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Abstract

The unimolecular decomposition of nitryl chloride was investigated
in the pressure rangs 10 to 500 mm. and the temperature range 141 to
205°C, Relative efficiencies of foreign gases were fqund to vary
slightly, if at all, over this range of conditions. The reaction was
observed to be partially heterogeneous in the Pyrex reaction cell used,
The results ofrthis work are in agreemesnt with those of Volpe and Cordes
at low pressures and with those of Casaletto at high pressures. The
discrepancies between the relative efficiencies obtained by Volpe and
those obtaine& by Schumacher and Sprenger are probably due to effects
of heterogensity in the work of Schumacher and Sprenger.

The data obtained in this work were interpreted in terms of the
Lindemann mechanism, Relative efficiencies were calculated by means
of the Schwartz-Slawsky-Herzfeld theory and the Landau-Teller theorys
the latter theory gave results in qualitative agreement with the
available experimental data,

Relative efficlencies of the noble gases and of carbon tetra-
chloride for the decomposition of nitrogen pentoxide at 50°C, in the
pressure range 0,1 to 3,0 mm,, are reported in Part Two of this thesis,
It was found that deactivation of activated reactant molecules does not
occur on every collision,

Part Three of this thesis, "Theoretical Pre-exponential Factors
for Hydrogen Atom Absiraction Reactions,” contains its own abstract,
Pre-expanentiél factors were calculated by means of Eyring's activated
complex theory for ten bimolscular reactions. Part Four of this thesis
"Carbon Isotope Effect during Oxidation of Carbon Monoxide with Nitrogen

Dioxide," contains its own abstract.
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PART ONE: FURTHER INVESTIGATION OF ENERGY TRANSFER PROCESSES IN THE

UNIMOLECULAR DECOMPOSITION OF NITRYL CHLORIDE

I. Introduction

The thermal decomposition of nitryl chloride was first investigated
by Schumacher and Sprenger (1,2,3), The reaction was investigated over
a pressure range of from ten mm,* to ten atmospheres and over a tempera-
ture range of from 100 to 150°C, The progress of the reaction was
followed by observing the change in pressuré as the reaction proceeded,
The pressure after the reaction had gone to completion was found to be
greater than the initial pressure by one half of the initial nitryl
chloride pressure. The concentration of nitryl chloride at any time
during a run was found to follow the first-order integrated rate ex-
pression, The empirical first-order rate constant was found to be
dependent upon the total initial pressure of the gas and to be inde-
pendent of the size of the vessel in which the reaction was carried out,
Schumacher and Sprenger proposed that the stoichiometry of the
reaction is
/I/01Cl-*/\/0,1 z Clz.

They also proposed the following mechanism for the reaction:
NO,Cl — nvo, + CI A,
Cl +MO,CI = NO, +Cl; Ko,

A list of the abbreviations used in this dissertation is given in
Appendix I,
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If a steady state concentration of chlorine atoms is assumed, the
empirical first-order rate constant can be identified with 2kj o

Cordes and Johnston (4) investigated the thérmal decomposition
of nitryl chloride over a temperature range of 180 to 250°C. and over
a pressure range of five to one hundred mm, of argon and of one to
fifteen mm, of nitryl chloride. Their work was done in a fifty-liter
Pyrex flask to avoid possible heterogeneity; and the reaction was
followed colorimetrically, by measuring the absorption by nitrogen di-
oxide of the 436 millimicron line of an A-H4 mercury arec, They con-
firmed the stoichiometry suggested by Schumacher and Sprenger and also
confirmed that the reaction is first‘order with respeet to time., The
empirical first-order rate constant was found to be first order with
respect to concentration of argon and with respect to initial concen-
tration of nitryl chloride., Cordes and Johnston found an activation
energy for the reaction of 27.5* 0,1 kecal/mol., This work is a clear-
cut example of the second-order region of a unimolecular reaction. It
also shows that argon does not deactivate excited nitryl chloride
upon every collision (5). Cordes and Johnston also made a study of
several variations of the mechanism proposed by Schumacher and Sprenger
and concluded that the original mechanism was in all probability correct.

Volpe and Johnston (6,7) made a study of the decomposition of
nitryl chloride at 2039C, in the presence of each of sixteen foreign
gases at total pressures between two and six mm, The rate under such
conditions is the rate of activation of nitryl chloride by collision.
They listed relative rate constants for activation by the various foreign

gases and also listed the relative efficiency of energy transfer,
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coilision per cdllision. They concluded, in agreement with previous
findings (4,5), that deactivation does not occur upon every collision
of an excited nitryl chloride molecule., The relatiﬁe efficiency of
energy transfer shows several strong empirical correlations with molec=
ular intersction parameters (such as boiling point and the constants
from the Lennard-Jones potential function)., Gases with permanent
dipole moments were found to have higher relative efficiencies than

. comparable non-polar molecules. They found, however, very little
correlation between relative efficiency and the number of atoms or
number of oscillators in the foreign gas molecules, Their relative
efficiencies, obtained at the low-pressure limit of the reaction at
-203°C,, were quite different from those obtained by Schumacher and
Sprenger in the intermediate pressure range at 140°C, (Table I), One
of the objeetives of this dissertation is to clear up this point =
to see if relative efficiencies really do display the temperature or
pressure dependence these results indiecate, or if one study or the

other was subjeet to some unknown systematie error,

Table I, Comparison of Volpe and Johnston's Results with

Those of Schumecher and Sprenger

M-gas Relative Efficienc Relative Efficiency
(Volpe and Johnston (Schumacher and Sprenger)

N0201 1,00 1,00

NO2 1.15 0.54

012 0.35 0,17

62 0,29 0,19

002 0,38 0,16

H2 0035 0017
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Volpe and Johnston (7) also made a detailed anslysis of the effects
of the time-dependent change in composition of the reaction mixture
upon the rate of energy transfer during the course of the reaction,
Their work is applicable to the low=pressure region of the reaction,
where the observed rate is the rate of activation of reactant molecules.

Casaletto and Johnston (8) attempted to reach the high-pressure
limit of the reaction but were unsuccessful, They made runs at
pressures as high as 115 atmospheres, using nitrogen as the added foreign
gas, at 123 and 14706. Calculations by Herschbach (9) using Slater's
theory of unimolecular reactions (10,11,12) indicate that the high-
pressure limit lies et pressures above 4000 atmospheres,

There was a wide gap in experimental conditions between the work
of Cordes, Volpe, and Johnston (4,6) and the work of Casaletto and
Johnston (8), There were discrepancies between the relative efficien-
cies of foreign gases found by Volpe (6) and those found by Schumacher
and Sprenger (1,2,3). The present study is designed to close the gap

and clear up the discrepancy,
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II., Theory
A, The Lindemann Theory

If a chemieal species, A, decomposes according to the rate law

-dA _ kA,
A€

then the decomposition is said to be first order with respect to time,
(Capitallletters used in this and subsequent equations refer to concen-
trations, and t refers to time,) The quantity K is the empiriesl
first-order rate constant, Gas-phase unimolecular decompositions are
experimentally observed to obey this rate law; the subsequent dis-
cussion will be limited to this class of reactions,

The Lindemann theory of unimolecular gas reactions has been dis-
cussed in great detail by Mills and Johnston (13); it will be only
- briefly outlined here, except for some aspects of the theory which were
developed after that paper was written. The Lindemann theory proposes
that a molecule of species A obtains sufficient internal energy to
decompose by colliding with molecules M, of the same or different specles
as A, The resulting activated A molecules, which will be denoted by A¥,
can either be deactivated by a second collision; or they can decompose
into products, It is assumed that only two-body collisions contribute
appreciably to the process and that the individval quantum states i of
A* are not dependent upon the composition or temperature of the bulk gas,.

Let the activating rate constant be denoted by aiﬁ (where the sub-
script m dénotes the identity of the activating gas), the deactivating
rate constant by bim’ and the decomposition rate constant by ¢;. Then

the above-mentioned process is described by the chemical equations:
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(m ,

,a;c?‘-f/l// —= A +M bim
(1.1)

ﬂt.*’-—-) Products c, .
In this mechanism the ay, and by, have been averaged over the non-
reactive states of A and M, where it is assumed that the distributions
are those found at equilibrium (14). Such averaging is certainly not
valid if activation and deactivation take place by a stepwise process;
| i.2, if the collisions result only in transitions to the next higher
or next lower vibrational state of the reactant molecule, This state-
ment is proved, for a highly overfsimplified model, in Appendix IT,
It is assumed that there is only one gas species, M, that conﬁributes
toward the activation and deactivation processes. (This restriction
will later be relaxed,) The rate of the reaction is given by the sum of

the rates of disappearance of reactant from the various quantum states i:

— c( /7 L C (1.2)

%*
A value for A: may be found by calculating g%;_ from the mechanism
1.1 and then making use of the steady state assumption (15) (see also

Appendix III) to set Efi equal to zeros
dt
*_

¥
C_I_/__?l': O = ﬁ/‘f LAm — /Z'*-/‘f 6¢'h: —/q(' [SPLI (103)
dt

From this equation and the rate expression 1,2 it follows that

- dA_ G M _ pa. (1.4)
:/-t- " 6(‘,,' M + C(_(
C
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The coefficient of A in this equation is the expression for the
empirical first-order rate constant k in terms of the microscopic
molecular rate constants of the theory,

R. C, Tolman (16) has shown, by means of the prineiple of
microscopic reversibility, that the rate constants 85 and bim are
related by the expression 84m = bimpi’ where P; is the equilibrium
probability of the state i of molecule A, The quantities 84 m bim’
and P; are functions of temperature and of the molecular parameters
of A, The quantities aj, and by, are alsoc functions of molecular pa-
rameters of M, c3 is a function only of the molecular parameters of A.

Substituting the above relationship (ajp = by, P;) into the expression

N ét"‘? /<>'CL' 44
K= 2_ bl M+c, ' (1.5)

14

for k gives

If more than one species of molecule contribute to the collisional

activation of A, the following steps are included in the mechanisms

*
A+H =2 AA REN = B0,
Aeh* ‘
kA VR 4 6(‘7') /(/f—,7(,*——-) 7N 6"") (1.6)
Bt BN
y étC,
/Z:*.i—/‘?—% my ét'm/ /Z,*-—} Froducts G .

The expression for k becomes

) Z Frci [ bcalt+ by M+bppine ] (1.7)
(

[b('aﬁ + bg»,/'?!- 6¢',7/V+ou]+ ce
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B. The Functional Form of by,

From relation 1,7 one would like to obtain information about the
funetions bim‘ (In the following discussion the quantities P; and ¢;
will be left perfectly general,) One would like to know, first, the
nature of the dependence of by, upon the identity of M and, second, the
nature éf the dependence of by, upon the quantum state i of the activated
reactant molecule. This paper is concerned with the first of these two
questions.,

As one makes runs at lower and lower pressures of reactant and
added foreign gas, a point is reached below which bim M<<e; for all
étates i that contribute to the reaction. In this pressuie region the

function k can be expanded in positive powers of M:
= P ocs( %o M = ;
(=S [ R (8 0= 54 g
= 4

= <6"1> Pri = Sm MJ

(1.8)

where A= > F , and ap= > ag-.
¢ ¢

If oné has both reactant and foreign gas present at low pressures, the
observed rate is ay M + a, A (5,6). If for a set of runs one main-
tains constant the initial reactant concentration and varies the
foreign gas concentration, one can obtain a plot of k versus M. The
slope of this plot is a_; and the intercept is a A, where A, is the
constant iﬁitial concentration of reactant used in making the runs.
The ratio agp/a, will be denoted by RO(M/A); it is the efficiency at

the low-pressure 1limit of M relative to A for activation of A, In
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terms of the microscopic quantities,

Z b¢m ¢ _ ch'm
Z bca. I Z Ala

By virtue of the principle of microscopic reversibility, this ratio is

) (1,9)

R (M) =

also the corresponding relative efficieney for deactivation. Volpe (6)
obtained values of RO(M/A) for sixteen different foreign gases for the
decomposition of nitryl chloride.

There are se#eral obther ways of defining relative efficiencies
that are applicable over the entire pressure range, instead of just
at the low-pressure limit,

The differential efficiency of N relative to M is defined as

ok, [/IKm
R ym) = (/vh am) = b
%

(1.10)

:Z: (&hN¥&aﬁ¥q)

T_ ’Ii' Cc‘zé(fm
(é(.'m M *éc'a Hfﬂct'}z

Il

where T, and Tm are the temperatures at which the two sets of runs

are made,

The integrated efficiency of N relative to M is defined as

7 " b
/?(/I///l/) (/V) et Z ke ;ﬁ’””") (1.12)

m —_—
%—' 7 Cc'l ¢ 1.
Lol rn)

were L A K mm) = (8, 1 b 7 H#) by Vb, Brc,)
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Lastly, a relative efficiency may be expressed in terms of finite
differences as follows:
f‘( _ AM
R (W) = (AL (1.12)
AN Ky = ka,

khﬂ)" = Ky vpum

Th = Tn
This is expressed implicitly in terms of the microscopic rate con-

stants as

(M 6;; W6 )P c® _ (4t ~Ar16n) B ‘
__ L (B rram, weap) : L (7% Meart, ean)
'4

(1.13)

Note that these last three relative efficiencies all depend upon
the pressures at which they are measured and that the last one depends
upon the sizes of the finite differences as well,

A wide variety of functional forms can be hypothesized for the
quantity b n° It was often assumed previously (see referénces 11, 12,
and 17, for example) that bim was equal to the kinetic theory collision
constant Zoe for collisions between molecules A and M. This assumption
was subsequently proven false (5,6)., The possibility was raised by
Johnston (18) that the function by, might be factorable into a constant,
dependent only upon the identity of the foreign gas, and a funetion,
dependent only upon the quantum state i of the reactant molecule:
bip= bpfis

Tt is of interest to see what effect this assumption has upon the
various relative efficiencies previously defined, It is shown ;n |
Appendix IV that, if this factoring can be made, then all these reia~

tive efficiencies are constant and equal over the entire pressure range -



at a given temperature., One merely substitutes by, = R(N/H)bim into
the expressions, mekes use of the fact that kn = km to derive
N R(N/M) = M, and simplifies,

A simple argument (19) due to Johnston and Professor Paul
Garabedian, of Stanford University, is closely related to the above
treatment of relative efficiencies, Let there be a set of runs made
in which the only species contributing to reactant activation is M

and another set made in which the activating species is N, Then

6“-./)‘ <* v,
K (M) = :> <

L b M

and KnW) = :5;—— . (1615)
a z»/vy“ c¢

Denote the low-pressure efficiency of N relative to M by R. Define

(1.14)

a varisble z such that z = M for the set of runs made with species
M and z = RN for the set of runs made with species N, This serves
to change the independent variable of kn in suech a way that kn(z)

and km(z) have the same slope at the origin.

K, (2= E 2’3‘ 2 (1.16)
- “(:2)

(¢

K (z) = Z icc 2 , (1.17)
~ Z + < R
( 6(‘:4 ) .

[4

Postulate that kn(z):= km(z) over a range of real positive z. Since

k, and k; are analytic functions of z, they can be analytieally
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continued throughout the z-plane if z is made a complex variable,
Since the functions are identieal over a range of z, their analytie
continuations are identieal throughout the z-plane (20), In particu-
lar, the functions have poles at the same points on the negative real
axis, and at these poles they have the same residues, The condition
that the poles occur at the same places gives the relation by, = ijm’
where i1 does not necessarily equal j. The condition that the residues
Vbe equal gives thé relation Pyes = chj, which implies either that
Pjeqg= chjffor any i and J or that 1 = j, The first assumption is
physieally unreasonable in view of the exponentlal temperature de-
pendence of Py, Therefore one concludes that b;, = Rb; , or that the
function by, can be factored into byf;, Recall the assumption from
which this conclusion was derived: a change of the scale of the inde-
pendent variable ecan be made which identically superimposes plots of
ky versus M for different species M over a finite pressure range.

The last paragraph shows that by, = b f; is a necessary condition
for this superposition to take place. Sufficiency follows by merely
substituting z = RN, by, = Rb;, in the expression for k,(N) and
substituting 2 =M, by,= by, in the expression for km(M).

If by = bmfi(T), where by is not a function of temperature and
£5(T) is, then all of the previously defined relative efficiencies are
independent of temperature as well as of pressure. For, if one refers
to the expressions for the relative efficiencies in terms of the
microscopic rate constants (equations 1,9, 1.10,'1.11, and 1,12), it
becomes apparent that the temperaturé dependence in the numerator

cancels that in the denominator., Therefors, if temperature dependence
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of relative efficiencies is observed, then either“bim:=-hm(T)fi(T)
or by, cannot be factored.

To summerize: if there is neither pressure nor temperature
dependence of relative effieiency, then by = bhfi(T)" If there is
temperature dependence but not pressure dependence, then

by ==bh(T)fa_(T). If one finds pressure dependence or both

m
pressure and temperature dependence, then by, cannot be factored,

One of the objects of this investigation is to determine which of these
alternatives is correct for the thermal decomposition of nitryl chlo-
ride, The large discrepancy between the results of Volpe and

Johnston and those of Schumacher and Sprenger made it appear piausible>
that a large temperature or pressure effect existed, If this effect
did exist, it could give interesting information on the form of the
function byp.

Let R be any one of the relative efficlencies defined by
equations 1,9, 1,10, 1.11, or 1,12, If bim'=-bm(T)fi(T), the guanti-
ty RT? _é%l%gﬂ&_ is the difference in activation energy at the low-
pressure li;it of the reactions involving the foreign gases being
compared, This follows from the fact that for this case the relative

efficiencies under consideration are all numerically equal to the

relative efficiency at the low-pressure limit,

R(uym)= Ky | K= L,
/r,.:
Log RN, m) = Log K, ~Log Kn (1.18)

RT* aéoz-km/w = E’- &,

and
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This temperature derivative at the low-pressure limit has an interesting
interpretation in terms of the most general form of the Lindemann
theory (14). This derivative is the quantity
¥ e
[ Cemvem) -Kewre ]
- @ m\¥* @ e
l~<:€7 + € ‘éh - (€ +-e‘ﬁ> :}‘

( ‘>: signifies averaging over the distribution of reacting A mole-
cules which were activated in A-N collisions, and ( }® signifies aver-
aging with respect to the equilibrium distribution of all molecules,
A proof of this statement is given in Appendix V,

Kassel (21) and Johnston and White (22) have developed a large
number of theorems which can be used to test experimental data to see
if they are consistent with the Lindemann theory. For other papers on

the theory of unimolecular gas reactions, see also references'(23=28).

C. Computation of Relative Efficiencies

1. Introduction

| During the last few years the theoretical treatment of colli-

siénal activation probabilities, which was first devéiopea by Zener
(29), has been refined and extended (30-36), Unfortunately these
treatments all contain approximations that are of dubious validity
when they are applied to the very highly excited, strongly anharmonic
vibrational states involved in chemical reactions,

Relative efficiencies, collision per collision, were calculated
using the theory of Schwartz, Slawsky, and Herzféld (30, 31, 32) for
the decomposition of nitryl chloride in the presence of twelve differ-

ent gases, The results are compared with the relative efficiencies,
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collision per eollision, found by Volpe and Johnston for these gases,

2, The Theory of Schwartz, Slawsky, and Herzfeld
Let ¥ be the wave function which describes two molecules in space

as they undergo ecollision., It satisfies the Schroedinger equation,
(s> 2 o d 2 5t © QY

- 7 L 2 (yr2o¥), L 2 (569f ‘]

H ¥ Zx [r‘bar orl F*sie 06 ,6‘349)

+V¥¢ = we.

(1.19)

\ =-Vr(r)Vint(s); a(8) ig the Hamiltonian operator of the internal
vibrational motion; W is the total energy of the system; 4 is the
reduced mass of the two molecules; r is the distance between their
centers of mass; © is the angle between the vector T and the apse-line;
and s represents internal coordinates deseribing the vibrations. The
molecules are considered rotationless during the collision.

This equation is solved by perturbation theory, using an exponential
interaction potential, The wave functions used are the harmonic oscil-
lator funetions and the solutions to the problem of elastic scattering
from an exponential potential, The number of molecules which are
inelastically scattered from a uniform beam of unit amplitude and of
given initial velocity and which have caused a particular vibrational
.transition, is obteined by integrating the corresponding wave function,
miltiplied by the ratic of the final velocity to the initial veleeity,
over the surface of a sphere about the scattering center., This quanti-
ty is then aversged over an equilibrium distribution of initiasl veloc-
ities, The integrations performed in evalvating the perturbation
theory matrix elements and in avereging over the initial veloceity

distribution are done approximately.
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3. Application of the Theory to the Computaticn of Relative
Efficiencies

For most calculations nitryl chloride was regarded as a diatomic
gasy one group of calculations waes made considering nitryl chloeride
as a polyatomic gas with two oscillators tsking part in energy
transfer,

For one set of caleculations made, set A, the constants in the
exponential intermblecular potential were chosen to cause the po-
tential to matech in value and in slope the Lennard-Jones potential
where it has a value of 6kT, which corresponds to the "most effective
energy of collision® in the Schwartz-Slawsky-Herzfeld theory,

For another set of caleulations, set B, the constants in the
exponential intermolecular potentisl were chosen to cause the po-
tential to mateh in value and in slope the potentials obtained by -
Amdur and coworkers (37-40) where these potentials have the value 6kT,
Nitryl chloride was assumed to have the same pcteﬂtial parameters as
those Amdur reported for argon (corresponding to collisions with the
chlorine atom in the molecule) in one group of this set of calculations,
In another group, nitryl chloride was assumed to have the same po-
tential psrameters as Amdur found for neon (corresponding to eol-
lisions with an oxygen or nitrogen atom). Amdur's potentials, obtained
by scattering experiments with noble gases, presumably give a more
accurate picture of the repulsive portion of the intermolecular poten-
tial than do potentials dete;mined froem viscosity'and virial coef-

ficient dsta.
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The first formula used in set A of the calculations:. was- calculated
from the following equations derived by Schwartz, Slawsky énd "Herzfeld,
(reference (30), p. 717):

Za. :2‘“ qulqu(”f 1'—/1')'. wé Z

m trans
Pres (e ) g
, (1.20)
Zm.a = 1 GBuq y
vib Z 77-2. 6
<

2 3
m R
27‘::;4; = 77' : = _6-% ( 7:- ) ’
' G;m Cpma

;Y4
s € X/ (9"'4 /_E.. 9«2 - é"«-?
27 /\’7“

- - 2 2

.,
/41,,' 4—/44‘1

Z‘m a is the average number of M-A collisions required to de-excite a
diatomic molecule A by one quantum level; Z, is a steric factor;
mgy and m o 8Te the masses of the atoms constituting A; V' is the
vibration frequency of A; Ema is the depth of the well in the M-A
intermolecular potential; and [ma is a parsmeter in the exponential
approximation to the intermolecular potential, V' = /‘/exp - V/md ),
It was assumed that the efficiency, collision per ccllision,

of M relative to & (5,6) is given by

o .
/f,, = /? (/14/7) ‘ ;Zaa = zcwc , (1.21)
/3 a8 and ;am are kinetic-theory collision constante; RO(M/A) is the
relative efficiency defined by equation 1.9; and 2aa and 2., are defined
by equation 1,20, On substituting equation 1,20 into equation 1.21 and

simplifying, one obtains
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This equation was then solved for —;2 ( Ead ) » which should be

l_

censtant for all different species of Mfor relative efficiencies ob-

tained with a given reactant at constant temperstures
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The quantities 'ga/ [am were assumed to be proportional to the
corresponding ratios of Lennerd-Jones collision diameters for the
caleulations based on Lennard-Jones potential parsmeters, Values of
collision diameters and well-depths were taken from references (41)
and (6) and combined by means of the rules

Oone = 4 (Ora + )

/
éam = (éaq ) 6931!7)/2

It

(1.24)

The quantity ;,_3-( -6.,:-‘3?) % was then computed for twelve different foreign
gases, The quantities /3, were obtained from reference (6), It was
found that = ( 28 ) % showed a great deal of variation, even when
the interaction potential parameters of nitryl chloride were given

somewhat different values from those first used. Nevertheless, an
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average value of i;_ ( g—‘;‘) was computed, and this value was used
in equation 1,22 to compute the quantities ﬁi o Agreement with the
experimental values of ﬁ: was very poor. The calculated values
showed the same qualitative trends as the observed values; but the
calculated valuee varied by a factor of about a hundred, whereas the
observed values varied by a factor of less than ten.,

One might think that the effects of having more than one
oscillator excited or de-excited in the reactant molecule could
possibly account for the above-mentioned discrepancy. Herzfeld, in
reference (30), p., 721, gives the following formula for the case

where A contains two oseillators:

Zem = 2% 7 i (P, *”’“1)66] (s% f“)
4%,

@ mez (”’m Y—I"’Ia_)
( Ot ) (
res;% (1,25)

4
. eX/’ .3..(65&'@"- 3_, 5,26, _ Eam},
= s 27 KT

/ _ / oz —_—
6501‘4,‘( - 65‘4“, +9)am < 95./?,,,91'?;-,
The subscripts s and j refer to the two modes of vibration; bs and bj
are amplitude factors from the corresponding normael coordinates.

If one makes the assumptions used in the single-ocscillator case,

the formuls for ﬁ; is

/ L
_ Z 65'&6_« 3[ / h) ]—-__L éaa._éam) :
for = Q”’{z ( rl / et D2, 7‘( K (1.26)
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This equation was solved for: g—( 6;_ '“‘) 9 Wwhich should be constant

for a given reactant at constant temperature,
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Experimental values of AZ were inserted in equation 1.27, and
g% (é%éﬁ:)é§was computed, This quantity showed much variatiom., An
average value was taken, and Ai'was computed by means of equation 1,26,
The results were very similar to those obtained using the single=-
oscillator formula,

For set B of the caleulations, in which values of lza/.é;m were
caloulated from Amdur's formulas, the procedure was the ssme as for
the set A. *é;a was given values varying from that found for neon
to that found for argon, as no experimental determination of the
nitryl chloride potential has yet been made by Amdur®s method. The
results locked moderately promising until the absolute values of de=-
excitation probabilities were computed, All of these probabilities
were much larger than unity. When 62& was computed by means of
equation 1,20, it turned out to be almost one hundred times larger
then the value obtained by means of equation 1,23 and the observed
relative efficiencies,

Other attempte to strain the theory to fit tﬁe data were also

unsuccessful,
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One is therefore forced to the conclusion that the transition-
probability caleulations currently used in sound-dispersion work
do not account satisfactorily for the relative efficiencies of
foreign gases observed in the decomposition of nitryl chloride., Onme
might suspect that the approximations made by using first-order
perturbation theory and a crude physiecal model are the rocks upon
which the calculation founders,

The failure oflthe approximate quantum-mechanical treatment of
relative efficiencies discussed above, suggested the use of the
classical théory of Landau and Teller (reference 30, pp. 705-708),
Landau and Teller assumed that the probability of de-excitation in an

A=} collision was

B = éf——-exp(i/zt;ﬁ_{ar/. (1.28)
<

Z; is a constant; V is the vibration frequency of the oseillator
being de—excited;.[;m is a parameter of the intermolecular potential;
and w is the relative velocity of the colliding molecules, This
probability was then averaged over an equilibrium distribution of
relative velocities, and a value was obtained for the average number
of collisions required to de-excite the oseillator.

By the same method as was used in the previous treatment (see

equation 1.21), it was found that

Zh’lg ¢ -/Zma ‘
/ﬂ”l = /'11,“1’/44@ ,faa (1029)
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If one assumes that VY = 0 and that the £'s are proportional
to the corresponding collision diameters, this formula reproduces
the relative efficiencies of non~polar gases fairly well, It is not,
however, applicable to polar gases; and the results obtained by the
above formula were corrected for the polarity of nitryl chloride by

being multiplied by 0,489,

The numerical results of this work are given in Table II,



M 8. b.
NO,C1 1,00 1,00
He ol5 002
Ne 022 025
A 030 o55
Kr 036 90
Xe okb 1.09
Hy 015 001
Ny o34 040
02 o34 046
c1, «50 .96
HC1 63 .68
0, 50 o65
N50 048 065
SF¢ o49 092

M identity of foreign gas
8o
be
Ce
d,
8o
f.
equation 1,293
ge
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Table II, Comparison of Caleculated and Obsérved

Relative Efficiencies, Collision per Collision

observed relative efficiency, collision per collision;

Co
1,00
o02
o27
061
1.06
1.23
2006
039
o48

099
076

059
o582

d.

1,00
005
o34
o61
+66

=

1,00
208
038
036
e32

set A, single-oscillator formula, equation 1,22;

set A, two-oscillator formula, equation 1,263

set B, single oscillator formula, ., =

oh3 H

set B, single oscillator formula, J,, = 0205

Landau-Teller theory, Z,, o< 0, (Lennard-Jones parameter),

Landau=Teller theory, 1;m computed from Amdur's data,

f.

049
.12
o25
o35
ohids
47
«09
032
033
ohb
oh2
039
okl
062

g

-09
.16
030
o7
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111, Experiment
A, Preparstion of Materials

1, Prepesration of Nitryl Chloeride

Nitryl chloride was prepared by the method of Wise and Volpe (42)
as described by Volpe and Johnston (6). Anhydrous hydrogen chloride
was passed through a porous glass diskvand into a tower containing
50 ece. of 90% nitric acid, 120 cc. of 95% sulfuric acid, and 130 ce,
of 30% fuming sulfuric aeid. The resulting mixture of nitryl chloride
and chlorine was caught in a trap cocled with a solid ecarbon dicxide-
acetone bath, This mixture was then transferred to a vacuum distilla-
tion apparatus, and the chlorine was largely removed by distillation
from a trap cooled with pentane slurry (-959C.) to a trap cooled with
liquid nitrogen., The nitryl chloride produced in this way was shown by
Volpe (6) to be more than 98% pure. The nitryl chloride was then
distilled into Pyrex ampules with break-off seals, and it was stored in
those ampules, In order te aveid the possibility of conteminatlion, the
nitryl chloride was not permitted to come in contact with stopecock
grease from the time it was distilled into the ampules until after it

wes reacted,

2. Preperstion of Other Gases

Nitrogen dioxide was obtained in a steel cylinder from the Matheson
Company, Joliet, I1linois. This meterial was transferred from the
cylinder into = storage trap, where it was protected from water by

phosphorus pentoxide and kept at ice temperature. Oxygen was then passed
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into the trap, and the trap was shaken until the green color of dissolved
nitrogen sesquioxide was replaced by an oresnge-yellow color, Before use
for optical calibration, this material was distilled from a trasp at ice
temperature tc a trap at -80°C,, at which temperature it was a white
solid,

Helium, hydrogen, and carbon monoxide were Matheson's "reagent
gases of highest purity", obtained in sealed glass bulbs., Mathesen's
"spectroscopically pﬁre" oxygen was obtained in a steel tank., None of
these gases were further purified.

Dichloredifluoromethane was obtained in a steel cylinder from E. T,
du Pont de Nemours and Compsny, Wilmington, Delaware. Dichlorotetra-
fluorcethane, chlorctrifluoromethane, bremotrifluoromethane, and
trichlorofluoromethane were obtained from Matheson in lecture bottles,
These compounds were purified by taking the middle third during distilla-
tion from solid carbon dioxide to liquid nitrogen temperatures,

The carbon tetrachloride used was Baker's Reagent Grade, from
J. T. Baker Chemical Company, Phillipsburg, New Jersey; and the nitro-
methane was Eastman's Practical Grade, from Eastman Kodak Company,
Rochester, New York, These cempouﬁds were purified by taking the middle
third during distillation from 09C, to =80°C,

Nitric acid was prepaied by reacting Baker's Reagent Grade potes-
sium nitrste with Baker's Reagent Grade sulfuric acid. The product was
redistilled from 0°C, t0-80°C,, and the middle third was taken,

Argon was obtained in a tank from the Matheson Company. It was

condensed out in a trap with liquid nitrogen, and then it was distilled
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at a temperature slightly above thet of liquid nitrogen, The middle

third of the distillate was used.

B, Apparatus Design

The apparatus was designed to permit the making of measurements
over a range of temperatures from 1400C, to 200°C. and over a
pressure range of from 10 to 600 mm, First-order rate constants were
to be found for mixtures containing relatively small concentrations of
nitryl chloride and widely varying concentrations of inert gas. The
comparatively large pressures of added inert gas to be used made the
use of a large reaction vessel inconvenient; sc a ecylindrical cell
30 em, long and 2 cm, in diameter was used, Cordes and Johnston (4)
had shown that the colorimetric method was well-suited for determining
the rate of advancement of the reaction; and this methed, with some
modifications to be mentioned lster, was used, The concentration of
nitrogen dioxide was measured by its absorption of light in the wave
length band 400=475 millimicrons,

The apparatus consisted of three basic units: one, a purification
and pipet system for mixing added inert gas with nitryl chloride and
for introdveing the mixture into the reaction cell; two, the reasction

cell and its thermostat; and three, the optical system and phototube and

recording voltmeter. .

1, Pipet System
The pipet system consisted of several one- and two-liter glass
bnlbs,‘used for storing inert gases, and a three-liter stainless steel

’tank, used for storing nitryl chloride and mixtures of nitryl chloride
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and inert gas. Pressure measurements of nitryl chloride mixtures were
made both with a large stainless steel vacuum gage obtained from the
Crosby Company, Boston, Massachusetts, and with a glass Bourdon gage
used as a null instrument in conjunction with a mercury mancmenter.
Liquid nitryl chloride was stored in a glass bulb with a bresk-off sesl
that led to a Kovar seal, needle valve, and thence to the stainless |
steel pipet., A small quantity of nitryl chloride was introduced from
the glass bulb into the pipet. Then inert gas was added. (At 205°C,
and 170°C, the concentration of nitryl chloride in the mixture was ob=
tained by letting its decomposition in the reaction cell go to completion
and determining the terminal concentration of nitrogen dioxide optieally.
At 141%, larger amounts of nitryl chloride were used, and these were
measured with the Bourdon gage. When this procedure was used, the gases
were given two hours to mix in the pipet before runs were ﬁade.)

The gases were then expanded into the evacusted reaction cell; and
the valve between the pipet and the cell was left open until pressure
equilibrium was attained, which occurred within a pefiod of less than
five seconds, The pressure of gas in the pipet was then measured with
the Bourdon gage. Concentrations were in all cases computed by means
of the perfect gas law. In certain cases this introduced errors of less
than #%; these could not be avoided without determining the second
virial coefficients of some of the Freons, carbon tetrachloride, nitro-
methane, and nitric acid, This correction is negligible compared to the
uncertainties introduced by the heterogenecus reactién.

The nitryl chloride storage bulb, the stainless steel pipet, the

Bourdon gage, and the reaction cell were joined by means of glass,
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stainless steel, and Kovar tubing. Stainless steel diaphragm valves
were used in this portion of the line to avoid the possibility of stop-

cock grease catalysis of the decomposition of nitryl chloride.

2., Reaction Cell and Thermostat

The reaction cell, shown in Figure 2, was constructed of Pyrex
glass, It included a glass bellows to prevent the thermal expansion
of the steel thermostat tank from bresking the cell. Optically flat
Pyrex windows were sealed on both ends of the cell. The cell was
clamped into the thermostat by means of two liquid-tight compression
seals, shown in Figure 2, Teflon "O" rings were used as gasket mate-
rial; they were quite satisfactory at the temperatures (141°C. to 205°C.)
at which they were used,

The thermostat tank was constructed of auto body steel (one six-
teenth of an ineh thick). An empty tube ran the full length of the
tank, and ports for mounting the reaction cell were located at either
end of the tank, The outside of the tank was covered with one inch of
magnesia board and a layer of asbestos paper.

The thermostat was filled with about four gallons of Dow Corning
550 Fluid, obtained from the Dow Corning Corporation, Midland, Michigan.
The bath was heated by four knife-type, 250-watt heating elements,
supplied by the Central Scientific Company, Chicago, Illinois, Two of
these heaters were connected in parallel to a Powerstat variable trans-
former (made by the Superior Electric Company, Bristol, Connecticut),
One heater was used only as a booster to initially bring the thermostat

up to operating temperature. One heater was connected in series with a
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FIGURE 2
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mercury switch (obtained from Minneapolis-Honeywell, Philadelphia,
Pennsylvania) which was controlled by a mercury thermoswitch (supplied
by Philadelphias Scientific Glass Company, Philadelphia, Pennsylvania).
This last heater was used to control the temperature of the thermostat,
The fluid in thethermostat was stirred by a variabls-speed eleectrie
stirrer (Precision Scientific Company, Chicago, Illinois, catalog
number 65748), The bath temperature remained constant within about a
tenth of a centigradé degree, and readings taken at different locations
were constant within the same limit, The thermoswitch seems to provide
an excellent and simple method of controlling the temperature of a
liquid=-filled thermostat, expecially when long-term stability is

desired,

3, Optical System, Phototube, and Recording Voltmeter |

The thermostat was bolted to a seven-foot aluminum casting (Figure 1)
which served as an optical bench for the light source, lenses, and photo-
tube, A casting was used to avoid the warping and twisting that might
be produced in a wooden or rolled-iron beam by the heat of the thermo-
stat,

Nitrogen dioxide absorbs light strongly at 436 millimicrons;
neither reactant, nitryl chloride, nor any of the foreign gases used
absorb in this region to any appreciable extent., Chlorine does absorb
light in this region slightly, but a correction for this absorption was
made, Therefore the rate of decomposition of nitryl chloride can be
determined by colorimetric measurement of the rate of appearance of

nitrogen dioxide. The optical system passed light of wave lengths in
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the band 400 to 475 millimicrons through alternately the reaction cell
and an empty tube; the light was then focused on a photomultiplier
tube, The light source was a 6-volt, 50-candlepower lamp, number
1183 from the General Electrie Company, Schenectady, New York., The
filters were numbers 3389 and 5113 from the Corning Glass Works,
Corning, New York., The photomultiplier tube was type 6292 from the
Allen B, Du Mont Laboratories, Inc., Passaie, New Jersey, The photo-
tube was powered byvtwenty 674-volt radio "B" batteries, The lenses
were 4i-inch condensing lenses of 7-inch focal length and unknown
antecedents., The output from the phototube was sent through a voltage
divider, from which the signal was sent to a Minneapolis-Honeywell
Brown recording voltmeter with a response time of a quarter of a second,
The light beam was collimated by a 43-inch condensing lens and
then chopped by a slotted dise driven by a Telechron synchronous motor
obtained from the General Eleetric Company, Ashland, Massachusetts. The
chopper was designed to give a dark-current reading, an initial intensity
reading, and a cell intensity reading per cycle; and the cycles were
3 3/4, 74, and 15 seconds long; depending on the dise used. This per-
mitted corrections to be made for light source and phototube drift

oceurring during a run,

C, Treatment of Data

The date obtained during the course of a run appeared on & roll
of recorder chart paper, The dark current reading, blank tube intensity
reading, and cell intensity reading were then tabulated; and the dark

current reading was subtracted from the other two., The ratio of the
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corrected initial cell intensity to the corrected initial blank tube
intensity was computed, and the blank tube intensities were multiplied
by this factor, This corrected for the slight difference in size of
the pinholes in the two light paths., The corrected blank tube inten-
sity will be denoted by I0 and the corrected cell intensity by I. The
ratio Io/I was tabulated, and its logarithm was taken, This logarithm
» will be denoted by D; its value when the reaction has gone to completion
will be denoted by D;». Do = D was then computed, and its logarithm
was tabulated, loglo(Dao'- D) was then graphed as a function of time,
and the negative of the slope of the resulting straight line was com-
puted. This quantity multiplied by 2.303 gives the value of the
empirical first-order rate constant for the run. Points were taken
through no more than the first half-life of the reaction; and the ini-
tial point and any other isolated, obviously erronecus points were
ignored in determining the slope.

The resulting rate constants were then corrected for the foreign
gas effect of the reactant in the following way. A plot of rate con-
stant (k) versus reactant concentration (A) was made for a series of
runs made with reactant only, and a line was drawn through the resulting
set of points. The value of the rate constant for a run made with an
initial concentration Al of reactant and no added foreign gas, was
subtracted from the value of the rate constant of a run made with added
inert gas and an initial concentration Ay of reactant,

There was unmistakable evidence of some hetereéeneaus reaction at
all temperatures. Rate constants were high and erratic after air had

been admitted to the cell unless the cell was treated with nitryl chloride
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and evacuated several times. At low total pressures the experimental
error was unusually high; and the extrapoclation to zero pressure of
plots of k versus reactant pressure gave a finite intercept on the
k-axis, even though the work of Cordes and Johnston indicated that the
data being extrapolated at 170 and 205°C, were within the low-pressure,
second-order region., It is believed that the correction for reactant-
gas effect described in the preceding paragraph also corrects, at
least to a first appfoximation, for the heterogeneous portion of the
reaction,

All rate constants are given in Appendix VIII, and plots of k
versus M appear in figures 7 through 25,

Integrated relative efficiencies were then computed by means of
equation 1,11, At 2059C,, values of RI(N/M) were computed for several
different values of the rate constants to see if RI(N/M) is a function

of pressurs,

D. Errors

The largest single source of error in this work was the uncertain
effect of heterogeneity mentioned under section C above., The error
introduced by heterogeneity could conceivably be quite large, possibly
of the order of 20-30% at 141°C. The reproducibility of results in the
system used is, unfortunately, no measure of the magnitude of the error
introduced b& the effects qf heterogeneity.

d The purity of the nitryl chloride used was probably about 98 mole %,
The method used’by Volpe (6) for preparing and purifying this material

was followed exactly, and Volpe's rather exhaustive investigation of the
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purity of the resulting product indicated a purity of about 98 mole %
for the material. The only significant impurity was a small amount of
chlorine,

The cell and optical system were calibrated both with nitrogen
dioxide and with the mixture obtained on allowing the decomposition of
a known emount of nitryl chloride to go to completion, A& plot was
made of log (IO/T) versus initial nitryl chloride concentration, and
Beer's Law was obserﬁed to be followed over the range studied, One
error in the calibration that must be.mentioned is that caused by the
possible absorption of nitrogen dioxide and/or nitryl chloride by
stopcock grease, This srror was minimized by letting the stopeock
of the small storage pipet stand in the presence of the gas for fifteen
minutes; then the gas pressure in the pipet was quickly measured; the
gas was immediately admitted to the reaction cell; and the valve
leading to the cell was closed,

Pressure readings made on manometers and the glass Bourdon gage
were accurate to about * 0,5 mm. This iﬁtroduced an uncertainty of as
much as 5% in the nitryl chloride pressures of some of the runs made
at 141°C, Usually, howsver, this error was less than 1%, Uncertainty
in pressure readings also introduced a very small error (about 0.5%)
in the volume calibrations of}the cell and of some of the pipets.

Errors in the optical system and voltmeter were apparently of the
order of 0,5% or less., Such errors were, of course, magnified during the
calculation of rate constants, It is estimated thaﬂ they produced about
a 2% error in the rate constants, The voltmeter was very sensitive to

dusty air, however. Until filters were installed on the ventilator in
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the room, very frequent cleaning of the volimeter slide wire was
necessary to maintain the sensitivity of the instrument, The design
of the optical system was found to be quite satisfactory in elimi-
nating errors due to light source drift.

The errors subject to estimation, therefore, introduce an uncer-
tainty of about 2,5% in the concentration of nitryl chioride (except
for some of the runs at 141°C,, where the error may be as much as 7%),
an uncertainty of 1eés than 1% for the total pressure readings, and an
error of about 2% in the values of the rate constants. The reader is
again reminded, however, that the effects of heterogeneity are by far
the greatest potential source of error in this work, and that only a

rough estimate could be made of this error,

E, Results

The experimental date obteined in this work are reported in
Appendix VIII, in a table and as graphs of k versus M. It was observed
that the plots of log (Dm = D) versus time, from which the first-order
rate constants were calculated, were linear. Figures 10 through 21 in
Appendix VIII indicate that the runs were made in the intermediate-
pressure range between the low-pressure second-order region and the
high-pressure first-order region.

Activation energies were caleulated from the data at 170 to 205°C,
and at 141 to 170°C, by meens of the formula

The value 28,1 ¥ .4 kecal/mol, was found. This is in good agreement with
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the valué of 27,5 * ,1 keal/mol. found at the low-pressure limit (4)
and with the value of 29,0 keal/mol, found at a pressure of seven
atmospheres (8). On the basis of Slater's theory (12), one expects
an increase of about 2,2 kilocslories in the activation energy as one
goes from the low-pressure to the high-pressure limit., (One merely

substitutes n =6 into the equation

E = By - iﬂ_g_llkT:

where n is the number of normal modes occurring in the reaction coor-
dinate, and EL and EH are the activation energies at the low- and the
high-pressure limits,) Therefore the observed variations are in the

right direetion and are presumed to be a real effect,

The value of the activation energy obtained sets a limit of abont
one kilocalorie on the magnitude of the change in enthalpy for the
decomposition of nitryl chloride (4). If one then inserts values for
the change in enthalpy, the rate of the reaction, the radius of the cell,
and the thermal conductivity of the reacting mixture into equation 7,59
of Appendix VII; one finds that thermal gradients were totally negli-
gible in the runs made in a 50-liter bulb (4,6). The meximum calculated
temperature difference between the walls and any point in the body of
reacting gas was less than 0.5 centigrade degrees.,

The resction was found to be partially heterogeneous in the Pyrex
cell at all temperatures, and the heterogeneocus reaction was especially
rapid after the cell had been exposed to the atmosphere., The extent of
the heterogeneous reaction wes determined by plotting k against concen-

tration of nitryl chloride for runs made with nitryl chloride alone,
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Plote of k versus reactant concentration extrapolate through the origin
if the data are obtained in the low-pressure region., Such data ob-
teined in the reaction cell used in this study extrapoclated to give
a finite intercept at zero reactant concentration,
The effects of heterogeneity are shown in figures 7, 8, 9, and 25,

in Appendix VIII, The streight lines passing almost through the ori-
| gins of the plots of k versus reactant concentrations‘shawn in figures 7,
8, and 9 are the results of Cordes and Johnston's work with a 50-liter
bulb at 180 and 203°C,, corrected tc the temperatures used in the
present investigation, The clusters of points lying above Cordes' lines
are the results of this investigation, and are regarded as demonstrating
the effect of the heterogeneous reaction,

The effects of exposure of the interior of the reaction cell to air
are shown in figures 7 and 25. In both of these cases, two sets of rums
were made, One set, the results of which are indicated by circles, was
made without previous exposure of the cell to air, The other set, indi-
cated by crosses, was made after accidentsl exposure of the cell to air,
In both cases it is seen that previous exposure of the cell to air
materially increased the rate of the reaction,

The size of the spherical flask that must be used to reduce the
heterogeneocus reaction to an effect of 5% at a nitryl chloride concen-
tration of 2 x 10~7 mol/eec. was computed for the temperatures 205, 170,
and 141°C, It was assumed that the rate of the heterogeneous reaction
is proportional to the surface-to-volume ratio of tﬁe cell, The re-
sults were as follows: at 205°C,, a bulb of 0,35 liters capacity is

necessary; at 170°C,, a bulb of 65 liters capacity is necessary; and
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at 140°C,, a bulb of 780 liters capacity is necessary, These size
requirements might be relaxed by careful pre-treatment of the resction
cell, Also, the size requirements decrease as one goes to higher
pressures of added inert gas.

An estimate of the activation energy of the heterogenesous reaction
was made, and a value of 16 ¥4 keal/mol, was obtained, The nitryl
chloride rune made at 205 and 170°C, were used for this éaleulation,
since the previous history of the cell was roughly the same for these
two sets of data,

One suspects thet the activation energy of 20,5 keal/mol, re-
ported by Schumacher and Sprenger in (2) for work done at and below
150°9C, is the result of considerable heterogeneity in their reaction
cell, They varied the surface-to-volume ratios of their reaction
vessels by a factor of three, andfatled to observe any effect on the
rate of the reaction, If this was done only at the upper portions of
the temperature and pressure ranges through which they studied the re-
action, their negative result is not too surprising., No mention was
made in their work of the size of the cell; but a gless cell of, ssy,
1-liter capacity could easily explain their low activation energy in
terms of heterogeneity.

Integrated relative efficiencies were computed by means of equa=
tion 1,11, and are listed in Table IIT below, RI(N/CO,) was determined
experimentally and then multiplied by R°(002/N0201) = 0,38 to obtain a
value for Ri(N/NOZCI). Attempts to determine the rélative efficien-
cies of hydrogen, nitromethane, and nitrie acid faileds chemieal

reactions other than the thermal decomposition of nitryl chloride



Table III
Relative Efficiencies of Foreign Gases
in the Decomposition of Nitryl Chloride
Y (M/N0,01) at 205°C,

Kel0”sec™t 0% 2.3 4.6 6.9 9.2 11.5  13.8

M
€0, I8 3B 38 38 .38 38 .38
0, 026 37 G300 .29 W27 .27 027
co = 629  +29 029 e — —
A W2l L1917 017 218 017 016
He 025 W41 .28 026 — — —
CC1Fp A9 W56 52 54 W56 57 056
CC1F; m— W67 60 63 85 66 +66
ce1, — - .98 1,08 1,14 - -
CBrF, - - 79 »76 76 o76 o 74
CoC1,F, — == 87 W84 83 83 .83

¥Obtained from (6)
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Table IIT (conttd)
Relative Efficisncies of Foreign Gases
in the Decomposition of Witryl Chloride

Ri(mfunzcl) et 170°C,

M K 11.5°107%gec™t
Co, +38
A .16
CC1,F, .52

ni(m/Noz/bl),at 141°C,

M K 2,0010~%sec-1 n

€0, .38 .16
A 016 —~
CC1,F, o48 -~
0, .19 219
NO,G1 1.21 1,00

i
Schumacher and Sprenger's data, as

reported in (6)
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occurred, The values of relative efficiencies obtained by Volpe and
Johnston (6) and by Schumacher and Sprenger (1,2,3) are listed in the

table for comparison,
It would appear from Table III that relative efficiencies are

functions at most slowly varying with temperature and pressure. The
relative efficiencies of Schumacher and Sprenger are probably errone-
ous because of the unrecognized effects of heterogeneity.

In view of the large and uncertain effects of heterogeneity, the
small variation of relative efficlencies with pressure at constant
temperature does not eliminate the hypothesis that bim = byfje Even
had no variation at all been observed in data much more precise than
those reported here, one could not conclude that bim’:'bmfi’ the dis-
cussion in II, B, of this thesis requires that data of infinitely high
precision show no variation of relative efficiency with pressure if the
proof given in that section is to be applicable to the situation where
one suspects that bim-::bmfi. That, however, this hypothesis is not a
bad approximation can be seen in Figure 4, in which R°(M/N0201) values
obtained at 203°C, were used to "normalize" the concentrations of
foreign gases, The variation in pressure under which the data in this
figure were taken is about 100,000-fold, and the temperature varied over

a range of 125 centigrade degrees.
Aside from heterogeneity, which is rather slight at 20500., it ean

be said that the present work in a Pyrex glass tube of about 20 milli-
neters inside diameter is in essential agreement with the work of
Cordes and Johnston at 2039C, in a 50-liter flask, Also, the high-
pressure points observed in this study join satisfactorily to the low-

pressure extreme of Casaletto!s work, corrected to 141°C,
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IV, Conclusions

This investigation has filled the gap between the low-pressure work
of Cordes and of Volpe and the high-pressure work of Casaletto, This
work was designed to provide an understanding of the different relative
effieiencies obtained by Volpe and Johnston and by Schumacher and
Sprenger; these differences might have been a very interesting real
effect (see Part II, B).

At high temperatures and low pressures, the present work is in
agreement with the results of Johnston, Cordes, and Volpe. At lower -
temperatures and higher pressures, it is in agreement with the results
of Casaletto And Johnston, At low pressures a heterogenecue reaction
was found, The rate of this heterogeneous reaction was almost doubled
by. previcus exposure of the cell to air, and this effect was long-
lasting.

It is presumed that the interpretation of the work of Schumacher
and Sprenger 1s obscured by the effects of heterogeneity.

Previcus work (see reference 7 and Part Two of this thesis) has
shown that deactivaticn of an activated molecule does not occur on every
collision., The complete breakdown of the caleculations made in Part IT,
C, of this thesis shows that the theory of energy transfer applicable to
diatomic molecules in low-lying vibrational states is not applicable to
polyatomic molecules in highly excited vibrational states, However, the
classical theory of Landau and Teller gives reiative‘efficiencies that
are in adequate, although not brilliant, agreement with those observed

experimentally.
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PART TWO: DECCMPCOSITION OF NITROGEN PENTOXIDE IN THE PRESENCE

OF NITRIC OXIDE. IV, EFFECT OF NOBLE GASES
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Decomposition of Nitrogen Pentoxide in the Pres-
ence of Nitric Oxide. IV. Effect of Noble Gases

By Davip J. WiLsoN AND HAROLD S. JOHNSTON
RECEIVED JUNE 22, 1953

The rate of the reaction NyOs + NO — 3NO; has
been shown by Smith and Daniels' and by Mills
‘and Johnston? to be that of an elementary unimolec-
ular reaction. At around 0.1 mm. pressure in a
22-liter flask, the reaction is homogeneous and defi-
nitely within the second-order region.? The low-
concentration second-order rate constants of a ser-
ies of gases have been reported.*.

Using the 22-liter bulb, and the same method of
interpreting the data as was used previously,®*
we have determined the low-concentration second-
order rate constants of the noble gases and carbon
tetrachloride. Reactant pressures were each about
0.08 mm., and foreign gas pressures ranged from 3

to 0.02 mi. Experimental results are given in
Table I.
TaBLE I
EXPERIMENTAL RESULTS
Low concn.
second-order
rate constant, cc.
mole~1 sec. ! X 105
No. of Intercept, Standard Ratio to
M gas points sec. "1 Value error pure N20s
He 27 0.0132 2.80 0.26 0.124
Ne 17 .0129 2.02 .32 .090
Kr 26 .0119 3.57 .23 .159
Xe 11 .0134 3.30 .95 .147
CCly 30 .0130 12.4 1.3 .551

As shown previously, the activating efficiency
function of the state i above the critical energy,
awi, can be written as an = baiP, that is, the rela-
tive activating efficiency is also the relative deacti-
vating efficiency. The function by is further fac-
tored, byi = bmfumi, where by is the kinetic colli-
sion constant

by = No 1:81rRT (i + j};ﬂl/z(‘” }12)2 (1

where N, is Avogadro’s number; o; and o, the colli-
sion diameters of the colliding particles; M, and
M, the molecular weights of the colliding particles;
and R and T have their usual meaning. The func-
tion fai is the efficiency factor for deactivation
which in general may be a function of each state i
and a different function for each foreign gas M.

If the collision constant can be calculated by 1,
then the relative efficiencies with by factored out

give the ratios (fm)/(fi), where 1 stands for nitrogen

(1) J. H. Smith and F. Daniels, THIS JOURNAL, 69, 1735 (1947).
(2) R. L. Mills and H. S. Johnston, ¢bid., 73, 938 (1951).

(3) H. S. Johnston and R. L. Perrine, ibid., 73, 4782 (1951).
(4) H. S. Johnston, zbid., 76, 1567 (1953).

pentoxide, and the bar indicates an average with
respect to P; over the excited states. If deactiva-
tion occurred at every collision or if fi; depended
on the quantum states i of the reactant molecule
only but not on the identity of the foreign gas M,
this ratio would be unity every time. It is not.
(See Table II. This table includes data calculated
from reference 4.)

TaBLE 11

EFFICIENCY AND RELATIVE EFFICIENCY

Low
concn. rate
const./kinetic

collision
Collision const.,
M gas Mol. wt.  diameter, A. (Fw) X 1000  (fm)/(f)
He 4 2.18% 6.02 0.0650
Ne 20 2.59° 7.95 .0855
A 40 3.64° 14.3 .154
Kr 83.8 4.16° 19.3 .208
Xe 131.3 4.85% 17.5 .189
N, 28 3.75% 21.2 .228
NO 30 3.75 27.9 .300
CO, 44 4.59° 35.9 .387
CClL 154 5.46 62.5 .673
SFe 146 4.52 41.2 .443
NyOs 108 6.00 93.0 1.000

¢ From E. H. Kennard, ‘Kinetic Theory of Gases,’’ Mc-
Graw-Hill Book Co., Inc., New York, N. Y., 1938, p. 149.

Furthermore, it is impossible to adjust the colli-
sion diameters of either nitrogen pentoxide or of
the various M gases to obtain ratios (fum)/(f1) that
are equal to unity. For the molecular weights are
accurately known, and the ratio, (20n,0./0N:05 +
om)? can never be greater than 4, which is not suf-
ficiently large to account for the observed relative
efficiencies of the noble gases and nitrogen. Thus,
the efficiency function fy; does differ markedly
from one gas to another. (These results do not an-
swer the question as to whether or how the ef-
ficiency function varies over the states i of the re-
actant molecule.)

Relative efficiency increases slowly with molecu-
lar weight through at least krypton for the noble
gases. It increases at constant molecular weight as
one goes from noble gases to diatomic or polya-
tomic gases, and nitrogen pentoxide is much more
efficient than anything else we have yet used. A
study of the relative efficiencies of diatomic and
polar gases is now in progress.

We are grateful to the National Science Founda-
tion for a Fellowship in support of this work, and to
the Office of Naval Research, Project NR-051-246,
Contract N6 onr 25131.

DEPARTMENT OF CHEMISTRY

STANFORD UNIVERSITY
STANFORD, CAL.
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FOR HYDROGEN ATOM ABSTRACTION REACTIONS
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~ Theoretical Pre-exponential Factors for Hydrogen Atom Abstraction Reactions’

By Davip J. WiLsoN? aND HAROLD S. JOHNSTON?
RECEIVED AUGUST 29, 1956

For a series of bimolecular reactions involving hydrogen atom abstraction, pre-exponential factors in the Arrhenius equa-
tion # = A exp(— E/RT) have been calculated by means of activated complex theory. The structure and mechanical proper-
ties of the activated complex are unambiguously assigned from a set of empirical rules from the fields of molecular structure
and molecular spectroscopy. Bond distances around the transferred hydrogen atom are evaluated by Pauling’s rule for
fractional bonds, stretching force constants are assigned by means of Badger’s rule, reduced moments of inertia for internal
rotation are evaluated by means of Pitzer’s simple approximate method, bending force constants are assigned by analogy
with hydrogen-bonded molecules, and the reaction codrdinate is explicitly introduced as the (highly perturbed) antisymmetric
vibrational mode of the atom transferred. With these assignments of structure and force constants, a vibrational analysis

was carried out by Wilson’s FG matrix method;

for the larger activated complexes this detailed vibrational analysis was

made only for degrees of freedom close to the transferred hydrogen atom. For 8 cases out of 9 the agreement between calcu-
lated and observed pre-exponential factors is quite satisfactory. For the reaction of bromine with isobutane calculated

and observed pre-exponential factors disagree by a factor of 105.

It is argued that this method of assigning properties to the

activated complex is realistic enough to constitute strong theoretical grounds for suspecting that the experimental results

were interpreted by means of an incorrect mechanism.

Introduction.—The general theory of bimolecu-
lar gas phase reactions is presented in several well
known books® To use the theory one needs to
know the structure and mechanical properties of
the activated complex. Semi-empirical rules have
been formulated for constructing potential energy
surfaces from which to estimate the structure, me-
chanical properties and electronic energies for es-
pecially simple activated complexes.® For com-
plexes of many atoms, 4 or more in cases of low
symmetry, this procedure becomes forbiddingly
complicated. For quite complicated complexes
one surrenders the hope of calculating activation
energies and concentrates on the pre-exponential
factor 4 in £k = A exp(—E/RT). Rules have been
proposed?® whereby one makes a realistic guess of
the moments of inertia of the activated complex,
and the vibrational frequencies are assumed to be
so high that the vibrational partition functions are
unity. Computations based on this level of ap-
proximation give pre-exponential factors lower than
observed ones by a factor of 102 to 10° for activated
complexes containing 4, 5, or 6 atoms.* This dis-
crepancy is removed if one makes a realistic esti-
mate of vibration frequencies and makes an ade-
quate allowance for the effect of internal rotations.*
In an effort to refine and extend the method pro-
posed in ref. 4 for computation of pre-exponential
factors, we are following a suggestion made by Pro-
fessor Pauling for the calculation of bond distances
in activated complexes. For calibration of the
method we have treated the well-known reactions
H + H; and Br + H,, and the calculations are ex-
tended to cover typical cases of hydrogen atom ab-
stractions from organic molecules by methyl free
radicals and by bromine atoms.

Method of Computation.—In order to calculate
pre-exponential factors 4 for bimolecular reac-
tions, one needs tc know, both for reactants and

(1) In support of this work one of us (DJW) is indebted to the Na-
tional Science Foundation for a Fellowship. Also this work was sup-

ported in part by the Office of Naval Research, Project NR-051-246,

Contract N6 onr 25131.

(2) Department of Chemistry, California Institute of Technology,
Pasadena, California.

(3) S. Glasstone, K. L. Laidler and H. Eyring, ‘“Theory of Rate
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941,

(4) D. R. Herschbach, H. S. Johnston, K. S. Pitzer and R. E.
Powell, J. Chem. Phys., 25, 736 (1956).

the activated complex, the molecular weight, mo-
ments of inertia for over-all rotation, moments of
inertia for internal rotation, barriers to internal
rotation, all vibration frequencies and electronic de-
generacy. (One also needs the transmission coef-
ficient.) These data can be obtained for the react-
ants from spectroscopy. The problem is thus re-
duced to one of determining the structure and me-
chanics of the activated complex. It is assumed?
that the excitation energy of the reactants has gone
into the potential energy of a single separable reac-
tion codrdinate, so that the rest of the activated
complex is like a normal molecule. Thus, except
for the reaction codrdinate, one may make heavy
use of analogy with ordinary molecules. This anal-
ogy means, in particular, that normal bond dis-
tances and normal force constants are to be ex-
pected.

For purposes of kinetics any of the rules or -the
tables of normal covalent radii are adequate, and
for single, double or triple bonds we use the conven-
ient tables in Pauling’s ‘“‘Nature of the Chemical
Bond.”’® However, for the H; complex or for a
methyl radical abstracting a hydrogen from an or-
ganic compound, the bonds are more nearly ‘“‘half-
bonds” than any integral order, and in this treat-
ment these bonds will be formally regarded as
“half-order.” There are various rules for the
length of a bond of any order; the most convenient
of these is Pauling’s rule®

Ry — R = 0.30 logjo n (1)

where R is the bond radius in A., R, is the radius of
the corresponding single bond, and 7 is the order of
the bond. Long standing arguments® justify a
linear complex for Hj, and this structure was as-
signed to the C-H-C links in methyl radical reac-
tions and C-H-Br links in the bromine reactions.
By these arguments and rules the detailed geomet-
ric structure of the activated complex was deter-
mined.

From Badger’s rule’ stretching force constants

(5) L. Pauling, ‘“Nature of the Chemical Bond,”” Cornell Univer-
sity Press, Ithaca, N. Y., 1940.

(6) L. Pauling, THis JOURNAL, 69, 542 (1947).

(6a) F. London, “Probleme der modernen Physik,” Sommerfeld
Festschrift, 1928.

(7) R. M. Badger, J. Chem. Phys., 2, 128 (1933); 8, 710 (1934).
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were assigned to all bonds in the complex. We know
of no equivalent to Badger’s rule for bendirig force
constants, so we used analogy with the bending
force constants in the bifluoride ion. The bending
force constant was taken as the bending force con-
stant in the bifluoride ion reduced by the ratio of
bending force constants in CHy and CFys.  Skeletal
internal rotations were regarded as essentially
free; usually the methyl group internal rota-
tions cancelled out pairwise between numerator and
denominator, that is, between activated complex
and the reactant. The electronic degeneracy of the
complex was assumed to be the same as for the
methyl radical. Transmission coefficients were
taken as unity. Thus by these rules and analogies,
the mechanical properties of the activated complex,
aside from the reaction codrdinate, were assigned.

The reaction coordinate was treated as previ-
ously.* The reaction coordinate for these atom-
transfer reactions can be made to appear very nat-
urally by including an interaction term in the po-
tential energy which reduces the restoring force on
the anti-symmetric vibration to zero. For the Hj
complex, the potential energy expression was
taken to be .

2V = ksf'lz + ksfzz + 2k57’11’2 + kba12 + kbazz (2)

The magnitude of the cross-product term is not an
adjustable parameter; in this case it must have the
value 2ks in order to cause the antisymmetric
stretching frequency to vanish. If the two stretch-
ing force constants differ, the interaction constant is
2(k1k2) 1,

For reactions 1, 2, 3 and 9 in Table I, a detailed
vibrational analysis (including a reaction coérdi-
nate such as eq. 2) was made for the entire complex
by the Wilson FG matrix method,® and the vibration
frequencies were used to calculate the pre-exponen-
tial factor.®* For reaction 4, the frequencies were
classified by the method of ref. 4, and most frequen-
cies were assigned from the corresponding type in
ethane and deuteroethane, but the stretching and
bending frequencies including the transferring atom
were calculated by the Wilson FG matrix method
on the assumption that the complex was a five-
atomic molecule. Thus as many frequencies as
possible were cancelled out between reactants and
activated complex, and all frequencies which do not
match-up for cancellation were computed as care-
fully as possible®; this procedure is spoken of here
as an “approximate vibrational analysis.” For re-
actions 5, 6, 7, 8 and 10, this approximate vibra-

-tional analysis was carried out. For these cases
further approximations were made: all moments of
inertia for both the hydrocarbons and the complex
were computed as if the hydrogens were located at
the nuclei of the carbon atoms to which they are at-
tached. The same approximation was made for
skeletal internal rotations?*; methyl group internal
rotations were cancelled out between reactants and
complex.

For the long-chain. hydrocarbons calculations
were made for abstraction of secondary hydrogens
only, since the activation energy for abstraction of

(8) Wilson, Decius and Cross, ‘“Molecular Vibrations,” McGraw-
Hill Book Co., Inc., New York, N. Y., 1955.

Vol. 7§

TaBLE I

THEORETICAL AND EXPERIMENTAL PRE-EXPONENTIAL FAc-
TORS FOR BIMOLECULAR REACTIONS WITH ABSTRACTION OF
HYDROGEN ATOMS

logio A
T, °K. Caled. Obsd. Ref.

Reaction
(1)H+H,—-H: + H 1000 13.7 13.7 a
(2) CH; + Ho—CH, + H 455 12.0 11.5-12.5 b
(8) H+ CHy—H, + CH; 455 13.6
CD;H + CH; 455 11.3 11.5 c
(5) CDs 4+ CoHg —
CD:;H + CHs 455 11.3 11.3 d
(6) CH3 + ’ﬂ-C4H10 -
CH, + CH; 455 11.8 11.0-11.5 e
(7) CH3 + n-CﬁHm el
CH, + CsHu 455 11.7 11.0 d
(8) CH; 4 n-CeHy —
CH; + CeHis 455 11.7 11.1 d
(9) Br + H. - HBr + H 523 14.1 13.6-14.2 f
(10) Br —]‘ (CHs)zCH g
HBr + (CH;)sC 393 12.4 17.6 g

e A. Farkas, Z. phystk. Chem., 10B, 419 (1930). A. Far-
kas and L. Farkas, Proc. Roy. Soc. (London), 152A, 124
(1935). M. Van Meersche. Bull. soc. chim. Belg., 60, 99
(1951). ®T. G. Marjury and E. W. R. Steacie, Disc.
Faraday Soc., 14, 45 (1953). E. Whittle and E. W. R.
Steacie, J. Chem. Phys., 21, 993 (1953). R. E. Rebbert
and E. W. R. Steacie, Can. J. Chem., 32, 113 (1954).
¢J. R. McNesby and A. S. Gordon, THi1S JOURNAL, 76,
4196 (1954). < Reference 9. ¢R. E. Rebbert and E. W.
R. Steacie, J. Chem. Phys., 21, 1723 (1953). M. H.
Steacie and E. W. R. Steacie, Can. J. Chem., 31, 505
(1953). /M. Bodenstein and S. C. Lind, Z. physik. Chem.,
57, 168 (1907); M. Bodenstein and G. Jung, 2bid., 121, 127
(1926). G. B. Kistiakowsky and E. R. Van Artsdalen,
J. Chem. Phys., 12,469 (1944). ¢ Reference 10.

primary hydrogens is known® to be about 2 kcal.
higher (a factor of 8 at these temperatures) than for
secondary hydrogens. Calculations were made
for the reaction of a methyl radical with one specific
hydrogen atom, and then this result was multiplied
by the total number of secondary hydrogen atoms.
In this way the symmetry numbers were included
in the rotational partition functions of the hydro-
carbons and of the activated complexes in reactions
6, 7 and 8. For the reaction of the bromine atom
with 2-methylpropane, the calculation is based on
abstraction of the tertiary hydrogen atom; it is
known from analysis of products! that this is the
only reaction occurring in this system.

Results of the Calculations.—The activated com-
plexes deduced from these rules are given in Fig. 1
together with the structure assumed for the methyl
radical. In this figure small circles represent
hydrogen atoms, medium circles stand for carbon
atoms, large circles are bromine atoms, and the
ovals represent CH; or CHj groups. From- these
structures the moments of inertia and symmetry
numbers were evaluated, and these quantities are
listed in Tables II and III. By use of Badger’s
rule the stretching force constants given in Table IV
were found. With the data in Tables II-IV the
contribution of each degree of freedom to the pre-
exponential factor A, was computed, and these

(9) A. F. Trotman-Dickenson, J. R. Birchard and E. W. R. Steacie,
J. Chem. Phys., 19, 163 (1951).

(10) B. H. Eckstein, H. A. Scheraga and E. R. Van Artsdalen, ¢bid.,
22, 28 (1954).
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TaBLE I1
PROPERTIES DEDUCED FOR ACTIVATED COMPLEXES
Moments of inertia 1 internal rotation
Complex (A.M.U. A2 (AM.U. A2 Vibration freq. (cm, 1)
(1) 1.705 2930, 1190, 1190
(2), (3) 8.11, 8.11, —° 752.7, 752.7, 1441, 1441, 1643, 1643, 2984, 2084,
1322, 2665, 3145
4) 9.53, 57.0, 57.0 2.117 711, 711, 1220, 1102, 1486, 2100, 2900, 2236, 2994,
2225, 2963, 1155, 970, 1260, 1055, 1460, 725, 753, 753
(5) 49.4, 66.0, 115.5 3.175, 6.350° 814, 814, 725,° 208, 469¢
(6) 151, 112, 263 3.175, 13.8 1200, 1200, 725,° 200, 200¢
7 118, 244, 362 3.175, 14.1, 14.1 Same as (6)?
(8) 132, 427, 559 3.175,14.8,17.8, 13.9 Same as (6)¢
(9) 8.66 1074, 1074, 1325
(10) 240.5, 240.5, —°* 158.5, 158.5, 374, 1116, 1116°

¢ One moment of inertia cancels with one in the reactant.

b Only those moments of inertia for internal rotation are in-
cluded which do not cancel identically with an equivalent term in the reactant.
much lower than the corresponding C-H stretching frequency in the reactant.

¢ This frequency is included because it is
4 These vibration frequencies include only

those for which cancellation cannot be made against an equivalent frequency in the reactant.

factors are listed in Table V. From the factors in
Table V one obtains the calculated preéxponential
factors listed in Table I. The observed pre-expo-
nential factors are listed there for comparison.

TaABLE II1
PROPERTIES ASSUMED FOR THE METHYL RADpICAL
I: 3.175, 1.907, 1.907; ¢ = 3

Vib. freq., cm. ! (taken from ammonia)
3336, 950, 3414 (twice), 1627 (twice)

TABLE IV
Force CONSTANTS FOR HALF-BONDS
) Half-bond k, dynes/cm.
C-H 2.55 X 108
H-H 2.55 X 108
H-Br 2.24 X 105
X-~H-X bend, ergs/radian 0.164 X 10—u

TABLE V

VALUES OF Ay FOR THE VARIOUS DEGREES OF FREEDOM IN
THE DIFFERENT REACTIONS

Reac-

tion Ay Ar Afir Ay
1 6.79 X 10~% 6.20 3.34
2 5.156 X 10~% 0.606 1.954
3 1.325 X 10~% 10.02 1.825
4 4.93 X 10—% 0.0619 6.14 6.24
5 3.24 X 10—% .131 15.02 21.8
6 2.96 X 10~% .0116 9.83 34.4
7 2.80 X 10—% .00469 11.75 34.4
8 2.67 X 10~—% .00424 11.30 34.4
9 3.59 X 10~% 31.5 6.16
10 7.82 X 10~ 4.5 58

Discussion.—In view of the uncertainties and
errors in obtaining the experimental values of pre-
exponential factors, perfect agreement is to be re-
garded as within a factor of two, and satisfactory
agreement is within a factor of ten. For certain
reactions the spread in experimental values from
one worker to another is a factor of ten or more,
and certain of the other reactions have not been
investigated so intensively. By these standards
there is excellent agreement between observed and
calculated values of the pre-exponential factor for 8
out of the 9 comparisons in Table I. In particular

it should be noted that this very quick and rela-
tively easy computation gives values of the pre-ex-
ponential factor which agree with experiment and
with calculations made by the much more tedious
method of constructing energy surfaces.?

O__.
92 B

ASSUMED STRUCTURE ';?9

OF METHYL RADICAL (028"

Fig. 1.—Structures of the activated complexes: small circles,
H; medium circles, C; large circles, Br; ovals CH; or CHa.

There may be some significance in the high values
for A caled. for the long-chain hydrocarbons, butane,
pentane and hexane. If so, it is probably due to
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hindered skeletal internal rotations for these ac-
tivated complexes.

Finally the excellent agreement between theory
and experiment for reaction 9 between Br and H,
and the 100,000 fold discrepancy between calcu-
lated and observed factors for reaction 10

(CH;);CH + Br —> (CH;);C + HBr

require special comment. We make an unqualified
prediction that the observed value is wrong; in par-
ticular, we believe a reinvestigation of this reaction
over a wide range of reactant pressure, degree of re-
action, and pressure of additives will reveal that
the over-all reaction (CH3);CH -+ Br, — (CHj;)s-
CBr -+ HBr does not follow the bromination
mechanism assumed for it.%°

Evaluation.—Kinetic data are often so uncertain
that order-of-magnitude estimates of pre-exponen-
tial factors are all that one can obtain from ex-
periment. There are many empirical rules and ap-
proximation methods in the field of molecular
structure and molecular spectroscopy which, though

Vol.- 79

not good enough for many purposes in their own
field, are more than adequate for purposes of
kinetics. The rules used here for bond dis-
tances,®® for stretching force constants,®® and for
moments of inertia for internal rotation* appear to
be cases of this type. However, we kineticists .
must await developments for comparable rules for
barriers to internal rotation and for either a Badg-
er’s rule for bending force constants or, more likely,
an adequate empirical classification of bending fre-
quencies. With such rules, kinetic pre-exponential
factors should be calculable within a factor of four
or so, without undue labor, even for complicated re-
actant molecules. At present these calculations
appear to be valid within, perhaps, a factor of about
40. It might be remarked that for practical pur-
poses this situation is a considerable improvement
over the case as stated recently by Trotman-Dick-
enson!! relative to reaction 10.

(11) A. F. Trotman-Dickenson, “Gas Kinetics,”” Academic Press,
Inc., New York, N. Y., 1955, p. 194, line 13.

STANFORD, CAL.
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PART FOUR: CARBON ISOTOPE EFFECT DURING OXIDATION

OF CARBON MONOXIDE WITH NITROGEN DIOXIDE
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Carbon Isotope Effect during Oxidation of Carbon Monoxide with Nitrogen Dioxide*
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Department of Chemistry, Stanford University, Stanford, California

(Received August 23, 1956)

By use of naturally occurring C2 and C® isotopes in carbon
monoxide, the effect of carbon mass on the rate of the reaction

CO+NO,=CO,+NO

has been studied in a 15-1 Vycor flask, in the temperature range
540-727°K, and at pressures between 1 and 20 mm. The rate
constant for the reaction was k=12X102exp(—31,600/RT) cc
mole™ sec™t. The ratio of rate constants ki2/k13 was 1.022 at 540°K,
1.019 at 638°K, and 1.016 at 727°K. An activated complex was
set up with normal bond distances and normal force constants,
and with the reaction coordinate explicitly given in terms of
internal coordinates with an interaction term such that the
restoring force on an antisymmetric stretching symmetry co-

ordinate is reduced to zero. By means of E. B. Wilson’s FG matrix
methods, a vibrational analysis was made of the activated com-
plex, all vibration frequencies were determined for one species,
and shifts in frequency due to isotopic substitution were computed
by a perturbation method. Similarly, the ratio of effective mass
of the reaction coordinate was evaluated, and calculations were
checked by the Teller-Redlich product rule. The isotope rate
effect was computed by Bigeleisen’s formulation of the activated
complex theory. For a set of force constants well within the range
of normal values and for normal bond radii, calculated isotope
rate ratios at all temperatures are in excellent agreement with
observed ones.

INTRODUCTION

/ I ‘HE reaction

CO+4NO;=CO:+NO, (1)

was found by Crist'? and co-workers to be an elemen-
tary bimolecular reaction which occurs at a convenient
rate in the temperature range 500-800°. This appeared
to be a particularly simple and suitable case for a study
of the C2— C® isotope effect on the reaction rate, both
because of the clean-cut kinetics and the molecular
simplicity of the reactants, making possible a detailed
theoretical analysis of the results.

EXPERIMENTAL
Materials

Nitrogen dioxide, obtained from Matheson Company,
was treated with oxygen to remove nitric oxide, passed
through phosphoric anhydride to remove moisture and
repeatedly distilled in vacuum. No impurity could then
be found in the nitrogen dioxide by means of infrared
analysis; in particular no water, nitric acid, or nitrogen
pentoxide was present. Absence of water or nitric acid
was essential to this study in order to avoid the chain
reaction

HO4-CO=CO,+H (2)

H+NO,=HO+NO. A3)

Carbon monoxide was produced by the action of sul-
furic acid on sodium formate, and it was dried and freed
of carbon .dioxide by passage through Dehydrite and
Ascarite towers. Carbon dioxide for the blank runs was

* This work was supported in part by the Office of Naval
Research, Contract N6onr 25131, Project NR 051246. One of us
(DJW) is grateful to the National Science Foundation for a
Fellowship.

t Present address: Department of - Chemistry,
Institute of Technology, Pasadena, California.

1 G. M. Calhoun and R. H. Crist, J. Chem. Phys. 5, 301 (1937).

2F. B. Brown and R. H. Crist, J. Chem. Phys. 9, 840 (1941).

California

prepared by complete combustion of a small sample of
the same sodium formate which was used in the prepa-
ration of carbon monoxide, using an ordinary analytical
semimicro combustion apparatus. Since the C2—C
ratio is quite variable for naturally occurring carbon,
it was essential to generate the carbon monoxide for
the reactant and blank from the same sodium formate
sample.

Apparatus

All runs were made in a 14.5-1 Vycor flask which has
been fully described elsewhere.?

Procedure

The pressures of reactants were measured in gas
pipets, and the reactants were passed together into the
furnace. All runs were made with a 20-fold excess of
carbon monoxide to eliminate errors due to the de-
composition of nitrogen dioxide. The reaction was al-
lowed to proceed for a time interval which would
allow consumption of less than 19 of the carbon
monoxide. The reaction mixture was then pumped
through a trap at liquid nitrogen temperature, and the
excess carbon monoxide was discarded. The temperature
of the trap was raised to —135° (n-pentane slush), and
the carbon dioxide product was distilled into a bulb at
liquid nitrogen temperature. Distillation from —135°
to —195° was repeated, and complete separation of
carbon dioxide from dinitrogen trioxide and dinitrogen
tetroxide was achieved in this way. The pressure and
volume of carbon dioxide was measured in order to
calculate the rate constant for the over-all reaction.
By means of a ratio-recording mass spectrometer the
mass ratio 45/44 was determined in order to give the
relative rates of reaction of the two isotopes. At the
same time the mass ratio 45/44 was determined on the
carbon dioxide blank for purposes of comparison. We

3H. S. Johnston, Discussions Faraday Soc. 17, 1 (1954).
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are indebted to Dr. Harold Eding of Stanford Research
Institute for our mass spectrometric data.

RESULTS

Duplicate runs were made at each of three tempera-
tures, and duplicate blanks were measured. The con-
centrations of reactants and the mass ratios are given
in Table I.

From the concentrations of reactants and the
quantity of carbon dioxide produced, the rate constant
for (1) was calculated from the relation

d[CO,]/di=k[NO,[CO]. (4)

For each isotope of carbon a chemical equation like (1)
and a rate expression like (4) may be written. The ratio
of these rate expressions gives

d[C20,] k[ CEO]
d[CB0,] ky[CBOT

(5)

Since less than 19, of the carbon monoxide was allowed
to react during each run, the total amount of carbon
dioxide produced may be regarded as the initial incre-
ment, d[CO,], and the isotopic composition of the
reactant is essentially unchanged and is given by the
blank. Thus one obtains as a good approximation

[C205] %12 C*20s o 1ank
[C505] k15[ CB0sTotane

The isotopic ratio (45/44) was measured directly so
that the ratio of rate constants is

kio/k1s= (45/44)p1an1/ (45/44). (1)

An Arrhenius plot was made of (7) to give the difference
in activation energy as

Eyp— Eq5=—20-45 cal/mole. 8)

An Arrhenius plot was made of % found by (4) to give
an energy of activation of 31.6 kcal/mole and a pre-
exponential factor 4=12X10" cc mole~!sec™.

(6)

DISCUSSION

Using the notation of Wilson, Decius, and Cross* we
write down the Teller-Redlich product rule for an

TaBLE I. Experimental results.

Reactants .

m/1 X104 Mass ratio k
T°K CO NO:2 45/44 X108 1. mole™! sec™! kiz/k13
540 5.1 0.35 11 06849 0.0019 1.0218
541 7.0 0.49 11 050413 0.0016 1.0225
638 5.8 0.29 11093412 0.110 1.0193
638 4.8 0.26 1107145 0.120 1.0188
727 5.1 0.29 11122414 2.7 1.0157
727 4.6 0.26 11 1137 3.2 1.0165

¢ Wilson, Decius, and Cross, Molecular Vibrations (McGraw-
Hill Book Company, Inc., New York, 1955), p. 184.

ISOTOPE EFFECT

activated complex containing N atoms, 7 free internal
rotations, and one reaction coordinate which is essen-
tially a free translation or a vibration with no restoring
force.

-ECH) G Gar)
<)) o

where m is atomic mass, M is mass of the entire com-
plex, and p is the effective mass of the reaction co-
ordinate, reference 5, pp. 186-189.

Using the partition-function formulation of the
activated complex theory® for a bimolecular reaction,
one gets for the ratio of rate constants for isotopic
reactions

b_x 00"

¥ Q/Q’

where Q% is the partition function for the activated
complex with the contribution due to the reaction
coordinate factored out, Q is the complete partition
function for the reactant in which isotopic substitution
appears, and AAE represents the difference between
complex and reactant in the difference of zero point
energy, or in this case (FE%s— E%3)i— (E%— E%s3)0,
The partition-function ratio Q;}/Qst in (10) gives rise
to the following product of ratios

)G G,
><H( i %SNI_ILT( Qv) , ()

where ¢ is the symmetry number and Q, is the partition
function for vibrations; there is a comparable expression
for the substituted reactant. If Eq. (11) for both
complex and reactant is substituted into (9) and (10),
the rate expression becomes

~10.

3N—7—r[u(1 ev)
k (M)% Wl
/= - e —u
k u 3H [u(l e )eM/Z] ( )
'(1—e%)
where u=hcw/kT, N is the number of atoms in the
complex, # is the number of atoms in the substituted

reactant, and the terms in the denominator refer to the
substituted reactant. Equation (12), of course, is

—AAE/RT

(10)

5 Glasstone, Laidler, and Eyring, Thkeory of Rate Processes
(McGraw-Hill Book Company, Inc., New York, 1941).
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f, fz 73 '¢
N. C.
/a,>\<02>/<a>\
0 (0]
F16. 1. Structure of the activated complex: r;=7r,=1.2 A;
1’2=7’3=1.4 A; a1=az=a3=120°; planar.

Bigeleisen’s®” expression for the rate ratio for isotopic
reactions., The only difference between Egs. (10) and
(12) is the Teller-Redlich product rule (compare
reference 7, footnote 2). Whether one uses (10) or (12)
depends on whether one had rather compute moments
of inertia (including those for internal rotation) or
mass ratio along the reaction coordinate. [Actually it
is desirable to compute both sets of quantities to
substitute into (9) as a check against computational
errors, | Bigeleisen’s formulation is considerably more
convenient for computational purposes in the present
case.

To use Eq. (12) one needs the mass ratio u/u’ and
the vibration frequencies for unsubstituted and sub-
stituted reactant and activated complex. These quan-
tities are readily obtained by means of Wilson’s /' and
G matrices,* provided one has a model of the activated
complex. For this reaction we use the model previously
proposed® with certain minor refinements. The acti-
vated complex was assumed to be of the planar
dinitrogen trioxide structure, Fig. 1, with bond angles
of 120°. The double-bond distances, 1.2 A, were taken
as the sum of the double-bond radii of the elements,
and the single bond distances, 1.4 A, were taken from
single bond radii.’ Partition functions for translation,
rotation, and internal rotation were calculated from
this model. For the vibrational analysis, a slight change
was introduced in order to increase the symmetry of
the unsubstituted activated complex and thus greatly
_simplify the calculations. The actual masses of the
atoms in the activated complexes are 16-12-16-14-16
and 16-13-16-14-16. The first of these was replaced
by the average-mass case 16-13-16-13-16, and the
second was retained. Thus the unsubstituted complex
had Cj symmetry and the substituted complex was
treated by a perturbation method.! '

Force constants were assigned by analogy and by
use of Badger’s rule.”? Ratios of force constants were
assigned as: 2, double bond stretch to single bond
stretch; 10, single bond stretch to end ko/r172; 2, end
bend to center bend.® The magnitude of the single

6 J. Bigeleisen, J. Chem. Phys. 17, 675 (1949).

7J. Bigeleisen and M. G. Mayer, J. Chem. Phys. 15, 261 (1947).

8 Herschbach, Johnston, Powell, and Pitzer, J. Chem. Phys.
25, 736 (1956).

® Linus Pauling, Nature of the Chemical Bond (Cornell University
Press, Ithaca, 1940).

10 See reference 4, p. 188.

11 See reference 4, pp. 175-176.

2 R. M. Badger, J. Chem. Phys. 2, 129 (1934); 3, 710 (1935).

18 These ratios are based on reference 11 and on analogy to
nitrogen tetroxide and to ethers. Other ratios could be used within
the range of examples from normal molecules.
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bond stretching force constant is 5X10° dynes/cm
according to Badger’s rule; by analogy with C—C,
0—0, N—N, C—N, and C—O single-bond force
constants,™ the range 33X 10% to 6)X 10° appears to be
very reasonable (we have made calculations for the
values of 4, 5 and 6X10%). The reaction coordinate was
treated as before?; an interaction constant was intro-
duced which reduces to zero the restoring force on the
antisymmetric stretching mode involving the central
oxygen atom

2V = ks(ro?+rs®)+ 2k, rars+other square terms.  (13)

As k, approaches k, the restoring force of the anti-
symmetric center stretch goes to zero, and the reaction
coordinate becomes separated from the normal modes
of vibration.

Out-of-plane motions for this complex are the
internal rotations. A rough estimate of the barrier to
internal rotation* indicates it to be less than RT for
this complex. Thus computations are made on the
assumption of free internal rotation.

With this model for the activated complex the F
and G matrices* were set up in the usual way. The
seven-by-seven FG matrix reduces to a four-by-four
(41) and a three-by-three (B;) which includes the
reaction coordinate with zero frequency. The six non-
zero frequencies and the corresponding normal modes
with their normalized eigenvectors were found; then the
shifts in frequency caused by a single isotopic sub-
stitution in the activated complex were computed by a
perturbation method.’® These frequencies and their
shifts are given in Table II.

The “effective mass” along the reaction coordinate
is readily calculated as a by-product of the normal-
mode analysis. For the terms in (13) let k/’—Fk; be ¢, °
a number as close to zero as desired. The corresponding
Misso low that terms in A? and higher may be neglected.
In terms of F and G determinants the value of X is'®

A=|G||F|/2GPF®, (14)

TaBLE II. Contribution of the various normal modes of vibra-
tion to the various rate factors. Q contributes to 4, Q12/Q1s con-
tributes to kis/ki;, and Ei—Ey; is given directly. T is 638°K.
Force constants are 8-4-0.4-0.2.

Q12 Eis—Eu3, cal/mole

Normal Awd —In—

Mode wem-1 Q@ cm™! Q13 AEY RT6>
Sym, str., mid. 1160 1.08 12.4 0.0022 17.8 —=5.1
Sym. str., end 1495 1.04 124 0.0010 17.8 3.2
Sym. bend, end 335 1.88 1.3 0.0027 1.9 —1.4
Mid bend 176 3.05 1.2 0.0054 1.7 —1.4
React. coord.
Anti. sym, str., ends 1381 1.05 13.8 0.0015 19.7 —4.3
Anti. sym. bend 451 1.57 4.9 0.0063 7.0 —4.8
Co 2169 1.01 49.2 0.0008 70 —4.1

' E calc —20.2
E obs —2045

& This is a decrease in all cases.
b =d InQ/d InT.

( 145E). A. Mason and M. M. Kreevoy, J. Am. Chem. Soc. 77, 5808
1955).
16 See reference 4, p. 68.
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TasrLE III. Calculated rate factors as a function of variation of force constants assumed for the activated complex.
Force constants
dynes cm™1X107% A X10712
End Mid End Mid Ru/kis Eis—Eus ce m™Lsec!
Str. Str. bend ben 540° 638° 727° cal/mole 638°s
8 4 0.4 0.2 1.0208 1.0180 1.0160 —20 26
10 5 0.5 0.25 1.0138 1.0124 1.0113 —10 20
12 6 0.6 0.3 1.0097 1.0092 1.0090 -3 14
observed 1.0221 1.0190 1.0161 —20+£5 12

a Based on unity for kappa.

where G@ is any two-rowed minor of |G| and F® is
the corresponding two-rowed minor of |F|, summed
over all such minors.!® For the isotopically substituted
complex the expression is

N=|G'||F| /26 ®F®, (15)

The ratio of these two terms leads to cancellation of
|F|, and it is the ratio of effective masses u

NN =u'/u. (16)

Now, as one lets k,’=k;, some terms in F® go to zero
and some others cancel out. For the present case (the
reaction coordinate is number 5, the antisymmetric end
stretch is 6, and the antisymmetric end bend is 7) the
expression for the ratio of masses is

po |G| Go®

Iy v IGI G's,7(2),

where G'=G+AG. The changes in G, that is, AG, were
used in the perturbation method calculation. In (17)
|G| is the complete three-by-three (B;) determinant.
For the present case the value of pi3/u12 was 1.0095.
By the use of this value of u'/u and (9), a check can
be made against the six planar vibration frequencies.
The product of the ratio of vibration frequencies is
1.0521; the product of the ratios of atomic weights,
molecular weights, one moment of inertia, and u/u’ on
the right-hand side of (9) is 1.0510. The discrepancy
of 0.001 is believed to be a measure of the validity of
the perturbation method for this case; it might be
noted that this discrepancy is by no means negligible.
Rate constant ratios were computed® for three sets
of force constants: 8-4-0.4-0.2, 10-5-0.5-0.25, and 12~
6-0.6-0.3. The calculated curve for kis/kis is plotted
against 1000/7T in Fig. 2. The force constants 8-4-0.4~
0.2 give a curve lying very close to the observed points at
all temperatures; the other two curves miss the points
and have the wrong temperature dependence. The
calculated curves are very sensitive to small changes

(7)

16 Bigeleisen and Mayer? give extensive tables of a function they
call G(u). This function employs the approximation, eA“/2
=14Au/2. Because of the very small isotope effect observed
here, we found this approximation to be extremely poor for this
case. In making these computations we kept all figures to six
significant figures, rounding off only at the end. Unless extreme
caré is taken in these computations, rounding-off errors can easily
become as large as the isotope effect itself.

In these calculations the ratio of kappas was taken as one.

in the assigned force constants; obviously a small
reduction in the lowest set of force constants would
give almost perfect agreement with experiment. This
adjustment is unnecessary. The primary point estab-
lished is that this simple method® of setting up and
characterizing the activated complex and reaction
coordinate gives a good description of the isotope rate
effect within the limits of a normal set of bond distances
and force constants. In the calibration of this method
of constructing activated complexes, it might be noted
that the pre-exponential factor is particularly sensitive
to low frequency oscillators and free internal rotations.
On the other hand, these quantities have little or no
effect on the isotope rate factors k/k, and E—E’. The
high-frequency oscillators are by far the most important
contributors to the isotope rate effect; this point has
been made by Bigeleisen.® The contribution of the
various frequencies to k/k and E—E' is given in Table
II. A comparison of the different sets of force constants
for the rate factors, 4, k/F/, and E—E’ is given in
Table III. The agreement between calculated and
observed pre-exponential factor is quite satisfactory
for all choices of the force constants (a factor of two
is precise agreement here and a factor of 10 is within
experimental error).

Finally, we wish to give a short discussion empha-
sizing the distinction between the isotope effect con-
tributed by the reaction coordinate and the isotope

1.024 T T T T ¥
1.020 }- -]
8 X
1016 |- 4
ke 1o ,// |
kiz
1008 |- ¢ e
1004 |- .
1 I L 1 !
1.000 140 150 160 70 180
1000/ T

F16. 2. Calculated curves and observed points for the isotope
rate effect at various temperatures. The force constants for end-
stretch: mid-stretch: end-bend: mid-bend are respectively: 4,
8-4-0.4-0.2; B, 10-5-0.5-0.25; C, 12-6-0.6-0.3 in units of 10°
dynes/cm.
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effect contributed by the rest of the activated complex.
In terms of Bigeleisen’s formulation the reaction co-
ordinate contributes (u/u’)* toward the isotope effect,
and that is all (actually this treatment neglects the
possibility of a very narrow 8, width of the top of the
barrier to the reaction coordinate, and thus a significant
zero-point energy in the reaction coordinate itself).

1006

The other normal modes in the activated complex
contribute their product of #;, their product of Q;, and
the zero-point energy difference, Zkv,;/2. Thus isotopic
substitution in atoms removed from the site of the
reaction coordinate, could lead to an isotope rate effect.
For the present reaction an isotope effect should be
observed between CO'¢ and CO*, for example.
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Appendix I

Abbreviations

The following abbreviations are used in this dissertation:

mh, millimeters of mercury
oc, degrees centigrade
keal/mol, kilocalories per mole
ce, , cubic centimeters

e’, centimeters

sec,~1 reciprocal seconds

mol/cc, moles per cubic centimeter
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Appendix II

Computation of the First-Order Rate Constant for

a Simple Model Involving Stepwise Activation

The most general form of the Lindemenn theory postulates the
following mechanism:
HJ‘ + M /-‘]‘. + Mﬂ aék“é;
A+ My — A+ M bjie,
A = Products ¢, .

(2.1)

Assume that
Aikie T AYud ‘<§'+,,a Y

ba'm‘E = bjke '5a'+:,é

)
where 5,,,’,, =0 ~ ifm # n,
Smn = 1 ifm = n,

Also assume that the states of M have their equilibrium distribution.
m_ M
Then, after averaging with respect to P ' _/_v'__z s Where I_’em is the

m
probability of the state £ for the species M, and with respect to Prs

one finds the following expression for %.:-i:
g_%q‘: = H('.., <, M + )q[(-d-‘ 6£+(M (2 2)
~b; A M ~a A M=l |
Assume that
dic- - KA, (2.3)

ct
where k is the macroscopic rate constant for the reaction., This as-

Mption is made instead of the steady state assumption 4/ _ o,
oAt
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'

which breaks down for the case under consideration, Assumption 2,3

converts the set of differential equations 2,2 into a set of difference

equations

0= @ M * by, M = A (b vy vy =) (2.0

(1]

Assume that a g = 8 and that the energy levels are equally spaced,

Then bi = band a =bWPy = b, where A= €xp('l;’-7-7—,.{/ s and 2.4 becomes
- F

O = APM /7('-/ +6M ﬁ(,'xﬁ-/ m(bla” "'bM +C ..K) A (2.5)

Assume ey = 0, 1 < n;
e; = C i > n, where n is the lowest quantum level at which

. o
reaction can occur., Let Aii =f ZB[ : and let

2 coh O 6MHEPM +c —k (2.6)
bPEM ’
7 cock 6 = bM + 6P —K (2.7)
| 5P M 7

using 2,6 or 2,7 depending 0!5 whether 1 2 nor i < n,

Then 2,5 becomes

o = Bt"’l +B¢'+( 2 coehO B, - (2.8)

A solution to 2.8 is

. = y : coekh 6
By = otainki® +p ¢ (2.9)

where 6 or Gﬂare used, depending on whether 1 < nor i > n,
l/ — ‘ ‘Al =3 ‘
SO, /7‘.__: (OZL /7,4;%(54—860%(9/] (2’%0)

"
- for the non-reactive states, and a similar expression containing 6
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and different values of the constants A and.g'gives the concentrations of
the reactive states.

To fit the boundary conditions for the non-reactive states one pro-
ceeds as follows,

KK = —bFMA, + bA

80
i = (P—Z%)H"‘ (2.11)
Similarly,
A = [ZWQ'(’o“g/%)Fi‘—F]%. (2.12)
Also
A= PL[ Faik 6 + Beoek '] (2.13)
Ay = Pl Faik20'+Fecocté]. (2.14)

One gets two simultanecus equations in A and §'by equating 2,11 to 2,13

and 2,12 to 2,14. The solutions to these equations are

_ U (P-K Y _ /
A = —7(—7.9' { (a'/z( 6/\1) Coul 6 }Ho, (2.15)
B = A,
So
[ ekt 6 (L (P& —coae’}
Ay = ’qo/ol/l[ Liskh O 4s “’)
, (2.16)
+C¢«—4('9]

ig the desired solution for non-reactive states of A.
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It is next necessary to fit the boundary conditions for the solutions

A; where 1 2 n, It is easily verified that

)/ 39”
Fowy = P77 FAu e (2.17)

is the desired solution by substituting this éxpression into 2,5 and by
noting that 1im /., = 0 a&s §—>7° and that Fheo~

The expression for the rate of disappearance of A is

’

) oo Ko .;:_9(1&
~dA _ gg= CY Fay T CH Y (FPe)
d=o

dt J=o (2.18)
= C ﬂn
/- phe™®
So
/( - C‘/?h , /
7 )R (2.19)
Now
Ay = A(1-F) (2.20)

if E is greater than 10 kT, as is almost always the case, So, substi-

tuting 2,16 and 2,20 into 2,19, one finds

< P%(1-p) [Mné’{ i (p K We} (2.21)

/-(a'/z e—e”
‘+—C4?11€1763;]

where

2 codo'= bM+bLIT -1
e

2coek 8= b1+ bL17EER,
bFPEM



At the low pressure limit %ﬁ takes on its maximum value, In this
region the rate of reaction is equal to the rate of activation from

the (n-1)th state, So

o kK= 64,
and e = Ll < P
~ Now L., = (lﬁo}fﬂ” » 80
0 < S < (1= P (2.22)

From the previous paragraph it is apparent that for reasonable
k

values of # and n the quantity e is quite small over the entire
pressure range, One is therefore led to expand the right-hand side
of equation 2,21 in powers of %—M and then to drep all powers above
the first, When this is done, the resulting equation can be solved
for ks p \ ZCF"(I—/“’)

| [=7 &2 o) e (2,23)

Ag M —pP° , k— e/’ 8 s which indicates thet this mechanism
leads to a high-pressure limit and an activation energy of nhy  at the
high-pressure limit, As M— 0, k— bl / n(l-/" )2, so the mechanism
leads to a second-order low-pressure limit and an activation energy
of nhV~— T%%’m at the low-pressure limit. |

By expanding the right-hand side of equation 2,16 in powers of Eﬂ
and neglecting terms of higher than first power, one finds that

P - (/- K o ]'mgn, (2.24)
6M (1-7)

ﬁh’egur’(r’ér:’um
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If one sets 2%%L==§§ = 30, n = 30, P= e~l; the values of this ratio,

Am/Amequ”‘, are tabulated for a few values of m and %ﬁ in the following

table:

0 - 1xi0-15 3 5 7 9 37.4

g~

30 1,000 973 920 .86 813 759  L000
29 1,000 .990 W97 951 .93l .91l  .632
28 1,000 0996 989 2982 975 <967 -865
27 1,000 4999 .996  .993 991 988  ,950
26 1,000 1,000 999  .998 997 996 982
25 1,000 1.000 1,000 »999 «999 <998 «993

The last ecolumn on the right corresponds to the low-pressure limit, It
is therefore seen that in the low-pressure region there is appreciable
depletion of the first few energy levels below the critical level,
Tt is of interest to compare plots of k/k.,. obtained by this mecha-
) ) .
nism with plots of k/k, obtained by using a single term 5% o/l of the

Lindemann type. If one lets x = %gs

K - 2(/*10)
foe Lrmo v L L8 sffieisyar | (2,25)

for the mechanism discussed here, and

Ao Q + f“

,» (2.26)
=P’ ]

for a Lindemann expression, where the constants in s:%_7ﬁg have been
¢
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chosen to give 2,25 and 2,26 the same slope as x — 0,

Log plots of k/ko, and ky/k,, are shown in figures 5 and 6 for
P=e"' anda P= ,9%.

It appears that this mechanism, in spite of its formal differences
from the most simple form of the Lindemann theory, gives results that
are practically indistinguishable from those of the Lindemann theory.,

An attempt is currently being made to analyze the step-wise

mechanism 2,1 using more realistic forms for the functions bs and e¢3.
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Appendix IIT
Analysis of the Steady State Assumption for a Unimolecular Reaction (15)

The mechanism to be considered is

A—B K
B=f K

B—cC M.

(B= Aj; ky = ag M ky = by M; ky—cy in the notation used earlier.)

Then
d7 _ 7= —k A+ B
Tt ! (3.1)
B=- A~ - (/\’r.""/(z) B
(3.2)
Differentiate equation 3,2:
BI:/(,/?" (/rz_‘f'ks)é, (303)

Use equations 3.2 and 3.3 to eliminate A and A from equation 3.1, ob-

taining

B + (Kt +h) B+ KigB=o (3.4)
A solution of equation 3,4 which equals zero at t =0 is

B =cCle v "),

+

where m* o (Krhkrs) * V(/{,—@—l Ko (Fot2h, +245)
5 .

Assume that k1~<< kz.. Then m' = k2 + k3 and m~ = klkB/ (k2+ k3).



bl

Seo BT C’{G'XF[“Q/‘BT: - exP[- (/TL+/V3)Z‘]})

/(z_‘f‘k;
and after a very short time ( t > /;;(;7;; )
B=c'exp| -~ 4t
[ Py (3.5)
BT — Kk B,
Aarbs (3.6)

Substituting equation 3,6 in equation 3.2 gives

[(Kz*/(,)z—fﬁ/@]g Sk

/71"'/(3

Since k; << k,,
(/(2+'(/3)B = oY f7,

1

L (3.7)

and B

The steady state assumptiocn is
B=-o = /(1/7‘(/(’11-&3)/3/
giving B = K K#”
Ax f’ff}

which is identical with equation 3.7.
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Appendix IV

Equality of Relative Efficiencies at All Pressures for the Case bim= bmfi

Rlaza) = 2 bn kR0 _ by ~______§"£'E
by £ B 2 fo 2
2 bn S (4.1)

= bn%,

Ifk = k,
m n

Z ( R bnteM _ R < by fz-/V) =0,
b, Yo M +c¢ by fy NVt

(402)
b, M6, 4) =0,
[ Z (5 fM*C‘)(éf/l/+c)
Now P (‘lzﬂ« oo
(b fe e )(bnFe 40)
(4.3)
Therefore
bM = b N (4o4)

if k=
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The proofs that the differential and integrel relative efficlencies
are equal to gﬁ; involve substituting 4.4 into the expression for the
'given relative efficiency, factoring ocut b , and observing that the

bm
summations left in the numerator and denominator are identical,

'Dt' Ct'l {L'
(buFelt + )™
RUCvm) = J (4.5)
"’Z £ oc f
(6m)(/'{*’c,,)
and b N = b M,
80 ﬁ‘{(/V//W) = —éﬁ- . ‘ (&66)
Also, _
é, 5— i Ql{(l
' FARRG/ 4
RCaym) = L) = bu | (4s7)
b S RaHe L
< Lo(rn)
L([/Z/V): (6 £ M+ e )(éhﬁ W +ee)
The procedure for Rf(N/M) is almost as simple:
Z (1160 ~WE )Pt N (ol —ams)iper 0
: rrvam prvon) G Loltampron) %
Se
2
= (ANb,—AM 6, )Z (4.9)

L, 6”7+U/VA%ﬁw&9
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Since the summation is always positive,

AnV'é, —4aMé,, =o | (4.10)

£
Rmm)=AamM - by
A & (4.11)
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Appendix V

rr2 2 log RO(N/M)

o P

Physical Interpretation of

The most general possible form of the Lindemann mechanism is

> m
Byt lle = 7 7% Yrce

"M

*
;7( +My — /?; +/k b‘;‘m’e/ (5.1)

B Products o,

2

where the subseripts denote quantum states of the molecules involved,

The rate of disappearance of A is given by

m——

*—
—_G_(f: Km/grz_ct'ﬁ(’

¢ @2
C/t (. (5 )
If one makes the steady state assumption gﬁ%*; O , an expression can be
ot
obtained for Aiz
§ E *)_ ooz X
(ad/( ‘e /7,() ( o‘/rze ) < /i? .
#h 2 414 |
" (< %
So ox_ e (G G0%) (5.3)
< 2me
N 2 ]
L. (gz'm'e /74) T
I3/ ¢
Therefore
/ (d‘/\‘(-é /?/74’
Ko = — , (5.4)
’ Z_ (6‘7 /’7)+c'
‘ cC Z <
Vi bt thde



Denote ~ by

; ( free RN
R = == . (5.5)

m
fri1° Piegy® 004 oy

no dependence on temperature or on rate of reaction. The P's, however,

The quantities a™ are truly constant =- they contain
may depend on both of these variables, It is assumed that averages
over the states of M and over the nonreactive states of A (i.e., over

the index j) are equilibrium averages, so that the quantities P2 are

3
given by the eguation
Q
pe e xp (= S/4T) (5.6)
‘ = =3 5o
/ ; exp(~ S nT
with a similar formule for P,
+ ”
Consider the low-pressure limit, at which ( é % Pz / M << <
: dh e
X4
for all i, In this region 95
Koy = M Q.  RER
o1 Py thkie "y K
el
” (507)
A, = /V)__ af’,e /'3.‘7/7"(
d)l")e J‘/fl ]

Therefore

R(wry) = #5842 '. (5.8)
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Denote — n
2 Zwe W YYpo
(7—é (539)
Z Vi »
CZ ' 1 by a .
<'7 Z i1he } ~

On substituting 5.9 and 5.6 in 5.8, one finds
_ | a n m
S exp[-(&el el ) Ar] 2

el ;1/ '
R(Nm) = —e= . (5.10)
2 ew[-(§relve )4l o

A4

If one then differentistes log RO(N/M) with respect to 1/T, one finds,

after regrouping terms, that

P ] Qa_ "N n m_m @ _h o,
229 R i), 27 TR T LS R
Q== K I (5.11)

Z/e 2‘ /: 74 e
4 J,/(

where k is the gas constant,

Bquation 5.11 can be rewritten in the following way by making use of

the definition of an average:

aﬂo?/?"(/k//y)-:_/_{-[ (eren=(ete ]
L P

1-[ <éq+éh‘)*—<éq+éh‘>ejz , (5012)

( >* indicates averaging over the distribution of the molecules which get

activated, and < )9 denotes averaging over the equilibrium distributions,
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Appendix VI
Computation of the Quantities ‘é;a

A, Andurts Potential

Amdur'®s potential is of the form

\/I = —5—5 (631)

where r is the intermolecular distance, and a and b are experimentally
determined constants. It is desired to match this function and ite slope

to the expomential potential
-t
Vv, = He A4 (6.2)

at a given value E of the potential energy. In particular, one would

like to determine / in terms of a, b and E.

tr—— — dl/ ®s
dy r Ve £

a” i

dr V=

since g’__V,/ = Q/I/Z/ and V, = V, = E,
ar lex, 0—; L=y ’
So [
7@
L = _ (i _g = r where r'= (.—@-) &
L (= LA =
b t.) b :
(6.4)

B. Lennard-Jones 6=12 Potential

The Lennsrd-Jones 6-12 potential is of the form

v = we [ (9)-E)] s

where r is the intermolecular distance, O~ is a eollision diameter, and



2=

€ ig the depth of the potential well,
As above, |

0

Ar
V=6

'l Az
Ar v

=

| 6
o= o LG
ey

where Vl(r“) = E and

ts
ri= [r~ 2 0.

I +Vi+ E/e

Alternatively,

/Z///f—E/e

Ve
z VisEZ - j]
L= [> ol AR €@;l [ e i

(6.3)

(646)

(6.7)

(6.8)
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Appendix VII

Temperature Gradients in Reaction Cells

Benson (43) has pointed out the importance of considering the
magnitudes of temperature gradients in reaction ecells, and has derived
a formula for estimating the meximum temperature difference in a spheri-
cal cell., His work, however, neglected the temperature dependence of
the rate of the reaction being studied, In this appendix formulas ars
developed for cylinders, slabs, and spheres; and the temperature

dependence of the reaction rate is taken into account.

A, Temperature Gradients in a Cylindrical Cell

Consider a cylindrical cell of radius a and length 2h in which
chemical resction is occurring, It is desired to compute an upper limit
for the maximum temperature difference between the cell walls and the
interior of the cell.

If one assumes that heat is transferred by conduction only, the

differential equation governing the temperature in a reacting mixture is

(43) .
- KT, &

It Z C, PCv (7.1)

where K = coefficient of thermal conductivity,

P = density,

C, = specific heat per unit mass,
R = specific rate of reaction, and
H = heat of reaction,

QO

Consider the steady state case, where _%;_z 0; and assume that 4

is independent of time. Also assume that K, B, and H are independent



7

of T

-£&
R = f (concentrations): € /RT

/q//e_é_/ﬁr (792)

‘where A" is a constant, E is the activation energy, and R and T have
their usval meaning.
If one expands (R in a Taylor's series about '1‘09 the cell wall

temperature, and neglects terms of order (T - "1“@)2 and higher, one finds

that
7o ERT
=fge”™Rb (14 £ T
" ( * R7.*° )/ (7.3)
where L =T = T,o The physical assumption made here is that _'Eé'z <\
R 75
Then (R=7+B'T , where = /‘7"@”54?75 and B /"f o-E/RTo
L '
The steady-state equation K
2
KV T +O’l/'/ ‘:Oj (79&)
T:‘-'T; on the éouno(ary :
becomes
VT « 4B, HEBT _ o, (7,5)
< K
T =0 on the boundary.
If one lets Z‘}:T+_€':’t‘+_@l
B! £
then
2
VG HEE ooy =0 (76)
A RT5*2
and T=R7 h on the boundary, Define ﬁ = HRAE)E
ARTE

Then 7.6 becomes (7.7)

VZT}f— E‘C-‘-‘O,



In cylindrical coordinates and in the absence of ¢ - dependencs,
the differential eguation 7.7 is

9T 4 Lo%G . I +FT, =0,
EY=SRa- Szt ’ (7.8)

If one assumes {, = R(r) - %(z), this equation can be separated into two

ordinary differential eguations:
R"+ L R+ AR =0 (7.9)
r
and

/,_. _5 Z:
2 - (X )2=o. (7.10)

In the liméting case of an infinitely long cell, T, = R(r), and

equation 7.8 becomes

R”-ﬁ— _rL/\yl—th =0. (7.11)

Solutions to this egquation which satisfy the boundary condition are

T, =R% Jo(VE 1) g =o (7,12)
£ T (yga)
and
G = RET L (V-5 r) , #<o
E fo(//?s’ca) (7.13)

where Jo(x) and Io(x) are the Bessel function and the modified Bessel

function of zeroth order and first kind,

So
I, (VZ r) ]
S - B >o
[ J—o(v_ﬂ——a) 4 (5791&}
= RT [ L (-2 r) —/] , <0, (7.15)
& Lo(lfZa)
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and
F- — 2
™ RT ' —/] >0 .16
s [ AR £ 7o, (7,16)
2’*:—-1.\’7;2[/ - ! ] ﬁ(d}
vl BRSNS (727

where /Td7 is the maximum difference between the temperature at the wall
and the temperature at an interior point.

For small values of the argument,

TS -1 e 2T (7.18)
4 64
To(x) S+ x>y x4 (7.19)
4  éd
and
NN R S B L
Jo (%2 4 ¢4 (7.20)
= A A I L.
I_o(x) q g:{- M (7021)
So
* o~
T A oe(z:)a‘[,+i¢/az(7;)£az], (7.22)
4K 6  ART*

If one considers the steady-state case where i€, K, E, and H do not

depend on T, the equation for an infinitely long cylinder is
2
ATy 1 dT 4 éﬁj/'= o,
Arr oA ~
or

2 (rT')+ Rt , (7.23)
oAr K



Integrate from O to r and divide by r:

- H )
7+ L @7{‘0 (7.24)

Integrate from O to v

T)-Tl0)= —1"RT
7K

(7.25)

and
T(r)= I, v+ RH (a’“-r‘)/ (7.26)

YA |
X a4y (727)
YA
In the case of a eell of length 2h,

R+ LRwAR =0, (7.9)
z2'~(-8+N)Z =o, (7.10)

Se

= J, (VX

R” (V/\n f‘)) (7928)

Z, = cazé(lﬂ/ﬂ,, z)
give one set of solutions, the parameter of which can be chosen to cause
the solutions to vanish at r = a, If one lets A =—of, equations 7.9

and 7,10 become

R’%.}éf?" (e -8)F = o, (7.29)

Z¢ 2 2 = o0. ' (7.30)

Ko =Zo(Van-6 1), (7.31)
2, = coe(Vot, 2)



B

give another set of solutions, the parameter of which can be chosen
to cause the solutions to vanish at 2=t h, |

These two sets of solutions, one set vanishing on the side of
the ecylinder and the other vanishing on the ends, are then used to
comstruet. T, .

Consider solution 7,28, GChoose A, such that T, (VK. a)=o.

00
Ty = Z a Jo (YR, r) OOZ/(V—K*A, ?_) , (7.32)
2vz/ (r/i_/ﬂ.): Z e ‘:);(m r)oo‘aé(}—ﬂf-/\h/;)
o =2 (?@33}
R
£

From refevrence (44), p. 164,
2
7., VEr A, A)‘: E__Z:} /
E

< V;\_: J, (V/“: a) A (7634)
S _
° T, = LR -ii i(v,{,, r) coed (V-Bor, 2) '
Fa ney VA, Ji (ma)cd%(l/%’ﬂ.. h) (7.35)
Consider solution 7,31, Choose o, such that Z(* h)-@@ Then
Rh: Io(l/(,;h -5 "")/ %" :Cdﬂ-(lloé,q ‘Z) (7@31)
where 2 -
oLy, = (20-0) 7
d4*
Then
. 2 o o
—i—:]-; = Z_ 5}7 -Z—O(Vo(”"ﬁ a) G"’L(Va(n %)/ (7.36)

X
N



and (44)
X o~/ .
h /O (th‘g Q_) = l 1__‘{ ‘ (_,) . (7@37)
E 7 (z2n-)
Therefore
2 e n~( 7
.= K7, A 2_— ﬁ') , L, (V. 3’”)“71(/"""3) (7.38)
£E 7 het (Zh—/) ..[_o(,/p(h—j a)
How
= Ty TR T
U 12 = ,__g/- (7939)

P e kT 2 S IV Dol (fF 2
£ S el TR, @)erk(YFnh)

y N (T ro(We g Do (Y 2) (7.40)
”4:,— (2 ~1) Io (Vooy 7 =) ’

*
&7 is then obtained by setting r -2 = 0O,
This solution is valid only when all of the following cénditions

are fulfilled:
(a), I HOY(T)E/ < X° 7t (7.41)

KR ax’ g
where x, = 2,405 1s the first root of Jo(x);
(). | T¥/ << RT;E, (7642)
E

and (e). H, K and E are independent of temperature,
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B, Temperature Gradients in an Infinite Slab of Width 2a

In this case the differential equation 7.4 is

47T v RH
AXZ 3
- If one assumes that K, , H and E are independent of T, this equation

can be integrated twice and the boundary conditions fitted to give

T)= RH (a%x) | T RHat (7.44)
2K " yalay

If one takes
~ ( 7
R= 7 +BT (7.45)
as was done in the first part of A above, the differential equation to

be solved is

dx*
A (7.46)
Z“(ra_):o
et & =CTef' T (ta) =p - RIE
5’ B &
Then 2
Z/(xfl + ET =0 (7"&7)
So
T,= ccoeVE &, F= H R(Z)E |
CRRE? (7.48)
Fitting the boundary condition, one finds
T = /3__7:_’1[ cog_(?ﬁ»\’)_/]) |
& co= ()7 =) (7.49)
T*:: ’Sl_;l[ ;, —-/]
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for # > 0; and

T = —-R?;l | = Cd%(yzé\’)}j
& coed(|fg )

¥ (7.50)

A
“RE[/w / ]
= ceeh(V-Fa)
for ﬂ< 0.
If one expands either 7.49 or 7,50 in powers of fa', one finds

the approximate formula

T* = Hﬂ(?;)a‘[, . HE&ZUJ)&Z], (7.51)
Zk 2 Kk RTE

C, Temperature Gradients in a Spherical Cell of Radius a (43, 45)
Benson (43) finds, for the case whereazg H and K are independent

of temperature,

T RH (a*-r?),

é K (752)
r¥= RH =%,
6K
If one takes
~ f/ /
R = #'+58'C, (7.45)

as was done previously, the differential equation to be solved is

A d [rdT )+ H ‘, B! =0
= dr( e ;{-[ﬁ’ +B T] (7.53)

Lt T, =T +RE, T&)=RE,
E E

Th
T (rdn) v Bri =0
dr dr (7054)
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Assume a solution of the form

o0
<]
=) ar”
=0
It is then found that

“a
Ga, = (=8) co | Glame =O.
(2n+et) !

From this it is apparent that
T = C i (VB ) orF a:CMW")'
. F r

/
After fitting the boundary conditions, one finds

T=R 751[ a M),/] , 279

= ' e (Vza)
T - E_Z;L[g_ L (V) h,], £ <o,
V=g PM(V:?@)

If one sets r = 0 and expands T (0) in powers of 4 2%, one finds

T QA [ )+ 7 Hfﬁ(?:)a‘]
6 A 60 RT;*K

for all 8 .

(7.55)

{(7.56)

(7.57)

(7.58)

(7.59)
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Appendix VIIT
Experimental Data

This appendix contains the experimental data of this investigation,
Plots of k versus M are shown in figures 7 through 25,

Table IV lists the rate constants, corrected for reactant gas
effect, obtained in this investigation, and the experimental conditions
under which they were obtained, The column in Table IV labeled M con—
tains the concentrations of foreign gas in units of 108 mol/ces The
column labeled M contains the equivalent concentration of foreign gas
[jR@(M/NOQCI)eM] in the same units, Volpe's values (6) of

RO(M/NO,C1) were used,



FIGURE 7

Plot of k versus M,
NO,C1 alone at 205°C,
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FIGURE 8

Plot of k wversus M.
NO,C1 alone at 170°¢, 7
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FIGURE 9

Plot of k versug M
NO5C1 alone at 141°C,
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FIGURE 10
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Plot of k versus M
O and NOLC1 at 205°C.
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FIGURE 11
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Piot of k versus M
He and NOSC1 at 205°C.
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FIGURE 12
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FIGURE 13
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FIGURE 14

Plot of k versus M :
05 and N@201 at 205°c,
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FIGURE 15

Plot of k versus M
CCI& and NO

2

Cl at 205°C.
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FIGURE 16

Plot of k versus M
CC].FB and NO5Cl at 205°¢.,
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FIGURE 17
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FIGURE 18

Plot of k versus M
CQClQFA and NO,Cl at 2058°C,

1078 mol./cc
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FIGURE 19

Plot of k versus M
CC1,F, and NOLCL at 170°C.
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FIGURE 20

Plot of k versus M
C05 and NOoC1 at 170°¢C,

8 mol./cc
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FIGURE 21

Plot of k versus M
A and NOC1 at 170°C.
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FIGURE 22

Plot of k versus M
4 and NOQCI at 1419C,

10°8 mol./cc
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FIGURE 23

Plot of k versus M
€0, and NO,C1 at 141°C.
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FIGURE 24

Plot of k versus M
CCL,F and NOLCL at 141°C.
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FIGURE 25

Plot of k versus M
0y and NO.C1 at 141°C,

*+ Runs made after exposure
of the cell %o air
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Table IV

Experimental Data

Temp, Foreign Ges M s K
141.0°¢C, co,, 804 300°10~8mol/ce., 1.82.10~4sec~1
890 332 1,94
979 365 1,94
1108 413 2,01
1240 463 2,26
1370 511 2,40
1510 563 2,58
1680 627 2,67
1860 694 3,00
2055 767 3.34
2260 843 3042
141.0%. CCLF, 723 354 1,91
800 391 2,10
888 434 2,21
980 479 2.14
1070 523 2,21
1192 583 2044
1320 645 2,60
1460 71 2,81
1620 792 3,18
1780 870 3.41
1960 958 3.59
2250 1100 3,73
141,0°C, A 1020 215 1.15
1125 237 1.15
1250 264, 1,22
1380 291 1.43
1560 329 1.47
1700 359 1,61
1875 396 1,89
2075 438 1,91 -
2280 481 2,07

2525 533 2,16
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Table IV (continued)

Temp, Foreign Gas M g@ K
141,0°, 0y 880 230 - 10-8mol/cc, 1,08 » 107%secr)
1110 290 1.40
1230 321 1,52
1395 364 1.58
1560 407 1.74
1710 Lb6 1,84
1900 496 2,02
2015 526 2,05
2150 561 2,28
2260 590 2,35
2400 626 2,63
2525 659 2,58
141,0°C, (N0,61) 37 <76
54, 095
55 075
58 - 1,15
62 1,10
68 1,04
70 1,13
82 1,13
85 1,17
88 1,08
91 1,12
92 1,26
100 1,28
104, 1.40
106 1.48
108 1,40
128 1.43
132 1,45
135 1,50
218 2,05
228 2,06
336 2,63
348 2,67
170,1°C, (N05C1) 9,0 6,33
10,0 6,33
10,0 6,56
12,5 8,48
15,8 6445
38,5 9.49
&9@1 9@26
5942 11,17
775 12,78
90,0 13,13
116,0 15.66

121.5 16,31
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Table IV (continued)

Temp. Foreign Gas M j s K
170,1°C, A 110 23,2 o 10-8mol/cc. 1.84 o 10~%4sec™l
115 24,3 2,46
273 57,6 415
357 75,3 5,20
470 99,2 6,10
500 105.5 6,49
690 146 7,72
825 174, 8,75
900 190 10,59
1005 212 10,82
1210 255 11,28
1255 265 11,61
1410 298 12,09
1495 315 12,44,
1550 327 112,67
170,1°C, €0y 120 44,08 4,08
200 V.6 5,76
209 78,0 6.45
274 102 732
350 131 8.54
365 136 £,98
480 179 11,05
490 183 11,28
655 244, 13,59
870 325 15,91
900 336 16,10
1065 397 17,50
1100 410 18,19
1175 438 19.41
1220 455 19,97
1380 515 21,33
1540 574, 22,11

1600 597 21,30
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Table IV (continued)

Temp. Foreign Gas M M K

170.1°¢C, CCL,F, 115 56,2 + 108mol/cc, 472 © 10~4gecrl

190 92,9 7.02 ~
203 99.3 7,02
320 156 10,78
330 161 10,32
501 245 13,91
654, 320 16,93
750 367 18,56
900 440 21,28
1056 516 24430
1150 562 23,95
1205 589 25,22
1250 611 v 25,79
1290 631 26,60
1340 655 26,95
1390 680 27,31
1445 707 27,87

205,09C, CBrF, 25 3,11 10™%gecr!

27 2,51
Vi 4o84
80 4.93
112 5,99
133 7437
162 7.83
167 8,06
188 9,10
225 10,25
267 11,63
280 11,68
304 12,51
345 14,26
454, 16,56
475 17,34
524 18,54
589 19,81
650 20,94
715 22,53
785 25,29

863 25,11
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Table IV (continued)

© Temp, Foreign Gas M M K
205,0°C, He 40 . 10=8mol/ce, 1,73 o 10~3gec™L
47 1.87
60 2,56
88 2,79
91 3,04
133 3.46
188 bo52
201 4s56
270 5ebdy
277 5,85
314 6,22
336 6,57
391 7,19
205,0°C, CO, 12 ol 035
20 78 67
23 8.6 W64
26 9,7 /A
27 10,1 .88
58 21,6 1.93
59 22,0 2,07
62 23,1 1.75
103 38,4 3034
108 40,3 3645
108 40,3 3.75
145 5401 5,30
147 54,,8 472
178 66.4, 5,27
185 69,0 5,16
212 79,1 6,17
290 108,2 7458
368 137 8,94
455 170 10,36
490 183 10,99
522 195 10,96
555 207 ' 11,98
573 214, 12,25
614 229 . 13,73
708 264 14,65
722 269 14,90
723 270 15,27
770 287 15,59
802 299 15,87
985 367 17,66

1002 374 17,36
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Table IV (continued)

Temp., Foreign Ges M u K
205,00C, (N0,01) 6.8 - 10~8mol/ec. 2,35 107 3gectL

9.7 3,00
11,8 3.27
11,8 2,72
12,3 2,60
12.6 2,63
12.9 2,58
1304 3.18
13,8 2,97
13,8 3,00
14.9 2,51
15,3 2,97
16,2 3,78
18,3 2,86
19,2 3,71
21,7 4.03
22,8 3048
23.3 3,83
24,5 4,01
24,5 4406
27,7 3,92
3004 ko9
33.2 5023
34,0 4,61
3.8 5.21
3449 5,02
39.6 5.18

40,0 5,60
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A
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Table IV (continued)

M

60
147
208
280
337
350
422
440
450
637
665
815
834

970

992
122/
1255
1331
1434
1464
1650

63

63
113
118
152
159
242
249
288
299
344,
390

A

12.7 - 10~8me1/cc.
31.0
43,9
51,1
7.1
7349
£9.0
92.8
95,0
134.4
140.3
172.0
176,0
2047
209,3
2583
264,.2
280.8
302,6
308.9
348,2

K

1.04 » 10~3gec=1
2:49
3634
4,19
4695
491
5,78
5,88
6,11
7.83
774
9.35
9eddy
10,60
10,67
11.86
12,32
12,42
12,90
13,27
13,94

1.84
1.85
3.27
3,57
4,005
4,08
5046
5048
6,17
6,47
6,77
8,22
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Table IV (continued)

Temp, Foreign Gas M 13 K
205,0°C, CCloFn 46 22,5 o 10~8mol/ce, 2,35 o 10~ gecTl

46 22.5 2,51

48 23,5 2,26

89 4305 3,92

90 IR, 4o31

124 60,6 5,21

127 62,1 504,

157 76,8 6,24

160 7802 6,40

167 81,7 6,56

169 82,6 6.82

222 108.6 8429

223 109.0 7,72

226 110.5 8.06

226 110, 5 8.34

231 113,0 8,22

275 134.5 9,68

313 153.1 10,71

359 175.6 11.68

379 185,3 11,86

389 190,2 12,32

407 199.0 v 12,72

453 221,5 14,05

460 224,,9 14,33

470 229,8 13,82

523 255,7 15,78

205,0°C, CsC1sF 36 2,74

S Y %e26

55 4o31

94, 5085

126 6,84

152 8,41

201 10,00

260 12,48

300 13.31

330 14 obd
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Table IV (eontinued)

Temp. Foreign Gas M . K
205,0°C, CC1F, 32 . 10~8mol/ce, 1,84 o 10~3gec-l

34 2,03

65 3629

66 3034

82 4o26

83 4e29

117 5051

119 5074

131 647

143 6,57

192 8,34

196 8.48

288 10,96

293 . 11,20

295 11,82

327 12,21

435 14,97

LET 15,57

205,0°C. ccL, 19 1.84

20 2,08

59 5,32

62 5,39

102 7,60

103 7,99

120 8,66

124 9,12

134 9,51



Tempe
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Pable IV (continued)

M

29

31

70

72
134
135
176
180
182
218
268
308
310
368
405
435
460
497
550
550
576
663
695
759
817
848
948
975

N
7.6 o 107%mol/cc.
8,1

18,3
18.8
35.0
35.2
45.9
470
47.5
56,9
69.9
80.4
80,9
96,0
105.7
113,5
120,1
129,7
143,6
143.6
150,3
173.0
181.4
19891 )
213.2
221.3
247 4
2545
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‘Prcposiﬁiens

Bauer has suggested a hydrogen-bridge type structure for aluminum
borohydride, and Ogg has relied upon this structure im interpreting
the nuclear megnetic resonance spectrum of this material, It is
preposed that this structure and Ogg's interpretation of this
nuclear magnetic resonance spectrum are incorreet, A re=
investigation of this molecule by electron diffraction would be
worthwhile (192,394),

Control laboratories doing quentitative analysis on mixtures often
nverodetermine the unknowns., The methods of least squares and of
Lagranée“s multipliers can be used to derive forﬁulas suitable for
routine use by untrained technicians for ealculating the "best set®
of values for the unknown component percentages in such mixtures.
4 study of the products produced in the decomposition of the

isotopicelly substituted cyclobutane

I&§:—~<%/¢;

D, C—Ct,
would provide information about the reaction coordinate of this
decomposition,
Although nitryl fluoride and nitryl chloride are well-known, neither
nitryl bromide nor nitryl iodide have been prepasred. A method for
the synthesis of nitryl bromide and a study of its thermal decompo-
sition are proposed,
Trotmen-Dickenson has pointed out that the data obtained by

Schumacher and Frisch on the decomposition of flvorine dioxide are
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totally ineonsistent with Slater's theory of unimelecular reactions.
It is proposed that the interpretation of these date is complicated
by the effects of heterogeneity (5,6),

The_meehanism postulated for the unimolecular decomposition of
nitryl chloride (see p. 1 of this thesis) involves the formation
of chlorine atomgs, It is proposed to study the rate of reaction
of ehlorine atoms with nitryl chloride, using paramagnetic
resonance,

The study of the effect of eleetronically exeited atoms and
molecules upon the rate of decomposition of gases whose thermsl
decomposition has been studied is proposed. For example, it has
been observed from time to time that nitryl chloride decemposes
photochemically. The study of the effect of varying concentrations
of chlorine and nitrogen dioxide and of the effect of light of
varying wave lengths should emable one to determine the mechanism
of this reaction,

In the field of unimolecular reactions there are a few somewhat
scandalous cases, such as nitrous oxide, nitrogen tetroxide, and
mereury dialkyls, that cannot be accounted for by means of the
current theories, It is propesed that these discrepancies are
caused by the occurrence of limit cyecles in the motion of these
@x@e@dingly non-harmonic mechanical systems (798)0

It is proposed that Knox and Trotman-Dickenson's failure to find
agreement between the expariﬁenﬁal results of their work on
reactions between chlorine atoms and hydrocarbons and their pre-

dictions based on activated complex theory, is caused by the
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use of totally inadequate approximations in the theoretical
treatment, It is suggested that the improved spproximations
mentioned in Part Three of ﬁhis thesis be used (9).

10, An investigation by means of nuclear magnetic resonance of the
rates of interconversion of isomers produced by internal

hydrogen bonding in ortho-substituted phenols is proposed.

- References for Propositione

l. J. Y, Beach and S. H, Bauer, J. A, C. S, 62, 3440 (194@),

2, S, H, Baver, J, &4, C., S, 72, 622,1864 (1950),

3, Ro 4, Ogg, Jr., anﬂ Jds Do Ray, Disc. Faraday Soc, No. 19, 239
(1955).

be G, Silbiger and S, H, Baver, J. A, C. S, 68, 312 (1946),

50 A. F, Trotman=Dickenson, Gag Kinetiés9 Academic Press, Inec.,
(1955)5 po 73.

6, H-J., Schumacher and P, Frisch, Z., phys. Chem, 37 B, 1 (1937).

7o A. A, Andronow and C. E, Chaikin, Theory of Oscillations,
Princeton University Press (1949).

8, N, Kryloff and N, Bogoliuboff, Introduction 4o Nop-linear
Mechanics, Princston University Press (1947),

9, J, H, Knox and A, P, Trotman-Dickenson, J. Phys. Chem, 60, 1367

(1956) .



