the sinilarity between n-hexaue
and ezoethane. MW(W)tm#qimmm-n
inorease of A8 & for two methyl groups is of the right order.

The ectuel evalustion of the Kassel integral was done with sa
I8M 70k electronic digital computer (Willbanks, 1958)vhich involved pro-
graming the caleulation of the integral via Simpson's Rule. Because of
the wide renge of values encountersd during the integration, & scaling
factor of 10* had to be introduced. Equation (&) shows the integral with
the sealing factors.
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The considerstions which lead to the decision to use Simpson's
Rule are: (1) both linits ere keown, the upper limit being chosen for
machine ealeulstion where the integral converges to eight significant
figaves, (2) the selection and modification of the intervael used was
simplified, and (3) the coefficients of the individual terms were powers
of 2.

Rewriting equation (kk) for integration using Simpeon's Rule and
ineluding the necessary coefficients, we get

T

: % K‘Al i GH .~!/31

1%~ 80| 3 ¥R T (a) 3 A
BBGHOE (1oha)® g (20749)% 2

wvhere

AR = the integration intervel

1/3 = a Simpson constant

e Simpson's Rule coefficient

mmw-;mmrwm&otmnm@ummu
Wn%ﬂm&hmmmpm. Equation (45)
4s the final form used by the IBM 704 for solution.

In Figure 9, plots of the Ksssel integrand ve. ensrgy are given.
Here I is equal to the Kassel integrand including the secaling factors

(43)
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shown in equation (45). The curves are calculated for four temperatures
and at one pressure.

e eurves shown in Figure 10 ave again the Kessel integrand vs.
mmmtq.mnpmunmam. The
value for AR used in these calculations was 250 calories. Subsequent
work showed that 4B could sssume values of 1500 ealories before any
difterance would be seea in the sixth place of ibe valus of the fnte-

gral.

The velues obtained fron the evalustion of the Kassel tntegral
arve given in Table XIV. These values remsin constant for all the values
Kdlﬂtﬂﬂkm!m.
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FIGURE 9

The Kassel Integrand vs. E at Constant Pressure
and Four Temperatures
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FIGURE 10

fhe Kassel Integrend vs. B st Constant Temperature

and Five Pressures
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Diseussion of Results

The first concern of chemical kinetics is to provide a method of
caleulsting the rete of a chemical remction from fundamentel principles.
While there is at present no such method availsble, throe general theories
that ave applicable to gas reactions have been suggested. _

The collision theory is by fer the oldest snd simplest. Using
clasgic kinetic theory, it caleoulates the collision rate between mole-
cules a end b and sssuning only those molecules will react that have
energy in excess of some minimum E , derives an expreesion for the speci-

fic rate constant., This expression is
: 2 /3T
K=PZe (46)
Here Z is the kinetic th-‘ery'oonumnmmdrum 8o~
called probability or sterie factor. This theory is chiefly concerned
with the caleulation of the frequency factor A of the Arrhenivs equation

B /R,
%/ (31)

K=Ae
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ks rs (&7)

in equation (46). mMability to evaluate the steric factor, P, & priori,
hag been one of the great drawbacks of the gollision theory. It should
aleo be polnted out that B in the Arrhenius equation (31) is ot quite
the seme s E, in the collision theory equation (46) since Z varies with
VE. he value of P renges fron ooe t0.10°° and esn only be cbtained
rom experimental date. The simplicity of the theory is all but destroyed
vhen one attempts to srrive at & value for P by any other means.

The second theory is the sbsolute veaction rate theory which pros
vides a basis for the theoreticsl ealculstion of both the A factor and
the activation energy but not with great accuracy. It is usually assoei-
ated with the name of Eyring and is covered in some detall by Glasstone,
Laidler and Eyring (1ghl). The most importent ides the theory introduces
is that of the activated complex which is formed by the fusion (for a
very short time) of one, two, or three resctant molecules, The number
of molecules needed to form the complex determines if the reaction is to
be unimolecular, bimoleculer, or ~temmolecular. The theory provides a
means of caleulating the rate of decomposition of the ectivated complex
inte products, the potential energy of the complex, and the concentration
of the complexes with a given structure and energy content. The sppli~
cation of the absolute resmction rate theory to & specific reaction is
often tedious m-to the mathematical computetions secessery and insceurate
due to the epproximations made.

mMﬁWMMW«“m&M;mzﬂlm#
the collision theory. This is the case of \msn_olowm reactiong and ie

the one this report is primerily concerned with. As mentioned earlier,




for many years it ves difficult to understand how & unimolecular resction
could exist. After Daniels snd Johnston (1921) demonstrated that the Ny0,
thermal decomposition was first order and attempts to explain this on the
basis of the rediation theory fatled, it seemed naturel that some effort

%o £ind a theory to explain this would be made, This was indeed the case,
for within ten years seversl theories hed sppearved which on close examinas
tion proved to be similar. Four theories of unimoleculsr reactions are due
to Hinghelwood (1927), Rice end Ramsperger (1927 and 1928), Kassel (1928),
and Sleter (1939, 1948 and 1953).

Using the collision theory end with the sid of the Lindemann time-
delay suggestion, Hinshelwood evolved s theory of unimolecular reactions
that was treated in Chapter I. Also from Chapter I, equation (22), ve see
that the Hinshelwood-Lindemsnn theory predicted e streight line from a
plot of 1/K vss 1/M. That this is not the cese hes been shown by many
investigators and also by this work (see Figure 4, page 3).

ymmwmumumwmxmm
identicel. In this report we will edopt the notation HE, KL, end 8L, for
the three theories of Hinshelwood, Kessel, and Slater. Tie presence of
the L indicates all three incorporate the Lindemann time-delay suggestion.

While this report is masinly concerned with the Ki theory and com~
paring experimental data to i%, & few words of comparison between the SL
and Ki theories may serve as background materiel.

The most setisfectory theory of unimolecular reactions from meny
points of view is the SL theory. In three excellent pepers, Slater (1939,
1948, 1953) explores in some detsil his trestment ss compared to others
and applies it to the case of cyclopropsse. I% is beyond the scope of this



mrwmupmmammmmmy.m-r
sumary will be given. ;
mmmmu-memmnmum-
are classical and harmonic. lHe sets up & series of internal coordinates
9y 9 °+» and describes the molecular motions in terms of these. Decompo-
sition oceurs when eny coordinate attains a critical value q . As the oscil-
htornmluunutbmttdwuwuhmg'-m_l_m-
fore the internal motion can be resolved into nommal modes 1, 2, 3,e+ with
:wvl,vg,-’.nmam:m dent if the motions are truly
harmonie. On this point the SL end KL theories differ in that KL assumes
the oscillators to be lightly coupled end that energy can flow from one
oscillstor to another where SL does not. The SL theory clearly states that
mmawmgumumwmtbmmw
collision. QWMG'.mmtOWmth
mmuqmmmmmmm‘wurm
constants of the molecule. mmma"qummmu
vibrational study of the molecule must be made. This linits the general
m«mmummmm«mz«
vhich a complete vibrational snalysis has been made or csn be made.

In general, the 8L end KL theories are quite similar. Instead of
calculating the probebility of oune bond scquiring a eriticel energy B, as
KL does, SL calculates the freguency with which a given q will attain a
eritical distance q . This frequency is dependent on the vibrational
frequencies, energies and phases of the individuel oscillators. Using no
concealed assumptions or questionsble spproximstions, Slater proceeds with
a rigorous trestment that results in an equation relating the specific
rate constant, K, snd P (pressure) having the form

| R



P
X, I 3 (k2)
0 1+% e-l
vhere
B (n—l)[ﬂ
6'?({;5) P
%= (B-E)/RT
B S
M

N is the number of molecules per ¢e.; n 1s the mumber of modes of
vibration, v is the wean vibrationsl frequency of the n modes of vibration.
F, is a function of n and the smplitude factors of the vibrational modes
aad 16 equal to (k)W D/2 (afa - 1/2)1 Mytg s oh, vheve u = o l/o. o
uumx«um«e-mucvmu-"fja‘:;

& consideration of equation (48) shows it behaves as expected. At
high pressures i and therefore O tend toward infinity which mesns the
right hand side of equation (48) tends toward unity giving K = K_ .«

The SL theory is the wost elegent of the four for it requires only
the sctivation energy from experimentsl data. It slso £ills the void left
by HL by ineluding the notion that high emergy molecules will react faster
than those with low emergy. The value for n is determined by the theory
and not chosen to provide the best fit to the experimental date as 1s donme
in the KL theory. The problem of 1/K ve. 1/M plots giving straight lines
in the HL theory is also eliminated. 8L theory gives 1/K vs. 1/M plots
consistent with experimental data.
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With all the sdvantages 1t has, it would seem odd if no fault could
be found. There are only two serious disadvantages: First, the SL model
containe only classical oseillators and mekes no provieion for moleculsr
vibrations being quantized . or amhammonic and, second, no account is
taken of the fact that the molecules have kinetic energy when they react.
The SL treatwent is one in which it is assumed the molecule is &t rest.

The KL theory while not so rigorously developed as the 8L theory
is nonetheless quite useful in treating unimolecular reactions. As
mentioned earlier, this work is concerned with both the development of
nwt}behm-ﬂthwnuﬁmnfﬁnnulutommh-
culer kinetics. The dats obtained from experimental studies of the kind
discussed in this report are directly spplicable to the KL theory. \

There are a number of similarities between the KL and SL theories.
The all-important one is that they both mske allowance for the shorter
lifetimes of the more energetic molecules. Whereas SL considered a re-
mmmwwzwm«kmmummm,n
simply sssuned that an activated molecule would react vhen gome bond in
the molecule acquired an energy of B, or greater. Further KL showed
(Kassel, 1928) that on the basis of this assumption und using the statis-
ticel mechanical spproach, it is possible to caleulate the vay the specific
remction rate constant _(x) of setivated molecules varies with the energy
content of the molecule. wmmgwmnmmamw
equation (39) was obtained.
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Here the notetion is the seme as that given earlier. We observe
thet X 1n equation (39) 1s equal %o ¥ - B, and in equation (48) X = B-5 /R, 7.
Writing © in terms of its factors and changing X to the fomm used in (),
equation (48) can be rewritten for comparison as

1 o g
£. ~ = (49)
w [ (L)) 1

* v M
° @t i, VR

vhere L = (n + 1)/2.
mmu,luiummvammmmn‘md

"o/‘:."

magnitude of AinA=Ke « Also X is suall compared to ¥ . Therefore,
all that is necessary to make the resulis of the two theories nearly identical
numericelly as well as formally is the relationship

o+l

ol oy

n=2s~1 (23)

whieh was pointed out in Chapter I. In giving this vesult Slater pointed
out that not more than half of the availsble (3§ - 6) oscillators (vhere

W is the mumber of etoms per molecule) will ever be requirved to fit the KL
theory to the experimentel date. The results of KL caleulations on



azomethane and azoethane showed that for azomethane 12 oscillators
(30 ~ 6 = 2k) wvere vequired snd azoethane (3 - 6 = 42) required 18
oseillators.

The Astivation Bnergy

mmzw«:mmmatmmmmmmam
in Table VI, page 43 together with the frequency factor. These values
vere teken from "best £1t" lines drawn Shrough the experimental pointe
shown in Figure 3, page 38. 1t is seen from Teble VI that the values for
iafdl%umm.tumsmetaboutmummmmmm
% rise again, reaching & value of 51.6 keal. st sbout 3 misrans. It is
interesting to compare this result to that expected from theory. Table
xvamm«txumnw-obmmmmxmsm
in Figure 3, page 38. The experimental activation energies from Teble VI,
page 43 ave repeated for comparison purposes. Apparently the KL theory
predicts a decrease in setivation energy with decreasing presgure. This
prediction is not fully borne out by the experimental date for azoethane,
especially at low pressures. At least part of the difficulty may be due
to the leskout corrvection diffieulty at low preseuves in that this core
rection becomes very importent in the mero o 100 uicron renge.

It is of some interest to compare the agtivation energies the
different theories should give at "zero” end "infinite" pressures snd those
obtained from experiment. axwmmm«mvmum:ww
activation mwumw the &i!!“emt theories.



TABIE XV

Activation Energiles from Kasgel Curves

Pressure Kapsel mﬂ.\mﬂm Experimental activation
Infinite 8.5 48.5
100,000 bsg 8.
10,000 b7l 48.0
1,000 k6.0 PR
100 .0 k7.1
10 §2.6 T gk
316 %1.8 51.2

TABLE XVI

Activation Energies st Zero and Infinite Pressure
from the HL, KL, and 8L Theories
(Nobeing held coastant, not P)

Theory fe %
HL E=E = (s-1)R? E=B, - (s - 3BT
KL B=E E=B = (s = 3R)RT
8L E=E E=E - (n-2)R7/0

‘mmmum-ummm(ta),mg.n-»,
the following values for the activation euergy ave obtained.




TABLE XVII
Values for Activation Energles
(keal/mole, T = 553.16°K)

Twory - i o %
H 29.8 0.4
KL 18.5 304
8L 48,5 0.3

411 three theories agree on the sero pressure activation energy
mawm«mmmmmumamm. This
is veasonsble when it is recalled that EL doss not consider the rate of
resction to be affected by the emount of energy in excess of B contained
in the sctivated molecule. This omission results in the HL aetivation
energy being essentially independent of pressuve.
ﬁnmwmmwmmﬁaﬁmmmﬁ ‘
be detected with some degree of accuracy st lower pressures. Aside from
the leakout correction problem, the problem of the mesn-fres path 1s :
great obstacle. The lowest pressure studied here was sbout one micron
in & 12-1iter flask. Bven heve, where the mean-free path is of the order
of centimeters, & large fraction of the collisions occurring eve with the
walls of the vessel. Consider then the flask size needed to maintain the
same fraction of moleculsr collisions with the wells compared %o inter-
molecular collisions st & pressure & factor of 10 less (0.1 micron), This
would requive & 12,000-liter flask snd & thermostet to heat it in., From
these considerations, an extension of this study into lower pressure rauges
dogs not eppear feamsible.




The Lifetimes of Activated Molecules
It is of some interest to consider the lifetime of en activated
(Marcus, 1952; Rice and Weininger, 1952; Trotman<Dickensen, 1955, p. 55).
From eguation (5) and ( 6) we see that the equilibrium constant
Klll
‘1'%' (50)

For the case of high pressures vhere the concentration of A% spproaches
mmmqmmummuuu”mw
Mm,timuwmmmmmm
(Binshelwood, 1949, p. ).

e () -

mmmzmmx-n.mmwm&mmhm
KL theory is true at high pressure (see Table XVI, page 72 Now, from
equation (21)

K= % (21)

and using equation (50) we obtein

Ko™ k)‘l

k,-:l?- (52)

mumm«n,umm«mammm
and recalling that



B/
Kp=Ae

ot high presswres, all that remsins is o perforn the algebra. Therefore,
T , the mean lifetime of au sctivated molecule st high pressure is given

o T

3  Af(s-1) !

(53)

For the case of asoethave vhere &, = 48.5 keal, at T = 583.16°%K;
T 15 equal t0 1.78 x 1077 sec. and ot 7 = 523.16°, T = 1.24 x 107 gee,
This 18 an inerease by a factor of sbout 16 for an incresse in temperature
of only 60°C and 1000 times longer then that caleulated for the ssamsthane
case (8 = 12; B, = 50.h keal). Under these circuustences the coliisicn
m-unmm‘m"‘ﬂmmu.mmmmm
undergo et least 1000 eollisions before demetivetion does ocour. Velninger
and Rice (1932) in a paper on the photolysis of asosthane gave h.l x 1077 sec
(M»i-ﬁz and 1300 mm pressure) for the minimm mean lifetime.
Their ealewlstion used simple eollision theory and assumed zero setivation
energy which would eccount for st least six of the eight powers of ten
separating the two nunbers. Mereus (1952) in two papers on “Lifebimes of
Astive Moleeules" found 2 x 20°C gec. for the Lifetins af the O.fy nolecula.
lie found, ae expected, that the lifetime increases with the size of the
setive molecule. ;

At best any caloulation of this sort is only en epproxination. Direct
mmmmtdmwwmuwmummmtuz
with mich success.




Yarigtion of K with P
The variation of the specific rate constant {K) with initial

pressure (P) is showa in Figure 3, pege 38. As indicated earlier, the
curves are those obtained by the IBM 704 computer evalustion of equation
(39), the expression relating K end P given by the KL theory.

That the data agree very well with the calculated curves is evident.
‘The changeover from first to second order kinetice predicted by_thn HL
theory (together with the KL and 8L theories) is also borne out.

The lack of good sgreement between experiment and theory as pressure
mwmmmummm.wrmmmwm-
out correction difficulties. It has been suggested that part of the diss-
greenment could be traced to the relstively small Plask (13 liters) used in
the low pressure ranges. bmmmmn,mmtmm
increases and collisions with the walls become more frequent. Under these
conditions the rate of activation would sppear to fgll off, and therefore,
¥ would shov & deersese. If this were true, the packing of the reaction

flask with Pyrex wool should give the traveling molecule much more opportunity

to collide with & surface vather than gnother molecule, During a series of
runs made at 310°C and 270°C with the flssk packed vith enough Pyrex wool to
inerease the surface ayea & factor of twenty, this ides was investigated.
The results are shown by the emsll trisnguler points on Figure 3, page 38.
mmmmxmﬂaﬂnmuvwmmwAmm
same 88 those obtained with the unpacked flssk. The only conclusion seems
to be that the veaction is homogeneous in the pressure ranges studied. In-
ummu,guummmmwfmwmmmn
not operative. mdmmmmmmmmm
further would bave no effect. As pointed out eariier, 1t most certainly
would be expected to affect the resetion rate greatly. There seems to be




1little purpose in extending the pressure range to still lower values
vhere the large majority of the collisions would be with the surface of
the reaction vessel.

Toluene Experiments
In the last chapter the experimental results from the toluene

experiments were covered. Aside from establishing that no chain reaction
existed in the decomposition of azoethane, these experiments cen be used
in obtaining information on the relative efficiency of activation of the
toluene molecule. The relative efficiency of activation (@) is defined by
thmtu?‘-’»"ml“ﬂ‘muﬂmﬂfm,P'
mmmem,mr‘,mwmmumm
that will give the same rate constant as the mixture, This efficiency (a)
is efficiency per molscule. Rice and Sickman (1936) ehowed, using collision

. o = afe G;‘—) G;’f'e;) ol ()

mc'umwnmmmymumggg,u!nm
mhnmumwwm,x‘meum.c‘mqrmxwu
theory dismeter of azoethane and toluene, respectively. From Figure 3,
page 38, we see that the K's obtained during the toluene rune are sbout
the same as those obtained without toluens. mﬁw?‘-?-rﬂ'
We get @ = 1. Bubstituting in equation () and using g, = 5.5 A and
GT-G.OA,‘QS'!MG'-O.’. From this we can conclude that the toluene
molecule is sbout as efficient as the azoethane molecule in the process of
activation. In short, it can transfer about as much of i%s translational
energy to an asoethene molecule es azoethane itself cen. To be sure, these
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mubers are only an spproximetion in that the values for the molecular
mwmmmmm.mmmuwum
account for large errors in the efficiencies.

Products and Mechaniem

The products of this reaction sve given in Tsbles VII, VIII, and IX;
pages 46, b7, b8, respectively. Table X, page 49 is devoted to the materisl
balance obtained by the different methods of snalysis.

In genersl this resetion gives & mixture of products the complexity :
of vhich depends on the tempersture sud initial pressure of the run. At ‘
1wmm-m&mmwmmtwmmm-m
and are given by equation (1),

ORI = BB, —r By + OB, G0, W
with sbout 9% of & mixture of two and three carbon atom hydrocarbons.
However, 88 the pressure snd tempersture are incressed this 9% mixture
inereases to A5% and the mixture mow contains two %o 8% least eight carbon
stom hydrocarbons. The ehief hydrocarbon st low P end T is nebutene com-
prising sbout 60% (on a weight dasis) of the mixture. A% high P and T,
this decresses to about 28% of the total. An explenation of this might
be that free radicals ere involved in the decomposition snd recoubine
simply et low P and T bub involve further interaction at high P and T.
This brings us to the subject of mechanism but, before proceeding, o few
words about the formation of nitrogen compounds sve desirable.

Insofer es the produet snalysis goes, no evidence of nitrogen com~
pounds (amines, nitriles, etc.) was ever found. The msterial balance
(Table X, page 49) shoved nitrogen to be %oo low sceording to gas chro-
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natography and sbout right sccording to mass spectva nslyses. However,
the P.H. ve. time curve for mess 17 (NH,?) shown in Figure 6, page 51
indicates an increasing concentration with time. From Tsble XI, page 50
we see the totel P.H. 1s only 21 and 5L mm. However, it is difficult
wmmhmmu’muu’mum The
 possibility that this could be CH; seeus remote. lo real evidence hes

aver been put forward that the formaticn of methene proceeds according to

&34-]:———-»% (2)
o » Sy oy, )
Besides, mumtmm,musumhmm
not attain e high steady state concentration.
mmmmmmmmmmwm
speculation and should be recognized as such.
Nn—-tmmmwr@nmwmwmwﬁtm
of azoethane involves ethyl radicels (Ausicos and Steamcie, 195b).
GEN = NOoH,— Ny + 208,0H, (&)
Ausloos and Stesete (1954) elso published & meehanism vhich they suggest
for the photolysis of azoethane. This is given by the eguations

GEN = NOH, + by — 260, + %, (5)
CH; + GH— QE, (6)
Ooly + Cll— OBy + Cylig n
‘e’g*‘a’s"”ﬁ‘s_"%‘%ﬁ”ﬂn’ (8)
G = MR OB, + G + By )



Comparing equations (5) through (9) with the curves given in Figures 6,
7, and 8, pages 51, 52, snd 53, respectively, the following similarities
are noted.

First the Gy, " pesk (mass 29) dscays st sbout the same rate inde-
pendent of pressure while the asoethane parent pesk (mass 86) shows the
expected decreape with preseure. If the 29 pesk were due to free sthyl
w(ﬁau'w},mmﬂv%umum
up &t the seme rate regardless of pressure. According to equation (6)
part of the Cyli, produced goes to form G N, (n-butene, mass 58) but the
curve shows mass 58 increasing at the same rate independent of pressure
elsc. This paradox was brought up to illustrate the difficulty lnvolved
in using the curves given in Figures 6, 7, and 8 and fn genersl to point
out the difficulties of determining mechenisn in sy veaction. The
curves pregented here can be used only in the grossest sense. Much more
information 1s needed end & complete simultanecus enalysis of ell ewrves
is required before an actusl mechanimm csn be obtained. These curves are
presented with a twofold purpose: First, $o simply present the data as
it was obtained so that 1%t may be recorded for future workers; second, is
to obtain enough informstion to ellow & plsusible mechsnim to be presented
here.

The explanation of the parsdox is that many compounds contribute to
the mass 29 pesk, including n-butene (58) and azoethane (86). It 1s per-
fectly possible to have the same rate of decay and still have different
amounts of Gyli.. It 18 necessary to distingulsh between thet part of the
total pesic height due to s fragment found in the reaction and that part
due to the fonizing electron bean in the mess spectromeder source. A
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canplete analysis of all pesks might remedy this trouble but such an
analysis is forbiddingly diffieult, Tt is somewhat safer to consider
only the pavent pesks of the compounds vhose bebsvior s of interest.
For exauple, for C g (mess 30) it is improbeble thet any molecule con-
tributes, to the mags 30 pesk other than cthens., Then 1t is seen that et
low presswres the amount of ethane goes through a maximum and then beging
te drop off. The fact that at 1200 minutes the concentration is back up
to the maximum may be due to campeting resctions with different rate con- ¢
stants. Por exmmple, vhile ethane s being formed, there may also be |
forning another compound that decomposes very slowly giving ethane as one
of 1ts products, With regard to equations (5) to (9) the curves in Figures it
€, 7, ead 8 seem to be in general agresueat on the Polloving points. Gyl :
15 certatnly formed during the resction and could resct ss given in eque
tton (6). CyH, end Gyl (messes 28 mad 30) sre possible in that Figure 6
shows both of them %o be rising. Bthene could also be fommed via the
resetion given in equation (10)

Gy + GgH = Tl Gl + GRN - HE  (10)

and ethylene by

G = T G, + Gl + By )
At low pressures a smell amount of methane (mass 16) was found.
However, even thongh Pigure 6 shows the high pressure mase 16 to be vising
and over three times the low pressure pesk height, no methsue wvas found in
the products st high pressures. '
It 18 clesr that methyl radicals ave involved for there is no




mwumhmcmmmmnwm
of carbon stoms in the products. Any explanation of this would involve a
miltiple step resction or et least a rearrangement veaction. Possibly it
eouupthw‘.nﬁﬂ'hm-mmtm. This would require
s different primary step.

Gl ~ By SO RN (12)

The removal of H by ethyl radieale would yield ¢

% * GH — Gl + AN a2
%'“”_"‘!’6‘%‘3‘(““3’) (1%) ‘
gl + R — Gl + Gyt (39) |

C N — HON + CH (16)

CH # Gpllg — CGlly + Ggli; (a7)

8o ve see that ethyl radicals must perform three H sbstractions
and from equations (16) and (17), CH sbetraeting H from the ethene formed.
m-aumumnu\mmm.mmu
mmemcmmwucm“ This
sehems 45 in keeping with the curves in Figures 6, 7, and 8. However, no
molecules containing single nitrogen atems were found among the products.

The formstion of unsaturates is possible by several different means.
Stemcte (1954) has shown that diazomethene can be obtained from azcmethane
via

TN ST X o8
Gl + CHE —> QR + Clplty (19)
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vhich then ean go on to give unsaturates,
e s ande B (20)
N (22)

Tt seems reasonsble to expect agoethane to behave in much the
sane Vay. M;M.“Ml,nﬂmummmmw
unsaturstes are obtained. Combining the information given by equations
(12) through (17) with that given by equations (18) through (21) the
formation of an endless series of hydrocarbong sppears possible.

Evidence for the existence of dlazoethane is found in Figwe 8,
pege 53 where the mass 56 peak ve. time cwrve is given.

The only curve in Figuves 6, 7, sud 8 thet is veslly difficult to
understand is that for mass Tl. Presumebly this is due to the G HN = NCH,
ion Zormed in the souree by electron bombardnent and is therefore not in-
volved in the thermal decomposition itself. This being the case, the ratio
of the 71 to 86 pesk in pure azcetbane (see Table I, page 17) should equal
that found in Figure 8 (or see Table XI, page 50). However, this is mot
the ease. The Tl pesk does not eppear to be velated to the behavior of
vhe 86 pesk in eny way. It doee not sppear possible that a resction

such as
QN = ML, GyRE - nem, ¢ e,
mumnme:ﬁnmmauma-ew. There is 0o way
mmwnm-mmmotmmmm.
nmmwmm‘mrumwzm»utwumcm
pregent in the final products. Bthylamine (mass 45), diethylemine (maes 63),
snd triethylemine (mass 101) were earefully searched for among the products.
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If any of these were present, they amounted to less than 0.05% of the
fingl products. The formation of triethylemine could arise from equa~
tion (12) and react with ethyl redicals to give

G ¢ Gl (GH,)p¥
Oy + (Gl )N —— (€8.) (ak)

mum.m-ntewmmmmamm-

vhat uncertain., However, they appear to be no more improbsble than some !

of the other remctions given here that seem to be verified to some extent

by expertmental evidence. One conelusion is that the -NeB bond is not |
The mechenisn of a resction of this sort is en exceedingly diffi-

eult problem ss are resetion mechanisns in general. A considersble

smount of Purther work is necessary before e complete mechanism can be

written for this reaetion,




CHAPTER VI
Equipment

Ammmuwm.m@m;mmmw
instrusentation. Bngh (1952) has described the basic instrument. Briefly,
‘he basic parts were a gift from the Los Alamos Scientific Laboratory,
These perts included a mess spectrometer tube (60° Wier type), a magnet
umwm,awwlwm,uww,mmmnm
and en FP-54 electrometer. In order to obtein a working instmument sult-
able for our purposes, several alterations snd additions were necessery.

The high voltege supply was used essentially as received.

The magnet supply was also used ss received with the exception of
mmwaaearwtmammwmwumw
mmuuy.lmuemmauamuu-swmuuﬂa
few changes. ‘These chenges involved eliminating the rectifier seetion of
mm—smwmsmauﬂmmmtuiuummnmwmm
nagnet supply. Aleo in order to hendle currents up to 250 ma., en eddi-
tional 1619 series regulstor tube was added. The magnet current was
varied by the substitution of a 500 K helipot for the 500 K single turn
potentiometer supplied with the P8-3 as & means of varying the output



voltage. -uwummwallsmwm.. An exmple
of the results obtained with this supply sre given in Figure 1. Note
how the non-linear response of the PS~5 supply helps to compensate for
the non-linear mess scale and thereby aids by giving e spectrum vith a
more nesrly constent interval between the different masees.

It vas soon discovered that the FP-54 electrometer was not suite
mmmmmuwmmwuﬂmmw
meet our needs. We requirved an electrometer which had & minimum of zero
drift, s low nolee level, a high seusitivity, the capability of driving
oiﬁrnﬂMw-mn.mm,u&Mme
m.mmca\m-u-m. munutum:wutmm
u«mnto:mwhmm mmrwznumm
m»muamw«s:m”mmmmxuuwum
5:1015-@-/:» mmmwnammnmmumt. over &
mmxwmn,mmimthtmmdmdm;ub
mammnmmwmumm :

mmwmammmmm«twmnw
.ms&%.-mmm.r»wun;msuna-m%vﬂn
tmtmmmamm»tmmwu nnammm
m1w-det.cx5612uu¢uammzm The loop galn without
feedback vas about 5000 mtmmu-mdmwm
udﬁ.ntmcimituﬁMmmmmubquS:n
inches. mzmwmmnmmrm-m.mm
mmxuwwmmmumwwam
mmw_
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While it is beyond the scope of this report to consider each part
xﬁmmsawx,umwmwnuwmm
on those items which are in some sense unique to the problem at hand.
These items are the leaks, the thermostat, phase-shift thermoregulator,
mmmnnm.‘mmmuntmm,ammmn
devoted %o each of these.

The Leaks
memmwnmnmmmmetmam
was the fabricstion of leaks for use in sempling the reaction vassel.
mmzw:--mmawm@mmmmnw
(ibeler, 1948; Mmeon, 1955, Marks, 1957). The technique, however, is
difficult and can be mastered only by much practice. ;

In order to admit & semple into the jonization chamber of the mass
spectrometer, a leak must be provided. It ie desireble that the pesk
heights be linear function of the p ® behind the leak and that the
Mbotmtemﬁtmlﬂmetﬂnﬂmhmw,
i.e. it does not fractionste. A lesk which does not fractionate is known
u:vtnm-u&mdunllymimotclmgmmﬁﬁhm
nal dismeter of about 20 microns. The pesk height is proportional to
mmwmmmhwmmm.umm,
but 1t is proportional to the pressure when using & molecular leak.

muﬂmﬁmﬂydnmmthmtmumt
the geak height be proportional to the pressure behind the leak, i.e.
that the leak be & molecular lesk. Such a lesk is a meall hole in a
th:ln-hnm. I T is the thickness and D the diameter of the lesk,




mm%muumumuu; With the smallest lesks
values of /D could not be reduced much below 10. Nowever, direet
wmmwwmmmmu&mmu&m
the experimental eyror. Direct tests showed no measurable fraction=
ation within the experimental ervor either, presumably because such
fractionation would be expected to be small anyway vhen a mmell fraetion
of the total sample is lost by leekout.
mmiwmawmm.w;mmmmwu
mm«mmunt.m)wuwmw
@ fine hole. By careful heating, one can get holes as smell as one mi-
cron in dimmeter. The next step rvequires caveful grinding of the end
«wgmmmms«mmuiasmmnwmotm
remains. Obviously the danger of bresking the membrane is very great.
Out of the first batch of 50 lesks all but 3 were broken through. After
gaining experience only 10 - 15 per cent of the leske were lost,
Another technique vhick shovs great promise is the use of Taylor
m-mg(mmmmwdm.nsuwswmm.
Hew Jersey). me«m;smmmmm(ywm,
@14, iron, nickel, sine, %in, ete,) in sizes down to 0.5 micron in
dimneter. numm.mmewmmmpmmu
total outside dismeter of about 80 microns. By collspsing the glass
capiliary down sround a short length of Taylor wire snd grinding the end
bm:mtubdm.u%mmoﬁﬁumtlm(.mlm
the thickness of the membrane) of vire was cbteined. The wire vas then
dissolved out electrolytieally. The best metal was found to be gold
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because it is relatively insoluble m-euumm; The leak vas
Mn.wﬁm«-amq.mmam-—m
was added to the inside of the tube. Platinum electrodes were placed
w#ﬁﬁ“%ﬂ“%m&mﬁnm@“d&ﬂlﬂ
applied, uawm*wmn.zwumwtm,mm
detect when the gold has been removed. It 1s importent to remove the
muﬂﬂumﬁhmﬁ.wmﬁf.}mw
mmmmwmzmmumm—um. A finighed
leak is shown in Pigure 18 at the end of the top tube.

Ihe Mass Spectrometer Chassis
hcwhummﬁmlmmmdﬂum
spectrometer. The maln console of the instrument is shown in Pigure 11.
On the left, top to bottom, sre shown the ionization guage supply (Alpert
Guage, Alpert (1953)), enission regulator, end the main control penel
vhich was used to set the different potentials needed for the plates in
the source. Also the main control penel allowed one to select the acceler-
ating voltage applied to the fons. On the right, top to bottom, are shown
the magnet supply, the magnet scemning supply, and the electrometer shunt
panel. Extending scross the entire pamnel one third the way wp is the
galvanometer scale vhich vas used for visually observing & spectrum. The
mmmwmn-mW.mmmmmmu
spectra and following pesk heights for long periods of time. The spectrun
shown in Figure 1 wes obteined with it. ;
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A?mtﬂwdmmmemmtmuuumw
Figure 12, &mmmymmmmmﬂmw
meter is shown at the lower left. The spectrometer is inverted from the
position in which it usumlly is found in that the source is on top. This
wag done to allow as short a path as possible from the reaction vessel to
the source. Note that with the excepbion of that part of the tube between
mw-xmmt.mmmmwum,mmmw
is wrapped vith heaters. These heaters were run st 300°C eentinuously.

hrmmu,-mmctummmmn
given showing the three pressure measuring devices used. The mercury
manometer was used over the pressure range of 50 to 700 mm, the Wallace
Tiernan guage (upper right) over the renge of 10 to 50 mm and the Con-
solidating Engineering Company mieromenoneter (top) over the range of
1 to 200 mierons. Intermediste pressures were cbtained by expanding s
known small voluue of gas et a kuown pressure into a known lerge volume
(the reection flask) and sssuming the ideal gas lew to be valid. Experi-
ments showed azoethane to obey the ideal gas law to pressures of one
atmosphere or less to better than 1%, (the accuracy of the pressure
measuring deviee).

e Thermogtat
One of the major problems in the construction of instr

was that of the thermostat. Because of the high temperature ranges that
were necessary, a materiasl from which a bath could be febricated was
difficult to obtain. After investigating wany materisls ranging from
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mnm-ucmu—smmeummumumw
the objections to liquid baths were 80 great as to preclude their use.
After caveful consideration, the decision to use an air bath was reached.

ummmwmmmmcm
grester than 0.1%C. Tt wes also necessary thst a temperature regulstion
of $0.05°0. be obtained. #180, & reaction flask having a volume renging
from 250 ml. for the high pressure runs to 13,000 ml. for the low pressure
runs vas necessary. The large volume on the low pressure runs was necessary
in order to minimize the fraction of the material lost due to leak-out
during the time the remction was being studied.

A device having these charscteristice was constructed and is shown
in the break-sway drvawing in Figure 4. In Figures 15 through 18 different
views of the finished device arve given.

The thermostat consisted of a transite box baving & double wall
five inches thick. The space between the imner and outer well vas £illed
with five inehes of Vermiculite. A 1/3 h.p. electric motor mounted in the
bottom of the box provided power to drive a fan seen in the bottom of the
transite box. Amﬂﬂlmmwunimmmmu
% the glass work contained in the box was constructed. Contained in the
transite box was & smaller cube constructed to allow s 2 inch space all
mﬂbmnu‘mmmummm. This inner cube
18 shown in Figure 16. The cube served the dusl role of defining & path
(see arvows in Figure 1%) through which the air was circulated by the famn
and also providing & support for the heat These heaters are indicated
by "C" and "B" in Figure 1b. Heaters "C" were eight chromalox heaters
each providing 250 watts at 110 volts and were used to provide the bulk
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OF the necessary power. Heaters "D" were nichrome cofls wound on glase
tubes which were directly exposed to the air stream. They were parallel
connected to present & total resistence of 45 olms and were used to supply
the small additional power needed for temperature regulation and arve
shown by Ry in Figure 19. :

The air vas eirculated over sll these heaters by the fan. From
the arrovs shown in Figure 14 the path teken by the air is obvious. The
maximm theoretical air velocity sround this path is 2,500 ft/min. The
measured velocity gave 1,100 ft/min as meesured vith a velometer.

The temperature sensing element wase an AN-5525-2 resistance ther-
mmmmem-mmwuzpm“lu
mlﬁ“&.hﬂmlﬁ It was a coil of 0.004 in. OD nickel wire
end had a resistence at room temperature of about 90 olms. This element
deternined the temperature of the themmostat and fed a signal to the
phage~shift thermoreguletor. Considering the length of path the air took
in one cyecle to be about 2.5 feet, the resistance thermometer was to
mﬁhwuuummcl—utdmﬁonvtm-n
second. While this seemed to be adequate it must be pointed out that
had the inner box and ite contents been designed more in keeping with
m«mumwammw.m»n
times @ second would not be an unreasonsble mumber. After all, this
device is nothing more thsn & recirculating wind tunnel with heaters.

in Figwe ik, "B" ehows the ice junction used as a veference june-
tion for & calibrated thermocouple eontained in the reaction flask itself.
This thermocouple was used in determining the teupersture at which the
decomposition was being run.




The reaction fissk is shown in Figure 17. The tube on the lower
mmmwmmmfm,mmmmmm
mﬁmmmm%‘ Just above the leak lead is the themmoe
couple well., The tube on the lower left was comnected to the sample
mmmm&m‘mcmmmummwi The reaction
flask iteelf is shown in more detail on Pigure 18. Here the semple intro-
mmmummrmmaummm. Ordinawily,
this tube is connected to the sample inlet system.

The completed thermostat with its sssociated electronic regula~
ting equipnent is shown in Figurs 15. Figure 17 shows a top view of the
‘thermostat with the 1lid removed. h#mwwm‘mﬂ.
temperature sensing clement is visible. The flask with ite two tubes
is in place as it ordinarily is during & decomposition run. The imner
mmmmmmumnm:& This is a bottom view
showing the hole for the circulating fam.

m‘wmawm,mm-wuﬁum
were carried out. The purpose of these tests vas to determine the tem-
mm.mumz«mmammmm
poseible. Mummmmmmmwa
downward in the center of the thermostat would produce the best resulis.
Tt mast be vemeubered thet at the time of this testing the phase shift
thermoregulator was not yet constructed and g mercury-in-glase regulator
wag used together with the thyratron circuit as described by Swinehart
{l”,‘n Ae will be peen in the next section the phase shift thermoregu-
lator improved performance of the thermostat at least an order of magai~
tudn; 1% is reasonsble to expect that had the phase shif't thermoregulator




been used during these tests the results would have corvespondingly
improved.

mmuntﬁhm”um Temperature regulation
tuproved from £0.6°¢ to £0.3°C when the air flow vas chsnged from & down-
ward to an upward direction in the center of the thermostat. 4s a eonge-
quence, the motor was wived so as to cause an wpward flow of air.

All subsequent tests were mede under these conditions. The volume
of the thermostat available for s reaction flask wes & cube 12 inches on
an edge. In order to conduct the temperature gradient tests, e series of
five thermocouples were prepared end cerefully calibrated against a platimm
resistance thermometer. These thermocouples were then mounted in long glass
tubes which entered the thermostat through the cover. One of the tubes wee
Mumm&emaﬂuvmmawhm
tmtb.hf&m\athﬁpatﬁnmtﬂlmﬁﬁl#mm-
The remaining four thermocouples were also mounted in tubes which were
locsted at the corners of a square having its center coinciding with the
center of the cube bracket (cemter line of the fan shaft) and measuring
8 iluches on & side. These tubes were moveable to ellow measurement of
the tempersture anywhere along thelr path into the thermosteb. By this
means the temperature through the center of the cube could be detemained
a8 & function of vertical position of the thermocouples. The greatest
wmwmwwmnwmﬁpwmm
on any of the five themmocouples was 0.8°C. Further, the grestest
temperature difference measured between any two thermocouples in any two
positions regardless of distance apert (under the restrictions of the
thermocouple movements pointed out sbove) vas 1.0°C. The conditions under



vhich these tests were conducted renged from u temperature of 260° to
20°%. W¥hen one of the thermocouples was pleced adjacent to the mereury
bulb of the thermoregulator, & regulation of 0.5 o 0.9° was observed.
Therefore, it is reasonsble to expect that a congiderdble emount of the
temperature gradient observed was due to the inadequate regulation being
cbtained from the mercury-in-glass thermoregulator. In most of the
Mem,;wmmm\hunhﬁmm
provided for that purpose. Also, s pletimm resistence thermometer was
placed through the 113 80 that 1t messured the tempersture in one corner
of the center eube during the kinetie run. The temperature indicsted by
these two devices was recorded all during the kinetie runs. In no case
414 the temperature difference exceed 0.08°C after the phase-shift thermo-
regulator was built, tested and installed. Time d4d not permit the re<
installation of the Pive themocouples after the installation of the phase-
shift thermoregulator. However, from experience gained during the course
of 151 runs, comparisons between the temperature of the pletimwm resistance
thermometer in one cormer of the ¢enter thermostat cube lead us to the con-
elusi 'Ms- onsble number for the greatest temperature gradient is
about 0,2°C. This gradient would exist between the center of the cube
(aleo center of reaction £lask) and the farthest cormer of the cube. The
temperature groddent through the reaction flask itself wes probebly no

mcwihne.l.%.

After completion of the phase-shift thermoregulator a series of
experiments were performed in en effort to determine the optimum smount
of power to be diesipated in the main heaters (see €, Figure 14) and in
the suxiliary control hesters (see D, Figure 14), These two sets of




beaters were installed because it was felt that & regulating device
regulsting the entire input power would be reguived to bandle 00 much
current. Therefore, it was felt that the bulk of the power necessary to
maintain the thermostat at a given temperature could be supplied by a set
of rather rugged heaters powered directly from the 120 volt lines through
& verise. The mmall additionsl power necessary to bring the thermostat
to the desired tempersture could then be supplied by small wire-wound
mmummnmuw.umuywmmm,m
effecting & better transfer of energy. m.numﬂhrybsm
would then be used to control the temperature. They would also offer the
sdditionsl advantage of & swall thewmal inertia. In prectice this worked
out very well. The variac provided to eontrol the daput power to the main
hesters is seen in the lower right hand panel of Figure 15. By means of
this variac the power to the main heaters was increased to the point where
mm—mwwmmu‘wmtmmm
ment of power needed for tesmperature control. Optimm values for the variac
setting as & funetion of desired regulation temperature are given in Table
Table XVIII
Variac Settings for Thermostat
Temperature (°¢) Yarise Setting (Volts)
50
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FIGURE 1%

Cutaway of the Thermostat
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FIGURE 15

Pinished Thermostat Showing the Two Chassis
of the Fhase-Shift Thermoregulator
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FIGURE 16

The Inner Cube Showing the Main Heaters
and the Control Heaters
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FIGURE 18

The Reaction Flask
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At the time this report was written, the thermostat hed seen sbout
mmwmmmmawmiqwmm-
equal to the task for which it was constructed,

lation was attacked. At the outset, s mercury-in-glass regulator was used.

It was soon appavent that other meane of regulation were necessary. The
mm-mwmwrmmuut@m:wamaxuw
ating temperature snd would only regulate to £0.3°C. mymm-m
varied as much as 0.8°C on both sides of the set temperature. This, together
with the fact that the tempevature drifted upvard over a period of time to
the extent of 0,2°C per hour, necessitated the construction of some other
device for regulation. mamwtmgzmum-m
and the device shown in Figuve 19, pege 108 was the result.

The sensing element was a resistance themometer mede of nickel
mmvmmummmmmrsmu,mmm
position B. Mmmmmrtomdwmwammmm.
Ry Figure 19, page 108, At balaace there would be no sigosl applied to
the grid of Vy. When the tempersture of the thermostet dropped Rywould
mm;mm-mlmumlmwvlswmm
Mmmmmumm,mmgn!mummnw
mmgmwmmwavr ﬁsonlydmcrmubo-
mmm.wsmammﬂmdw. As ve shall see, the
eireuitry was so srranged %o recognize this change in phase. The signal,
due to a tempersture change in the thermostat, is applied to V, where it
experiences one stage of guplifiestion end is epplied to the first half




«v,mmmsqmm The output of the first half
of ¥, is fed through Vy back into s twin T network which is go arranged
80 as to feed back all hammonies but the fundamental 60 cyele signal.
mmnv,um«mtmm«v,mmm
cmmummmuymmmm
«v,mu.m:&mmm. In order to minimize hash
feedbask from the phase sensitive detector Vg, saother stage of ampli-
£ication end cathode follower was added in Vy. The output of the cathode
rmmmuv*mmmunmwnnm.vy”
performed the following function. By sensing the phase of the B.M.F.
epplied to the bridge end camparing it with the phese obbained from the
mat&-wmmv,uwemom
vhich is larger or emaller than the IR drop scross Ry,. This signal,
vhich et the chosen cperating tempersture of the thermostat is equal %o
the potential across Ry, ummWvas. V‘uﬁlﬂf
eury thyraton cspable of handling continuously a current of 2.5 amperes.
eéphmomurvsueumnuwmu‘mdh
A0, potentisl on the grid 90° ahesd of thet on the plate. Ry, is adjusted
%0 that Vg is eut off when the bridge is balmced. When R, experiences &
rise in resistance corresponding to & rise in temperature the DC signal
mv,mmmn,mmvsmmw
offe Mt,m-mumhw.mmm—
mnwuwmvsium@m.mxmummmmc
hbm‘VGmmM. mmmﬂn-mﬂﬁmmA
tsmumwwwdwmmmmvs.
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mmmvsmmmmammﬁsumunmuuu
mmrrmquwmumpmtmmmmmmum
WWMW&M“MQ‘&W- In consideration of the
Mmmmm&hd@gegun:mammum
quumwﬁ’:.n.r.n.mm,ugmmm
this is & proportionsl device. It is proportional in the sense that the
smount of power fed into the thermostat is roughly proportionsl to the
otgerwm. s ;

mmummmwwiwymaunwm
the thyratron fires during just half of esch half-cyole when the thermo
»mu»nmwmmm. Mmmmummm
balaace. The further the thermostat drifts from the desired temperature,
the more, or less pover is applied to the regulating heaters, depending
mmmwwttnwww,WMiw.hWM@.
mgtmm,mumMWmem‘mw

znummuﬂmmavsu%mtmm‘ I is
Mm;mmummmmmwwmpmmmm
seross Ry Por this purpose the leads "Oseilloscope test" have been pro-
vided. The part of %_amﬁ composed. of 77. Va, Vg, Vip¢ and Vu is
a regulated B+ supply. It is standard in every way and ite only function
is to provide a regulated plate supply for the amplification pert of the
cireuit.

Tt is seen that by setbing resistors By - §, Ry, Ry - Rigy @
large range of temperatures is ¢esily obtained. Furthermore, the bempera~
tures so obtained are easily reproducible by simply reproducing the sebtings




FIGURE 19

The Phase-Shift Thermoregulator
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of this arm of the bridge end resetting the variac controlling the suxil-
isry heaters. The eircuil will react in such a way &s to bring the bridge
%0 & null point by either heating or ecoling the thermostat, thereby ad-
mmmmnun,wmuwwm; ‘

The regulation obtained with this cireuit vas quite satisfactory.
Long term drifts experienced were of the ordsr of 0.01° in 24 hours. Runs
mmammmmmm:«.mn-f«wmw
the order of 0.05°¢ were not ucommon. This is at least en order of meg-
nitude better than that previously reported from cirenits of this sort.
;wmmam-‘mmtumﬂmw»mmtd%
in the bridge itself. mmmmu,n,un-mmhu
connected exclusively in one arm of the bridge; therefore, sny tempersture
gradients along the leads from the bridge to the thermostat were “"seen”
wmmmn-mmmmwmwm. This was
remedied in our case by using & three-lead thermometer, This weant that
any change in the resistance of the lead wires was sdded half to one leg
of the bridge and half to the opposite leg. Therefore, the oversll bal-
anammmmmumwmmmmumm
the lesd~in wires,

As in cases involving the development of elgetronic gear to per=
ten;tuk,nhmatmm:«wnnmn:uﬂhm-w
mmmuwmmm. Experience has shown the twin T
to be largely unnecessary. Also, the highly reguleted B+ supply ie prob-
ably superfluous. nuuumtrzasmotn,wmwrm
could be increased to perhaps 2000 ohms and the frequency of the input
signal to the bridge increased to 20 kilocycles that en ordinary BF
anplification setup to power the phase sensitive detector would be adequate.




Parte for the Phase-ghift Thermoregulator

Ry-R, 100 8 -l
Ry wa 10 turn Helipot
RgRyg we Wb
Ry 100 0 W=k
Rg 100 K iW
Ry 2.3K 2W
Ryo 1 meg 1 W Pot.
Roy 500 K 1w
Ryp 220 X 1w
Bos 46 X W
Ry 500 1w
Rys 1 Meg /e w
Rygr Roq 270 K Wb
Bog 1% K WH-k
Rog 15 K e w
Ry 470 K 1w
Ry 33K 12w
Ry 15 K /2%
Ryy 100 K 1w
Ry, 50 K 1w
Ry 50 K 1w

lﬁ 0K iw
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/2w

iw

ivw
1w
/2w
/2w
/2w
WW Pot.
12w
2w

W Pot.

Wi Pot.

1w
2w
1w
2w
1
/2w
/2w




TABLE XIX (continued)

Nichrome heater about 45 ohms total
An 5525-2 Thermo-resistance bulb ‘
Bdison-pitdorf Corp. R = 90 0 at 30°C.
10 wmra. 6oov
0.5 mfd. 200V
0.01 mfd. 40OV
0.1 mfd. 200V
Choose to give a phase shift of 90°
(value here was 0.1 mfd. 400V)
1.0 med. 40OV
0.1 mfd. boov
0.05 mfa. OOV
750 nmfd. HOOV
0.01 mfd. 400V mica (choose as close
as possible)
0.02 mfd. 40OV mice (choose as close
as possible)
0.1 mfd 4oV
5000 mnfd. 200V
750 mmfd. 40OV
100 mfd. 10V
0.02 mfd. hoOV

68Q7 Y Trisd F-14X




u3

LA éser (use 1/2 of secondary)
Vy 68L7 T, Tried F-J4X

Y 68RT T Thor. T20A19

Vs 686 T, Merit P296R

g : FG-57 T Triad F-8K%

Vo 5651 Tg Trisd R-TOA

VgoVg 6AGS T, Triad F-TX

Y10 616 Choke Trisd C~7X

Vi3 50k or SR M, 0-5 AWP, D.C.

NOTRS:

(1) ONE SIDE OF PLUG IS CROUNDED. USE CARE IN PLUGGING IN
CIRCUIT TO LINE.

(2) FEEDBACK SWITCH.

(3) ALIOW 1 MIN. BETWEEN TURNING OF S, AND 8, AND FIVE MINUTES
BETVERN §, AND 8,
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Awmmumﬁum.munmmmm
a sufficiently smooth B+ voltage. Also, two low current thyrstrons wired
unnfﬂlmimklmuummmdhumnnmlﬂth
mmwwmnummuuumunxmmeumu
Ry uanmussomumm-mu,m.mucmm
obvious advantage of sllowing an even smaller thyratron to be used. It
must be remembered that the fundsmental parameter of this cireuit is the
m«mmemmmmtmmywwuum;w-wm
power into the heaters when the bridge is out of balsnce. Therefore, factors
such as frequency shift, B+ ripple, varying tube pavameters, verying line
voltage, etc., are not of consequence here. If the values of the resistors
meking up the bridge stay constant, and the temperature of the thermostat
is such that Ry 1s equal to (R~ B)) + By + (Rg~ Ryp), then no sigal will
be obtained from the bridge and no power will be fed into the thermostat.

The Enission Regulator

Some means must be provided for the control of the fonizing electron
bean. This control must extend to both the number of ionizing electrons

and their energy. In most mass spectrometers, the ionization of the sem-
ple oceurs in & nearly egquipotential reglon called the case or shield.
The ionizing beam itself is so arrmmd that it obtains its energy before
it enters the equipotential region. A beated tungsten filament is placed
outside the case. Blits are provided at both ends of the case in line
with the tungsten filament. A portion of the eurrent emitited by the
filament enters the equipotential region through one of the slits. Its
energy is acquired from & potential difference that is maintained between
the filament and the case. The bombarding current then travels through




T T e T B

M

the eqipotential region. It is beve that the lonfzatfon of the ssuple

#88 coeurs.  The bosiberding electrns then lsave the equipotential region

through the slit oo the far side of the case. This electron current fs

eollscted by en anode called the trap which lies outeids the squipotemtisl

region. The eleciron current lesving the filamest and trevelling thwough

this region fe called the trep eurrent. Also, that electron carrent

leaving the filamest and being collected by the case is called the case |
current. The electronic device vhich reguilstes these curyents and poten-
41818 1s knowi 68 an emiseion regilator. Theve are suly tws types af ‘
emisgion regulutors that bave been used. DTuth types have means of pro-

viding a velatively monvenergetic bomberding electron stresm. Do one Sype

the total current emitted by the filament is controlled. This s the sus

of the case and the trap cwrrent. To the second typs only the %rep curvent
(setus) bombarding current) is controlled. Durlng the course of this pro~

Ject three emission vegulgtors weve cosstructed. Tue of the fivet type

sad oze of the sscond, The work dose on ssomethese (MeCoy, 195€) used

the entssios yegulator of the firet type. When the preseut work was bo-

#amy 1% vea noted that seversl instabilities were proswnt fn the emisgsfon
egdators Tiis suounted to e fostability 1a both the case wnd e trep

ourrent (however, the sus of thess twe stayed constent to sbout & part in

500}, and a Sluctuation in the electron scceleveting woltege. After pone
stdersble discussion and litersture dnvestigabion, en emission regaletor

of the second type was huilt. The basic clireult chosen was that of
Greenhalgh mnd Jeffrey, (1955)¢ Although much were sophistiented clireutts

are available {(Solomsn wod Caton, 1558), 1% was decided thet the cireunit




of Greenhalgh and Jeffrey would be satisfactory for our needs. We asked

that this emission regulator meet the following demands. First, that it
mwwwmtutwlmmgwumrw.ﬁuddu
least 12 hours. Second, that it maintain the electron asccelersting vol-
Mmﬂm&%lmmsmtgrslhﬂu‘miﬂ- Third, that the
eireuit be as simple as possible. Greenbalgh's circuit did not meet
these specifications and certain changes became necessary. A Mc
of the final emission regulator is shown in Figure 20, page 125.

Both of the sbove deseribed emission regulators depend on the
varisble losding of & transformer for control. (Ridenour and Lampson,
1937) The eiveult reacts as follows. Suppose the filament, whose emis-
mz-wmm,mswmmmmm.‘m
mmnmltcfm-hmmmwinthwmmmt..m
mmuwwmuu-wwnmmnswn“.
Tais esuses the grid of Vj, %o become more negative, which in furn results
aummwmaﬂ. This voltege is placed between grid end
msysmvrmanmunmmummmmnwd
‘these tubes. This draws more current through the primery of T) and conse-
mwmammnu. Therefore, the potential presented to the
md%umbyumtomwm.ndr»mounm
mlln,ylu.etm,ﬁhnimpotmmem'muﬁuusdm
m«%mﬂnmmmwvsmvr The decrease in
mﬁﬂmﬂ»wm#!,nmlnnolmnlwmmmum
filament which, of course, decreases the emission of the filament, thereby
vestoring the trap current Yo some presssigned value.
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A considersble amount of difficulty was experienced in the selection
¢!,' mwmwm;thMumu
deternined by the size of the filament. This, in turn, determines the
mmmmuwm&z,. MMMI@OM“.
it ie not easy to obtain s trensformer of the proper voltage. Therefore,
ﬂmmmteumws. Afver much experimentation, the following
rule of thuwb wes obtained:

mmwmamg«!,mmm-wuuu
number of turns to produce s voltage equal to st least
tuice and no greater than three times the voltege neces-
sary to produce the desired amount of emission from the
chosen filament with an iuput voltage to the primery of
120 volts. !

In our case the filament chosen was 0,008 inch tungsten wire
(unthoristed) about 11 mm long, One snd one-half volts st the secondary
mmhm&mhh&mﬂﬂuﬁmmmwmmu
J.Qﬁvol.bl‘. m&mhmmw,;ummwaum
5.0 and k.5 volts would be necessary. Consequently, an average of these
two numbers, or 3.75 volts, was chosen. A Triad F8X filament frensformer,
rated at 5 volts et 6 aups, was selected and the secendary unwound. It
was found to consist of 3B turns of wire. A unew secendary of No. 15
(mmmmmm)mm.esmumwh
give the necessary voliage mm«mmwnm«w
sccomnodsbe the necessery filament current vhich in our case was 5.5 amperes
at its maximum.




The difficulties involved in the selection of a filament trans-
former ave usually overcome by the expedient of installing a low resis-
tance, high power rheostat in series with the filament. By sdjusting
thﬂnom,nnorhuofthmw&*ﬂlmtmmu
dissipated across it rather than the filament. This would be & simple
solution of the transformer matching problem were it not for the fact
that the resistance value of the rheostat needed is small and the changes
nhmmtnnm-nlq-y.-mwmmﬁlvdmdth
resistance placed in the circuit. Therefore, these small contsct resis-
u«m-mmnwmumumuuaumrmnm—

beated or uhderheated filsment. The circuit in reacting to compensate
for this, produces considersble instebility, especially if the loop gain
z--u mrmwmem.mmmmnmrumt
cireuit., We obtained instebility renging from 0.1% to 5% per hour.

This instability wes measured by plscing a 15 K series resistor in the

trap current cireuit, using a Rubi type B po ter to "buek out"

all but 5 millivolts. m-‘smmnmmmnmm
Northrup Speedomax recorder. After the removal of the series rheostat
uwrmmmw«uhmmmm,
Wmm‘meim The total excursion of the trap
current, now, was from 0.05% to 0.1%. After the regulator was allowed to
run for 36 to 48 hours, total excursions for the next 48 to 72 hours were
not greater than 0.0%%. Thus the regulation of the trap current exceeded
w‘m"‘ It is believed that the 1 of the rheostat and the

rewinding of the filament transformer are largely responsible for its




g

As in all construction work of this sors, iderable

1s gained that is not practical to spply inssmich as another complete
eireult vould have bad to be fabricated and tested. mm.;miéna
the ti,et_ﬂm; this eircuit was move than adequate for the task, -
anmmmnwwcmofmw&wma-
veatage in meking these changes. Clearly, the stability of this etreutt,
to a largs mt. is d‘pendtnt on the pl\wicsl mmnﬁu ot '3.
remaining constent. MI hlhe has & remarksble nhﬂ.it;y %o do Jult M
M.pe, the voltage nmhtm W?‘ of Vi, 2, and vi an‘ much o

be desired. Aéfav_tub-uwmbp agbnitutedfwvn'mvywdmm
tube would meke an umt mhl}lw%im ‘tor thn Vr In place of V*,
nﬁﬂqmmmawmawmtndmmmmnwunetmhd
amplification would also improve the ehu‘u:terinicu o a htsu extent.

The iimiting stebility controlling t‘c‘ﬁox' ut this eirsuit is ﬂu W with
which it can resct %o a change &ntu‘entenution. Aafwum-um
mummd, Mmmmumnmmwumna
ﬂuamratom&mahmmmtponubh, ummcamabh
loop stebility. The anly m:.tstm is that impoged by the electronic
components themselves. ‘

When Gurning the filmment on efter & period of Mmuu, certain
precautions ave necessary. With R, end Ry, set ab thcir maximm resis-
tance, switch 1 1g wmcdam After u;nriod oc‘mt less M 2 amhn,
switch 2 is turned on. With 3" ar switch 8,1: pel?t‘ionyl, Rn is
mmmdwtumgnmswm:. At this polat By
umwgmawmu-mammt. mmgm this vas 15.5




microamperes. mmmsmw,"l“dl,uhnm
to position 3 where it will read case current. mmu;,uto
provide a mesns of checking the amount of regulation current in the
m&&.

It is obvious that this circuit will also regulate Yo minimize
fluctuations in line current. However, the range of fluctuation of line
mtmmmmmiuwumdﬂompdw
lsting current in the secondary of T,. Therefore, it was often necessary
wmmhugusummwamhmw
compensate for either a lower or higher line voltage. M‘ﬂi,il.r’
zmnwwmmumhmumtwmmlmt
or affecting any momentary discontinuities in eny of these paths, Of
m..mwwuduummmmzumn
AA and a microammeter between positions BB. This, however, would neces-
sitate an extra meter and since current in AA need only be checked ;
periodically, the additional component wes not considered to be warrented.

One of the great advantages of a trap curreant controlled emission
Mﬂﬁﬁmﬁdtﬁhmmﬁaﬂimnlyﬁw
diserimination curves after the installation of a new filament. The
“1lining-up" of & new filament, insofar ss sensitivity and voltege dis-
erimination mucaneemd;.«pme‘eeds as follows. '

A sample of butane is adnitted to the mess spectrometer, The 43
peek is loecated and the instrument is sdjusted %o observe it. By cave-
fully adjusting the source magnet and noting the values of the case ecurrent,
the trap eurrent, snd the peak height, a point where the case curreat is a




pi-2 8

minfmum and peak height is & maximum can be obtained. mu-mm
source uagnet adjustments, the trep current must be kept under constant
Mm‘mwmm«mwanmum
it constant. The reason for this is that by s suiteble positioning of
the gource magnet, the trep curreut besm can be reflected from the trep
entirely, reducing the trep current to zero. The reaction of the cireuit
ﬂﬁtm“ﬂt&fﬁmmmmmﬂly‘ This regults in the
emission regulator sttempting to heat up the filament to restove the trep
current to its pre-sssigned value. If this current does not find its
way to the trap and consequently into the regulating cireuitry of the
Muum,m.wxmzu—muumwm:
point a8 to burn it out. Thereforve, considereble care must be teken to
move the source magnet in very smsll increments and be alert to return
i% to the previous setiing if the new setting resulted in & decresse in
mm‘.
a-mum««mm«-mmm
is desirsble. During the initial heating of & newly installed pure tang-
mrw,ztmwwtlmmtnmwmw‘
duce 8 given emisaion then after the filament was in use for some period.
This decrease in heating current was eepecielly pparent if hydrocarbons
were being worked in the mass spectrometer. Also, during this process,
ﬁnm&tﬁvttyummnmntmmmruwiﬂm“ﬂh
diffienlt to obtain consistent resulis. mum:m_umw
& nintmum by e process known a8 carbonizstion or carbiding. This process
involves the temporary installation of & new filament in a system where
1% can be exposed to a Pew hundred microns of & hydrocarbon while being



Bested to & tempersture of about 1800°C, Long experience has shown that
hmmmnmsetmunmumhmnmmm
of either . trans, or ¢is butene is sufficient. T this particular ingtru-
muimwmrumtmmmm,mfww
mtmﬁam‘-wmdls.sum@thw
set was sbout 6.5 amperes, After s period of from & to 6 weeks of continued
uge, especially with hydrocarbon lqln, the filsment current would drop
%o 4.5 or even as low as 3.9 asperes. Apparently a thin layer of tungsten
carbide Tormed on the filament reduces the work function of tungsten to &
wutm&tumlmmmhhutthtu—muuu‘c
tempsrature as previously. Therefore, it 1s strongly recommended that
mmmmmum“mmrmumwmu
installation into the mass spectrometer ion source. Even after carbiding,
it is not unususl to have & filament stert out reguiring 5 aaperes and
after & period of 2-3 weeks, drop down to 3.9 to 4.1 emperes. Carbided ;
filements also improve stability of the ion beem to 2 considersble extent.
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Rl o R R R R

15K s w
500 K 1V wire wvound
50 X 1V wvire wound
100 ¥ 1 ¥ poten
%K W=k
50 K 1¥ wire vound
box Wi-k  wire wound
100 @ 1w
100 @ iw
150 9 50 W
30 9 50 W
Shunt to make 4, read 0~20 ms.
100 K iw
k70 K 2w

0-10 amp. A.C.

&R R

0-100 volts D.C. 10,000 9/V
0-20 nicro-p.‘ D.Q.

0-100 microamp. D.C.

&lso vhen shunted with R,
0-20 ma.




TABIE XX
€ G 16mra Goov
ey 0.1 mfd 200 V
G 0.5 mfd 200 V
c; 1.0 mfd 200 V
S 0.06 mfd 600 V
c, 0.05 mfd 600 V
g 0.0k mfd 600 V
cH Tried €-7X
10 kerri 90 ma
270 ohms
Relay Advance AH/20/115 A.C.
DPDT
SpPeT

. 1
&
8

12k

(eontinued)

Y

1:1 Isolation transformer
3,500 V insulation
& amps. A.C.

Trisd RESA

5V. 2A.

6.3V 1.2a
6.3V 1.2a

800 €.T. 30 ma

6.3 V 1 amp.
3R5-0-325 70 ma.

Merit P3IS1 5V-3A 6.3V 3.5A
use 35-0-325 winding only
Trisd F8X

The secondary was replaced
with 28 turne of No, 15 wire.
With an input of 117 V A.C.

it gave an output of 3.7 volts.






HIGH VOLTAGE
SUPPLY
“TRAP 1
) CURRENT* _&AP
T
|
B | (f———FILAMENT
| (008" TUNGSTEN
y WIRE
RECAY g J FOF  lIMN.LONG)
R M 05
(@) i ) T
5 Ry
"y *ELECTRON ACCELERATING VOLTAGE"

[STABILIZE"
3A

“B* SETTO0: My GIVES
| REGULATING CURRENT
3 CASE CURRENT

110 VAC.




CHAPTER VII
Conclusions and Suggestions for Further Work

Ve may conclude from this vork that the thermal decomposition of
Wismm,m,mdfmmmmm
sure and tempereture rangee studied. The mechenism of the resctions
appears Yo be complex and & fwciion of both initial pressure and the
temperature. Several runs, ummamwu,utwfmtmmt_
and temperstures vould have to be made in order to establish a mechanism.
Each run would be an analybieal run and corrections would have to be made
for change of composition during the run. The volume of data obtained
would be considerable and access to a computer would be necessary in
order that the data be reduced within a reasonsble period.

The effect the swrface srea exposed %o the reaction has on the
final composition of the products would be of iderable interest
This would requirve running a series of decompositions ab ux"rmmt initial
pressures and temperatures in & flask packed with Pyrex wool. During
thege runs, all peaks would be recorded snd the dste treated just es that
cbtained from the mechanism runs.




nmm,wm-w;mmumm
t.s-munmm he limitations on studying shorter half
1ives is in the instrumentetion and much work could be deome to extend
the renge down to perhsps 100 milliseconds. Some of the difficulties
are the detection system, the pumping system, the recording system, and
the thermostat. The detection system would have to be capable of & time
response of st lsast 10 millfseconds. This is difficult to achieve with
vacuum tube or vibrating reed slectrometers, but could probsbly be done
with an electron miltiplier or & seintillation crystal and & photo-
multiplier. One of the most difficult problems would be ocbtaining a
punping system capsble of evacusting the tube at such a rate to prevent
the partial pressure of the sample risiag to & level not indicstive of
the pressure in the reaction flask. The installation of high cspacity
pumps and short, large diameter punping leads should do much toward the
solution of this problem. A recording system suitsble for use In these
ranges bas been described (leger and Ouellet, 1953). It comsists of an
oscilloscope on which is displayed the output of the detector. A range
of as many as 15 mass units cen be displayed st a given time. A major
change in the thermostat setup would also be necessary. The comstruction
of & thermostat-mass spectrometer combination in vhich the source of the
mMmMManuW1m.
would seem to be desivable. Under these conditions, the leek could be
placed in the ilonizetion chamber of the mass spectrometer source directly.
This setup would have the additional sdventage of heating the source and
thereby helping to keep it outgessed. Perhaps the most significant ad-
ventage would be the short distance between reaction vessel end lon
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detector, With helf lives of 100 milliseconds, the time of f1light of
the ifon from its point of formation to its final collection would be
insignificant.

As pointed out earlier, the problem of the lesk-out correction was
troublesome. nmmmwuabhmmuamum leak~-
out rete which is compatible with experimental data. Further work to
determine the parameters involved in the rate at which the gas will leak
out of & small hole sppear to be highly desirsble. Certainly much data
em-mmmmwm_umucm-mummm
further into the low pressure ranges.
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