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USING FLASH PHOTOLYSIS - LASER INDUCED FLUORESCENCE
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S. R. Bosco
Planetary modelers attempted to explain the abundance of ammonia

in the Jovian atmosphere despite its ready photolysis. Modelers argued
that thermal processes are inadequate to totally compensate for

photochemical and chemical ammonia loss and considered ammonia coupling

reactions with other atmospheric constituents to provide ammonia
reservoirs. The rate constants for the potentially important reactions of
NH2 radicals with phosphine, acetylene and ethylene were measured to
provide modelers data which were unavailable or over which there was
controversy. Additionally, the coupling reaction with phosphine was ' '”f

studied because phosphine was thought to generate PH_, a precursor of Pu

2

which was a possible source of coloration of the Great Red Spot.

The flash photolysis method for the production of NH2 radicals and
the laser-induced fluorescence method for radical detection were chosen
because of the high sensitivity this technique affords especially under
the temperature and pressure range at which the study was conducted, Care
was taken to ensure that secondary reactions and reaction with
photochemical products did not interfere with the resuits.

The result for NH_ + PH_ was k = (1.52:0.16)x10-12e-(928256)/T

2 3
em> molec”' sec”' over the range 218-456°K and was pressure independent. A
Be3C0/Activated Complex Theory calculation of the pre-erxponential facter of

a bent PN activated complex was within a factor of u4 ¢f the measured

valun., The result for NF, « C_H, from 250-4€5°K and 5-100 terr tetal

-
-




1 1

-1“0-(1318123)/1 3

pressure was k = (3.4120,12)x10 cm” molec  sec ', At

465°K and 5 torr, the ethylene reaction showed a drop in rate indicating a

pcesible adduct forming channel. The NH, « C_H, result from 241-463°K and

2 272
5-100 torr total pressure was found to be pressure dependent and the high

1 sec™t,

pressure limit was k = (1.11:0.36)x10'139-(1852:100)/T em3 molec™
The rates of NHZ with acetylene and ethylene were comparéd with those from
other studies.

It was determined that the rates of reactions studied were too
slow toc be significant as ammonia reservoirs in the Jovian atmosphere. The

results provide modelers with data relevant to the Jovian atmosphere upon

which to base future models.
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CHAPTER I

INTRODUCTION

A. Planetary Aspects - The Jovian Atmosphere

1. Jupiter

About 4.5 billion years ago, 8 cloud of interstellar gas began to
condense under gravitational attraction to form the sun, planets, and minor
bodies that comprise our solar system. While no single mechanism for the
formation of the solar syster is universally accepted, it is generally
acknowledged that solar bodies all condensed from this sclar nebula and,
consequently, had the same initial composition.1

About 99,9% of the solar nebular mass formed the sun; of the
remainder, nearly 70% became the planet Jupiter. The immensity of the
Jovian mass takes on additional significance when one considers that, had
Jupiter's mass been just a few times its current value, gravitational
contraction would have continued to raise the planetary core tamperature

until self-sustaining nuclear reactions could ignite.2

The sun and Jupiter
would nave become a binary star system with grave impiications for life on
earth,

Besides {3 immense size, Jupiter's unique coloration, turpulent

atmospnere, and system of orniting bodies have piqued man's curiosity as to

its compesition ang structure, Using an ear.y telescope, Alileo, in 1632

o

il 8
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discovered the four major saiellitls of Jupiter. His correct interpretation
of their motion as bodies cireling a center other than earth became the
foundation of the Copernican arguments leading to modern astronany.3
Subsequent telescopic observations led to the identification of unique

colorations in Jupiter's atmosphere called bands and zones. The most

distinct and long-lived of these was the Great Red Spot which was first
observed by Robert Hooke in 1664.

Man's desire to know more about Jupiter and its atmosphere and the
potential for applying this knowledge to terrestrial meteorology prompted
several fly-bys of the planet by unmanned spacecraft. Pioneers 10 and 11
were the first terrestrial spacecraft to make close observations of
Jupiter. More recently, Voyagers I and II, as part of their spectacular
information gathering mission to the outer planets, have added immeasurably
to our knowledge of Jupiter and its satellites. These close observations,
together with earth-based measurements.‘have provided a more detailed
picture ¢f the planet's atmosphere than previously available, vet leave
unanswered many questions as to the dynamic relationships of the

constituents of Jupiter's atmosphere.

2. The Jovian Atmosphere

a, Structure

twdels of Jupiter predict only the possible existence of a solid

core or surface.“ This core is described as being about the size of the

8

earth and exists under a pressure of about 1(0- atmospheres (atm)u at about

30.003°K.5 Above this core, pressures and temperatures decrease slowly
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with increasing altitude in dense oceans of liquid helium and liquid
metallic hydrogen. At about 70,000 ka from the planetary center, where

temperatures have dropped to below 1000°K, an ocean of liquid molecular

hydrogen gives way to a gaseous atmosphere in which pressures decrese with

increasing altitude from about 100 atm. to the high vacuum of space and
temperatures fall to as low as 110°K before climbing gradually to abovt
85°K in the Jovian t‘ruzmo.'.;:»her'e.6

It is just below this inflection point in the temperature versus
altitude profile that the visible Jovian cloud layers are found and it is
in this region that some of the most significant photochemistry of
Jupiter's atmosphere might occur, Cloud layer composition has never been
verified by direct measurement, but rather has been inferred from nodels7

based on the temperature-altitude profile of species whose presence on

Jupiter has eitner been verified or which are consistent with soclar-norm

ratios. The uppermost cloud layer is white and is thought to be composed of

ammonia crystals. Below this, a cloud layer, possibly of NH“SH. varies in
color from yellow to brown. The deepest layer, which is thought to be an
aerosol of aqueous ammonia solution, is bluish. Temperatures in this layer

reach about 300°K.

The Jovian atmosphere is undergoing dynamic vertical and hoiizontal

motion, Cooler regions called bands and hotter ones called zones move
across the face of the planet at horizontal velocities of up to 125 m/sec.

Adjacent bands may move at nearly equal velocities, but in opposite

directions. Apparent vertical motions, driven by the hotter interior, could

serve to mix the components ¢f the atmospheric layers, further complicating

Jovian metecrology.

e




b, Composition

Because of its enormous mass and consequent high gravitational
field, Jupiter is presumed to have retained all of the elements in their
original proportions (called the solar norm) that condensed to form the

planet from the solar nebula.9

If the mean molecular velocity of an
element exceeds about 20% of a planetary escape velocity, that element will
be lost to space in about 108 years.‘o The smaller planets, such as the
Earth, with their weaker gravitational fields, lost their hydrogen and
helium early in their history, whereas Jupiter retained these species,

While hydrogen and helium are the most abundant constituents of the
Jovian atmosphere (comprising over 99% by mole fraction), several more
photochemically interesting minor constituents, listed in Table 1, have
been identified in recent years. The theoretical relative abundances
predicted in Table 1 are based on an assumed solar norm composition. These
predictions are applicable to the region just above the cloud layers where
the temperature is about 150°K and the total pressure is around 10-100
torr.11 This area constitutes the bottom of the Jovian stratosphere,

‘In current models, the methane concentration remains relatively
high in a region from the cloud layers upwards for abcut 100 lm. In
contrast, the amaonia concentration falls off rapidly with increasing

altitude mainly because of the lower NH_ vapor pressure at the cold

3
temperatures found in the lower stratosphere, For example, at about 100°K,

the vapor pressure of ammonia is about 10','l torr, while that of methane is

12

about 100 torr, Tne excess ammonia condenses out from the vapor when its

concentration exceeds the saturation vapor pressure,

Sl
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Table 1‘1

Composition Model of the Jovian Stratosphere

Species Mole Fraction Species Mole Fraction
f, .90 C,Hg 321072
He .10 CH, 5x10™7
CH, 7x10™" PH, 5x10”"
NH, 2x10~ CH, 2x107°




3. Modeling the Jovian Atmosphere

a. Description of a Planetary Model

Atmospheric models are based on the composition and chemical
behavior of the constituent species and the indigeno s meteorological
conditions. Some models are concerned primarily with transport phenomena on
a global scale; these are based on complex, three-dimensional models and,
because of the large number of variables already involved, make it
difficult to include parameters for the discrete chemical behavior of the
constituents, In an alternative approach, a one-dimensional model has been
employed in which only vertical diffusion is considered and which does
include detailed chemical reaction 1nformaticn.13

Bulk transport for each of the i minor species included in this

model can be described by the continuity equation‘“:

(1) H(afi/at) - a/az{xiu(afi/az)} = Pi - Li
where fi is the mole fraction of any minor constituent i; Pi and L1 are the
chemical production arnd loss rates, respectively; M is ;he bulk atmospheric
density; 2z is the altitude, t is time, and Ki is the altitude dependent
eddy diffusion coefficient for i in cmzlsec. Most workers do not consider

short term temporal effects such as diurnal variation in this model, and so

afi/at = 0.




i .The Eddy Diffusion Coefficient, ‘1

Physical transport processes can involve mixing by turbulence or by
molecular diffusion, Molecular diffusion is generally ignored in applying
this model to the terrestrial stratosphcrc;‘s this factor is similarly
dismissed here on the basis that, in the dense Jovian lower stratosphere,
molecular diffusion would be even less important. One-dimensional vertical
mixing is limited, therefore, to turbulent mixing called eddy diffusion. K1
is empirically determined based on the vertical distributibn of a diffusing

specie.16

ii. The Rate of Photochemical Production and loss

The low temperatures of the upper Jovian troposphere and lower
Jovian stratosphere make molecular reactions, which generally have
significant activation energies, negligibly slow. Reactions involving
radical species have low activation energies and may, therefore, be
potentially important under these conditions. Explanations for the rate of
production of radical species revolve around solar-radiation-induced
photochemical reactions.

In general, wnen a molecule absorbs raaiation, the abscrption

process obeys the Beer.lambert Law, equation (2).

(2) ln(I/Io) = ¢l
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This law states that the logarithm of the fraction of light absorbed by a
species is directly proportional to the concentration of the absorbing
species, ¢ and the length of the path of the light through the absorbing
species, 1. The proportionality constant ¢, called the absorption
coefficient, depends on the nature of the absorbing species and the
temperature at which absorption occurs. If the absorption or attenuation of
the radiation is altitude-dependent, then the differential form of the

Beer-Lambert Law at a fixed wave number,
(3) aI/al = -Iee 7

is more appropriate,
To quantify the photochemical production process, the

photodissociation coefficient, J (sec'1), is defined by‘a:

() J = z ¢5lodd

where Ig is-the intensity of radiation at a given wavenumber, v, in quanta

cm‘2 sec"; g, the absorption cross section, is ¢ expressed in units of cm

2
molecules'1; ’G is the quantum yield for the process at v, wnere the
quantum yield refers to the number of molecules dissociated per photon
absorbed., The rate of formation of radical species i by a pnotochemical
process whicnh enters equation (1) as Pi' is determined by multiplying J by
the concentration of the species from whicn i is photocnemically formed;

similarly, if a species is consumed , it enters equation (1) as a loss

term, L..

3
-
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iii.The Rates of Chemical Kinetic Production and Loss

Chemical processes have been suggested to explain the rate of
consumption of certain of the minor constituents of the upper Jovian
troposphere and lower stratosphere via the reaction with photochemically
produced radical species, In order to formulate an expression for the rate
of a reaction, it is first necessary to have some idea of how the reaction
occurs, Some reactions are complex; that is, they occur by a series of
steps, Others, called elementary reactions, occur in a single step,

Whether elementary or complex, reactions can be categerized by
their order and their molecularity. The order of a reaction is an
experimentally determined quantity and is the sum of the exponents of all
species appearing in a mathematical expression of the rate of the reaction
called the rate }aw expression., Proof that a reaction is of a particular
order consists of showing that it obeys the rate law expression
characteristic of that order. The molecularity of a reaction is the number
of distinguishable reactive particles which come together to form a complex
that directly gives rise to the products, For an elementary reaction, the
order and molecularity are the same.’g

Chemical reactions can also be categorized either as metathetical
or adduet forming. Metathetical reactions include those in which atom

transfer occurs and can be described by the general equation:

{(5) A +BC +~AC + B

The rate of this elementary reaction (which is identical with the rate of

loss of A or B8C, ;A = «30A/ 3t or LBC = =303C)/3%) is proportional <o the

4
i
;
8
3
=
3




concentrations of both A and BC, written [A)] and (BC]. This rate can be

represented by the rate law expression:
(6) L, = Lp. = k[AJ(BC)]

where k is the constant of proportionality called the rate constant., The
reaction in this case is second order and bimolecular.

If an adduct is formed as a result of the collision of A and B, a
sanewhat different treatment is required. Equations (7) through (9)
describe a situation in which the excess vibrational energy in AB. must be
removed by collisional transfer to same third body, M, so that a stable
product can form. Otherwise, the excited intermediate will decompose via

vibration to give A and B back again.
#
(7) A + B+ AB
s )
(8) AB + M+ AB + M
#*
(9) A8 + A+ B

Equations (7) through (9) describe the process ahereby A and B are

lost from the system and, therefore, eguation (10) can be writlen:

* * -
(10) L,g* = ka[AB 1(M] + kngB ] - K7LAJ[51

where the minus sign is used for tne process by whicn AB is fcrmec. Since

L ]
AB is an unstable intermediate witn a presumed snort lifletime, ils

Ep—

;%
%
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concentration should become constant and hence the steady state treatment

can be applied :20

(11) LAB. 2 0
»
Solving for [AB ],

k [A)(B)]

ka[H] + k9

(12) [AB*)] =

The rate of consumption of A (or B) can be described by:

(13) Rate = LA 2 LB = ka[AB‘][H]

* .
and, substituting for [AB ] from (12),

k8k7[A][B][N]
ka[M] + k

(14) Rate = LA s LB = 5

In order to probe the possibility of adduct formz.ion, it is
necessary to examine the reaction rate over a range of pressures, At low

pressures, where k8[M] << kg, equation (14) becomes:

° ° k8k7[A][B][M]
(15) LA = LB =z m
9

and the expression shows a third ordar kinetic rate law. Wnen pressures are

nigh ang kB{M] >> K,, equation (i4) becomes:

9




{

12
(16) L: 2 x.; * ky[A)(B]

and second order kinetics apply.

In either the metathetical or adduct forming case, if A and B are
consumed, the process enters equation (1) as an Li term for A and/or B.
Conversely, if a product is formed (eg., AC in the metathetical case or AB

in the adduct case), it enters equation (1) as a Pi term for either AC or

AB.

b. The Ammonia Paradox

The composition of a planetary atmosphere remains relatively
constant with altitude unless disequilibrating loss or production processes
such as photolysis or chemical reactions occur or an isotherm is reached at
which condensation can occur. Models of the ammonia concentration in the
Jovian atmosphere place its abundance at the solar norm, yet ammonia is
presumed to be readily photolyzed by the ultraviolet component of solar
radiation in the Jovian stratosphere to form hydrazine, NZH“' by21

(17) NH, « hv = NH, « H

3 2

followed by:

(18) NHZ - NHZ Mo NZH“ + M
wnere M is any third bogy mo.ecule or atom wnicn absorts excess energy. In

.o .
fact, Atreya et a.. arg.ue tnat, quring tne course of about 60 million




years, all of the Jovian ammonia should have been converted to hydrazine by

reaction (18) and sudbsequently, to nitrogen and hydrogen through Nzﬂ,‘
photolysis and NZHZ decouposition in the lower stratosphere and upper
troposphere. In addition to the direct photolysis of hydrazine to give "2“

and Hz. this can occur via the sequence:

(19) NZH“ « v - “2H3 + H

(20) H + N H“ « N.H, « H

2 23 2

(21) H » N2H3 - N2H2 * H2

Both sequences may be followed by thermal decomposition of N

(22) N H, 4 N, + H,

Ih view of the reactions described, it is significant to note that no
molecular nitrogen has been detected on Jupiter,

Modelers have attempted to explain the anomalously high ammonia
abundance in light of the potentially significant photochemical loss

processes cited above., Atreya et 11.21 contend that:

(23) NH, « H » M » NH3 + M

2

accounts for the recycling of about 23% of tne M

trobel22

1S evident that reaction (23; by itse.f zannct account ccmpietely or the

back into NHS' winile

estinates %hat about 62% of the NHZ radicals are 30 ccnverst

2

L] It
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stabilization of the smmonia concentration,

In addition to photochemical processes, thermal regeneration of
ammonia in the Jovian interior and rapid upward vertical transport
processes may acoount for a significant part of the ammonia regenerstion,

Atreya ot al.21

in summarizing likely smmonia regeneration processes,
includes one in which hydrazine produced by reaction (18) could condense
out of the Jovian stratosphere and be transported downward to the hotter

lower atmosphere, There, "2“& can be thermally dissociated by:
(24) N H, # 2nH,

The subsequent reaction of NHZ with hydrogen can regenerate amwmcnia at high
temperature by:

(25) NHZ « H, *NH, « H

2 3

In addition, if Na vwere available the complex reaction:

(26) Nz + 3H, = 2NH3
can also occur at pressures of about 3000 atam., Ammonia produced would then,
presunably, be transported upward to renew the cycle.

Both of these thermal mechanisms rely on tne formation of hydrazine
by reaction (13) and, therefore, any process which inhidbits reaction (13)
could limit the sigrnificance of these mecharisms in the ammonia

rejeneration scheme, In fact, however, there Is currently no evidence to

ot o




either support or discredit the supposition that ammonia is generated in

the interior of the Jovian atmosphere.

¢. Possible Ammonia Reservoirs on supiter

Several models have been proposed which involve coupling reactions
of the NHZ radical with other minor species which are present in the Jovian
atmosphere. These reactions could provide reservoirs for ammonia or help to
explain the regeneration of ammonia in Jupiter's atmospnere.

Strobol.23 for exauple, suggested that a coupling could exist
between NHZ and phosphine, PHB. t0 regenerate na3 by:

(27) NH, o PHy = NHy o PH, aH' = -24 keal/mole?”

Tnis particular reaction is significant for yet another potentially

important reason, PHZ radicals can disproportionate to give PH. and PH

3
acsording to the mechanism proposed by Norrish and Oldcrshaw.zs PH readicals
combine to give Pz and HZ' and P2 can lead to P“. red phosphorus., Prinn and

Lcwisze

suggest that P“ is the red chromophore which may be responsible for
the characteristic color of Jupiter's Great ded Spot. If reaction (27) is
fast enough, {t might account for PH2 in Jupiter's stratosphere thus
providing a source for both P“ formation and the regeneration of ammonia.

Other reactions that may be important in explaining the consumption

or regeneration of ammonia are:

ks,

it
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1)
My =7 NHCH,

or - NH3 + C2H Aﬂzgs

(28) NHZ +C

z 22.6 kcal/molezu

(M)
(29) NH, + CH, "= uuzczau

or * Ny e CH AH®_ . = 5.1 keal/mole2¥* 12

2"3 298
(30) NH, + CH, =+ NH, + CH AK® . = 1.5 keal/mole”
2 4 3 3 298 :

Reaction (28) is considered in light of the discovery that

acetylene was found to scavenge PH2 radicals.27 NH, radicals might,

2
therefore, be presumed to react in an analogous fashion,

Schurath et 31.28 examined the reaction products of the photolysis
of a mixture of ethylene and ammonia by radiation of 206.2 nm. They
concluded that ethylene is scavenged by Nﬂz radicals and identified
ethylenediamine as one of the products of reaction (29) and the subsequent
reaction:

(31) NHC_H, + NH, 2 c_u (NH.)

2724 2 242’2
In addition to the reaction of NH2 with ethylene, Schurgth et al. reported

that hydrogen produced in the photolysis of NH3 was quickly scavenged by

Czﬁu to give Caﬁs:
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M
(32) H + CHy, '+ Caﬂs

They further identified butylamine, ethylamine, and butane among the
reaction products which they attributed to the reactions:

M
(33) NHZCZH“ + CZHS - CuﬂgNﬂa

.
(34) NH2 + CZHS hhaczﬂs

(M
and (35) C2H5 * C2H5 - CuH1°

The substantial methane concentration projected in the lower Jovian

stratosphere and upper troposphere where NH2 is formed and the
thermochemical neutrality of reaction (30) require that reaction (30) also

be considered.

B, NH3 Photochemistry and NHZ Reaction Kinetics

1. Introduction: The NH3 Molecule

Ammonia and its photochemical transformation into the amidogen
radical, Nﬂa, are central to all of the reactions involved in the ammonia

paradox. The ammonia molecule has a trigonal pyranidal geometry., The H-N-H
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2.3

bond angle is 107.8° and the NH equilibrium bond distance is 1.0173
The NHZ-H bond dissociation energy is 98.85 kcal/nole.29

Ha;anabe3° measured the absorption spectruxr of ammonia (Fig. 1) in
the vacuum ultraviolet from 110 to 220 nm, He determined that, above 140 na
1 ™!

the absorption coefficient reaches a maximum of about 560 atm , base

! cm". base e, 0°C

e, 0°C at about 195.0 nm and falls off to about 220 atm™
at around 205.0 nm, Absorption falls off further at longer wavelengths and
amonia is virtually transparent above 230 nm.

The absence of rotational fine structure in vibrational bands of
the NH3 absorption spectrum indicates rotational predissociation,
Predissociaticn occurs when the discrete levels of one state overlap the
continuum of a state in which dissociation occurs. Provided the
restrictions of certain selection rules are met,31 the mo®ecule can cross
over to the continuum and dissociate, If predissociation occurs faster than
the vibrations occur, no vibrational structure is observed., If no
rotational structure is observed, as in the ammonia case, then

" sec).

predissociation is similarly competitive with rotational time (~10"
Predissociation inijicates a high primary quantum yield for the photolysis
of ammonia. The primary quantum yield is defined as the number of molecules

dissociated per photon absorbed.

P
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2. NH, Photochemistry

3

Ammonia is photolyzed by vacuum ultraviolet radiation to give “HZ'

NH, H, and HZ in various electronic states depending on wavelength. 0kab032 ’

has discussed the most important processes involved:

Threshold Wavelength

L os 2 2
(36) NH3 « hy = NHZ (x Bl) +H ( 51/2) 280.0 nm §
(37) NHy + hv > NH (a 0 - H, (‘:8*) 224.0 nm
and  (38) NHy + hy o NH (x 3 . Bs ) 147.0 na

where the parenthetical symbols describe the spin value, angular momentum,
and symmetry of the electronic state, The X state is the ground electronic %
state.

Process (36) is the major primary photochemical pathway for NH3
photolysis between 122.0 nm and 220.0 nm.33 Photolysis energies of 101
kcal/mole cr greater are required for this process to occur.33 The primary
quantum yield for process (36) was determined to be nearly unity at both

34,35

the Hg 184.9 nm and I 206.2 nm lines, Process (37) has a reported

primary quantum yield of 0.005 and 0.04 at 206.2 nm and 184.9 nm
respective1y32 and therefore, may be considered to be of minor importance
at these wavelengths, Photolysis by radiation at wavelengtns below 140.0 nm

results in higher yields of NH due to processes {(37) and (38).

ARt 1 i




The presence of methane in the Jovian stratosphere simplifies the
photochemistry of ammonia. The high methane absorption coefficient for

radiation below 160.0 nm36

coupled with the significantly higher methane
concentration, ensures that methane will absorb most of the solar radiation
below 160.0 nm in the stratosphere c¢f Jupiter, Thus, it is necessary to
consider only the photochemistry of ammonia at wavelengths greater than
160.0 nm, since ammonia is more dense in the upper troposphere. It is then
possible to consider the photochemistry of methane and ammonia separately

as suggested by Atreya et al.z1

+ Because methane shields ammonia from most
of the radiation below 160.0 nm so effectively, it is evident from the
foregoing discussion that the only primary process of importance in Jovian

photochemistry is reaction (36). In this case, NH
37

2 is produced almost

exclusively in its ground electronic state,

3. The NH Radical

2

a. General

The ground state for the planar NH, radical has an (i 281)

2
9
electronic configuration, The N-H bond distance is 1.024 A and the H-N-H

bond angle is 103.u°38 The bond dissociation energy for NH-H is < 90

kcal/mole.39

The first excited state of NH2 (X 2A1) lies 31,7 to 66.4 kcal/mole

40 41

above the ground state, Dressler and Ramsay were the first to

positively identify the fluorescent emissicn from NHZ (X 2A1) producea by

the flash photolysis of ammonia.

The NH. (X °

- A, flucrescent signal can be used in NH2 xinetic
& :

ik e en®
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Studies to monitor the relative NHZ concentration over short time
intervals. The NH, (X 2A1) radical has a short radiative lifetime (- 8:10'6
sec)"a indicating that an allowed transition 1. the ground state occurs, In
order for this fluorescence monitoring of N52 (X + A) to be useful,
collisional quenching of the excited state must be understood. This can be

discussed using the Stern-Volmer treatment.

b, Stern-Volmer Theory

If a molecule or radical, A, absorbs I. quanta of radiation per
3

second per cm” and undergoes a transition to an excited electronic state,

*
A, by:

* -1 =1
(39) A« hv « A I, (sec ' om )

#
after which A may undergo fluorescence:

L -
(40) A = A + hv kp (sec h
self quenching:
* - -
(841) A + A +- 24 kq(concentration ! sec 1)

or quenching by a non-absorbing foreign gas, M:

-1

. -
(U2) A + M = A+ M km(concentrauon ! sec )
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where kf. kq and k g Are the rate constants for equations (40), (41), and
(42), respectively.

®
Assuming steady state conditions for the concentration of A ,

(43) 3[A"1/3t = 0 = I, = koA ) = k A JOAD = kg [A"2ON)

and WA) I, = (kg e KOTAD o+ kyMD) (")

From (44) and for If : kt[A']

(4s5) I, = If(1 + (kq/kr)[A] + (km/kf)[HJ)

Equation (45) shows that, in a given experiment, regardless of foreign gas |

if kf >> both km and kq. It‘ . Ia' If quenching is relatively fast as in the

current case,

(46) Ip = 1,

-c[A]l

The Beer-Lambert Law for absorption by A is I = Ioe . For weak

absorption, we can expand the exponential term using ex 21 « X+ s000s
and, truncating the expansion after two terms, to give:

(&7) I/Io = 1 - ¢fAll

or \48) 1 = I/I0 = ¢[A]l

<. 1s tne radiation absorbec by A anc is clearly proportional o :o - I,




a4

Then,
(49) I, = I c[AlL.

I‘ is proportional to [A] by (49) and I, = I by (46). Then
(50) [A) = I

Equation (50) states that the fluocrescent intensity for the excited
state, A'. is proportional to the concentration of the ground state under
the conditions of the above treatment. Since the NHZ (X 281) - (A 2A1)
transition occurs under conditions where absorption is relatively weak and
the lifetime of the i, (A 2A1) is short, the NH, (R 2A1) fluorescence
signal is proportional to the concentration of the ground state NHZ and can
be used in time dependent (kinetic) measurements when the observed time is

long compared to the emissive lifetime.
4. NHZ In Kinetic Studies

Krollu3 investigated the fluorescent spectrum of NHZ (A 2A1)
produced in a flowing system by the reaction of H atoms (produced in a

microwave discharge) with nydrazine, N Fluorescent lines in the NH

M 2
spectrum were identified by setting a continuous wave dye laser to the
approximate wavelength and scanning manually while looking for

luorescence. The absorption spectrum of NH2 was photographea following the

flash photolysis of NHB' That portion of the gbsorption and ccrresponding

fluorescent spectirum ovserves by Kroll relevant to the present study is
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presented in Fig. 2. Flucrescence lines are grouped by commom upper
rotational state,

One of the first time-resolved laser induced fluor;sconco studies
of the NH, radical was performed by Hancock et a1, M NH, (X 2A1)
fluorescence was used to nonitor the "HZ (x ;81) concentration. An NHZ (x

281) rovibronic transition caused by absorption of radiation at 570.3 na

5 used

was used to produce the electronically excited NH.. Lesclaux et al.“

2

a continuous wave dye laser to monitor the NH, radical concentration by

2
absorption of 597.73 nm radiation., In both studies NHz (x 281) radicals

were produced by the flash photolysis of NH, and the resulting time

3
resolved decays were used to measure the rate of consumption of NHz
radicals i{n their reactions with various species, Hack et Il.“s produced

NHZ radicals in a flow tube by reacting ammonia with fluorine atoms

2° They monitored the NH2 radical

concentration by detection of fluorescent radiation when the NHZ radicals
7

produced in the microwave discharge of F

were ex:ited by 3kHz modulated 597.7 nm radiation, Work by Stief et al.u

on the rate of reaction of NH2 with NO utilized NH, fluorescence induced by

2
the 570.3 nmn line of a continuous wave dye laser to monitor the relative

NHZ concentration,
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5. Previous Studies of Pertinent Nﬂz Radical Reaotion Rates

Data on the reaction rate constants of the NH., radical with other

]
minor species present in the lower Jovian stratosphere and upper

troposphere are sketchy, In scme cases incompatible results have been

presented.

Reaction (18):

(18)"32¢NH oH‘NH“-tH.

2 2

has been studied by several investigators?s'so however, the most

comprehensive investigation, especially with regards to the pressure and

temperature dependence of this reaction, was performed by Van Khe et .1.50

using the flash photolysis resonance absorption technique. No significant
temperature effect was found at either the high or low pressure limits, At

the high pressure limit, about 1000 torr, the apparent bimolecular rate

constant is k:& s (2.5 ¢ 1.3) x 'lo'11 cm3 !

approaches zero, the overall process becomes third order as shown by the

o 6

general mechanism equation (15) and k18 s (6.9t 3.5) x 10'30 ca

2 sec~!

molecule™ sec™',

The rate of reaction (23)

(23) NH2¢H¢H' NH3¢H

30 6

em® molecule™®

was studied by Gordon et al.ug They found kg3

sec'1 at room temperature belween 25C ang 1J0C torr, Reacticn (23) appears

2 6.1 x 10°

molecule™! sec” : a8 the pressure




a8

to approach s second order liamit at higher than 1000 torr,

In a study of the rate of reactions of NH, radicals with various

2
olefins using flash photolysis to produce the radical snd detection by

laser adbsorption, Lesclaux et .1.35

2.0‘10-‘3 ."(1 099:01‘)‘1000/1 u3

determined that, for nuz - czu,'. "29 s

1 1 at around 1 ata total

51

molecule”  ses
pressure and between 300 and 500°K. In a later study, Khe and Lesclaux
obtained the same rate constant over a wider range of ethylene pressures
from 10 - 100 torr and identified th: possibility of a pressure dependence
in the formation of an adduct, ""zczﬂu' at pressures below 10 torr at high
temperature only, Because the rate constant was so small, they were not
able to present the low pressure data within acceptable limits of
uncertainty.

Hack et al.“G studied reaction (29), at low total pressure (=1

torr) in a discharge flow-laser induced fluorescence experiment. In

contrast to the results of Lesclaux et al, they found a higher rate,
1

k29 s

(2.2 £ 0.5) x 1070 c@3 molecule™! sec™! over the temperature range 295 -

505°K. The room temperature results of Hack et al, were nearly an order of
magnitude above those of Lesclaux et al. and they were temperature
independent. Although their experiments provide no direct evidence, Hack et

al. also suggest that the adduct, "HZCZHM' was formed as a product.

Both Hack et al. and Lesclaux et al. c.ced the results of Schurath

et ll.28 to support their suggestion of adduct formation between NHz and

CZH“. Schurath et al photolyzed ammonia using an I, discharge lamp at 206.2

2
nz in the presence of ethylene and performed a product analysis in

expsriments to cetermine the mechanism of reaction (29).

Only one measurement of the rate of reaction (28), KH, « C_H,, has

2 22
e, . U6 . )
Deen performed, Hack et a.. USing the same procecure as in their study of

3
3
2
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NH -1

2 and czuu. found kza s 2.36 x !o's 1’2'7 013 lolooula" 200" ' over the
teaperature range 210 - 505°K and at & total pressure of about 1 torr.
In an attempt to measure the rate of reaction of uaa with methane,

CHy. only an upper 1imit could be established. Demissey>2 gstimated Kgq <€ A
1

4x 10”17 on> molecule”! sec”! at 520°K.

No direct or indirect measurement of the rate of reaction (27), Nﬂz

* PHB has been performed. Buchanan et 11.53 performed a radiolysis of

amaonis-phosphine mixtures and estimated that k27 should have an activation

energy of not more than 2 or 3 kcal/mole. Using this estimated activation

energy, they suggested that k27 is within one or two orders of magnitude of

10

the rate of bimolecular collisions (~ 10° cm3 molecule™! sec™! at 298°K) .

C. Purpose of this Study

The primary purpose of this study is to provide reaction rate
measurements for reactions of NHZ with some of the other minor components
of the Jovian lower stratosphere and upper troposphere. Particular emphasis
is placed on those reactions for which there is no kinetic information or
for which conflicting or incomplete rate measurements curre:mly exist.
These measurements wiil be made under temperature and pressure conditions
which are as close as experimentally possible to those found in the region
bounded by the upper troposphere and lower stratosphere of Jupiter.

Specifically, the rate of reaction (27). NHZ . PH3. will be
measured. Tnis i{s a potentially important reaction relating the
photochezistry of ammonis and phosphine, and one for which no direct
kinetic data are availasble. Since reaction (28), NHZ % Czﬂz. has only been

measured by Hack et al. and cthen only aT 1 torr total pressure, acditional




"
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data are required to evaluate the importance of this reaction particularly
at high pressures. If reaction (28) proceeds by adduct formation, then the
rate of this reaction could be significantly higher at higher pressures
than it is at the very low pressure of the Hack et al. study. The
importance of determining the rate of reaction (28) is further enhanced by
noting that ac'* lene is one of the products of the photolysis of both
ethane and ethylene and, therefore, may be continuously generated in the
upper Jovian troposphere.

Finally, there is an obvious need to resolve the apparent conflict
between the results of Hack et al.n6 and ihe et a1,9! with regards to the
rate of reaction (29), NH2 * Czﬁuu6'5‘. If reaction (29) were equally fast
at all temperatures, as the results of Hack et al. indicate, it might prove
to be a significant channel for removing NH3 from the colder levels of the
Jovian lower stratosphere. (n the other hand, if the reaction does show a
pressure dependence as indicated by Kne et al., this reaction may be of
scme significance in consuming ammonia in the upper troposphere where
pressures are considerably higher (103 - 10“ torr).

The overwhelming requiremert compelling this study is the emphasis
that modelers themselves have placed on the need to determine the rates of
reactions which may help to explain the ammonia paradox in the Jovian
atmosphere and for which either insufficient or unreliable data are
currently available21'22. Accurate measurements made as close as possible

to conditions found in tne lower Jovian stratosphere and upper troposphere

which meet modeler requests are the goal of this study.
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CHAPTER 2

EXPERIMENTAL

A. Bimolecular Rate Constants and Qther Kinetic Parameters

1. Reaction Rates

The goal of experiments in this study is to measure the rate of
reactions (27), (28), and (29) over a range of temperatures and pressures,
These measurements can then be used to develop mathematical expressions
from which predictions can be made of the rates of these reactions under

the wider range of temperatures and pressures indigenous to Jupiter's upper

troposphere and lower stratosphere. As written, reactions (27), (28), and

(29) desecribe elementary processes, The metathetical channels are
therefore, according to Chapter 1, both bimolecular and of second order,
The addition channels are termolecular and third order,

The rate of an elementary reaction can be determined by measuring
the rate of production of a product or the rate of consumption of a
reactant, The former method usually involves more difficulty because the
products of an elementary reaction are very often reactive or the
concentration of product cannot be followed readily (as in the case of
ammonia in reaction (27)); tnen, measuring the rate of generation of a
product is nearly impossible, In the case of the reactions being studieg,

the reaction proguets fall into one of the categories just mentioned and,

Lal
-




32 ORitiers ¢ v 4
OF POOR QuAaLITY

therefore, the method used to monitor the reaction rate will be to follow
the rate of consumption of a resctant,
The rate of reaction of NHZ radicals with either phosphine,

acetylene, or ethylene may be expressed by the generalized equation:

(51) NH2 + X + products

where X represents Pﬂ3. CZHZ' or CZHq and will be termed the substrate. The
rate of this reaction may be expressed as being proportional to the
concentration of each of the reactants in equation (51), where the constant

of proportionality is the rate constant, k. Thus, we can write:

-d[NHZJ
(52) rate = —3 - ° kbi[NHZ][x]

where kbi is the bimolecular rate constant and the bracketed terms

represent the concentrations of NH2 radicals and substrate, respectively.

The equation may be further developed by dividing through by [Nual to give:

-d[NHzl 1

(53) —g¢ (NH, ] = kyyX]

Separating the variables and integrating (where the lim‘ts are: [NHZJ° is

the NH2 concentration at time, t=0, ana [NHZJ is the NHZ concentration at

time, t) gives:

[NHZJ
(SHL[
{NH

tzt
i -dlnLNH2] f/ koitx]d:
J 20
2°¢

%
i

A
E
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If [X] is so large that it is essentially invariant during the period over

which the reaction is observed, [X] may be treated as a constant, All

constant terms can be taken out of the integral to give:

[N, ] et
s5) =S dln(NH,] = k(X1 [ 1t
[NHZJO t=0

Integration yields:

(56) (1n(NH,] = 1n(NH,] ) = =k, [X]t

Taking the differential with respect to time gives the working form of the

equation:

-dln[NH2]
(57) —gr—= = Kk, (X]

In effect, the rate of the reaction is now reduced to dependence on only

5

NH, concentration and the rate is said to be pseudo=-first order. 4 Then

2
(57) becomes:

-dln[NH2]

(58) —gqg— = kpseudo

and the study of the reaction rate is simplified considerabiy.

Reaction (51) may not be the only means by which NH2 is consumed.
If NH2 radicals are produced, as will later be described in detail, in a
relatively small volume near ine center ¢: tne reaction cell, a

concentration gradient is, tnerefore, set up in the reaction cell and a

o M

-
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mass flux established. The NH, radicals thus diffuse out from the volume in
which they are produced. The rate of this non-reactive loss of.NHa radicals

due to diffusion may be accounted for by:

-dln[NHzl
dt

(59) s kd[NHZJ

where kd is the rate constant for diffusion, (59) may be rearranged by

dividing by [NH,] to give:

-dln[Nﬂzl

60) at

Ky

Finally, combining the loss terms from (57) and (60) gives:

-dln[NHZ]
(61) ¢ kbi[X] - kd
which gives the overall rate.of depletion of NH2 by both elementary
reaction (51) and by diffusional loss from the viewing zone. There may be,
in addition to the above considerations, other processes that .contribute to
the consumption of NH2 radicals. These processes could complicate the
kinetic interpretation of the datz, and will be discussed later with

regards to each specific reaction studied.
2. The Temperature Dependence of Reaction Rates

QOver 100 years ago, Hood55 set down an empirical relationship

identifying the temperature dependence of tne reaction rate constant, Kk:
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(62) log k = B = A'/T

where A' and B are constants and T is the temperature in degrees Kelvin,
°K. van't Hoff56 first identified the temperature dependence of equilibrium
constants and Arrheniu357 extended his ideas to include an activation
process to same intermediate configuration as a bridée for relating
equilibrium constants to rate constants. The Arrhenius expression for the

temperature dependence of the rate constant of a elementary reaction is

given by:

(63) k(T) = Ae~Ea’RT

where Ea is the activation energy in calories/mole for the reaction (or the
difference in energy between the reactants and the intermediate
configuration). A is a constant called the pre-exponential factor having
the same units as k(T). In classical collision theory, A represents the
total number of collisions between reactants per unit time (including the
proper gecmetric orientation) which le>d to products. R is the ideal gas
law constant, 1.987 cal °K-1 mole". and T is the temperature in °K.

Equation (63) may ve expressed in another, more useful form:

(64) In k = in A - Ea/RT

Since (64) is in the form of a straight line (y = mx « b), with 1n k and
1/T as the variables, a graph of 1ln k versus 1/T should also be a straignt
line with slope of -Ea/R and intercept of ln A. Whether or no. a straight

line is obtaines in practice is one of tne diagnostic tnols of kinetics
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because the Arrhenius equation is strictly applicable only to elementary
reactions. Failure to obtain a straight line may indicate that the reaction

under study involves more than one elementary reaction.sa

3. Sumnary

Experimentally, this study is directed towards measuring the rate
constants, activation energies, and Arrhenius parameters for reactions
(27), (28), and (29) so that rate expressions for these reactions can be

developed which are applicable to the range of temperatures and pressures

found in the upper Jovian troposphere and lower stratosphere. In the
following sections, the techniques and instrumentation used in making these

measurements are described,

B. Experimental Techniques

The kinetic measurements made in this study utilized the flash
photolysis technique to produce NH2 radicals coupled with detection of NHZ
radicals by laser induced fluorescence. This method was selected because it
combines several advantages over some other potentially feasible methods
considered under the constraints required by this study. Huie and Herron59
recently reviewed flow techniques and flash photolysis techniques and
discussed their application to direct measurement of the rates of fast atom
or radical reactions, Various detection methods can be used in conjunction
with these techniques.

Flow techniques invoive flowing the reacting species down a tube at

such a rate as %0 achieve a plug f.ow anc tc measure the c:iange of
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concentration of a particular reactive species as a function of distance
which is equivalent to time. Flow techniques have been used with a variety
of detection methods such as mass spectrometry and electron spin resonance
(ESR); also, optical absorption and fluorescence techniques have been used
to good advantage in flow reactions. Mass spectrometry generally has a
limited.sensitivity to detection of transient species such as free radicals
because of the losses incurred in wall collisions and also because of the
difficulty of introducing these species into the mass spectrometer
ionization chamber, There is a further problem of potential ambiguities in
the fragmentation patterns of parent molecular species, ESR is useful only
in detecting paramagnetic species such as radicals, and its sensitivity is
usually much lower than the other detection methods referred to above.so
Therefore, only the high sensitivity methods for detection of NH2 radicals,
absorption and fluorescence, will be considered here.

60 points out that the flow discharge technique has produced

Howard
more gas phase kinetic data at 300°K than any other method. Since reaction
progress can be frozen at a fixed observation point in a flow tube
experiment, there is no constraint on detection speed of response, The flow
tube technique has the further advantage of permitting the production of
two labile reactants in isolation from one another, permitting the direct
measurement, for example, of radical-radical reaction rates.

The requirement of maintaining a laminar flow with its high radial
diffusion and low axial difusion, and tne high surface to volume ratio of
the flow apparatus, impose certain limitations on the use of the flow
technique in studying tne kinetics of radical reaczions.59 In the plug flow

approximation, radial diffusion is assumed to be rapid. At higher

pressures, diffusion becomes slow comparea to axial transport and, since




the flow velocity exhibits a parabolic radisl profilo for laminar flows,
species, including radicals, will have s lower axial velocity at the walls
than near the center of the tube. This limits the pressure range over which
flow studies can be made., A more serious problem related to residence time
at the walls is the possible occurrence of heterogeneous (wall) reactions,
The high surface to volume ratio of most flow systems exacerbates this |
problem and could lead to derived rate constants whiéh are too high. While
coating the flow tube walls is a common practice in order to reduce
heterogeneous reactions, the possibility of interfering wall reactions
cannot be ruled out, This problem could be significant especially for slow
reactions such as those being exaninéd here,

The flash photolysis technique for producing a large amount of a
transient species such as an atom or radical in a short time has both
advantages and disadvantages.so Since the flash photolysis experiment is
conducted in real time, fast time response detectors (as low as a
microsecond) may be required, In addition, the need to selectively
photolyze the source species but not the substrate places constraints on
the variety of systems that can be studied using this technique, Flash
photolysis systems are not, however, limited by the total pressurss that

can be employed; Howard®®

gives a range of 5 torr up to several atmospheres
for flash systems (versus a range of 1-10 torr for flow.systems). In
addition, since higher concentrations of reactant species may be used, it
is often possible to measure smaller rate constants than can be measured
using the flow technique. The low surface area to volume ratjos of

reaction vessels usea in flash photolysis experiments minimize the

contributions due to wall reactions. Finally, the flash photolysis

tecnnique has availadle to it several dilagnostic procedures with which to

5 AR




analyze for the occurrence of secondary rcactionl.cl

Rapid detection methods must be employed to monisor radicals
prcduced by the flash photolysis technique and strong light sources are
required to produce sufficient radiation at a specific wavelength so that a
weakly absorbing species such as a radical can be observed. Therefore,
laser absorption and laser induced fluorescence are the only methods that
will be discussed here. Lasers provide a coherent, monochromatic source of
radiation; dye lasers are easily tuned over a range of wavelengths in order
to excite a specific molecular transition or absorption line, In absorption
systems, the radical signal is the difference between the incident light
intensity, Io' or background, and the light intensity after passing through
the sample, I. Absorption, based on the Beer Lambert Law, is high for high
concentrations and therefore, at high pressures of absorber, (I° -1I) is
large and the signal t¢ background, (I° - I)/I° is large. The absorption
system shows a much lower sensitivity at low pressures where the signal {s
a small difference between two large quantities and where the ratio of
signal to background is small. With fluorescence methods, since the
fluorescence signal can occur at a longer wavelength than that of the
excitation radiation, there is little or no background interference from
the excitation radiation.

The fliash photolysis technique for producing m-l2 radicals was
selected over the flow discharge technique because of the need to study
reactions over a range of pressures corresponding as closely as possible to
those found in the upper Jovian troposphere and lower stratosphere (5-100
torr). In addition, the fl.sh photolysis method is more sensitive for
studying slow reactions, and wall reactions are less significant thnan in

the flow systems, The laser incuced fluorescence method was selectei for
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NHz radical detection because it is more sensitive than absorption st the

relatively low pressures at which this study was performed.

C. Flash Photolysis

1. General

The flash ph~otolysis device, the development of which was pioneered
by Norrish and Porter.62 provides a method for producing over a very short
time span a large amount of energy to be used in generating a transient
species such as an atom or radical. While early devices were capable of
discharging energies of up to 10“ Joules in a few milliseconds, refinements
in instrumentation made possible sophisticated devices capable of high
flash energies and much shorter flash duration.63

A flash lamp consists of a pair of electrodes which are fitted into
a chamber and across which a charge is dissipated. The charge is provided
oy & D.C. power supply and stored temporarily by a capacitor that is
connected in parallel to the electrodes, The energy provided by a flash

lamp is given by:

(65) E = 1/2 CV°

where E i3 the energy dissipated in joules, C is the total capacitance of
the system in farads, and V is the voltage applied across the capacitor,

Equation (66)

(66) ¢ = (LC) '/

o R e

i




L}

‘s used to determine the flash duration, t, in seconds from the system

inductance, L, and the total capacitance, C.
2. Equipment

The flash lamp used in this study consists of a
polytetrafluoroethylene (Toflon-) cylinder housing two tungsten carbide
tipped electrodes. The cylinder is pressurized with commercial (Goddard }
Space Flight Center) grade nitrogun of about 99.99% purity. The electiodes
are connected to a 4.5 microfarad (mf), 20 kv model ESC 248C capacitor
system manufactured by Tobe Deutschmann of Germany,

The capacitor spontaneously discharges when the voltage across the
electrodes in the flash lamp reaches a critical value called the breakdown
voltage. Operationally, breakdown is achieved by first fixing the nitrogen
gas pressure within the lamp at a specific value by balancing the nitrogen
flow into the lamp against its removal by a Welch model 1400 mechanical
pump. At this pressure, the voltage across the electrodes is allowed to
build up until it exceeds the breakdown voltage. The capacitors discharge
and the process of charging is repeated. By selecting the rate of capacitor
charging and the lamp gas pressure, the desired rate of flashing is
obtained, Typical flashing rates are 2 to 4 seconds between flashes,

Using equation (65), output energies of 20 to 144 joules per flash
are calculated for typical charging voltages of 3 to 8 kv, The cischarging

time for equipment used in these experinents has been calculated6u Lo be <1

microsecond using equation (66). The light plasma generated by the

discharge capacitor decays more slowiy.

The flash energy is cissipated through the nitrogen gas ana the
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resulting atomic nitrogen spectrum for a similar lamp is provided in Fig.
3. Only a small fraction of the energy dissipated is converted to vacuum

ultraviolet radiation.

3. Limiting the Flash Lamp Qutput

Since the flash lamp output (Fig. 3) spans such a broad spectral
range, it was necessary to filter the lamp to minimize the photolysis of
phosphine, ethylene, or acetylene while still providing sufficient spectral

radiation for strong absorption by ammonia.

The absorption spectrum of ammonia in the vacuum ultraviolet is
shown in Fig. u.65 In the region from 170.0 nm t 210,0 nm, ammonia absorbs
strongly and NHZ is produced almost exclusively in its ground electronic
state, (X 281). Excited NH, radicals (X 2A‘) are produced only at

wavelengths below 164.0 nm and then, with a quantum yield of less than

66

.001"" ., Primary processes:

2

h - 2
(36) N, 3 NH, (% “B,) + H (s, )

hv 1 1. ¢
(37 NH3 NH (a '4) «+ Hz ( t‘ )

and (38) Moy MY NH (300 . 28 (Bs )

3 2

occur in the near and vacuum ultraviolet and, based on the discussion in
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Chapter 1, section D. 3., are the only reported photoinduced reactions
which need to be considered hore.66

In most of the experiments conducted, an Acton Research Corp. 206.0
mn bandpass filter with 35% peak transmittance and a full width at half
maximum (FWHM) of 40,0 nm, skewed towards higher wavelengths was placed
over the flash lem;, Th.: filter passed radiation in a spectral region
where ammonia at3orbed strorgly while blocking radiation which would have
re-.lted in the productica of NH radicals and electronically excited NH2
radicals. The filter bandpass is also shown in Fig. 4.

The 206.0 nm bandpass filter not only precluded the formation of
undesirable ammonia photochemistry products, but also minimized any
photolysis of any of the substrate gases, This is shown clearly in Fig. &,
Acetylene absorbs strongly in the region 155.0 nm; however, absorption
drops off rapidly at higher wavelengths so that above 195.0 nm, the CZH2
absorption coefficient is less than 1 at.m"‘cm'1 (base e, 298°K)., Ethylene
absorbs strongly up to about 175.0 nm, but its absorption coefficient also
drops of{ to less than 1 ata~'em™! (base e, 298°K) above 195.0 nm,
Phosphine absorption falls off at higher wavelengths until it is below 1
atn"lea™! (base e, 298°K) at about 202.0 nm.

In scme of the early experiments involving ammonia and phosphine, a

175.0 nm Ditric Optics Inc. interference filter with a skewed frequency

width at half maximun of -13.0 nm and +25.0 nm was used.

O T
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D. Laser Induced Fluorescence

1. Historical

Lasers have previously been used to study Nua radical cheaistry. In

sane early work, Atkinsond’

demonstrated the advantages of intracavity
absorption of a dye laser output as a means for detecting free radicals

such as NH, and HCO. Atkinson noted the convenience and sensitivity dye

2
lasers afford in their ease of tuning to a particular resonant frequency
and pointed out the potential applications of the method to kinetic

problems. Kr01168

used a continuous wave dye laser to produce upper
electronic state NH2 from ground state NH2 radicals and used the resulting
NHZ fluorescent emission in spectroscopic studies of the uua radical.
Hancock et al.““ first applied the resonance fluorescence technique to the
NH2 radical in their measurement of the rate constant for the reaction of
NH2 with NO. Since then, several studies have been published in which laser
induced fluorescence was used to measure the rate constant for the reaction

46,47

of NHZ with NO,, NO, and with unsaturated hydrocarbons,

2'

2. General

As discussed in an earlier section, the NH2 radi:al is produced by
the flash lamp almost exclusively in its ground electroiic state. By the
Beer Lambert law, a certain fraction of the NH2 radicals can be made to
absord resonant radiation, radiation wnich corresponds to the energy

difference fcr a transition between tne ground electronic state and the

st




upper electronic state, The NH2 radicals can emit this absorbed radiation
by fluorescence, since the upper and lower states are of the same
multiplicity (a spin allowed transition).69 Based on the Stern Volmer
argument presented in Chapter 1, the intensity of the fluorescence is then
proportional to the number density of Nﬂa radicals originally fdrmod. More
intense radiation sources will cause a stronger fluorescent signal until
the transition becomes saturated.

Lasers provide a much more intense source of monochromatic

radiation (~1x10'° quanta cm sec™! for a typical 150 milliwatt output of

1"

the dye laser used) than is available using atomic resonance lamps (10 ' to

12 quanta ca? sec”! from the 116.5 and 123.6 nm Kr resonance lines at a

10
distance of 2 cm from a spherically shaped Kr lamp)To. Consequently, the
use of lasers has grown in recent years as a means of producing resonant

transitions and correspondingly stronger fluorescent emission,
3. Apparatus

A continuous wave dye laser is actually a system of two lasers that
are operated in tandem. A pump laser is required to provide a monochramatic
source of radiation which, when fed into a second cavity, causes a dye to
lase over an appropriate band of wavelengths. The output of the dye laser
depends on the dye used and the pump laser wavelength(s). Specific
wavelengths can be selected from within the characteristi: wavelength band
of the dye laser output usirg a coarse tuning wedge and a fine tuning

etalon in the laser to discriminate hetween wavelengihs as close together
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as 0,05 nn.71
A Spectra-Physics lpodol 170 argon ion laser was used at about 5-6
watts output power to pump a Spectra-Physics model 375 continuous wave dye
laser. A 1.5x10™3 M solution of Eastman Kodak Rnodamine 6G
tetrafluorcborate in eth}lene glycol was used as the dye. With Rhodamine
6G, dye laser output power of greater than 100 milliwatts can be obtained
with a pump laser input of 4 watts over the range 565.0 m to 652.5 nm.72 A
peak output power of about 150 mw can be achieved at 590.0 nm. The
Rhodamine dye exhibits - .rior stability and longevity compared to other

dyes that fluoresce at these wavelengths.
4, Laser Tuning

Prior to each experiment the dye laser was tuned to a wavelength
corresponding to a strong NH2 (x 281) absorption. This was accomplished
using a small, fast flow discharge system illustrated in Fig. 5. The dye
laser beam was deflected by a mirror so that it passed through a concave
lens and was focused through the center of a glass tube, The far end of the
tube was attached to a Wood's Horn to trap light scattered by the walls,
The exterior of the tuning tube was coated black except for a small
circular viewing area at right angles to the incident beam. The front of
the tube was a 2 mm thick quartz window sealed in place with black wax.

A mixture of about 10% ammonia in helium was flowed through the
eross tube at about 1 torr total pressure using a high speed mechanical
punp. An electrodeless microwave discharge attached to the inlet arm was

used to dissociate a fraction of the ammonia into NHZ, NH, and H. These
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fragments then passed through the laser bean.
The tuning procedure was essentially the same as that described by

Kro1198

and Halpern et 1173. Initial laser tuning was effected using the
laser tuning wedge to adjust the dye laser output to around 568.0 mm or
570.0 nm. This wavelength was verified visually using a Jobin-Yvon hand
held monochromator with a 0.25 mm slit, The monochromator read to within
0.5 nm when the 577.0 nm and 579.1 nm lines of mercury from a common
fluorescent light were measured. Next, the dye laser was scanned over a
narrow range of wavelengths using the fine tuning etalon until a
fluorescence was visually observed as a sharp orange line against the
yellow laser background scatter in the tuning cell window. Fine tuning was
completed with the etalon until the brightest fluorescence was obtained,
The tuning procedure was performed periodically as a check of the dye laser
output. The time resolved detection and measurement of the intensity of the
NH2 fluorescence was used to follow the rate of reaction of the NH2 radical

with phosphine, ethylene, and acetylene.

E. Detection of the Fluorescence Signal

1.The NH2 Fluorescence Signal

NHZ radical fluorescence resulting from absorptions at 570.3 nm and
568.2 mn are shown in Fig. 1., The manifold of fluorescence lines
corresponding to absorption of 568.2 nm radiation occurs at 564§.2 nm, 570.0
nm, 572.0 nm and 575.3 nm. Fluorescence lines at 570.3 nm and 574.2 nm

correspond to absorption of 570.3 nm radiation,
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The fluorescence resulting from the absorption of 568.2 nm or 570.3
m radiation by NRZ radicals was used to monitor the relative NH2 ground
state radical concentration, As already discussed (Chap. 1, sect., B.3.b),
the strength of the fluorescent signal can then be used to determine the
relative NHZ concentration as a function of time, As NH, radicals are
consumed, the number of scattered fluorescence photons detected per unit

time decreases, and this provides the means for determining rate constants, %
i
2. Detection and Analysis Apparatus

Fig. 6 provides a schematic of the equipment used in the
preduction, detection, and analysis of the NHZ fluoresceiice signal. The
fluorescent radiation passed from the reaction cell, through a dlackened
honeycomb collimator that reduced wall-scattered light and then through a -
577.7 nm Ditric Optics interference filter with a bandpass of §.8:3.0 nm
FWHM, This filter preferentially transmitted the longer wavelength NHZ
fluorescence lines, and restricted the detection of scattered laser light
(568.2 mm or 570.3 nm). The use of this filter, therefore, significantly
increased the NH2 fluorescence signal to background ratio.

A very significant further increase in the NHZ fluorescence signal
to background ratio was achieved using a Melles-Griot polarized window
which was placed in the optical train between the 577.7 nm f{ilter and the
photomuitiplier, Since the emitted laser radiation was polarized,
reflectively scattered laser radiation was also polarized. The NH

2
fluorescence radiation was isotropically scattered. Thus, while the
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DL- Dye Laser

RC- Reaction Cell
FL- Flash lamp

TP~ Trap

P=- Pump

PM= Photomultiplier
PD=- Photodiode

PA- Power Amplifier
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Fig. 6 Legend

HVC- High Voltage Capacitor
HVPS~ High Voltage Power Supply
LVD- Low Voltage Descriminator

MCA

Multichannel Analyzer

Y

Teletype
OLC- On-line Computer

PS- Power Supply (for laser)
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polarizing window reduced the overall signal by about 6535 (manufscturer's

specifications), reflectively scattered laser light was almoat ~ompletely

blocked and the signal to background noise ratio increased by at least an

order of magnitude. The cause of some of the scattered light observed was

never identified, bqt possible candidates include molecular Rayleigh '

scattering, small (<.5 micron diameter) particles in gas samples used, and
reaction product which may have condensed to form an serosol.

Scattered fluorescent light from electronically excited NHZ
radicals in the reaction cell was detected by a photomultiplier tube
mounted st right angles to both the laser beam and the flash lamp. The
signal was detected by an EMR S41E C1-14 photomultiplier tube with a
spectral response between about 280.0 nm and 850.0 nm., Since the tube was
sensitive to thermal noise, it was necessary to maintain it at -20°C to
=30°C by blowing cooled dry nitrogen gas through a copper tube coiled
around the photomultiplier housing.

The signal was fed from the photomultiplier through a preamplifier
and into an Ortec model 454 amplifier. It then passed into an Ortec model
436 low voltage discriminator, which discriminated against low intensity
pulses and shaped the pulse, and finally was fed into & Northern Scientific
Co. NS 436 Multichannel Analyzer (MCA).

Memory in the MCA consisted of 1024 channels which were divided
into either sixteen-64 channel memory units or eight-128 channel units. An
interval time base (1-3:10'5 sec) could be selected for each memory unit to
fit experimental conditions. An £EG & G model 56B8B photodiode detected the
light from the flash lamp; a pulse from the photodiode passed through a

discriminator and was used to trigger the MCA sweep. The MCA collected
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_photon counts {. the first data channel for the selected time base duration
and then switched to the next channel etc., in sequence until all the
channels in a memory unit had been used. The MCA then reset to the ready
mode until next reactivated by a trigger pulse from the photodiode. This
multiscaling mode of the MCA was used to accumulate photon counts from’
repetitive flashes until about 1000 counts had been accumulated in the
first data channel, While the signal to background was, on the average,
greater than 3:1, in practice, signal to background ratios ranged from

about 1:1 to 30:1.

F. Data Collection and Analysis, Reporting Uncertainties and Error Analysis

1. Data Collection

Data Collected in the MCA could be viewed on a cathode ray tube as
they were accumulated. Table 2 is an example of the photon counts collected

3 sec per channel) during an

by channel (with a time base of 1.5x10
experiment measuring the rate of NH2 radical dissipation by diffusion. The
first channel gives the number of flashes used in the experiment; chaanel 2
is normally cmitted so that scattered photons from the flash lamp flash,
which has a small, but finite duration, are not be counted. Channel 3 is
the first data channel used in analysis. Fig. 7 displays these data.

After experiments were completed, data were transferred, to an RDA

6200 LP miniprocessor for analysis or, when desired, transmitted to a
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Table 2

Channels Photon Counts

1=10 00036 07570 02466 01798 01666 01276 01102 01030 0C941 00842 |
11-20 00759 00689 00624 00588 00512 00494 00465 00478 00443 00378 %
21-30 00359 00400 00339 00346 00311 00315 00250 00292 00299 00275 é
31-40 00251 00232 00252 00266 00215 00252 00216 00238 00201 00201

41=50 00187 00199 00167 00185 00202 00169 00167 00169 00169 00134

51=-60 00151 00168 00181 00172 00195 00148 00131 00179 00171 00163

61=70 00165 00151 00156 00165
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teletype terminal for page copy.
2. Data Representation and Analysis
Continuing with the discussion of the previous section on the use
of the NH2 fluorescence signal, the photon count due only to Nﬂz
fluorescence is proportional to the NH2 radical concentration at any time,
t. The quantity:
dln(NH2 fluorescence counts)/dt = dln(gross counts - background counts)/dt

can be substituted for d ln[NHZJ/dc in equation (61) to give:

(67) d inigross counts - backgrouad counts) = Ky,[X] + Kk
dt

If a plot of ln (gross counts - background counts) = net counts versus time
is linear, the slope of that line is the first order decay constant, called
here kobs and equation (67) can be rewritten:

(68) Kops = kbitx} + Ky

S

When kobs is measured, at a given total pressure, in the special case where

(X] = 0, then Kops = g+ Koy is determined by measuring Ky for some [X]

3 bs

at the same total pressure, temperature, and ammonia concentration as was
used to determine kd. Since kd is proportional to temperature, total

pressure, and 2mmonia concentration, it will be the same in both cases,
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Then, by rearranging equation (68), kbi may be readily derived:

s
q9.

(69) Ky = (kypq = k)/IX}

Experimentally, as shown in Fig. 7, time bases for the MCA were
selected so that signal decay was observed to decrease to the background
level within about 1/4 to 1/2 of the available channels, An in-house
computer program developed by Mr. Edward Rothe provided data analysis: A
simple average of the counts in the last ten channels was used to determine
the background count, NB' and this value was subtracted from the total
number of counts, N, in each data channel, starting with channel 3. An
example of a ln(N-HB) vs time graph based on the data in Table 2 is

presented in Fig. 8.

3. Reporting Uncertainties

Based on counting statistics, the standard deviation in the photon

count, N, is given by :N1/2.61 Since standard deviations are cumulative for

the difference of two quantities, :-.(NV2 + Nsl/z) represents the standard
deviation of the counts in any one data channel attributed to fluorescence,
Using these formulae and the data from Table Z as an example, the
calculated fluorescence count for the first usable data channel (channel 3)
was 230462 while that for channel 25, two decay lifetimes later, was
149+30, a rise of from 3% in the standard deviation of the former quantity
to 20% in the latter, This effect is apparent in the increased scatter

observed in Fig. 8 with increasing time (channel number) and was minimized

both by using the tighter, initial porticn of the decay and by analyzing

i, e s L 1. i
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61

each experiment using several different start and stop channels giving
equal weight to each analysis.

The forgoing mathematical treatment of uncertainty was one of the
factors which influenced the method selected for data ana. ysis in this
study. When kj, is about 10% or less of k,ps for a reaction and therefore
does not significantly increase the uncertainty, equation (69) is normally

61

used to calculate kbi for each experimental run, If, however, k, 6 is

d

greater than about 10% of kobs' the increased influence on the uncertainty
can be reduced by using a graphical method to calculate kbi for a series of
experimental runs, This series of experiments was performed using sets of
samples varying only in the concéntration of X, Values of kobs were plotted
against their corresponding X concentrations. The resulting straight line
has kbi as its slope and ky as its intercept.

As with values of kobs and kbi discussed above, values of the
Arrhenius pre-exponential factor and activation energy are reported with
one standard deviation, to, The standard deviation in each of these
qQuantities can be derived from the uncertainty in the slope and intercept
of the line used to generate these results (equations (64) and (68)).

The standard deviation in the slope of a line, ¢ , Whose

slope
equation is of the form y = mx + b, where m {s the slope and b is the y

intercept is given by:7u

S 2 gy,
(70) 05 ope = 37/ (FX] =( 3 X/
2
2 -, 3 Y ) /N - XY, - 2 X. 2 Y )/N
where (71)sz=nl2 s h 111 1%y 1Yy
%8 (mxi) /N

2

X and Y are the variables, N is tne numoer of measurements and S° is the
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variance of a single measurement.

The standard deviation of the intercept, %ng? is given by:

1/2

2 2
12) oy = 6® B s g - (xp®)

4, Other Sources of Error

In addition to the randcm error inherent in determining k there

obs'
were subjective errors resulting from the necessity of choosing start and
stop channels used in determining kobs‘ These errors, however, were
minimized by averaging the slopes obtained by using several start and stop

channels for each kob reported.

s
Attention was paid to sources of systematic error such as the
measurement of absolute pressure using the MKS Bar'atr'on.vl The manufacturer
claims an accuracy to within .0,08%; therefore, in preparing a mixviure
composed of three gases, a cumulative error of .0.32% results.
The stability of premixed samples was tested. No change in the rate
constant for the reaction of NHz with substrate was observed for samples as

much as two weeks old. Usually, however, experiments were conducted with

samples that were either freshly made or, at most, one or two days old.

G. The Reaction Cell

A cut-away side view of the reaction cell is presented in Fig. 9.

The cell consists of a 343 cm3

cylindrical chamber placed within another,
larger chamber. The reaction cell was made from a machined block of brass.

One wall was detachable, being compression sealed to the rest with an

il il e W1 s 0




63

HSVY4

YIGNVYHO
3L NS

L

b

NHY LINOY 4

=
Jdnnd NOISNJ 410
+ =
dNnd HONOY OL b —
']
n sy
39vd*-40 1N0
?
s m 17132 NOILOV3IY
xS =
& 3 ¥IBNVHI ¥31n0
o2
<t l _
=3 - _
w Q.
[+ o
Z !
WM SMOSN3S
ONILVIN N 371dNOJONNINL _.8\_.._ »N.ro
" 3dNvS NI
N 31dNVS
031002

7130 NOILOV3IY 3HL

6 2andya

nv3ag
¥3sSv

INOY 4




64

o-ring, The outer chamber was constructed of 1/2 inch thick flat brass
plates brazed together,

Four stainless steel tubes comprising two inlet-outlet sets passed
through holes cut in the top of the outer chamber and were connected to the
reaction cell. These tubes acted as supports to suspend the reaction ceil
in the outer chambor 3o as to thermally isolate it from the suter chamber
walls. Two of the tubes passed through the reaction cell walls and provided
a path by which reaction gas mixtures were introduced into and removed from
the reaction cell. The other two tubes connected to one set of continuous
and independent channels drilled entirely within the reaction cell walls.
To cool the cell for low temperaiure experiments, dry nitrogen gas was
flowed first through a copper coil set in a Dewar of liquid nitrogen and
then through the set of channels connected to the other set of inlet-outlet
tubes, Temperature control was accomplished by throttling the rate of flow
of cooled gas. The cell was heated by resistive heating when current passed
through a fiberglass-insulated nichrome wire which ran through a second set
of channels drilled in the reaction cell walls, Both sets of channels were
configured so as to respectively cool or heat the cell as uniformly as
possible. Cell temperature was monitored by two thermocouples using Dorian
Thermocouple Indicators. One thermocouple was placed inside the reaction
cell in the gas stream to measure reaction mixture temperature. The other
was attached to the outside of the reaction cell wall and was used to
measure the approximate cell temperature when the reaction cell was
evacuated, The thermocouple indicators were calibrated againat the known
temperature of liquid nitrogen and the boiling and freezing points of water
and found to be within 20.6°K between 77°K and 373°K using similar

thermocouples.
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Low pressures of about 2x10'5 terr were maintained in the outer
chamber using a Varian HSA-2a diffusicn pump with a cold trap and
forepumped by a Welch model 1400 mechanical pump, This helped to stabilize
the temperature in the reaction area by insulating the reaction cell from
the outer chamber walls. It also prevented absorption of the flash lamp
output in the outer chamber. The reaction cell was directly connected to
the gas handling system by the set of inlet-outlet sample tubes shown in
Fig. 9. Pumping of the reaction cell was provideu by the same system which
was used for the gas handling system.

Temperatures were limited by the requirement to maintain pressure
or vacuum with the o ring compression seals of the optical ports. That
range was extended by the use of silicone o-rings to provide a routine
operating range of from about 210°K to 480°K.

Holes of 1,04 inch diameter were cut in the front and back of the
reaction cell and outer chamber to provide access for stainless steel tubes
or arms through which the dye las r beam could be directed into and out of
the reaction cell, Quartz windows, a and b in Fig. 9, were sealed to the
ends of the arms using black wax. The window on the fr:ont arm was
perpendicular to the incident laser beam while the rear window was attached
at the Brewster angle to deflect back-scattered laser light into a Wood's
Horn light trap. The light trap was constructed of a glass to Kovar seal
with the Kovar silver soldered to the stainless steel arm via a copper
reduction fitting. Both the front and rear arms were each fited with three
circular aiuminum collimators, ¢ in rig. 9, painted black and machined so
as to minimize light scattered from the leading edge surfaces, Finally, the
arms were Sealed to the reaction cell and outer chambers with machined

brass retaining rings compression sealed with silicone o=-rings,
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Light from the flash lamp (sect. C above) was collimated when it
passed through a filter chamber just beneath the entire cell assembly. A 2

mm thick sz (or, in some early experiments, LiF) window, d in Fig. 9, in

the filter chamber transmitted most of the flash lamp output; it protected i
the 2mm thick suprasil (LiF in early experiments) window at the bottom of |
the outer chamber, e, by trapping Teflon™ and electrode fragments broken
off from the lamp during flashing. Ready access to the filter chamber made
periodic cleaning of the Hst filter possible and precluded having to
dissemble the reaction cell to clean the bottom windows. ]
A port in the side of the reaction cell (perpendicular to the arms |
and the filter chamber and t‘aciné out of the page as viewed in Fig. 9) was
covered by a 1.5 inch focal length quartz lens, This lens focused the
fluorescence through a 2 mm thick quartz window set in the outer chamber
wall and onto the photocathode of the photomultiplier tube. The opposite
wall of the reaction cell (into the page in Fig. 9) was covered with a
honeycomb-shaped baffle, painted black, which prevented light which might
have been scattered off the reaction cell walls from being directed onto
the photomultiplier. Finally, the entire inner surface ¢f the reaction cell
was coated with blackened Teflon™ to reduce the possibility of both wall
reactions as well as light scattering.
Alter the light from the flash lamp was filtered by passing through
a suprasil window set into the bottom of the outer chamber by another brass
retaining ring and o ring compression seal, it passed through the 206.0 na
bandpass interference filter (f in Fig. 9) This filtered light passed
through a 2 mm thick LiF window, g, set in the bottem of the reaction cell

hvy a vrass retaining ring and o ring compression seal.

A 5
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H. The Gas Handling System

The gas handling system, used in the preparation and storage of all
gas samples and mixtures, is depicted in Fig. 10. The system is constructed
primarily of glass and stainless steel with a few short pleces of ocopper
tubing near the exhaust pump trap. Metal-to-metal permanent seals were mnade
with soft silver solder, while readily detachable connections were achieved
using Cajon Ultra-torr fittings (static o ring compression seals).

Components of the gas handling system can be categorized under the
broad neadings of storage area, pumping devices and pressure measuring
devices. Gas mixtures were stored in five two-liter glass bulbs, S1 through

55. a 12-liter bulb, L1. or in two=22 liter bulbs, L2 and L.. L‘ was

3
generally reserved for diffusion mixtures, Purified gases were stored in
detachable bulbs or in Su or SS' and 56 was reserved for use in
distillations.

The gas handling system was sequentially pumped by two independent
systems, A Welch model 1402 mechanical pump with a 100 liter/min capacity
was normally used as a roughing pump to bring the system pressure down
to about 0.5 torr. The line to this pump was trapped by a Dewar containing
liquid nitrogen to prevent backstreaming of pump oil and material that
might be dissolved in the pump oil. In order to achieve high vacuum, a
Varian NRC 3340 Group II Air Operated Pumping System was used., The system
consisted of a diffus.~n pump, cold trap, and a gate valve, The gate valve
was solenoid controlled and air operated and it served as an automatic
device to protect against inadvertent overpressurization of the pump during

pericds of unattended service, The diffusion pump was rated by the

manufacturer at 285 liter/sec capacity. A Welch model 1402 mechanical pump

e o i e ey

T




T-Teflon Stopcock

H-Hoke Bellows-sealed Valve
Q- Quartz Window
DP-Diffusion Pump
PG-Penning Gauge

NV-Nupro Metering Valve

RP1, RP2-Welch Model 1402 Pump
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Fig. 10 Legend

V Veeco Bellows-sealed Vacuum Valve
0 Circle-sealed Valve

B-Baratron

ThG-Thermocouple Gauge

SVO=Servo Metering Valve

LNC-Liquid Nitrogen %v 'y Controller

W+T-Wallace and Tiernau .'ressure Gauge
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provided foreline pumping for the diffusion pump, The diffusion pump was
capsble of routinely pumping the entire gas handling system and resction
cell to a vacuum of better than 1:10'6 torr,

Pressures in the output line of the diffusion pump were read using
either a Veeco Thermocouple Gauge and TG-7 Thorlooouplolcaugo Controller or
a Penning GPH=001 Discha~ge Vacuum Gauge tudbe and a GPH-320 Penning Gauge
Control Unit. The Thermocouple Gauge was sensitive only to about 1

millitorr; the Penning Gauge was used to read pressures as low as 1:10'7

torr. Both devices were used to monitor the vacuum pumping system.

I. The Preparation and Handlin‘ of Gas Mixtures

1. Preparation snd Handling of Reagent Gases

All rescting gases were purified upon introduction into the gas
handling system by a series of three freeze, pump, and thaw cycles designed
to remove any noncondensable material that might have been introduced with
the reagent gases. Most reagent gases were further purified by bulb-to-bulb
distillation in which the first third of the distillate was discarded, the
middle third retained for use and the final third also c¢iscarded.
Distillation temperatures were chosen using vapor pressure cata provided by
Stull75 such that at the distillation temperature used, the reagent gas had
a vapor pressure of about 1-3 torr,

Ammonia (Ideal Gas Products Co., 99.999%) was distilled from an

isopentane (2-methylbutane) bath maintained at about -135°C with liquid

nitrogen, wWater, ritrogen and hydrogen, the only significant impurities

U A1 A



originally present in the aanplc.76

Were not detected in a subsequent mass
spectral analysis. In agreetent with the observations of Lenzi et al.,
ammonis was found to be readily adsorbed onto glass surfucos.“z Care had to
be taken, therefore, whenever introducing ammonia into the systea to ensure
that the ammonia had come to equilibrium with the wall surfaces dbefore
taking pressure readings.

Phosphine (Ideal Gas Products, 99.998%) was distilled from an
isopentane-liquidvnitrosen slush bath at abou: -150°C. Hydrogen and

77

nitrogen originally present as impurities’ ' were not detected by mass

spectral analysis subsequent to distillation.

Ethylene (Aireco, 99.5%) Qns not distilled after the three
freeze-punp-thaw cycles, Mass spectral analysis showed ethane as the only
remaining impurity (<.05%). The ethane could not be removed by distillation
because the vapor pressurss of ethane and ethylene are nearly 1doncicll.75
The presence of ethane as a contsminant was not considered to be a serious
problam because the reaction of NHZ with ethane had been shown to be much

slower (-3.5:10-18 cnd

52

nolcculo" soc") than the reasction currently under

study.
Acetylene (Matheson, 99.6%) was introduced into the gas handling
system through a trap cooied to -100°C using isopentane and liquid

nitrogen, The purpose of the trap was to remove most of the scetone in

8

which the acetylene is shipped.'~ The sample was purified as describec

earlier in this section and distilled from an iscpentane-liquid nitrogen

slush bath at about -140°C. None of the original contaminants, nit-ogen,

78

oxygen, and acetone = were detect d in a subsequent mass spectral analysis.




2. Gas Mixtures

After purification, gases were mixed tc provide samples of varying
desired composition. Ammonia was generally introduced intc one of the
storage bulbs first; the substrate was added next, and finally the mix was
brought to the final total pressure by adding Argon (Scientific Gas Co.,
99.9999%) which was used without further purification. The Argon added
helps to reduce the sharp temperature rise that might have accompanied the
absorption of the large flash energies by the reactant in a very short
time.79 Also, the addition of buffer gas reduces diffusion times. All

pressures were read on the MKS Baratron to ,001 torr.

J. Experimental Procedure

The experimental procedure was essentially the same whether
experiments were conducted in the flowing mode or in the static mode. A
premixed sam:ie was introduced into the reaction cell, and the dye laser
tuned to 568.2 nm (cr 570.3 nm). The laser beam was then directed through
the cell as shown in Fig. 6. The nitrogen pressure in the flash lamp was
set at a syitable flash energy and flash repetition rate and the sample was
flashed until at least 1000 counts had accumulated in the first data
channel of the MCA,

The flowing mode, in which a sample was flowed throﬁgh the reaction
cell at a rate such that the reacting gases were theoretically replenished
in the reaction cell once every 3-5 flashes, was used to probe the
occurrence of reactions of an with products. A change in tne rate of

reaction measured between the static and flowing moders w-ould indicate tne
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possibility of an intartoring Nﬂz-produc: reaction,

Experimentally, g;s flow was controlled by throttling through a
Nupro metering valve (Fig. 10) which had been calibrated for various total
forepressures. The Baratron was offset by the total pressure desired and a
Granville-Phillips Autcmatic Pressure Controller convertad the difference
between ‘he actual pressure and the offset pressure into a voltage which
opened (or shut) the servo metering valve so as to minimize this difference
and maintain che preset pressure, Extensive use of the flowing mode was
precluded in the ethylene and acetylene experiments because of the large
amounts of these gases that would have been required. In phosphine
experiments, pressures below aboﬁt 20 torr could not be accurately
controlled using the existing flow apparatus,

In static mode experiments, samples were replaced between
experiments except when the experiment took a large number of flashes to .
accumulate significant signal. In the latter case, then samples were
replaced at intervals during the experiment in order to minimize any
interference from product buildup, As a substitute for flowing mode
experiments, an experiment was periodically conducted in which a sample was
flashed a given number of times., A second experiment was conducted under
the same conditions except that the mixture was replaced periodically until
the approximately same number of flashes had accunulated. If nc change in
the rate const. . was observed between these single fill and multiple fill
experiments, no reaction with product was indicated.

In order to probe reaction parameiers, conditions such as f{lash
energy, concentration of reactants, total pressure and temperature were
varied for each reaction studied. The results of these experiments are

provided in the f7llowing chapters,




CHAPTER 3
RATES OF REACTIONS OF NH

5 WITH ACETYLENE AND 'ETHYLENE

A. tie Effect of Filters on Flash Lamp Qutput

1. Elfective Flash Energy

Experiments were conducted to determine the impact of the window
and filter combinations used in limiting the wavelengths put out by the
flash lamp. This information is ﬁecessary so that the effective flash
energy at whicﬁ an experiment is conducted can be quoted and to provide an
estimate of the initial NHZ radical conrentration in order to evaluate the
potential impact of secondary reactions,

Experiments were conducted for each of three window and filter
combinations for which the filter specifications are given in chapter 2

ar” the window characteristics are given by 0kabe8°

. The 2 mm thick
windows were set in the bcttom of the outer chamber in the optical train
of the flash lamp and the filters were placed in the outer chamber

directly over these windows, A 15 torr total pressure mixture containing

0.600 torr of ammonia in argon was flashed in the static mode at 298°K.

The relative flash lamp output was determined by extrapolating a plot of
fluorescence ccunts less background vs time to t=0 and cividing the

'initial count' by tne total number of flashes used. This 'initial count
per flash', ICPF, was taken to be & measure of the photon f{lux reaching
3 the cell since, as was s .~wn in Chapter 2, the fluocrescent radiaticn is

proportional to the :ncident racdiation absorped. The ratio of ICPFs from




one set of experiments to the next was used to quantify the relative

effectiveness of each filter and window system. Table 3 gives the results

of these experiments.

Table 3

Relative Effective Flash Lamp Energy

Window Material Filter % Energy Transmitted
LiF none 100
LiF 175.0 nm 43
Suprasil 206.0 nm 1

Table 4 gives tne effective flash energy output corresponding to a given
applied charging voltage. Values in the 'LiF only' column are calculated

using equation (65) where C=4.5 microfarads.

(65) E = 1/2 CVW

Values in the other two columns are calculated by applying the appropriate
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relative effectiveness factors from Table 3. These flash energies are used

in the appropriate columns of the data tables to be presented.

Table 4

Effective Flash Energy

Applied Voltage LiF only LiF/175.0 nm filter Suprasil/206.0 filter

(kilovolts) (J) o) )
2.5 14.1 6.0 1.5
3.0 20.3 8.7 2.2
4.0 36.0 15.5 4.0
5.0 56.3 24.2 6.2
6.0 81.0 34.8 8.9
7.0 110.3 47.4 12.1
8.0 144,0 61.9 15.8
9.0 182.3 78.4 20.0
10.0 225.0 96.8 24.8
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In a second set of experiments, kobs was measured at 298°K for a
15 torr total pressure reaction mixture consisting of 0.600 torr of

ammonia and 1.250 torr of ethylene in argon. k, was measured for a mixture

d
at the same temperature, total pressure and ammonia concentration, but

containing no ethylene. A plot of (kobs - kd) vs effective flash energy
for the same set of window and filter combinations as were used in the
previous experiments is presented in Fig. 11. Values of (k.obS - kd) are | ;
relatively constant with increasing effective flash energy up to about 20
Joules. Above this energy, an increase in (kobs - kd) with increasing
flash energy is noted. ‘

This flash energy effect is characteristic of systems in which
secondary reactions have become significant and in which the quantity

(k - kd) no longer reflects the rate of the elementary reaction under

obs

study. Here, in particular, the reaction of NH, radicals with ethylene

2
could be affected by increased H atom production from the photolysis of i

ammonia when using higher energy flashes., H atoms are scavenged by CZHH in

reaction (32):

M - -12 _3 -1 -1 81
(32) H + Cz"u - 02H5 k32 = 1.13x10 cm” molecule ' sec

and CZHS radicals can react with NH2 radicals by (34)

M . -11 3 . -1 -1 82
(34) NH2 + C2H5 NHECZHS k3u = 4,2x10 cm” molec @ sec

Equation (61) would then need to be modified to include this new Nﬁz loss

factor to give:




i

(P)AOYINI HSYIS 3NILD3443
10 o 4 vl el o ) 9 14 2 o

,,.098)Py - 30y

Oc

78

B o021

[~ -jov)

(-008) Py - "y

™ - 091
an 3INON ®

= M wQell v - 08!}
NSVHINS w902 .

B MOONIM  H3LUJ TOIWAS - 002

ORIGINAL PAGE IS
OF POOR QUALITY
L J

B - 022

1 1 1 1 1 1 | 1 ] 1 | 1 1 1 1 1 | 1 1
00€ SB82 OlZ GS2 Ob2 G22 OI2 S61 081 691 OGI GgI 021 GO1 06 G6L 09 Gv Ot Gl

ove

: () AOY3N3 HSV3 3AILD3443
] SINVISNOD 3LVH H3GHO ISHId QIAY3SB0O NO A9Y3NI HSV1J 40 13443

11 2an8gy




79

ORIGINAL PAGE IS
OF POOR QUALITY

-dln[Nsz i
dt

(73) rate = k27[x] * k3“[YJ

where X 1is the substrate C,H, and Y is the substrate PLT \
Clearly, an increase in the production of H atoms will result in an
increase in [CZHSJ and thereby increase the rate of consumption of Nﬂz
radicals due to reaction (34). Therefore, in order for the rate
measurement to reflect only reaction (29), reaction conditions must be

tailored so as to minimize the effect of (34) by keeping H atom production

as low as possible.

2. NH2 Radical Production

The effect of secondary reactions such as (34) can be determined

if the rate constant for the reaction is known and if the NHZ radical

concentration can be determined, In order ¢t estimate the NHZ radical

production under the present conditions, it would have been necessary to

measure the absolute photon flux under each set of optical conditions
64

used, Klemm and Stief  had calculated that the photon flux from the flash

lamp passing through just a LiF window and incident on a smaller cell

2 2

was about 101 photons em™°, Their results were based on a measurement of

the C H2 produced by C

2 photolysis in the reaction:

2ty

(7“)CHu¢hv-CH + H

2 22 2

The results of Klemm et al. cannot be directly appiied to give an

absolute photon flux for each of the window/fiiter conditions used nere
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unless the flash lamp output is uniform cover the range 105.0 nm to about
210.0 nm and the absorption coefficient and quantum yield of NH3 are known
over the same wavelength range. Qualitatively, however, it can be reasoned
that the restricting filter bandwidths and windows pass less radiation
than does the LiF window alone and lead to the conclusion that the photon
flux is certainly reduced from the Klemm et al. value, In addition, the
larger cell volume and the increased distance between the current cell and
the flash lamp should further reduce the photon flux, These considerations
and the relative flash lamp outputs tabulated in Table 3 lead to placing a

-2

crude upper limit of about 1011 photons cm = on the photon flux using the

Suprasil/206.0 nm window/filter combination. NH

3
a Quantum yield of unity66 under the optical conditions used in these

photoylsis proceeds with

experiments, If the average ammonia absorption coefficient over the

bandpass of the 206.0 rm filter is about 100 atm™' cm™', the initial NH

0

2

concentration, [NHZJo’ is conservatively estimated to be ~2x101 molecules

cm'3 for a typical 1 torr ammonja partial pressure,

B. The Rate of Reaction of NH., with Ethylene

2

1. Experimental Considerations

a. Secondary Reactions

In studying the rate of reaction of NH2 with ethylene, it was
necessary to ensure that measurements were conducted under conditions such
that pctential secondary reactions in winich NH2 was consuned were

unimporsant.
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The following reactions must be considered when a mixture of
ammonia and ethylene are flashed under the optical conditions described in

chapter 2:
an NH3 + hy » NH2 + H
diffusion

(75) NH,

(18) NH2 + NH2 + M- NZHH M

k18 z 6.9x10'3o cm6 molec™2 sec™! 30
(23) NHZ + He Mo NH3 + M k23 =z 6.1x10'3° cm6 molec'2 sec™! 49
(29) NHZ * CZHu + products
(32) Cpl, + H + M » Cyig + M ki = 1.1x107'% ca® molec™' sec™ &
(34) NHy + S Hg » products Ky @ 4.2x10~"" o3 molec™! sec™! 82
Kog = 2.1x10~"" ca3 molec™! sec™! 83

The rate constants, where temperature variant, are for 298°K.

ror a typical flasn lamp output, the initial NH., and H

2
concentrations are estimated to be about 2x101° molecules cm°3 (based on

the argunents in the previous section). At 298°K and 25 torr total

pressure, in a mixture of wnicn one torr was CZHQ‘ 0.5 torr wa: amaonia
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and the remainder argon, reaction (32) would be about 10  times as fast as

reaction (23). It is therefore assumed that most of the hydrogen atoms
produced by the photolysis of ammonia will react rapidly with czﬂu to
produce CZHS and that reaction (23) can be neglected. Basel -~ the rates
of (34) and (76), only about half of the czus will be consumed by reaction
(34). Under these conditions, the pseudo-first order contributions to the

comsumption of NH, by reactions (18) and (34) are calculated to be 0.1

2
sec-1 and about 0.4 sec", respectively, By using sufiiciently large

ethylene concentrations, kobs from (29) can be made large compared to the

pseudo-first order contribution due to (18). k.. measured in this study

1

75
at 298°k and 25 torr total pressure., Under these

was found to be ~19 sec
conditions reaction (75) will therefore be the 2nly other significant
process (exclusive of reaction(29)) by which NHZ radicals are consumed,
An increase in pressure could cause the contribution to the

consumption of NH, due to reaction (18) to increase, lare was taken

2
therefore, to avoid high pressures. Total pressures were limited to ~100
torr, however, mainly because higher pressures than these resulted in
severe quench;ng of the fluorescence signal. This linitation
coincidentally avoided any significant contribution due to reaccion (18).
The use of very low pressures did create a minor problem in that diffusion
increased, and therefore the theoretical uncertainty in kbi which, based
on the statistical treatment in chapter 2 was shown to be :{(kobs)1/2 -
(kd)1/2}' also increased.

In order to ensure that secondary reactions such as (34) and (18)
dig not contribute significantly to the pseudo-{irst order rate constant,

the flashing energy was routinely varied by at least a factor of & and by

as much as an order of magnitucde, An increase in kobs with increasing
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flash energy could indicate an increase in the production of H and Hﬂz
(and subsequently lead to an increase in Caﬂs production due to reaction
(32), This situation would result in an increase in the rate of "HZ
consumption due to secondary reactions. Those few experiments in which
kébs appeared to show an increase with increasing flash energy beyond
experimental error were cmitted,

Since radical-radical reactions have little or no activation
enersyeu. their rates are for the most part temperature independent, The
effect of secondary reactions sucu as (34) should be more significant at
lower temperatures where reactions such as (29), which have larger
actizacion energies and therefore greater temperature dependence, are
slower,

Experimental conditions limited the range of variation of ethylene
concentration. For example, the very slow rate of reaction (29) precluded
conducting experiments below 250°K because of the large concentrations of
ethylene that would have been requirecd to give a satisfactorily high
pseudo-first order rate constant, Attempts to use partial pressures of

etnylene greater than -8 torr resulted in a substantial loss of signal,

presumably due to quenching of the NH2 fluorescence.

b. Analysis for Reaction with Products

In order to investigate possible reactions of NHZ radicals with
any of the products of the initial reaction of NH2 with ethylene, two
types of experiments were conducted., In one, the rate of reacticn in the
flowing mode was compared to that in the static mode, Diffusion mixtures

and reaction mixtures were flowec Through tne reaction cell at a volume

0 i




rate of flow which could have replaced the reaction mix every 3 or &
flashes had a plug flow been established. Since, however, the sample inlet
and outlet tubes were 30 narrow (1/8 inch 1nnor.diluotcr) and the cell
volume 30 large (~300 003). it is most likely that only a turbulent flow
vWas estabiished and the cell contents were ﬁoélconplctcly swept out and
replaced with the regularity cited,

Flow experiments were conducted at 15 torr total pressure and at
298°K. The (first order) diffusion from flowing runs was 25:2 scc". This
compared with static runs under the same conditions which also gave 25:2

soc". Reaction mixtures containing 2.813 torr of ethylena run in the

flowing mode gave kobs z 61 sec" and static runs under the saps

1

conditions gave 6523 sec” ', The bimolecular rate constant calculated by

direct application of equation (77):

(7 kobs s RDIICZHuJ * kd
gave 3.95:(10"6 cm3 moloculc" stc". nearly identical to the results
obtained using the static mode (3.99:(10"16 cm3 polecule™! sec™)).

In a second set of experiments conducted at <98°K, 15 torr total
pressure and 12.1 J flash lamp output energy, a comparison was made of the
reaction rate constants for varying numbers of f{lashes per filling. kobs
values for three such experiments were: kobs =z 28 sec-1 125 flashes in 1
£i1l), 28 sec-1 (125 flashes in 5 fills), and 27 sec-1 (140 {lashes in 2
fills). These experiments indicate tnere is no detectable reaction with
products.

In order to ensure that no fluorescence due to any spccies other

than laser excited NH2 radicals was detected, experiments were conducted
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in which a mixture of ethylene and argon was flashed with the laser
passing through the mixture. No photon count above background was
detected. In addition, a reaction mix containing ethylene, ammornia and
argon was flashed with the laser blocked and, again, there was no photon
count detected above background, This second exzperiment ensured that no

fluoreacence was detected due to any species created by the flash lamp.
2. Ethylene Results

All of the experiments were carriad out under pseudo-first order

conditions where [czuul > [Nﬂzl. The initial ethylene concentration was

never less than .1.5x1016 molecules c£3; the initial NHz concentration was
0

calculated to be about 2x1o1 molecules u§3. The decay of NH. radicals may

2
then be represented by:

-dln(NH_]
2 =
dt

K

(78) obs

Integrating (78) from t=0 to some other time, t, gives:

(79) 1n [NHZJ s -kob t « 1n [NH

s 210

wnere {NHZJO is the initial NH, radical concentration and iNHzl is the NH

2
rajical concentration at time, t,

2

Fluorescence counts have been shown to be proportional to the NH2
racical concentration. Net counts (gross counts less background, where
background is the average of photon counts in the last ten channels) in a

typical experiment are ploti~d against time in Fig. 12 for each
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" Legend for Fig. 12

Temperature Ptotal [CZHMJ Flash Energy [NH3]
(°K) (torr) (mtorr) ) (mtorr)
250 25 2235 8.9 1118
298 15 1250 15.8 600
373 25 2054 6.2 T49
465 35 719 12.1 841

note: the graph of data at 298°K is displaced

of magnitude for clarity of presentation.

downward by an order
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FIRST ORDER DECAYS FOR NH, +CoH,
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temperature studied. The linearity of these plots indicates that the
decays represent a first order proc;ess. Since scatter and scme possible
curvature was noted in later portions of the decays (not shown), only the
linear, initial portions of the decays were used,

Values of k. were calculated from the slopes of plots of ln (net
counts) vs time, such as shown in Fig. 12. Analysis was conducted by an
on-line linear least square: computer'prograu using the RDA miniprocessor
described earlier. A complete data table containing values of kobs for
corresponding conditions of temperature, total pressure, ammonia and
ethylene concentrations, and flash energy is presented in Appendix I.
Values of kobs reported for eachAexperiment are the average values for the
analysis conducted under several different start and stop channels.

The observed pseudo-first order decay constant is represented by

equation (77):

A plot of kobs vs [CZHMJ yields a straight line with slope equal to Koy
and an intercept of kd since reaction (29) is the only elementary reaction
contributing to the consumption of NH2 radicals, Fig. 13 shows a typical
plot of kobs vs [CZH“]° Experiments in which data points have identical
kobs values for a given ethylene concentration are represented by a circle
circumscribed around the plotted point. Table 5 is a summary of kbi values
obtained for each of the experiments listed in Appendix I (a set consisted
of a group of experiments performed at a fixed temperature, total pressure

and ammonia concentration and varying only in ethylene concentration and

flash energy). Uncertainties quoted are at the one standard deviation

L R e e
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Table 5
Summary of kyq Results for lel2 + Ethylene \
Temperature P, ... [NH, ) ¢ of Kpg (x10'%)
(°K) (torr) (mtorr) Experiments (cm3 molecule™! sec™!)
250 10 475 21 1.9120.16
25 1192 28 1.49:£0.10
1118 32 1.5420.16
50 2235 21 2.08:0.09
298 .10 400 23 4.85£0.35
15 600 25 4,7820.16
4 4,42¢0.15
25 1000 24 4.30£0.15
’
20 2.58+0.09
1463 26 3.3520.14
35 1400 23 4.2920.15
k|
50 1000 29 3.0180. 24
100 666 16 3.5020.27 :
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373 5 500 12 10.17£0.30
10 500 18 11.9321.40

a5 1249 23 9.7820.38

799 16 8.6420.26

T49 30 11.9522.66

35 1118 n 9.34£0.54

465 25 651 13 16.4£0.7
25 603 19 24.821.0

1001 28 19.124.1

35 841 26 18.320.5

460 5 327 14 11.620.4

level and are based on the treatment presented in chapter 2. The 5 torr
total pressure experiments performed at U60°K are treated separately and
will be discussed later,

The average value of kbi for each temperature studied is presented
in Table 6. (The high temperature set does not include the S torr

experiments,)
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Table 6

Arrhenius Plot Data for NH2 + Ethylene

Temperature ¢ of Kpi (x1016)
(°K) Experiments (cm3 molecule™! sec™))
250 102 1.76£0.29
298 268 3.992£0.77
373 110 10.3%1.4
us5 86 19.723.6
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Values of 1n kbi at each temperature are plotted against 1000/T in the
Arrhenius plot of Fig. 14. The calculated intercept is -31.010420.0725 cn3

-1

molwu].e'1 sec ' and the slope is 1318223 degrees". The temperature

dependent rate constant for reaction (29) is therefore:

-14 e-(1318:23)/T 3 -1

Kyg = (3.41£0.12)x10 en3 molecule™! sec
Since the slope represents -Ea/R. the activation energy for this reaction
is Ea = 2.619:£0,.046 Kkcal/mole.

No change in the rate constant was noted for a change in the total

pressure except at the very highest temperature, and then, only at the

lowest pressure examined, S torr,
3. Discussion

In an ab initio calculation of the energetics of the addition of NH
85

2
to CZHu. Shih et al,

predicted that the addition process is exothermic
by 17:2 kcal/mole (In chapter 1, the abstraction channel was shown to be
exothermic by 5,1 kcal/mole,) They also predict an activation energy of
~35-40 kcal/mole for the addition channel to account for the relative
unreactivity of NH2 towards addition to olefins. This value stands in
contrast to the lower activation energy value of 2.6 kcal/mole presented
here, The small pre-exponential factor determined from the experimental
results of this study appears to account for the slow rate of this
reaction,

The results presented nere are in good agree.ent with those

. 6 . s ;
predicted dv Eenson.s Benson states tnat addition of a radical to a
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stable unsaturated species generally requires a small activation energy
‘then the reaction is exothermic, Benson hypothesizes that the aotivation
energy results from the crossover of an electronic state of the reactants
with a different state of the products. Both NHZ and czuu need to
rehybridize their molecular orbitals in forming the adduct and Benson
points out that such a change should occur at relatively close range,
implying the same type of tight transition state as is found in
abstraction reactions.

The small pre-exponencial factor found in this study (3.&::1(.)'1’4

)
is even lower than that found by Khe et al. (ux10"3) and is far smaller
than that which would be predicted by Benson.a7 The value found here is
consistent with a low steric factor which might be expected for the
reaction of NHZ and ethylene,

The experiments of Hack et al.uG (also shown in Fig. 14) stand in

contrast to those in this study and to those of Knhe et l1.51

(also shown
in Fig. 14), Hack et al. predict the formation of an adduct based solely
on an assumption that NH2 reacts with unsaturated olefins in analogy to
the reactions of the isoelectronic OH with C2H2' Hack et al. find that the
rate of reaction (29) is temperature invariant indicating that they are
measuring the rate of a process that has no activation energy, such as a
radical-radical reaction. In addition, adduct formation should be
evidenced by a pressure dependence in the bimolecular reaction rate
constant (as shown in equation 16), The experiments of Hack et al.,
however, were performed over too small a pressure range (0.4 torr to 1.0
torr) to show any pressure effect; however, their results should have been

lower than those found here at nigher pressures if the nigh pressure limit

is greater than 1 torr, Thls is suggested by the Jdata presentecC here, bdut




only at 465°K. Finally, it should be noted that, as has been mentioned
previously, it is impossible to eliminate the potential interference due
to wall reactions in a flow system,

Hack et al, prepared NHZ in a glass flow tube by the reaction:
(78) NH3 + F o Nuz + HF

where F atoms were generated by the microwave discharge of Fz. The same
microwave discharge used to produce F atoms could also have produced O
atomns if all of the O2 present as an impurity in Fz was not removed prior
to use, In addition, the hotcrog;ncous reaction of F atoms with the 8102
of the flow tube walls or with possible water adsorbed on the walls could
also lead to the production of O atoms. Then the occurrence of the

homogeneous reaction :88

1 1

(79) NH, + O = NH + OH g 3.5x10" ' cn3 molec™! sec”

ky
« HNO + H

must be considered here as a possible candidate to explain the difference
between the Hack et al. results and those reported here. This problem was
avoided in the present study by the method of generation of NHZ.
As shown in Fig. 14, the results of Khe et 31.51 agree closely
with those found in this study, The increased sensitivity of the laser
fluorescence method over that of laser absorption used by Khe et al.
should indicate a higher level of confidence in tne results presented

nere, especiaily at the lower pressures under wrich the dulxk of this study
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was conducted.
The possibility of a pressure dependence in reasction (29) as

51

reported by Khe et al. was investigated. At 5 torr total pressure and

460°K, the bimolecular rate constant dropped from (1.97:0.26):10'15 to

(1.16£0.04)x10™ 12

or, about 60% in good agreement with the approximately
50% drop reported by Khe et al. If an adduct was formed by the reaction
channel:
(29) NH, + 0284 + M- Nﬂzczﬂu + M
an increase in pressure of the bhird body gas, M, would help to stabilize
the adduct by removal of excess energy through collisional transfer, The
reaction would be bimolecular st the high pressure limit and exhibit a
termolecular rate constant behavior as the total pressure approaches zero
ccording to the discussion in chapter 2. The bimolecular rate constant
-asured here represents the high pressure limit for reaction (29).

C. The Rate of Reaction of NH, with Acetylene

2

1. Experimental Considerations

Sketchy information makes 2 complete evaluation of the importance

1zary reactions of the NH2 - caaz system difficult, Reactions (i7),

3), and (23) which were already evaluated with regards to their

NH, « ethylene may be disnissed as relatively unimportant or

2

rtance zan be reduced here based on the same arguments, In
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k;b . (l.2620.20)x10"3 on molecule”! sec~! 89

end (81) NHZ * 62H3 « products

need to be considered here,

Since, from similar arguments as presented earlier, resction (80)
is ~105 times as fast as reaction (23) at around 25 torr total pressure,
(80) is assumed to be the major consumptive process for H atoms and there
should be a one-to~one correspondance between [H]) produced and tczﬂsl.

The rate of resction (81) has not been measured. The hond

additivity method of Benson’®

was used to calculate heats of reaction from
heats of formation, Based on values of AH; provided in Bcuson91 the
sddition channel for reaction (81) is found to be endothermic. The
abstraction channel for (81) is about s exothermic as i3 the
corresponding reaction of NHZ with C2H5 (AH;- =72 kcal/mole vs AH;~ -T1
Kcal/mole, respectively). Therefore, reaction (81) is determi:rs«i ro be
about as fast as reaction (24).

All other factors, such as [NHZJO' being approximately equal,
reactions (18) and (81) could provide the only significant contribution to
Kobs from secondary reactions, As was pointed out in section B above,
however, contributions dus to secondary reactions may be indicated by an
increase in rate constant with increase in fla.“ energy. Flash energy was
continuously varied by a factor of at least 4 and by as much as 10 for all
resciion Tets and no significant change in the rate constant was

noted, Additionaliy, any significant contribution due to reaction (38)

should be evident by an increass in Rb‘ Hdith {ncreasing pressure anc the




99

rate of (18) should be temperature independent. While there is a small
increase in kbi with increase in pressure noted at higher temperatures, no
similar increase is noted at lower temperatures and therefore, there is no
evidence of any contribution to k. . due to reaction (18).

Values of ky measured agree to within about 10% with the
intercepts calculated from graphs such as in Fig. 16 except at the highest
pressures measured and then, only for the highest temperature runs. This
disagreement is also noted for tue high pressure, high temperature runs
conducted in the NH2 + ethylene experiments, A possible small contribution

to k by a pressure dependent reaction may be hinted at here,

obs

As with the ethylene expériments. an investigation of the reaction
of NH2 radicals with reaction products was conducted using both the
flowing mode and the method of multiple reaction cell fills described
previously. No indication of any significant change in rate constant was
noted when using these diagnostic tools and, therefore no reaction with
products is suspected,

A reaction mixture of acetylene and ammonia in argon was flashed
with the laser blocked to determine if photons from any species other than
laser excited NH2 were being collected by the photomultiplier. 'In another
experiment, a mixture of only acetylene in argon was flashed with the
laser tuned to 568.2 nm to determine if fluorescence from either excited
acetylene or from a possible acetylene photofragment was being collected

by the photomultiplier. In neither experiment was any photon count above

normal background detected.
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2. Results

As with the ethylene experiments, all of the experiments in this
section were carried out under pseudo-first order conditions where [CZH?]°
» [Nﬁ-lo. The acetylene initial concentration was always greater than or

6

equal to 0.799 torr (2.6x101 molecule cm'3). a factor of about 105 larger

than [NHZ o°

Figure 15 shows typical pseudo-first order decays for NHZ
in the presence of acetylene. The linearity of these plots demonstrates
that the graph is representative-of a first order process. Appendix II
contains a complete compilation of values of kobs calculated from the

slopes of plots such as in Fig. 15 for each variation of temperature,

total pressure, ammonia and acetylene concentration and flash energy at

which measurements were made, The value of kobs for a given entry is the
average value for analysis of that experiment under several different
start and stop channel conditions.

A modified version of equation (68):

can be used to obtain the timolecular rate constant for reaction (28).

(28) NH2 + CoHy -+ products
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Legend for Fig. 15

Temperature Peotal [Caﬂal Flash Energy [N"l3]
°K) (torr) (mtorr) J) (ntorr)
298 10 1045 15.8 500
373 25 1349 8.9 1237
uss 10 819 15.8 393

455°K line is displaced downward by one order of magnitude

note:
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A plot of measured values of kobs vs [caﬂzl yields a straight
line whose slope is kbi and whose intercept is kd‘ A typical plot for a
set of k. . vs [C,H,) data at 465°K, 25 torr total pressure, and 1,000
torr of ammonia is presented in Fig. 16. Table 7 summarizes kbi values
obtained from a similar graphical analysis for each set of experiments
listed in Appendix I11I.

Unlike the ethylene results, the reaction of NHZ with acetylene
shows a clearly defined increase in rate with increase in pressure at both
373°K and 459°K. In Fig. 17, kyy for reaction (28) is plotted against
total pressure for each temperature studied. 459°K is the average
temperature for the highest température experiment sets from Appendix II.
In using the average temperature only about 1% error is introduced. The
lower two temperatures show no pressure effect; at 373°K, there is a
significant (50%) increase in kbi from 5 to 100 torr and on the 459°K
curve, a 100% increase in kbi is noted for the same pressure range.

In Table 8, average values for kbi are presented at 241°K and at
298°K. Values for K., at 373°K and 459°K represent only the high pressure
experiments where it appears that kbi is approaching a limiting value, At
neither of the high temperatures was it experimentally possible to conduct
higher total pressure experiments because of quenching which caused a loss
of NH2 fluorescence signal. The data in Table 8 are graphed in Fig. 18 in
an Arrhenius plot. This plot was initially thought to be slightly curved,
but a straight line can be drawn through the data points within the
uncertainties, while it cannot be proven that the reaction rate constant
nas reached the high pressure limit, it appears from the graph to be
approaching it., The data from Table § were used to derive an expression

for tne rate constant of reaction (28) near tne high pressure limi::
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Table 7

Sumary of kbi Results for NH

+ Acetylene

2

Temperature P, . ., (NH,) # of kai (x101%)
(°K) (torr) (mtorr) Experiments (a3 molecule™! sec™!)
241 25 1005 17 0.559£0.071 ;
298 10 500 19 2.00£0.13 *
25 1000 16 2.18£0.09
957 20 1.68£0.11
10u0 5% 2.242£0.22
600 5 2.02:£0.36 -
50 | 800 13 1.642£0. 11 ;
373 5 320 14 4,67+£0.20 ?
10 479 17 4.9920.26
25 1237 21 5.31:0.28
50 799 8 7.17£0.36
100 795 1" 7.06£0.20
460 5 260 13 12.520.8
455 10 393 29 10.320.5
463 25 1004 18 16.320.4
448 1000 11 14.820.5
463 50 805 13 20.620.6 )
4su 100 819 1 21.0:0.9 :

*7lowing mode experiments
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Figure 17
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Table 8

Arrhenius Plot Data for NH2 + Acetylene at the High Pressure Limit

Temperature # of kbi Pressure Range
(°K) Experiments (cm3 molecule™' sec™!) (torr)
2u1 17 (5.59:0.71)x10™ 17 25 only
298 78 (1.96£0.25)x10™"° 10-50
373 19 (7.12£0.06)x10™'8 50-100
459 12 (2.08£0.02)x10™ 1 50-100
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Kgg ® (1.1120,36)x10713 (1852210001
3. Discussion

The only other study of the rate of reaction (28) was performed by

Hack et .1.“5

using the same discharge-flow system as was desoribed
previously with regards to their experiments with Nﬁz and ethylene. The
Hack et al data are displayed in Fig. 18. Hack et al. used the same method

to generate NH., in their acetylene study as they did for their ethylene

2
study. The same possible hamogeneous reaction (79), that of NHz with 0,
that could have caused the ditfefence between their results and those
cited earlier in this study with regards to ethylene could alsoc be causing
the difference between their acetylene results and the scetylene results
in this study, Because the method of NHZ production used in this study is
not subject to the chemical and physical complications as the Hack et al.
study, the results presented herein should be regarded with a much h. aer
level of confidence,

The experimental conditions of very low pressure (0.35 torr to 1.2
torr) used in the Hack et al. study could not be duplicated using the
flash photolysis apparatus, At these pressures, kobs due to diffusion
should increase dramatically (at 5 torr in this study, diffusion was 106:3
scc") while kobs due to reaction (28) would drop because of insufficient
acetylene (0.75 torr of acetylene would give kobs of only -4 scc-z at
298°K). Measurements made under these conditions using the flash
photolysis apraratus would generate an unacceptably high uncertainty and
render any results 30 obtained meaningless,

The pressure dependence of NY, « 5232 parai.eis the behavior of H

it g i g il

St il
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and OH towards reaction with czuz 89'92. The pressure dependence in both
the H and OH reactions is more pronounced indicating that it is easier to

stabilize the adduct and the.rates of these reactions are much higher

primarily due to the larger pre-exponential factor, Thermochemical

calculations based on partial bond contributions from Bomon” indicate

that adduct formation should be exothermic and s possible parallel between

the mechanism suggested by Michael et .1.92 for OH and czuz and the

iscelectronice Nﬂz with CZKZ could lead to the formation of cazcuu. an

imine. No eviden:e to support this suggestion is available from this

study.

In comparing the rates of reactions of Nﬂz with ethylene and with
acetylene, it was anticipated that ethylene would reach its high pressure
linit faster than acetylene because the ethylene adduct has a higher
number of vibrational modes available for redistributing excess unergy. -
The ethylene reaction was faster and it reached its high pressure limit at
a lower pressure. In the ethylene reaction, however, the metathetical
channel may dominate the kinetics and adduct formation may not be
important until highcr'temperntures are reached.

‘The unequivocal pressure dependence in the rate of the acetylene
reaction leads to the conclusion that at least there is sn adduct forming
channel for this reaction, If the metathetical channel is also
significant, then, at the low pressure limit, ko will have some finite
value, This seems to be indicated by Fig. 17. Unfortunately, lower
pressure experiments were not possible with the technique used in this

study.
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CHAPTER 4

THE RATE OF REACTION OF NHZ WITH PHOSPHINE

A. Experimental Considerations

This study presents the first reported measurement of the rate of
reaction of NHZ with PH3 by either direot or indirect methods, In studying
the rate of this reaction, sovcrﬁ experimental considerations were nade
including testing for possible secondary reactions, possible reactions of
NHZ with products, and reducing light scattering due to particulate
formation.

Secondary processes which may be important in this system in

addition to (27),

(27) NHZ + PH, » NH, « PH

3 3 2

are: (15) NH2 dif{usion

(23) NHZ - NHZ e M- NZH“ + M

k23 s 6.1x10739 ez’ molecule™! sec™! 30

(83) H » PH3 - H2 . PH2

1 3

kgy (298%K) s (3.7620.32)x10" '€ em 1 gec=? 9

molecule ' se




ne

(84) Rﬂz * Pﬂs s Mo '“2’"3 oM
uf“z“) = 54§ keoal mole~! 95

(8%) ﬂﬁz . Pﬂ3 +Ms lﬂzPH e HaeN

2
- 95
au;(zga, =23 kcsl mole-1

Reaction (27) is much faster than the corresponding reactions of
NHz with ethylene or acetylene and other Naz loss processes such as (75)
or (23) become relatively much less significant and do not interfere. In
addition, if low total pressures are used, the effects of termolecular
loss processes are minimized. .

There was no evidence of reaction with products in any of the
measurements conducted, Multiple fill experiments gave identical rate
constants to those which were derived from single fill experiments. First
order rate constants did not change when flash energy was varied by a
factor of as much as 5 and therefore, detectable interference by secondary
reactions was ruled out.

The effect of flash energy on reaction rate was probed further.
Earlier experiments were run using a 175.0 mm filter and a LiF window in
the outer chamber over the flash lamp; later experiments were perf{crmed
using a suprasil window and 206.0 mm bandpass filter over the flash lamp
in the outer chamber. According to Table 3, the photon flux incident on
the cell was reduced by a8 factor of adbout & when switching from the 175.0
nm filter to the 206.0 nm filter. Identical rate constants were obtained
for both filter/window combinations indicating that even with the
increased HHZ and H production when using the 175.0 nm filter, there was

no incresse in the rate of consumptiion of Nﬁz radicals. Thus, any effect
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due to secondary reaction was dismissed as being negligibly small,

Values of k, measured (diffusion experiments) agreed with
intercepts calculated from kobs vs {PH3] plots except in s few of the high
temperature (373°K and 456°K) experiments, providing additional evidence
to support the position that there was no interference from secondary
reactions, The few deviations that were noted at high temperatures
displayed no pattern. These anomalies could have been due to small changes
in the total pressure of a mix during reaction runs due to absorption of
ammonia onto glass surfaces; however, this was not deemed likely since
pressure changes were always less than 0.1 torr, or only a few percent of
the total pressure. Further, chié anomalous behavior occurred only at high
temperatures where surface adsorption should be least important. No other
plausible source for this anomalous behavior has been determined.

The formation ¢f a particulate of unknown composition was a
problem that made NHZ + PH3 experiments difficult and eventually limited
the conditions under which experiments were conducted. Particulate
formation did not appear to influence the value of the rate constants
measured and could be avoided by adjusting reaction conditions. For
example, when flashing a reaction mixture at total pressures above 10 torr
at rocm temperature, the background photon count due to scattered laser
light was observed to increase such that after 2 or 3 flashes, the
background increzased oy about 3 orders of magnitude over its normal value.
With such high a background, no measurement of the NH2 fluorescence signal
was possible, At lower temperatures, this phenomenon occurred at total
pressures greater than 5 torr while at higher terperatures, the onset of
particulate formation occurred at pressures above ZG terr, It is

rzasonable that any particulate should form and stabilize at low
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temperatures and high pressures whers excess thermal energy can be
absorbed by third bodies in collision or by the vibrational modes of the
molecules in the particulate. In the extreme case, at very high pressures
(50-100 torr), reflected scattering of the laser beam could even be
visually observed in the side arm of the reaction cell,

In order to avoid interference from scattered light due to
particulates, only low total pressure conditions were examined. Low
pressures did not adversely affect rate measurements, but did preclude the
use of the flowing mode since it was not possible to accurately regulate
low pressures using the existing apparatus., The pressure range used was
later extended by introducing a~ﬁe11es Griot polarizing window into the
optical train just in front of the photomultiplier. The polarizer reduced
reflectively scattered laser light versus fluorescent light by about an
order of magnitude,

In order to eliminate any other possible source of particulates, a
complete replacement or cleaning of nearly all system glassware and valves
was performed; fresh, high purity tanks of reagent gases were introduced.
Neither change affected the conditions under which particulate formation
occurred or the extent of particulate formation,

It was thought that the particulate might be molecular phosphorus

25

formed by the Norrish mechanism™~, but when a mixture of only phosphine in

argon was flashed, no particulate formation was observed. Particulate

formation was, however, directly related to phosphine concentration in a
mixture.
1 It was also noted during experiments to elucidate the source of

scattering that different gases cause¢ the system to exhibit different

degrees of light scattering as evidenced by the bdackground photon count.
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Background was noted to increase linearly with gas concentration and the
amplitude of background photon count depended on the gas introduced. This
phenomenon was observed independently of the particulate scattering
problem and was present even when samples were not flashed.

The possibility of fluorescence due to excited PH3 or

photofragments of PH3 was eliminated., When a PH3 and argon mixture was
flashed with the laser blocked, no fluorescence was detected. Light from

the flash lamp plasma was not visible beyond the third channel of the MCA

at the shortest time bas:s used.

B. Results

All of the experiments were carried out under pseudo- first order
conditions where [PH3] > [NHZJ. The phosphine initial concentration was at
least 6.6x101“ molecules cm—3 whereas the initial NH2 concentration was

0

estimated to be about 2x101 molecules cm™>.

Figure 19 shows typical pseudo-first order decays for NH2
fluorescence counts less background vs channel (converted to time in sec
x103 for the time base used). These plots, which are linear over more than
2 reactive decay lifetimes, represent a first order process over this
interval. Appendix III contains a complete compilation of values of kobs'
Tnese values are calculated from the slopes of net counts vs time plots

such as shown in Fig. 19 for varying conditions of temperature, total
pressure, ammonia concentiration, phosphine concentration, and flash energy

at which the measurements were made, The value of ko for a given entry

oS
in Appendix III is the average value for that experiment under several

diiferent start and stop c¢nannel conditions,

i o
!
1
|




Legend for Fig. 19

Temperature Total Pressure Flash Energy [PH3] [NH3]
(°K) (torr) ) (mtorr) (mtorr)
218 2.5 6.2 27.34 342
246 2.5 8.9 T72.40 302
298 2.5 8.9 74.98 252
363 2.5 8.9 40.00 400
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If X = PH3. equation (68) becomes:
(86) koba z kbitPﬂ3] - kd

Equation (86) can be used to describe the bimolecular rate for the

process:
(27) NH2 * PH3 - NH3 + PHZ

A plot of measured values of kobs vs [PH3] ylelds a straight line
whose slope is kbi and whose intércept is kd. A typical plot for a set of
kobs vs [PH3] dats at 298°K and S5 torr total pressure with 250 mtorr of
NH3 in each sample is presented in Figure 20. Table 9 summarizes kbi
values obtained from a similar graphical analysis for each set of
experiments listed in Appendix III.

The average bimolecular rate constants for experiments at each
temperature studied are also presented in Table 9. These values are
displayed in an Arrhenius plot (Fig. 21), which is linear within the
uncertainties cited, indicating a single reaction channel. The large
uncertainty at low temperatures indicates that some curvature in the plot
cannot unequivocally be dismissed. If such curvature did exist, it could

be construed as providing some evidence for a possible second reaction

channel.
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Table 9

kbi Sumary for NH2 +* PH3

Temperature Pyotal [NH3] # of Ky g (x101“)
(°K) (torr) (mtorr) Experiments (cm3 molec™! sec")
218 2.5 342 8 2.56%0.59

12 2.71£0.72
5.0 342 8 1.96+£0.45 .
average k,, at 218°K 28 2.4120.40
247 2.5 302 9 3.78£0.52
16 2.39%0.12
18 3.09£0.22
19 3.78+0.31
5.0 302 16 2.66+0.19
17 3.93+0.13
average Kk, at 2u47°K 95 3.2720.65
298 2.5 250 20 7.1220.30
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363

456

4.0

5.0

7.5

10.0

200
280
244
366
750
208

average kbi at 29801(

2.5

5.0

average k.,

5.0
10.0
20.0

144
205
205
287

at 363°K
204

400
408

o
average kbi at Use®K

121

20 5.46%0.19
6 5.95£0.41
16 6.3920.22
20 5.5u20. 16
7 5.78£0.12
107 6.11£0.60
13 15.0£1.1
23 10.4£0.7
21 12.2¢0.9
10 12.5¢1.3
67 12.5%1.9
n 22.6£1.0
12 20.0£0.5
n 21.520.6
34 21.4%1.3
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The experimentally derived bimolecular rate constant is:

Kyp ® (1.52£0.16)x10™12 ¢=(928256)/T 03 "orecule™' seo™!

over the temperature range 218°K to 456°K. The activation energy for the

reaction is 1.8420.11 kcal mole".

C. Discussion

The activation energy of 1.8420.11 kcal/mole found here compares !
favorably with the prediction of an upper limit of 2.3 kcal/mole for
reaction (27) made by Buchanan and Hanrahan53. They radiolyzed a mixture

of ammonia and phosphine at 296°K and at total pressures of 550 torr, In a -

mass spectrametric analysis of the reaction products, they identified
phosphorus, hydrogen, and nitrogen. While they did rot perform any rate
constant measurements, they did compare the scavenging of NH2 by PH3 with
radical scavenging reactions by HBr and HI and predicted that phosphine

should scavenge NH_, radicals i{n reaction with PH, leading to the formation

2 3

of PHZ and NH3.

The pre-exponential factor of (1.52:0.16)::10'12 cm3 molec:u].c"1

sec'1 found in this study indicates a substantial steric factor, It is

much lower than the frequency factor found for the reaction of H atoms

with PH,, (4.52¢0.39)x10™' " cm3 molecule™' sec™'! 9% and for OH with PH, of

3
=11 3 -1 -1 95
cm~ molecule ' sec ', This finding is consistent with

96

(2.7:0.06)x10
the prediction of Laidler, Laidler compares the reactions of atoms and

radicals with various organic molecules and conciudes that reactions
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invalving more complex reactants will show lower pre-exponential factors.

53

Buchanan et al.”” predict that reactions such as NH.‘, * PH3 should not have

substantial steric factors and conclude that the rate constant for

reaction (27) should be within one or two orders of magnitude of the rate

of bimolccular collisions (<10~'° cmd molecule”' sec™!). Using this |

prediction and the activation energy measured in this study would lead to

=10 +6 10712 a3 molecule™!

a pre-exponential factor in the range of 10
Sﬂc-l. The results of this study lie at the low end of their prediction,
The high value pre-exponential factor prediction might more likely be
found for the loose transition state associated with atom-molecule

abstraction reactions.

The results presented here do not indicate any pressure dependence
of the bimolecular rate constant, This supports the suggestion made here
that no NHZ-PHB adduct forms, This finding is consistent with energetic
considerations, The adduct requires :the formation of an N-P bond whose
bond energy should be about 5S4 kcal/mole, intermediate between that of the
N-N bond and the P-P bond (59 and 48 kcal/mole respectively)®’. Tnis large
an excess of energy would have to be removed by collision with s third
body, M, in order to stabilize adduct formation. Such a process is
termolecular and could show a pressure dependent rate constant (unless the
high pressure limit is reached by 2.5 torr).

It is entirely feasible from purely energetic s~guments that the
adduct, NHzPHZ, could form from NH, « PH,. PH, may be produced from PH

2 2 2
by reaction (83). Then the cverall process would be exothermic by an

3

-
estimated 23 kcal/mole (the P-H bond energy is ~77 kcnl/molo’[). if
reaction (83) occurred %0 a sigrificant degree, then NH2 - PHZ « M coula

contribute to the consumption of NE, radicals. Again, however, this

2
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process is termolecular and if significant here should provide a pressure
dependent rate consteant (unless the reaction is already at the high
pressure limit). Reaction (27) should then be the predominant channal for
nuz consumption because the concentration of puz radicals produced by
reaction (83) is much smaller than the PH3 concentration, Further evidence
sgainst adduct formation comes from the study of Buchanan et .1'53. who,
even after radiolysis times of up to 40 hours, fail to detect any evidence
of adduct formation. Since their study was conducted at 550 torr total
pressure and the present s.u1y was conducted at total pressures of 20 torr
or less, it is highly unlikely that (84) or (85) is of any significance
here.

Bond energy-bond order, BEBO, activated complex theory, ACT,
calculations were performed (Appendix IV) using two different hypothetical
NHz-PH3 activated complex orientations. At 298°K, a linear orientation
(with N-H-P colinear) gave a theoretical pre-exponential factor of
1.33x10'11 em3 molec™! sec“. twice as large as did the orientation with

an arbitrarily selected N-H-P bent orientation, 6.68x10° ©. The bent

orientation model, however, leads to a theoretical pre-exponential factor

about a factor of four higher than that found experimentally, 1.52:10'12

3 uwlec"1 scc". Whereas the theoretical pre-exponential factor had a

cm
1/T factor, which arises froam the ratios of the rotational partition
function of the adduct and reactants and from the internal rotations, only
the experimentally derived activation energy was temperature cependent, It
appears that the simple hard sphere picture used in the BEBO/ACT does not
accurately portray the geometry of the activated complex. With activated

complex tneory, molecule-molecule reactions always have a temperature

gependent pre-exponential factor anl show a curved Arrpenius plot. A
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tighter activated complex with much smaller moments of inertia would lead
to closer agresment between the A factor measured and that caloulated for
the NHZ-PH3 activated complex.

It appears then, that the reaction of Nﬂz with PH3 proceeds by the
metathetical channel at the temperatures and pressures studied and that
Pﬂz should be a product of the reaction. The abstraction reaction of H «
Pﬂs is faster and should be responsible for a much higher Pﬂz production
than is reaction (27). Finally, adauct formation is not energetically
favored, nor is there any experimental evidence to support a claim for

sdduct formation.




Chapter §

CONCLUSION

The purpose of this study as stated in the introduction is to
provic . »lanetary modelers with measured rate constants for the reaction
of NH2 witn phosphine, ethylene, and acetylene, These rate constants could
then be used in models to make predictions of the behavior of the Jovian
atmosphere. The measurements made in this study were performed over as
wide a temperature and pressure range as was experimentally possible., The
resulting Arrhenius plots are liﬁear within experimental error and,
therefore, it is reasonable to extrapolate the results of this study to
the colder temperatures of the Jovizn atmosphere. The very slow rates of
the Nﬁa—hydrocarbon reactions did not permit measurements at as low a
temperature as was studied for NH2 with phosphine; however, the linearity
of the data indicates that zhe already very slow reacton rates would
continue to decrease with decreasing temperature.

Experimental conditions precluded performing higher pressure
studies on NH2 with CEHZ which would have unequivocally established the
high pressure limit of the rate constant. The pressure regime that was
studied for the hydrocarbon reactions does, however, overlap the pressure
range of interest on Jupiter. Pressures in the phosphine experiments were
limited to about 20 torr due to possible particulate formation. There was
no experimental evidence for any pressure effect and it appears that
reaction (27) is entirely a metathetical reaction (abstraction of H by
NHZ). It is therefore reasonable that the phosphine data be applied to

nigher pressure conditions that prevail in the Jovian regime of interest.

127
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No further experiments for the reaction of Nﬂz with phosphine appear to be
either warranted or possible without major modifications to the appapttus.
and then only to extend the temperature range over which the study could
be done.

In order to further examine the pressure dependence of reaction of
NH2 with acetylene, higher pressure studies must be performed. A laser
absorption experiment such as that performed by Lesclaux et al.us is the
method of choice for the reasons stated in Chapter 2. On the other hand,
in neither of the hydrocarbon reactions was the low pressure limit
examined. To do so wbuld require additional experiments for which the flow
discharge method would be most ;uited. A number for the low pressure limit
would be invaluable in helping to determine if there is more than one
reaction channel occurring in these reactions.

The study appears to have resolved at least part of the

discrepancies that existed co.cerning the rate of reaction of NH_, with

2
ethylene. The agreement of the ethylene results presented here with those

of Lesclaux et al.“5 51

Hack et al.,“6 It is impossible to unequivocally point to the cause of

and Khe et al.” stands in contrast to the results of
disagreement, but it appears that the possibility of the reaction of NH2
radicals with O atoms generated by the microwave discharge of oxygen, or
by the heterogeneous reaction of F with the glass flow tube walls or with
water adsorbed on the flow tube system walls is the most likely cause., An
alternative method of NH2 radical preparation might be achieved using a
pulsed laser as a flash source for NH2 coupled with the use of laser
induced fluorescence for NH2 radical detection. Since the system used in
this study is the most sensitive method over the temperature and pressure

range studied and it avoided the pitfalls of secondary reactions, reaction




with products and interfering heterogen-ous reactions, it is suggested
that the results presented here should merit the highest degree of
confidence,

While any detailed discussion of the implications of the results
presented here for Jovian models is beyond the scope of this work, some
qualitative observations can be made, The results presented here lead to
the conclusion that the coupling reaction between NH2 and PH3 is much
slower than that predicted by Buchanan et a1.53. Strobe123 stated that the
rate of reaction of NH, and PH3 must be ~10"'2 cm3 molec™! sec™! in order
to compete with the reaction of NHZ with itself in the Jovian atmosphere,
Since he only had available the much faster rate of Buchanan et al., he
concluded that PH3 inhibits the photochemical destruction of NH3 by
scavenging NHZ radicals. Strobel also concluded tuat the coupling reaction
provides some recycling of NH3 in the Jovian atmosphere., It is suggested,
based on the results presented here, that such a coupling is negligible
and that the coupling reaction is too slow to be of any significance in

recycling NH3 in the Jovian atmosphere.

Likewise, the rates of the other two reactions measured appear to
be too slow to be of any significance in providing an NH3 reservoir in the
Jovian atmosphere, If the formation of an adduct between NH2 and either of
the unsaturated hydrocarbons studied could lead to the ketene analog,
CH2CNH. as speculated in Chapter 3, it is possible that trace amounts of
ethylamine might be detected in the Jovian atmosphere, A mass spectral
analysis of the products of reactions (28) and (29) could alsoc provide
support for this conjecture.

The question of the source of the red chromophore of the Jovian

atmosphere has been brought closer to solution., The coupling reaction

TN ot

bt
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mwnnﬂzmdm“wmemyMHMruwo%asawwuofm.tm
reaction of H with PH3. however, still provides a viable alternative for
PH2 generation, especially if the hydrogen concentration is greater than
current estimates (maximum of 1.8x108 molecule/cm3 Just above the
tropopause)98 It appears that the final resolution of this problem rests
with observations such as might be provided by the planned Galileo Jupiter
orbiting mission.

Significant work rera:rny with regards to PH3 kinetics. For
example, the source and composition of the particulates observed formed
in this study remains a mystery. In comparing experiments in which
PH3/argon mixtures were flashed Qith those in which ammonia, phosphine,
and argon were flashed, it appears that'the production of particulates in
the latter, and not in the former, may possibly be explained by the degree
of hydrogen atom production in the two experiments., If the absorption
coefficient of NH., is much greiter than that of PH

3 3
conditions used, then the higher production of H by NH3 photolysis could

under the optical

lead to significant PH2 production via reaction (83). A weak PH3
absorption might provide insignificant PHz production, A simple experiment
might be performed in which H atoms (for example from CHu photolysis) are
reacced with PH3. The appearance of detectable scattering under the same
conditions of temperature, pressure and phosphine concentration as used
here would help to support this hypothesis,

This study establishes the limitations of scme of the possible
coupling schemes that might have provided an ammonia reservoir in the
Jovian atmosphere. This information should enable modelers to eliminate

three of the potential coupling schemes that could have provided ammonia

reservoirs in the Jovian atmosphere. It appears that the thermal
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decomposition of hydrazine and the subsequent ammonia regeneration by
|

reaction of NHz with abundant Hz in the Jovian interior must take on

increasing importance in any ammonia regeneration scheme.
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APPENDIX I

NH2 + CZHu Data »z

Temperature (Ar] [NH3] [Czﬂu] Flash Energy kobs

(%) (torr)  (mtorr) (mtorr) J) (sec™ )

250 10 475 0 8.9 2312 _
201 S

2512 ;

2.1 24 +1

231

5.8 21%1

554 6.2 27 £1

8.9

2.1

2742
291 :
15.8 26 £1 ;
8.9 35#2 :
320 ;
12.1 361 *

3021

15.8 3521

341

2384 8.9 3Ty

1426

12.1 362
15.8 38+2
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Temperature [Ar] [NH3]

(%) (torr) ‘(mtorr)

[C,H,]

(mtorr)

Flash Energy
J)

Kobs

(sec™ ")

250 25 1192

1391

3637

5960

15.8

111
1111
1521
16+3
11$
1341
1242
12£1
911
1242
1121
202
242
29 1
292
30%2
281
30 +1
29 %3
3311
3442
3443
4843
4113
4141
36+2
46 +1
39+3

e
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Temperature

[CZH“J
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Flash Energy K
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(sec™))
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3241
3212
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3421
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38+%2
42+
4312
42 #1
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Temperature {Ar]

(%) (torr)

[NH3]

(mtorr)

[C,H, ]

(mtorr)

Flash Energy

)

Kobs

(soc")

250 50

298 10

2235

400

2414

5470

6705

8940

467

1220
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121
91
1221
27
251
301
3311
33
4212
4215
U6 1
yg £2
5645
54 22
5113
6142
7024
69 £3
714

2k 21
2522
26 21
3143
324
295
4y 2
35 =4
3624
46 +4
46 4
3623
49«4
505
49 =4
52 =8
834
Lg=3
5T7+2
59 #£1
624
62

62=1
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Temperature (Ar] (NHBJr -+ [CH,) Flash Energy . Kops
(%K) (torr) (mtorr) (mtorr) J) (sec™ )
298 15 600 0 6.2 2921
10.5 2612
2221
12.1 2182
2522
18 1

21
700 4.0 312
6.2 324
3213
10.5 3424
3443
12.1 33
382
1830 8.9 85 &1
12.1 552
13.9 sS4 4
54 21
15.8 55 1
3000 12.1 652
65 +4
13.9 68 £1
69 £1
15.8 7121

67 4
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Temperature

(Ar] [NH3] ECZHH]

(torr) (mtorr) (matorr)

Flash Energy k

obs

(sec™ 1)

15 600 0

515

705

1250

1825
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EN —
-
oV

[ )
[\

(= -]
-

-

-
n
-

—— —h - -
VTN ERNNMNOOONENTNOONEN—-WUN
* ¢ & o 8 © o & ® © ° s o

-
N2 WOWNHNOND =2 VN0~ VOVNONVN®

— -— —
"o Ov oo O &=

. » L] - - - *® e e o .
O — O N — (Yo 3N N} o

. 2622

2721
25¢2
26 £2
281
rygy
26 ¢1
28
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37¢2
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4221
49
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492y
52¢10
5121
52¢2
514+1
6124
56 1
58 1
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Temperature

(*K)

(Ar)

(torr)

(Nﬂ3] thHH]

(atorr) (mtorr)

Flash Energy
(€))

kobs

(loc")

298

25

1000 0

1167

3051

5000

2223
2222
2u
2423
2422
2621
25143
4321
43
4142
4 22
4622
777
Te 0
7022
69 £2
712
8025
9247
94 ¢3
96 21
99 21
8822
8722
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Temperature (Ar) [NH3] [Caﬂul Flash Energy Kons

(%) (torr)  (mtorr) (mtorr) () (ses™ ")

298 25 1463 0 6.2 1622
14 21

1521

8.9 1321

1722

1622

12.1 1621

1621

781 2521
2321
2322
25 zi -
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Teaperature [Ar) [lH3J [czﬂnl Flash Energy Keng
(*) (torr)  (mtorr) (mtorr) (J) (sec”!)

2021
1921
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2913
2T
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392
4023
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4422
5213
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58 £3
67
7046
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Temperature [Ar] [NH3] [Czﬂul Flash Energy kob s
(°K) (torr)  (mtorr) (mtorr) ) (sec™h)
298 25 1000 ¢] ~ 12.1 15¢1
15#1
15.8 18-
182
203
1167 8.9 24 +1
12,1 2842
2743
15.8 28
32+2
3051 8.9 382
12.1 4343
45
15.8 4121
4542
5000 13.9 592
15.8 57+3
602
17.9 601
6111
298 35 1400 0 8.9 14 +1
1221
12.1 12 #1
1121
132
1634 4,0 381
- 6.2 43%2
4341
8.9 47+
47422
12.1 48 £2
U271 12.1 892
84+
13.9 814
84 21
15.8 8243
7743
7000 12.1 110 23
11148
13.9 104 +4
107 #2
15.8 116 =3
12023
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Temperature

[C,H, )

(mtorr)

Flash Energy k

obs

(sec™ 1)
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Temperature (Ar] [NH3] [CZHuJ Flash Energy Kons
(%K) (torr) (mtorr) (mtorr) (8P (sec™ V)
373 10 468 0 6.2 40£2
8.9 45 £
12.1 4124
15.8 4142
500 250 6,2 58 1
8.9 59+3
12.1 62 %1
15.8 5221
500 6.2 6113

8.9 61
12.1 57+2

62
15.8 6023
749 8.9 7516
12.1 642
8643
15.8 69 24
727
373 25 1169 0 6.2 1941
8.9 20%2
203
12.1 1923
15.8 181
1249 624 8.9 42 +1
3913
12.1 9
42 1
47 21
- 15.8 4121
1249 8.9 692
12.1 5945
60 %4

62
15.8 6112
' 6123
1873 8.9 78 £2
834
12.1 T4 #1
T4 £2
15.8 T4 £2
8926
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Teaperature

(*K)

[NH3]

(mtorr)

[Ar) (2 H,]

(torr) (mtorr)

Flash Energy
(J)

koba

(sec™ V)

373

373

a5 Tu9 0

639

1298

2055

2749

35 1118 0

1305

3412

[ S
* o 5 o & 0 e s

pEr—

L] - >
N2 WOWNO® 2 WOWNOD -2 WNODmAOVNON

— — -
o] VIO EVNODORLEVNINOOCORENTNOGOEN
- - e » L] .

» e
(Fe)

-—
n

15.8

13.9
15.8

17.9
15.8
17.9

15.8
17.9

2122
23+t
24

262
231
26

4523
kg +2
5021
532
5341
T7 22
831
79 21
8221
8023
94 +6
96 +3
9321
104 4
106 #1
124 £2
13125
132£2
136 £4
13022
1374
13222
13422
13725

181
21%2
202
16 21
1621
66 3
T1£2
7025
691
125 =3
11429
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Temperature

(°K)

[Ar]

(torr)

[NH3]

(mtorr)

(mtorr)

Flash Energy
QP

kobs

(sec™)

373

L65

25

25

799

603

932

2438

3995

512

1046

1655

2215

2836

— o
L) * [ N Y L3
—UIOD WO N =0 MNO~~0oN

P S —
NovnmnpoonN o OV N O O
L] . . *

15.
12.1

—
w
(Y]

13.9
15.8

261
3524
2922
38
59 21
6021
622
5241
9826
94 1
9213
98 4
144 25
13723
152 13
1u8 £3

68 £1

6224

7047

69U

98 #4

106 £2

1016

108 £9

13435

152213
139 #11
14923

196 #1
200 £26
19225

210214
254 £28
23228

278 £25
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Temperature [Ar] [NH3] [CZH‘&] Flash Energy Kobs
(%) (torr) (mtorr) (mtorr) J) (soc")
460 25 651 0 13.9 482
15.8 412
49
17.9 4121
50 2 :
759 15.8 96 +4
9621
17.9 94 £3
8213
1985 15.8 156 15
145 25 :
17.9 159 £25
146 £8
465 25 1001 0 4.0 39
6.2 3813
8.9 4013
12.1 3921
384
15.8 45 £2 1
1003 6.2 8813 "
8.9 8943 4
12.1 982
98 £3
15.8 95 6
1504 6.2 12126
8.9 121 %
12.1 120212
11546
15.8 12348
2002 6.2 154 £2
8.9 150 £2
12.1 156 £3
148 48
15.8 1595
2503 8.9 189+18
12.1 162 £14
198 £6
15.8 196 215
3003 8.9 217%2
12.1 236 %6
5.8 2294
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Temperature (Ar] INH3] tczﬂ,‘] Flash Energy Kons

(%K) (torr) (mtorr) (mtorr) (J) (sec™ V)

465 35 841 0 3z
3212
3421
3643
350
735
7627
57 24
672
772

109x2

104 £6

113212

15.8 107 £11
11339
2293 8.9 1732
12.1 154 £6
15.8 162 48
149 27
3100 12.1 20029
13.9 19025 h
15.8 204 219
2u2%2
3962 13.9 282 £19
15.8 275213
266 212
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» o o+ o o
- W N« ON O

719
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-

.
- \C 0o

1449

N oo W N OO OMUL D) OO O &=

-

460 - 5 327 0 0 99 6

9 107 &7

8 102 16
845 .0 14227
9 13248
8 141211
135 £11
1923 4.0 178 £3
8.9 176 £11
2.1 172 43
5.8 186 %9
8.9
2.1
5.8

2878 2131
215212

206 214
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2H2

Data

Temperature

[C2H2]

(mtorr)

Flash Energy k

obs

(acef1)

o

3091

4g20

6830

8656

1065

2000

3000

4025

149
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* & o © o o » o
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91
1021
101
1121
1021
1321
12
1421
1721
2122
16
42
201
26+2
20¢2
26 1
26+3

2822
2622
2824
2822
3TN
3™
Uy
3511
3821
4121
4221
442
50=2
4923
4721
4721
56+1
53+4
592
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150
TﬂPOP!FW'O [Ar) [NH3] [°2H2] Flash Energy Kons
() (torr)  (mtorr) (mtorr) (J) (sec™ V)
298 25 1000 0 1.5 1122
4,0 112
8.9 1121
15.8 1322
1296 4.0 17281
15.8 1921 :
2500 4,0 27%2
8.9 2621
15.8 reg3
3750 8.9 3222
15.8 3622
3941
5000 4.0 46+3
15.8 4823
4723
298 25 957 0 2.2 102 :
4.0 1041
6.2 1321 3
8.9 1222
12.1 121
1000 1.5 1521
2.2 171
4,0 2022
6.2 2122
1721
8.9 c3s3
1921
3000 2.2 26¢1
4.0 26
6.2 26=2
8.9 3222
5000 4.0 354
6.2 4022
8.9 39¢%2
12,1 4521
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Temperature (ar] . [NH3] (CH,) Flash Energy Koos
(%) (torr)  (mtorr) (mtorr) W) (sec™)
298 25 600 0 4.0 1721
1841
8.9 2021
1921 |
15.8 2012 b
2121 ! 3
1130 12.1 2421 § :
5.8 27%2 i
4675 8.9 5215
12.1 5225
15.8 524
298 25 1000 0 1.5 1741
4,0 1521
8.9 1321
15.8 1421 A
3000 2.2 35
4,0 35
8.9 36
15.8 38
20.0 40
298 _ 50 800 0 4.0 61
8.9 81
81
15.8 ‘g3
1250 4,0 1321
8.9 1521
15.8 1721
2500 4.0 1921
8.9 2022
15.8 QU 22
3750 8.9 2622
12.1 26¢1
15.8 3023
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Temperature

(*K)

[Ar]  [NH]  [CpH,)

(torr) (mtorr) (mtorr)

Flash Energy

3713

373

5 320 0

1284

2397

3250

10 479 0

999

1997

2996

3995

-t
o o o o =

— — -
Vo sNnooeVNosENow s =N o W
¢« & & & o & o s »®
@MW OMWOO WOOoWO W & D —=

-—

6521
6723
6549
6523
6621
914
9229
914
8828
10025
10349
10326
11424
11645

3213
25%2
2921
3322
5427
4922
5425
5122
5921
67+3
T&24
72%2
7743
8021
9423
10128
996
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Teaperature (Ar)

°) (torr)

[CH,)

(mtorr)

Flash Energy

obs

(loc")

375

373

373

25

50

100

1349

2487

3709

4959

799

1598

1240

2384

3576

- - .
w0 oWwm

-

e« o o
[« RV N J

WO & U P

—
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g

o — P o O o™ o omo
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oo
-
0
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. e o 4
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- b —a

1821
14

1822
1822
1821
4725
4124
Sit2
5323
6423
6613
6421
6822
13

86 24
8024
9126
9223
9622

11045
12223

1321
14

1221
312
3621
3021
51

4922

gz
821
821
3421
37
3521
U4 22
5823
584
65826
9445
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Temperature (Ar) [un3] tczuzl Flash Energy kob.
(°K) (torr)  (mtorr) (atorr) (3 (sec™)
460 5 260 0 4.0 11026
8.9 107210
15.8 102210
1044 4.0 13528 |
8.9 13527 |
15.8 13121 ;
13824 ﬁ
1948 4,0 175
8.9 16327
15.8 17823
2641 4.0 20827
8.9 22029
15.8 215410 é
455 10 393 0 4,0 8723
7323
8.9 8624
822 ;
15.8 8525
7522 .
819 4,0 10323 ;
8.9 10824
10048
15.8 104 24
10227
1637 4,0 11248
12422
8.9 127%5
11826
15.8 12426
13923
2456 4.0 152212
14384
8.9 1587
149217
15.8 15927
3275 4,0 18110
19928
8.6 20425
183210
15.8 19529
18323
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Temperature (Ar] [NH3]

(°K) (torr)  (mtorr)

[Czﬂzl

(mtorr)

Flash Energy
I

k

(sec”™

)

463 25 1004

448 25 1000

1091

2034

3018

4026

1950

3348

—h

o o
OW O WO

- D o -
Ui o U 0o WM oo & WU o &
L] L ]

oo — 00 O

o & —
o owm

—
Voo v &
L] L L ] [ ] L] -
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3821
3942
3843
4sxu
3813
yy 2
41%2
9915
11025
104 £8
140%9
12912
14045
154 +8
19543
212219
257 21
2569

YR
334
30%2
3723
3513
3514
121213
11223
127 £4
147 25
132¢1
1927
19948
195214

111
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; Temperature [Ar] [NH3] [Czﬂzl Flash Energy kobs
] (°K) (torr) {mtorr) (mtorr) ) (sec")
H
463 50 805 0 4,0 2121
8.9 22%2
15.8 2122
1275 4.0 7823
8.9 90y
12.1 8815
15.8 893
2575 8.9 17019
15.8 15635
3852 15.8 27217
259+18
5169 15.8 37231
361+29
454 100 819 0 4.0 243
8.9 2611
15.8 211
910 8.9 7913
72%2
12.1 811
15.8 64+3
2042 8.9 1283
12.1 14815
15.8 15047
3268 12.1 24021
15.8 250428
4084 15.8 355240




Appendix III

NH, + PH, Data

3

ORICIN 2. £ o 1a
OF FOOR QUALITY

Temperature (Ar] [NH3J [PH3] Flash Energy kobs
(°K) (torr) (mtorr) (mtorr) W) (sec-1)
218 2.5 342 34,17 24 85+3

35 105%6

47 99:5
62 105215

68.34 24 123+6
35 1186

47 12727

62 13912
218 2.5 342 27.34 24 146212
35 1492

47 154+ 11

62 1498
54.68 1] 138£10
35 145+17
47 131212

82.02 35 1Q0: 11
47 186%12

18023

62 20810
21424

218 5.0 342 23.24 35 63+5
579

u7 626

62 60+3

46.48 35 75+3
47 842

703

62 T2+7

247 2.5 302 60.32 35 110%6
47 125212

1306

62 124214

13017

G0.48 L7 16527
1616

62 151+8
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Temperature {Ar) [NH3] [PH3] Flash Energy K bs
(°K) (torr) (mtorr) (mtorr) J) (sec")
247 2.5 302 0 16 115219

24 114216
35 116425
47 10216
24.1 16 133210
24 13526
35 13019
u7 12929
48.3 16 156+8
2u 14626
35 149224
47 14814
T2.4 16 1622
24 170213
35 171211
47 16923
2u7 2.5 302 0 16 102+ 10
24 962 14
35 100218
47 104216
30. 16 9 11728
16 1227
24 12711
35 12029
60.32 ) 13127
16 155
24 130212
35 152¢7
47 146+23
62 15812
90. 48 24 199+16
35 192%14
L7 1833
62 199+46

RRPR——

it oL s
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159
Temperature {Ar] [NHBJ [PH3] Flash Energy koba
(°K) (torr) (mtorr) (mtorr) (J) (sec™)
247 2.5 302 0 16 12729
24 10811 ;
35 14445 i
u7 11847 i
24,1 16 15125 :
2y 15347 i
15528 :
35 17022 !
u7 152£10
48.3 16 18925
24 187+18
18016
35 216228
u7 184213
T2.4 16 21221
U 21729
35 2194
201%1 '
47 2098 -
247 5.0 302 0 16 6216
24 6Uut6
35 6223
47 73210
24,1 24 93222
35 77¢10
47 9027
62 9516
48.3 24 10545
35 104£11
u7 116222
62 10929
72.4 24 138
35 12724
47 129%2
62 11826
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Temperature [Ar) [NHB] [PH3J Flash Energy k obs
(°K) (torr) (mtorr) (mtorr) ) (aet:'1 )
247 5.0 302 0 35 3422
3626
47 3613
39%2
Bi1s4
62 36+5
20.51 35 666
667
47 63+4
62 55¢3
41,02 35 88+16
8313
47 g8ass
62 92%9
61.53 35 11425
47 121210
62 115211
298 2.5 249.5 0 11.2 T5+4
16 8925
35 8925
47 7924
50.00 9 2076
16 19628
24 196%12
35 20622
47 209419
251.8 T4.98 18 26216
24 25310
289%12
35 2707
276221
47 28u=*8
250.0 100.0 9 289410
16 292+12
L) 308213
35 334+7
47 315+10



161
Temperature [Ar] [NH3] [PH3] Flash Energy kobs
(°K) (torr) (mtorr) (mtorr) (3 (sec”™)
298 4,0 200 0 35 58ty -
47 5124
’ yats5
402
ORIV rrme g ggfg
OF PO LoallTY 618 o
62 52+9 '
40 35 112t6
47 1198
1334
62 13129
60 35 177
152¢16
47 15517
62 14427
80 35 196:10
19327
47 200:£20
62 188+8
298 4.0 280 0 37 12022
48 24 195+22
37 197¢13
72 24 263317
37 256219
96 37 29826
298 7.5 365.63 0 9 3022 %
. 16 3825
409
24 3922
35 3us2
47 23+3
45, 20 16 141+8
. 35 132%13
57 11611
68.06 16 173224
- 24 152218
g 25 17927
| 55 166+23
| 90.0 24 23921
35 227236
47 220225
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At trd [NH3] [l"l'lg:I Flash Energy kobs
(°K) (torr) (mtorr) (mtorr) ) (sec™ ")
298 5.0 243.75 0 . e
v 26 8213

8 807

110 8022

30.13 9 goe2
16 137¢10

2 1602
17812

35 14248

pl 14128

45,38 9 14128

16 1677

2! 1809

3 200¢9

p 17425
-0 2 215£16
16 1942 14
24 205¢16

35 215216 ﬁ

87 2016

298 7.5 750 0 o i
24 61%6

35 S4+2

pl 562

62 60£6

-3 16 133:8

2 13181

» 13729

a7 1477
62 146215

- 16 205%5
24 19814
35 : 212%12
pid 19714

62 21327
120.0 e 21387

24 2884
23 263%16
pyd 266+ 13
52 30037
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Temperature (Ar] tNHBJ [PH3] Flash Energy kob’
(°K) (torr) (mtorr) (mtorr) &) (see")
298 10.0 208.3 0 9 3023
16 2821
25 9 79%4
16 8027
S0 9 12121
16 12121
15 16 17281
363 2.5 143.7 0 47 210211
24,63 47 301
55 299
62 330
36.94 47 36
55 352
62 348
49,26 u7 439
433
55 433
461
62 417
usy
363 2.5 205 0 24 16429
35 1106
47 13524
13618
62 13927
41,0 24 303212
35 330212
375227
u7 38021
34911
62 415211
82.0 o4 45111
35 L3049
550441
47 419221
49018
62 422210
120.0 2t 543£123
35 584253
505 14
u7 56115
BT4%26
62 618%12
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Temperature [Ar) [NH3] [PH3] Flash Energy kobs
(*K) (torr) (mtorr) (mtorr) ) (sec™ )
363 5.0 205 0 24 1921
158235
35 171218
1963
47 216244
41.0 35 28328
47 300214
304211
62 29526
61.6 35 38618
373215
47 308244
35329
401222
62 392¢13
38127
82.1 35 434456
u7 55621
5376
62 S46+36
566¢21
363 5.0 287.3 0 47 19123
19728
46.26 47 311226
327226
62 3276
73.89 47 S0ut11
398+15
62 412235
110.84 47 630£39
62 663230
456 5.0 204 0 4 11022
9 10422
16 10325
20.% 9 22514
12 21512
16 211218
40.8 9 383%9
12 38525
16 38327
61.1 16 522+27
583223
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Temperature (Ar] [NH3] [PHBJ Flash Energy kcba
(*K) (torr) (mtorr) (mtorr) J) ("0-1)
456 10.0 400 0 " 6818
9 6923
16 722
41.0 4 30918
9 307216
16 321220
9 577£10 !
16 53814 i
122.4 4 86357 g
9 839212 é
16 910224
9 59¢2
16 642y
% 33 4 26924
E 9 28515
E "6 33327
| 65 4 48529
9 508246
16 516229
97 16 730241
76316
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Appendix 1V
Theoretical Calculation of the Frequency Factor for “HZ - PHS

A modified bond energy-bond order (BEBQ) - activated complex
theory (ACT) calculation was performed to provide a theoretically
determined value for the frequency factor for the metathetical channel of
reaction (27) in order to compare theory with experiment. The BEBO
calculation was performed to provide the equilibrium bond distances, RPH i ;
and RNH' for the activated complex, NHZPH3. which were used in the ACT

calculation,

The Pauling relation:gg

(87) R = Rs - 0,26 Inn

was used to determine the bond distance, R, between two atoms given the

order, n, of the bond whose length is to be determined if the length of a

single bond, Rs' between the two atoms is known. For the present probleam,

R = 1.421x1078 cm and 1.01x1070

s cn for the P-H and N-H single bonds,
00

respecr.ively.1
The bond orders, n and m, for the N-H and P-H bonds in the
activated complex formed in the metathetical reaction between NH2 and PH3
will be calculated using (84) and assuming that the total bond order for
the N-H and P=H bonds formed is equal to the bond order in the P-H bond

broken, namely, onc:101

P _ qQ _ = -ar -§r
(88) V = E“- E'nsn Ezsm - :.35(1/2 e 1Y(1 « 1/2 e 1)

166
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Rearranging, {88) becomes:

(89) V = Ey(1 = 0P) = By (1 = w9« £y B(n = 12701 + B(n + 12)Y)

In (88) and (89), 1 and 2 are the indices corresponding to the P-H and N-H
bonds and 3 refers to the N-H-P intermediate in HZP-H-Nﬂz. p and q are the
empirical bond energy indices for PH3 and NHz, respectively, If the
relationship between single order bonds and Lennard-Jones molecules

is assumed to be linear, then p (and q) may be calculated from (90) 102:

0.26 1n(Elex)
(Rx - Rs)

(90) Pz

where R’ and Es are the single bond length and single bond energy for P=H

in PH3 (or N-H in NHz) and Rx and Ex are the bond length and bond energy

103 4

tor the noble gas analog of P-H (or N-H). 3 is the Morse parameter for

the complex and can be calculated from (91) 10“.

(91) 8y (F/2pe) /2

105

where F z 545 dynes/em and De, the dissociation energy for N-H-P was

106

obtained from the geometric mean of the N-N and P-? values of a bond

energy-bond distance plot. vy = 0.2653 and 3 in (39) is calculated from

(92) 191,

-(BARS)

(G2) B = 1/2 e
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101

for 4Ry = Ryg + Ryy = Ris . E, may be calculated from (93):

(93) Eg = D + 1/2 hv 107

using the appropriate 2ero point energies, DOIOS' and frequency, v,

values 0 |
Taking aV/en = 0 and solving for n gives a minimum on the g

potential energy surface for reaction {27). With n calculated to be 0.U4645 E :

[ ] [ ]
and m 2 1 - n, equation (87) gives RPH z 1,620 A and RNH = 1.172 A.

Using activated complex theo:,, the frequency factor, A, of the
rate constant for a reaction such as (27) may be expressed as a ratio of
the partition functions of the complex formed by an intermediate when the

when the two reacting species come together divided by the product of the

partition functions of the individual ruccant.s:‘og

»

q i

(gu) & = KT “NH;PH, :
h Qu Q

NH, IpH,

where Qt is the total partition function for the intermediate given by!‘o

4,..3/2
& 4 4 4 &
(95) q¥ = ¢ (2wm KT) a
h3
and for N:-!Z and PH3 the total partition functions are:
(56) alhs gl Lo S ‘
96) q NHZ" t g NHZ) 2 Q’(NHZ qv(NHZ) qr(NHZ)

n3
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and (97) q(PH3) s g(PH3) 3 qG(PH3) qv(FHB) qr(PH3)

g is the degeneracy of the electronic state and Qe+ 9y and q, are the
electronic, vibrational, and rotational partition functions, Substituting

for the constant terms, with g4 = 2, g(NHz) =2, and g(PH,) = 1, and with

3
all the electronic partition functions equal to unity since all species

are in their ground electronic states, reduces (94) to:

3 1 /2

(98) A = }.0902x10-12 Q9 a3 molec” sec"deg1

T1/2

where the rotational and vibrational partition functions are consolidated

using: Q = q#/q(NHZ)q(PH3).
The combined rotational partition function may be evaluated

using:111

ot b W

o o /2
CPH N, 3 (111213)1

+ /g Lpry 372 172 172
g (87 KT (IIIZI3)NH2(I1IZI3)PH3

. -1/2
(99) QR = %

where ¢ represents the number of discrete positions a molecule can assume

about its principle symmetry axis and I1. 12. and 13 are the principle

I, ana I_. can

m ne i ia, I
cments of inertia 11. 2 3

In ‘Ixz

(100) I.1,I. = -1 I
1 2 3 31 22
-le ’I:z

wnere the larger subscripts refer o

be evaluated using:112

‘Iu
-1;,
I,

& coordinate system whose origin is

L
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at the center of mass of the molecule and the smaller subscripts on the
moments and products of inertia refer to any general set of coordinates.
The principle moments (diagonals) can be evaluated using:

ORIGINAL =7~

v
[

Im (2 «y' ) OF POGR QuaLITY
: i 1 4 i

(o) I
3

(102) I Im(x' +2')

R S SR ¢ i

Im(x' +y')
L O ! i

(103) I
3

and the off-diagonal terms are the products of inertia:

(i04) I =1 =trm x'y'
12 2! i i i i

(105) I =I =1ZIm' x'y'
13 3l i i i i

(106) I =1 =ZIm x'y' !
23 32 i 1 i i

The coordinates of the four atoms of Pl-l3 are evaluated using Fig.
22.a.,(all bond distances are in ;) the P-H calculated bond distance of
1.421 ;. and the H-P-H bond angle of 93.3°. The coordinates are first
evaluated using an arbitrary coordinate system with P at the origin. Then,

the center of mass (x, y, 2z) coordinates are determined and are:

T——

P T
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R v e
oF POOR QUALIHY
Hy = ( 0, 1.1932, =0.7442)
Hy = ( 1.0333, -0,5966, -0.7442)
33 = (-1,0333, -0,5996, =0.74u42)
P o= ( 0, 0, 0.0720)

Using equations (101)-(106) where, incidentally in this case (104)-(106)

are zero, the principle moments are evaluated and

40 1

7.0923x10° = g cn® molec™

-
"

0

= 6.5719x10-u g cal molec:'1

[
N
] L

= 6.5722x10" "0 g cn® molec™!

)1/2

and (I,I,1 for PH. = 1.7502x10™2° 33/2 cm3 molec™3/2,

3 3

In a similar fashion, (I.IIZI3)1/2 for NH2 may be evaluated using

Fig. 22.b. The NH2 center of mass coordinates are:

b4
"

(0, 0, 0.0793)

H, = (0, 0.8036, -0.5554)

X
]

= (0, -0.8036, ~0.5554)

3 3/2

molec -’/ <,

-60 83/2 om

and (1,1,15)'7% for NH, = 2.8852x10

The eva.uation of (1,1213)1/2

°
more difficult calculation using Fig. 23.a (all distances in A). The

for the complex requires a somewhat

complex is first assumed to form with N, P, and H1 colinear. A new set of
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center of mass coordinates must be evaluated

are.

=0.6849,

v
"

( 0, 0.9351,

( 0. —108569'

( 1.0333, 1.0169,

x
"

(-1.0333, 1.0169,

= ( 0.8036, =-2.1699,

F -3
]

(-0.8036, -2.1699,

The moments are calculated using (101)-(106)

evaluated using (100) to give:

41/2

y¥72 2 3

=58 g3/2 om

(111213 4,6133x10

Qq = 7905.54 17372 372

Two of the vibrations of the complex

- ( 3.
(107) Qg = 871y

14

el i

following the appreximation method described

be evaluate using:

QR can now be determined using the quantities calculated to give:

for each of the atoms. These

o e

0.0168)
0.0168)
0.0168)
=0.9552)
-0.9552)
0.5689)

0.5689)

and I_ are

and I1. I2 3 ' g

molec‘3/2.

are internzl rotations and i

the partition functions for each may be evaluated using:

113

by Johnston where I may

red
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OF POOR QUALTY

(108) I

1 NH3 1 PH 2
: yy Yy
NH_-PH
3 2 1 NH3 eI PHZ
Yy Yy

A similar calculation may be performed for the analog, INH -PH_*
2 '3

I
yy
and PHZ are evaluated using analogous figures to Figs, 22.a, and 22.b, to

for NHZ and PH3 have already been evaluated and Iyy for NH3

determine the values:

- ® -
Iy:H =z 2.8266x10'u°g cmzmolec ! and I,&H 2 6.5121x15u° g cmzmolec ]

Inserting these values into equations (108) and (107) in turn gives:

1/2 2

) 1/
Qu(NH,=PH) = .3921 T and Q.(NH_-PH,) = .4146 T %,

3 3

These values may be incorporated into (98) to give:

(109)' & = 3.9715x107° 171 ¢
where Q; contains the vibrational modes not accounted for by internal
rotations.

in the preceding treatment, the partition functions for the linear
complex were evaluated. A second calculation was performed in which H1 was
displaced in the z direction so that the complex was tighter (Fig 23,b.).
In effect, the NH3 and FH2 were rotated so that a closer approach would be
acnieved. An ildentical caiculation to the preceding ACT was carried out

and A for the bent complex was getermined to be:

s -

i 4
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(110) A = 1.9953x10~) T~! )

Qz could not be evaluated because no spectroscopic data were
available for the complex, however the partition function for each

vibration should be close to 1.




References

(1) G. Abell, "Exploration of the Universe," Holt, Reinhart & Winston, New
York, 1964, p. 2u7.

(2) D, Morrison and J., Samz, "Voyage to Jupiter," NASA SP-439, NASA
Scientific and Technical Branch, National Aeronautics and Space
Administration, Washington, D. C., 1980, p. 117.

(3) G. Abell, "Exploration of the Universe ," Holt, Reinhart & Winston, New
York, 1964, p. 264.

(4) D. Morrison and J. Samz, "Voyage to Jupiter," NASA SP-439, NASA
Scientific and Technical Branch, National Aeronautics and Space
Administration, Washington, D. C., 1980, p. 17.

(5) T. Gehrels, Editor, "Jupiter," University of Arizona Press, Tucson,
Arizona, 1976, p. 354.

(6) ivid., p. 23.

(7) ibid., p. 326.

(8) D. Morrison and J. Samz, "Voyage to Jupiter," NASA SP-439, NASA
Scientific and Technical Branch, National Aeronautics and Space
Administratioh. Washington, D. C., 1980, p. 129.

(9) T. Genrels, Editor, "Jupiter," University of Arizona Press, Tucson,
Arizona, 1976, p. 322.

(10) G. Abell, "Exploration of the Universe," Holt, Reinhart & Winston, New
York, 1964, p. 244,

(11) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, p. 354.

(12) D. R, Stull and H, Prophet, Project Directors, "JANAF Thermochemical

Tables," NSRDS - NBS 37, 2nd edition, 1671,

—a
~3
-~1

ii;, Wars -



’ 178

(13) D. Morrison and J. Samz, "Voyage to Jupiter," NASA SP-439, NASA
Scientific and Technical Branch, National Aeronautics and Space
Administration, Washington, D. C., 1980, p. 15.

(14) ibid., p. 70.

(15) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, p. 345.

(16) T. Gehrels, Editor, "Jupiter," University of Arizona Press, Tucson,
Arizona, 1976, p. 30.

(17) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, p. 25.

(18) ibid., p. 341.

(19) K. J. Laidler, "Chemical Kinetics," McGraw Hill Book Co. Inc., New
York, 1965, pp. 4, 49.

(20) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, p. 360.

(21) S. K. Atreya and T. M. Donahue, Rev. Geophys, and Space Phys., 17, 2
(1979) .

(22) D. F. Strobel, J. Atmos., Sei., 30, 1205 (1973).

(23) D. F. Strobel, Astrophys. J., 214, L97 (1977).

(24) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, pp. 377-379.

(25) R. Norrish and G. Oldershaw, Proc. Roy. Soc. (Lond.), 261, 1 (1961).
(26) R. G, Prinn and J. S. Lewis, Science, 190, 274 (1975).

(27) H. G. Ruiz and F. S, Rowland, Geophys. Res Lett., 5, 407 (:978;.

(28) U. Schurath, P. Tiedemann, R. N. Schindler, J Phys. Chem., 73, 2, 456
(1969).




179

(29) G. Herzberg, "Electronic Spectra and Electronic Structure of
Polyatomic Molecules," D, Van Nostrand Co., In¢., Princeton, New Jersey,
1967, p. 609.

(30) K. Watanabe, J. Chem. Phys,, 22, 1564 (1954).

(31) G. Herzberg, "Electronic Spectra and Electronic Structure of
Polyatomic Molecules," D, Van Nostrand Co., Inc:, Princeton, New Jersey,
1967, p. 458.

(32) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, p. 269.

(33) J. R. McNesby and H. Okabe, in "Advances in Photochemistry," Vol III,
W. A. Noyes Jr, G. S. Hammond, J, N. Pitts, Editors, John Wiley & Sons,
Inc., New York, 1964, pp. 195=203.

(34) H. Okabe K and M. Lenzi, J. Chem. Phys., 47, 12, 5241 (1967).

(35) W. E. Groth, U. Schurath, R. N. Schindler, J. Phys. Chem., 72, 3914
(1968).

(36) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, pp. 269=272.

(37) ibid., p. 270.

(38) G. Herzberg, "Electronic Spectra and Electronic 3Structure of
Polyatomic Molecules," D. Van Nostrand Co,, Inc., Princeton, New Jersey,
1967, p. 504.

(39) J. Manaset, J. Fournier, C. Vermeil, Can. J. Chem., 5i, 17, 294¢
(1973).

(40) G. Herzberg, G., "Electronic Spectra and Electronic Structure of
Polyatomic Molecules," D, Van Nostrand Co., Inc., Princetcn, New Jersey,
1967, p. 584.

(41) K. Dressler and D. A. Ramsay, Pnil. Trans. R. Soc., A251, 333 (1953).




180

(42) M. Lenzi and J. R. McNesdby, A. Mele, C. N, Xuan, J. Chem. Phys., 57,
1, 329 (1972).
(43) M. Kroll, J. Chem. Phys., 63, 1, 320 (1975).
(44) G, Hancock, W. Lange, M. Lenzi, K. H. Welge, Chem. Phys. Lett., 33, 1,
168 (1975).
(45) R. Lesclaux and P. Van khe, 12th Informal Conf. on Photochemistry, p.
3-1 (1976).
(46) W. Hack, H. Schacke, M, Schréter, H. Gg. Wagner, 17th Symposium on
Combustion, p. 505 (1979).
(47) L. J. Stief, D. F. Nava, W. D, Brobst, R, P. Borkowski, J. V. Michael,
Trans, Far, Soe. II, (in press) (1982).
(48) a. M. H. Hanes and E. J. Bair, J. Chem. Phys., 338, 672 (1963).
b. R. W. Diesen, J. Chem. Phys., 39, 2121 (1963).
¢. J. D, Salzmann and E. J. Bair Jr, J. Chem. Phys., U1, 3654 (1964).
d. K. A. Mantei and E. J. Bair Jr, J. Chem. Phys., 49, 3248 (1968).
e, M. Gehring, K. Hoyermann, H. Gg. Wagner, J, wolfrum, Ber. Bunsenges
Phys. Chem,, 75, 1278 (1971).
(49) S. Gordon, W. Mulac, P. Nangia, J, Phys. Chem., 75, 2087 (1971).
(50) P. Van khe, J. C. Soulignac, R. Lesclaux, J. Chem. Phys., 81, 3, 210
(1977). .
(51) P. Van Khe, R. Lesclaux, J. Chem. Phys., 83, 9 (1979).
(52) M. Demissey, "Etude de la Reactivite du Radical NH, avec les Alcanes
et les Radicaux Alkyles," (Ph.D. Dissertation, Univ., of Bordeaux, 1979) p.
80.
(53) J. W. Buchanan and R. J. Hanranan, Rad. Res, 44, 296 (1970).
(54, S, Benson, "Tne Foundations of Chemical Kinetics", McGraw Hill Book

Co., inc., New York, 1460, p. 67.




181

(55) J. J. Hood, Pnil. Mag., 6, 371 (1878).
(56) J. H, van't Hoff, "Etudes de Dynamic Chimique", F, Miller & Co.,
Amsterdam (1884).
(57) S. Arrhenius, Z. Physik. Chem., 4, 226 (1889).
(58) S. Glasstone, "Textbook of Physical Chemistry", D. Van Nostrand Co.,
Inc., Princeton, New Jersey, 1940, p. 194.
(59) R. E. Huie and J. T. Herron, Progress in Reaction Kinectics, Vol. 8,
Edited by K. R. Jennings and R. B. Cundsll, Pergammon Press, New York,
1978, p. 1.
(60) C. J, Howard, J. Phys. Chem,, 83, 1, 3 (1979).
(61) J. V. Michael and J. H. Lee, J. Phys. Chem., 83, 1, 11 (1979).
(62) R. G. W. Norrish and G. Porter, Nature, 164, 658 (1949).

G. Porter, Proc. R. Roy. Soc. (Lond.), A200, 284 (1950).
(63) D. N. Bailey and D. M. Hercules, J. Chem. Ed., 42, 2 (1965).
(64) R, B, Klemn and L. J, Stief, J. Chem. Phys., 61, 11, 4900 (1974).
(65) a. K. H. Kley and K, H. Welge, Z. Naturforsch., 20a., 124 (1965).

b. K. Watanabe, J. Chem. Phys., 22, 1564 (1954).

¢. K. Watanabe, J. Chem. Phys., 40, 558 (1964).
(66) H. Okabe., "Photochemistry of Small Molecules," John Wiley & Sons, New
York, 1978, p. 271.
(67) G. H. Atkinson, J. Chem. Phys., 59. 1, 350 (1973).
(68) M. Kroll, J. Chem. Phys., 63, 1, 320 (1975).
(69) G. M, Barrow, "Iniroduction to Molecular Spectroscopy”", MecGraw Hill
Book Co., Inc., New York, 1962, p. 70.
(70) H. Okabe, "Photochemistry of Small Molecules," John Wiley & Sons, New

York, 1978, pp. 108, 117,




|
|

~

182

(71) Spectra-Physics Instruction Manual, Issue A/375, Spectra Physics Inc.,

Mountain View, California, 1975, p. 13.
(72) ibid. p. 25.

(73) J. B. Halpern, G. Hancock, M. Lenzi, and K. H. Welge, J. Chem. Phys.,

63, 11, 4808 (1975).

(74) W. J. Youden, "Statistical Methods for Chemists", John Wiley & Sons,

New York, 1951, pp. UE=Ud.

(75) D. R. Stull, Industrial and Engineering Chem., 39, 517 (1947).

(76) "Matheson Gas Data Handbook", 5th Ed., W. Braker and A. L. Mossman,

Editors, Matheson Gas Products Co., E. Rutherford, New Jersey, 1971, p. 17.

(77) ibid. p. 477.

(78) ibid. p. 1.

(79) J. G. Calvert and J. N, Pitts Jr, "Photochemistry", John Wiley and

Sons, Inc., New York, 1966, p. 720.

(80) H. Okabe, "Photochemistry of Small Molecules,” John Wiley & Sons, New

York, 1978, p. 120.

(81) J. H, Lee, J. V. Michael, W. A. Payne, and L. J. Stief, J. Chenm.

Phys., 68, 4, 1317 (1978).

(82) M. Demissey, "Etude de la Reactivite du Radical NH2 avec les Alcanes

et les Radicaux Alkyles," (Ph. D. Dissertation, Univ. of Bordeaux, 1979) p.

61.

(83) H. Adachi, N. Basco, and D. G. L. James, Int, J. Chem. Kin., XI, 995

(1979).

(84) S. Benson, "Tn-rmochemical Kinetics," John Wiley and Sons, Inc., New

Yorx, 1968, p. 104.

(85) S. Shin, R. J. Buenker, S. D. Peyerimhof{, and C. J. Michejda, J. Am.

Chem. SOC.. Qit 22q 7620 (1972)-

T




o5 S 5. = AT, ra e o £ e

S e e oy rrmaeas

(86) S. Benson, "Thermochemical Kiretics," John Wiley and Sons, Inc., New
York, 1968, p. 106.

(87) ibid. p. 103.

(88) R. Foon and M. Kaufman, Progress in Reaction Kinetics, Vol. 8, Edited
by K. R. Jernings and R. B. Cundall, Pergammon Press, New York, 1978, p.
81.

(89) W. A. Payne and L. J. Stief, J. Chem. Phys., 64, 3, 1150 (1976).

(90) S. Benson, "Thermochemical Kinetics," John Wiley and Sons, Irc., New
York, 1968, pp. 195-204.

(91) ibid. p. 22.

(92) J. V. Michael, D. F. Nava, R. P. Borkowski, W. A, Payne, and L. J.
Stlef, J. Chem. Phys., 73, 12, 6108 (1980).

(93) S. Benson, "Thermochemical Kinetics," Johr Wiley and Sons, Irc., New
fork, 1963, p. 22.

(94) J. H. Lee, J. V. Michael, W. A. Payre, D. A. Whytcck, ard L. J. Stief,
J. Chem. Phys., 65, 8, 3280 (1976).

195) B. Fritz, K. Lorenz, W. Steinert, and R Zellrer, 2nra Eur. Symp. of
Physico-Chem, Beh. of Atmos. Pollutants (1981).

(96) K. J. Laidler, "Theories of Chemical Reaction Rates", McGraw Hill, New
York, 1969, p. 83.

(97) J. E. Huheey, "Inorganic Chemistry, Principles of Structure and
Reactivity", 2nd Ed,, Harper and Row, New York, 1978, pp. 842-850.

(98) D. F, Strobel, private communication.

(99) L. Paulirg, J. Am. Chem. Soc., 69, 542 (1947).

(100) G. Herzboerg, "Electronic Spectra and Electroric Structure of

Polyatomic Molecules,” D. Var Nostrand Co., Inc,, Princeton, New Jersey,

C -3

1967, p. 610.

O

R




184

(101) H. S. Johnston, “Gas Phase Reaction Rate Theory", Ronald Press Co.,
New York, 1966, pp. 339-340.

(102) ibid. p. 82.

(103) ibid. p. 81,

(104) ibid. p. 59.

(105) ibid. p. Th. 1
(106) ibid. p. 28.

(107) J. E. Huheey, "Inorganic Chemistry, Principles of Structure and
Reactivity", 2nd Ed., Harper and Row, New York, 1978, p. 839.

(108) ibid. Appendix F,

(109) H. S. Johnston, "Gas Phase Reaction Rate Theory", Ronald Press Co.,
New York, 1966, p. 125.

(110) S. Benson, "The Foundations of Chemical Kinetics," McGraw Hill Book
Co., New York, 1960, p. 202.

(111) ibid. p. 204.

(112) ibid. p. 205.

(113) H. S. Johnston, "Gas Phase Reaction Rate Theory", Ronald Press Co.,

New York, 1966, pp. 226-228.

;
i

i mime o i e £ B i s i ot S S B




	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf
	0001C13.pdf
	0001C14.pdf
	0001D01.pdf
	0001D02.pdf
	0001D03.pdf
	0001D04.pdf
	0001D05.pdf
	0001D06.pdf
	0001D07.pdf
	0001D08.pdf
	0001D09.pdf
	0001D10.pdf
	0001D11.pdf
	0001D12.pdf
	0001D13.pdf
	0001D14.pdf
	0001E01.pdf
	0001E02.pdf
	0001E03.pdf
	0001E04.pdf
	0001E05.pdf
	0001E06.pdf
	0001E07.pdf
	0001E08.pdf
	0001E09.pdf
	0001E10.pdf
	0001E11.pdf
	0001E12.pdf
	0001E13.pdf
	0001E14.pdf
	0001F01.pdf
	0001F02.pdf
	0001F03.pdf
	0001F04.pdf
	0001F05.pdf
	0001F06.pdf
	0001F07.pdf
	0001F08.pdf
	0001F09.pdf
	0001F10.pdf
	0001F11.pdf
	0001F12.pdf
	0001F13.pdf
	0001F14.pdf
	0001G01.pdf
	0001G02.pdf
	0001G03.pdf
	0001G04.pdf
	0001G05.pdf
	0001G06.pdf
	0001G07.pdf
	0001G08.pdf
	0001G09.pdf
	0001G10.pdf
	0001G11.pdf
	0001G12.pdf
	0001G13.pdf
	0001G14.pdf
	0002A02.pdf
	0002A03.pdf
	0002A04.pdf
	0002A05.pdf
	0002A06.pdf
	0002A07.pdf
	0002A08.pdf
	0002A09.pdf
	0002A10.pdf
	0002A11.pdf
	0002A12.pdf
	0002A13.pdf
	0002A14.pdf
	0002B01.pdf
	0002B02.pdf
	0002B03.pdf
	0002B04.pdf
	0002B05.pdf
	0002B06.pdf
	0002B07.pdf
	0002B08.pdf
	0002B09.pdf
	0002B10.pdf
	0002B11.pdf
	0002B12.pdf
	0002B13.pdf
	0002B14.pdf
	0002C01.pdf
	0002C02.pdf
	0002C03.pdf
	0002C04.pdf
	0002C05.pdf
	0002C06.pdf
	0002C07.pdf
	0002C08.pdf
	0002C09.pdf
	0002C10.pdf
	0002C11.pdf
	0002C12.pdf
	0002C13.pdf
	0002C14.pdf
	0002D01.pdf
	0002D02.pdf
	0002D03.pdf
	0002D04.pdf
	0002D05.pdf
	0002D06.pdf
	0002D07.pdf
	0002D08.pdf
	0002D09.pdf
	0002D10.pdf
	0002D11.pdf
	0002D12.pdf
	0002D13.pdf
	0002D14.pdf
	0002E01.pdf
	0002E02.pdf
	0002E03.pdf
	0002E04.pdf
	0002E05.pdf
	0002E06.pdf
	0002E07.pdf
	0002E08.pdf
	0002E09.pdf
	0002E10.pdf
	0002E11.pdf
	0002E12.pdf
	0002E13.pdf
	0002E14.pdf
	0002F01.pdf
	0002F02.pdf
	0002F03.pdf
	0002F04.pdf
	0002F05.pdf
	0002F06.pdf
	0002F07.pdf
	0002F08.pdf
	0002F09.pdf
	0002F10.pdf
	0002F11.pdf
	0002F12.pdf
	0002F13.pdf
	0002F14.pdf
	0002G01.pdf
	0002G02.pdf
	0002G03.pdf
	0002G04.pdf
	0002G05.pdf
	0002G06.pdf
	0002G07.pdf
	0002G08.pdf
	0002G09.pdf
	0002G10.pdf
	0002G11.pdf
	0002G12.pdf
	0002G13.pdf
	0002G14.pdf
	0003A02.pdf
	0003A03.pdf

