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PREFACE

The thesis 1is divided into four chapters. The
first chapter deals with a general introduction to
photochemistry. The second chapter deals with the photolysis
of hydrogen iodide and reactions of HNO. The third chapter
1s about the photolysils of hydrogen lodide 1in the presence
of nitric oxide at 45° and 25°C, and the last chapter
describes the extension of this work to lower temperatures,
6° and -20°C :

Nitric oxide has been wldely used to inhiblt gas
phase reactions which proceed by free radical chain
mechanisms. The basis for the inhibition 1s the reaction of
nitric oxide with free radicals, the 1nitial step belng
presumably the formatlon of a nitroso compound., These
nitroso compounds were found to undergo further reactions
with excess nitric oxide to form N2 and NO2 among other
products. The analogous entity HNO was also postulated as
one of the intermedlates in the inhibited reactions of
hydrocarbons,

The reactions of HNO were found to be different in
different systems. In flow systems, the products are only
H, and NO, whereas in static systems, mostly in

photosensitized reactions, the products are Npo, NoO and other
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oxldes of nitrogen. In view of the importance of HNO as a
reactive intermediate in inhibited reactions, the present
work was undertaken to study the reactions of HNO in a
photolytic system, The photolysis of HI in the presence of
NO was carried out using radiation 3130 R, 80 that there
would be very little hot atom effect, The photolysis of HI
would produce H atoms which on reacting with NO will yield
HNO. Thus it should be possible to study the reactions of
HNO in this system., The effect of other inert gases on the
photolysis of HI was also’studied to gain more information

about the hot atom effect.
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ABSTRACT

The photolysis 6f hydrogen iodide in the presence
of nitric oxide has been studied in the temperature range
45°to -EOOC, using a Hg are, with radlation above 3000 X.

It was found that the addition of nitric oxide at 45° and
2500 reduces the quantum yield of hydrogen production., This
reduction in quantum yield was dependent both on 12 and HI
concentration and also the NO/HI ratio. However, after a
certain ratio of NO/HI was reached, the quantum yield
remained constant. There‘was no consumption of nitric oxide.
Mechanisms involving HNO as a reactive intermediate have
been proposed to explain the behaviour. From the derived
rate equations, the rate constant ratio for

HNG + HI — H, + NOI and HNO + I, — HI + NOI, has been
derived as 79.9 at 2500 and 38,1 at 4500. From the pressure
dependence of the rate constant for the reaction

H+ NO + M-— HNO + M, the life time of HNO* has been
calculated as > 10"10 sec. .The change from third order to
second order for the above reaction occurs when M is greater
than 0.5 atmospheres at 2500. At 4500, the formation of NHyI
was found to be larger than at 2500 and prevented detailed
study.

At 6°C and -20°C, the behaviour 1s similar o that
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at high temperature, except that nitrogen is no& an important
product, Two different méchanisms for nitrogen production
have been discussed. It was found that the rate of nitrogen
production was second order at low pressures and first order
at high pressures in nitric oxide. From intensity
measurements 1t was also shown that the rate of nitrogen
production was first order in HNO. From the rate of hydrogen
and nitrogen productlon, the activation energies for the
reactions HNO + HI-——>Hé + NOI; HNO + I, — HI + NOI and
HNO + 2NO— Ny + HNO3 haYe been calculated as 3.0, 0.5 and

-0.5 k,cal, mole'l

respectively,

The effect of inert gases, like H2, He and N, as
well - as carbon monoxide, on the photolysis of HI was studled,
using the full mercury arc and also at wavelengths above

o)
3100 A, The rate constant ratio for H + 12-—+ HI + I and

H+ H —H + I was determined at 70° and 110°C,
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INTRODUCTION

A photochemical reaction begins with the act of
absorption of radiation. By the Stark - Einstein law of
photochemlcal equivalence (1) this is a quantum process
involving one photon per zbsorbing molecule. The number of
molecules absorbing is therefore equal to the number of photons
absorbed., Generally, these reactlons are complex in nature,
and the actual measured change 1s rarely that directly prod-
uced by the 1ight. It 1s necessary, therefore to distinguish
between the 'primary' effect of the light and the !secondary!
thermal reactions which follow. If there were only primary
processes then the quantum yileld, @, which is defined as the
number of molecules reacting per quantum absorbed, should be
unity. In most cases, owing to secondary processes taking
place, the quantum yleld is greater or less than one. Thus
according to Bodenstein (2) who measured the quantum yleld of
a large number of reactions, the values of ¢ range from 0.002
for the decolouration reactions of certain dyes to 106 for the
reaction of chlorine with hydrogen.

Absorption of Light:

The interaction of light with matter is governed by
quantum mechanical laws, The light is quantised into photons
of energy hv where 'h' is the Planck's constant and v'is the

frequency of light; whether or not a molecule will absorb a
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quantum of energy hv depends on whether there'is an energy
difference between two ehergy levels in the molecule equal to
hz/ and whether a transltion between these two states is
allowed by symmetry and momentum conservation rules.

The energy in a molecule can be divided into . .. .-
translational, vibrational and rotational and electronic
contributions; electronic transitions require the greatest
energies., Changes in electronic energy are of the order of
100 k.cal mole"l, glving a spectrum in the visible or ultra-
violet region, The assoclated vibrational energy changes are

1 and the rotational changes about 0,02

about 5 k.cal mole”
k.cal mole"'1 and they produce the coarse ‘vibrational' and the
finer 'rotational' structure of the electronic spectral band.
In comparison with the above energy values it may be noted‘that
the average translational kinetic energy of a molecule at the
ordinary temperature is 3/2 RT or about 1 k.ecal mole'l, and
since the probablllity of a molecule possessing energy = E

is proportional to exp(-E/RT), it 1s evident that high temp-
eratures are necessary to produce electronic transitions by
heat alone, and that at ordinary temperatures all but a few
molecules will be in their lowest vibrational level, but most

of the molecules will have several quanta of rotational energy.

The immedlate product of absorption of a phoﬁon is,

an excited state of the absorbing molecule, with energy in
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excess of the normal state equal to the energy §f the photon
which it absorbed. The eﬁcited molecule may then react with
another, since its reactlvity is greatly increased, or it might
possibly dissoclate or cause another molecule to dicsoclate
into radicals, which subsequently reacts in diverse ways, It
1s because photons in this range are capable of rupturing the
molecule, that visible and ultra-violet light are of chemical
importance.

Apart from dissociation of molecules into neutral
particles, one of which may be excited, Terenin and Popov (3)
observed cases of photoionisation consisting of the decomp-
osltion of a molecule into oppositely charged ions. This type
of photolonisation was detected during the exposure of halide
salts of univalent thallium which decomposes as |

TiX + hv/ =T1% 4+ x~

The absorption at very low wavelengths may lead
entirely to the lonisation of a molecule. Photons may lonise
a molecule much more readily than dissociate i1t, even if its
ionisation potential is higher than its dissociation energy.
The process may be represented as

M+ht = M +e”
This is a particular case of photoelectric effect, but in
ordilnary photochemical reactions, it apparently does not‘play

a particularly lmportant part since the ionisation potentlal
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is usually 10eV and higher which corresponds to a wavelength
{ & € 1200 g) in the vacuum region of the spectrum. A number
of experimental procedures have been described to determine
ionisation potentialsin the vacuum ultra-violet using more or
less conventional photoliysis technique, with windows of LiF (4),
artificlal sapphire or very thin quartz separating the lamp
from the photolysis vessel. Below 1000 3, the transparency
of the window materials becomes extremely poor and hence:
windowless apparatus have been designed (5) which utilises
the principle ofafast-flow separation system, By these methods,
ionisation potentials have been measured f'or a number of
compounds (6). These ionisation potentials are very useful
parameters for correlating many physicochemical properties,
like electronegativity, heterolytic bond dissoclation energy,
strain in cyclic ring, etc,

It can be shown that the energy corresponding to a
particular wavelength 1s given by
H)

E (k.cal mole™ ) = 28,635 x 101‘

—— e
A(in A) [1]
The amount of energy absorbed by a mole of compound

at any particular wavelength corresponds to the Avogadro's
number of photons, and this energy, in k.cal, has been called
an einstein.

For a photochemical reaction to occur, the energy
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of the quantum absorbed must be equal to or greéter than the
energy required to producé activation or dissociation. It
does not necessarily follow, however, that such dissociation
will occur merely because sufficient energy has been provided,

Nature of photochemical reactions:

Photochemical reactions may be classified as direct
or sensitized . 1In a direct photochemical reaction one or
more of the substances undergolng reaction absorb the light,
In a sensitized reaction some substance absorbs light and
induces a reaction in whigh i1t does not participate, Many
compounds like hydrogen, nitric oxide and hydrocarbons, absorb
light in the far ultra-violet reglon which is difficult to
study, though recently McNesby and co-workers, (7) with imp-
roved experimental techniques, have studied the photolysis 6r
hydrocarbons in the far ultra-violet. However, mixing with a
foreign substance - a sensitizer - which absorbs light in a
more accessible spectral region, and using the possibility of
transfer of excitation energy of the sensitizer to reactant
molecules, makes i1t possible to carry out photochemical react-
lons of compounds which do not absorb in this spectral region,
Photosensitization by mercury, cadmium and zinc has received
conslderable attention in recent years (8). It is not proposed

to go into the details of these reactions,
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The study of photochemical reactions ﬁay be divided
into two main parts: (A) a study of the immediate effect of
the light on the absorbing molecule which is the primary process;
and (B) a study of the reactions of the molecules, atoms or
radlcals produced by the primary process.

Photochemical primary processes:

Noyes et al (9) defined the primary process as "one

which comprises the series of events beginning with the absorp-

tlon of a photon by a molecule and ending with the disappearance
of that molecule or with its conversion into a state such that
lts reactivity i1s statistically no greater than that of similar
molecules in thermal equilibrium with their surroundings."

In the primary photochemical process there are usually
a varlety of paths for degradation of electronic energy ofl
excltation, Chemical paths include intramolecular rearrange-

ments (10)(11)(12) or the formation of free radicals and excited

molecules which may react in secondary processes to form new
products of chemical interest. However, also usually included
in the overall photochemical reactions are radiative and non-
radlative photophysical processes which do not lead to a net
chemical change, yet are altermate paths for the loss of the
absorbed energy. Such processes involving electronically

exclted states are of great interest to the spectroscopist and

and photochemist alike. Thus, as Noyes et al (9) point out,
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"The complete elucidation of a primary photochemical process
must include an understanding of all that transpires, whether
or not a chemical reaction occurs,"

The majority of the unexcited molecules will be in
the ground electronic and vibrational states and during an
electronic transitlon the nuclel of the molecule can be con-
sidered to be stationary, since the transition occurs within
about 10"15 sec, Thus a transition on an energy level diagram
is approximately vertical., This statement due to Frank and
elaborated by Condon (13) is known as the Frank-Condon principle,
The nature of photoexcitation is dgtermined by this principle,
by the energy of incident radlaiion and by the relative positions
of the potential energy surfaces (14)., Electronic transitions
in a molecule are also subject to spin conservation rules first
postulated by Wigner (15) according to which, transitions
involving change in multipliclty are forbidden. This rule is
well obeyed by small molecules, but in the case of large mole-
cules, perturbation of the energy levels leads to a partial
breakdown of this selection rule and the transition can occur.

When a molecule in the ground singlet state absorbs
a photon the resulting excited molecule will also be in a
singlet state and may do one of the following things:
(2) Fluoresce: The vibrational quanta possessed by the elecw

tronically excited molecules will be quickly degraded imto
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thermal energy through intermolecular collisions. Since the
undisturbed 1life time of the exclted state is of the order of
10”8 sec., 1t being assumed that the transition back to the
ground state is allowed, emission of the absorbed quantum as
fluorescence will occur from the lowest vibrational level of
the upper state to upper levels of the ground state, or to put
it alternatively, the fluorescence emission spectrum will be
of longer wavelengths than the absorption spectrum and will
bear an approximately "mirror-image" relationship to the
absorption. ’
(b) Undergo internal conversion: In many cases, the electron-
ically excited state of the molecule, although potentially
fluorescent, 1s deactlvated before 1t can emit its energy as
fluorescence. This can occur, amongst other ways, when thére
is crossing of potential energy surfaces of the excited and
the ground electronic states. A radiationless transition can
then occur from the excited state to high vibrational levels
in the ground state. The vibrational energy l1ls then quickly
degraded into thermal energy through molecular collisions,
Usually the term internal conversion refers to a non-radiative
transition between states of the same multiplicity and inter-

system cross-over refers to a non-radiative transition between

states of different multiplicity (16),.
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(c) Undergo intersystem cross-over to a triplet state: These
are schematically illustrated in Figure 1. Figure 2 indicates
more clearly these primary processes on a potential energy
diagramnm,
(d) Undergo energy transfer through collision: Here two kinds
of colllsion can be visualised, "elastie" collision in which
there is no transfer of energy from the excited to the
unexclted molecule, and "inelastic" collision in which there
is an energy transfer., These collisions are sometimes called
"collislons of the second,kind". The most likely conditions
for an energy transfer are obtained when there is resonance
between the corresponding energy levels which may be elther
electronic, vibrational or rotational. The smaller the amount
of energy which appears as kinetic energy 1n a transfer, thé
more likely 1t is that the transfer will occur, Electronic
energy transfer may lead to the phenomenon of sensitized
fluorescence, as well as the possibility of dissociation of
the acceptor molecule,
(e) Undergo dissociation: As was mentioned earlier, the
absorption of a photon of visible or ultra-violet light by a
molecule can,in some instances, lead to its rupture. This
can occur either through the excited molecules being in a
repulsive state as in the case of HI (17) at longer wavélength

or through its having sufficient vibrational energy in elther
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its upper or lower state to cause i1t to dissociate. Generally
the bond broken is the same one as 1s responsible for light
absorption (disulphides, azo compounds etc,). Sometimes,
however, when the bond energies in the chromophoric group are
greater than that of the absorbed quantum, this energy may

find 1ts way to another weaker bond in the molecule through
resonance energy transfer, and this bond is broken, For example,
the irradiation of acetone leads to the production of a methyl
and an acetyl radical, although the light is absorbed by the

)

carbonyl group. Thls process can be thought of as an internal
energy transfer,

() Chemical quenching: The excited state can lose its energy,
not only through a physical energy transfer on collision, but
also through chemical reaction with the quencher molecule, In
many cases self-quenching of the exclted state may occur, either
as a physical effect analogous to solvent quenching or else
through dimerisation.

Quenching of fluorescence consists of the weakening
of the intensity of fluorescence in the presence of foreign
admixtures or during increase in pressure (or concentration)
of the fluorescent substance itself, The method of measuring
the absolute quenching efflciencles of gases are fully set out

by Mitchell and Zemansky (18) and are not elaborated here,
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Much work has been done on the quenching of flubrescence of
Hg (63Pl). When Hg (63P1) atoms interact with molecules of
a forelgn gas, a transfer of energy may occur with the return
of the Hg atoms to the ground state (6130) by means of a
non-radilative transition., The (63Pl) ___+(6lSO) fluorescence
is thus quenched. Absolute values of quenching cross sections
which are a measure of the probability of quenching processes
have been reported (14)(19). The simplest kinetic system
of this type may be represented by the followlng scheme,

(a) A+hu —, A*

(v) A* + A ;
} Production of unexcited A

(e) A* + M |

(a) A% —— A + hv
Here A denotes the atom or molecule which is excited
electronically to A* by the absorption of radiation (reaction
a) and M 1s a substance which can quench by reaction (c). In
addition there 1s self-quenching by A (reaction b). The

kinetic equations for thls system were worked out by Stern

and Volmer (20) whose results are given in the following

equation,
I, 1+ kT [A] + kT [M]

where I 1s the intensity of emitted radiation in einsteins per
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second, 1, is the intensity of emitted radiation in the
absence of foreign gas M and'T (= 1/k4) is the mean
radlative life of A*, Since T can be obtained from spec-
troscoplic data, kb and kc can be found from the effect on the
ratio I/'Io of varying the concentrations of A and M. However,
it has been shown recently (21) that for the Stern - Volmer
formula to be valid both the pressure of the fluorescent sub-
stance and the pressure of the quenching gas must be suffic-
lently small,

Measurement of iight emigaion may be used to determine
the extent of fluorescence, A detéiled study of the kinetles
of the system will in principle provide information about the
extent of dissoclation. Unless there exists some way of deter-
mining the amount of triplet state molecules formed, there is

no way to distinguish clearly between internal conversion and

intersystem cross-over (22)., Evidence for internal conversion
in most polyatomic molecules is far from conclusive. In
principle such conversions might occur as either kinetically
first order or as second order processes. Under most
experimental conditions, ground state molecules with very
large amounts of vibrational energy which might be formed by
internal conversion would be hard to detect. Fortunately,

internal conversions seem to be of negligible importance (23)(24).
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There are several methpds’to determine the presence of triplet
state molecules., These may be summarised briefly as follows:
(a) Character of the emission, that is, the emission must be
demonstrated clearly to be characteristic of the triplet

state elther by analysis of the spectrum or by determination
of the mean life time of the emission (25). In this connection
1t may be polnted out, that an excited singlet state can be
converted to a triplet state, through a radiationless inter-
system cross-over as shown in Figure 2. Emission can then
take place from triplet to ground state, which is a spin-
forbldden transition, of a longer méan life than that from the

corresponding singlet state., This 1s often called phosphorescence,

(b) by energy transfer to other molecules on collision, thus
leading to a preferential emission or reaction from the triplet

state of the colliding partner (22)(26). There are indirect

and much less reliable methods avallable in some instances.
For example, triplet states are at lower energles than the
corresponding singlet states. Thls means frequently that
dissociation from such states will require more activation
energy than from corresponding singlet states,

The triplet state molecules may g0 back to the excited
singlet state by intersystem cross-over, which may then lead

to emission, This 1s known as 'delayed fluorescence' and is
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similar to ordinary fluorescence but the emission occurs only
after a certain interval of time,

The Nature of photochemical processes in organic compounds:

When a molecule absorbs ultra-violet or visible
light of frequency v/ , an electron undergoes a transition from
a lower to a higher energy level, In general non-bonding lone
pairs of electrons are the least strongly bound in a molecule,
and in the bonding levels I -electrons have higher energies
than corresponding o electrons, whilst in the antibonding
levels that order i1s reversed. This is shown in Figure 3.
Thus in the spectra of simple molecules, the bands due to
TT{__Y\ transitions generally lie at longer wavelengths than
those arising from TTfe———T1' fransitions, whilst G‘ﬁ,__<5"
absorptionsusually lie 1ln the far ultra-violet region., This
type of notation was introduced by Kasha (27) to specify
different molecular states. Mulliken (28) introduced another
type of classiflcation. In this classification states are
represented by different capital letters N,Q,V,T,R,etc., where
N (normal) stands for the ground state and V (valence), for
example, stands for an exclted state having large lonic

character., Thus the absorption of hydrogen at 1100 R

Hp + hv — H" H™ 1s a V ¢— N transition. Such transitions

have high intensities and in organic molecules are often
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A& . Anti- boncing o (™)
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Figure 3. Energy level diagram for bonding

and non-bonding orbitals,
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deslgnated asrf*e—— TT transition., Transitions in which the
transition moment 1s at right angles to the internuclear axis
are Q «— N and the bands typically have low intensities.

This can also be designated asTHl___ N transition, Examples
of such transitions are numerous and only a few will be stated
here. In formaldehyde, which has both Mm and TT electrons,
two types of transitions are observed. The Tf:__TTtransition
occurs around 1850 % and has a high intensity, while T ¢— M
transition, with a low intensity is observed at 2700 8. All
organic lodides have absofption bands in the ultra-violet

region, Methyl, ethyl and propyl lodides in water have max-

ima: round 2500 £ ang the bands have been interpreted as arising

»
from ¢ ¢—N transition, in which one of the lone-pair electrons

on lodine is promoted into the antibonding orbital.

The intensities in these electronic transitions are
expressed in terms of molar absorption coefficient € , which
can be obtained from the experimentally measured value of
absorbance. The relatlon between the two 1s glven by Lambert -

Beer's law which can be mathematically represented as

A = log’Io ’ - € cd [3]
I

where 'A' is the absorbance measured spectrophotometrically

'C' is the concentration in moles liter'i, and d is the cell
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lenth in cms. The units of the molar absorptidn coefficient

€ are liters mole-l.cmg.. Thls is related to the oscillator
strength f, a theoretlcally derived quantity obtained from the
transition moment and often used to express the intensity of

transition (24), by the relation

£=4.32x 10'9[6 v [4]

The integration 1ls done graphically by plotting the extinetion
coefficlent as a function of 2/ the frequency. The area under
the curve glves the value.of integral from which £ can be
calculated, Thils can be compared with the value of f obtained
from the transition moment.

The transitlon moment 1s a wave mechanical quantity
which 1s proportional to the square root of the intensity of

a transition and 1s given by the integral

VI VD ‘-f‘h‘"‘@; ar [5]

where (IJ,L and (1)/r are the total wave functions of the initial
and final states respectively, dT represents the product of
volume elements in the co-ordinates of all the nuclei and
electrons, D is the dipole strength and M is the so called

dipole moment vector. The dipole moment vector M is given by

M =Zer [6]
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where e 1s the electronic charge and r is the radius vector
from the centre of gravit& of the positive charge to the
electron, M 1s also known as dipole moment operator.

The above equatlion permits the evaluation of the
intensity, provided the total wave function (i% and ¢% are
known, Thls is, however, never the case, and a long series of
approximations are requlred. First, 1t i1s assumed that rotat-
lonal and vibrational wave functions can be factorised out and

the above equation reduces to

ﬁ>=j\hm Y, ar [7]
where \Y; and ‘Y; are the total electronic wave functions of the
initial and final states respectively and d+ is the product
of the volume elements in terms of co-ordinates of all the
electrons, Integrals of the form of equation‘[7] can be eval-
uated and the calculations have been performed for a series of
simple molecules (28), The relation between the transition

moment and the oscillator strength f 1s given by
f = 1.08 x 101 »p [8]

where U 1s the frequency of emission and 'D' is the square of
the transition moment. Mulliken (28) has, in a series of papers,
compared the theoretical values of f calculated from transition

moment and 'f' calculated from extinection coefficients for a

number of compounds and they seem to agree falirly well.
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The most useful property of integralé of the type
of equation [7] is that they frequently vanish identically;
that 1s, the integral is equal to zero., If this is the case
the transition 1s called forbldden, and should, according to
the approximate theory, not occur at all. Actually, forbidden
transitions do occur because calculation by more refined
theories glve small but non-vanishing values for the intensite
les, Observed Intensilties of forbidden transitions are
generally quite small, much smaller than those of allowed
transitions (for which equation (7) gives non-vanishing
intensities).

Fortunately, it is usually possible to tell, from
the symmetry propertles of the wave functions, whether or not
equation [ 7] will vanish. Relatively simple rules can be
established which predict the vanishing or non-vanishing of
the intenslty integral; these rules are referred to as selection
rules,

The first selection rule 1s concerned only with .
molecules which have a centre of symmetry. All wave functions
(orbitals) are either symmetric or antisymmetric with respect
to the centre [ that is either gerade (g) or ungerade (u)} ,
and all components of vector M are of necessity ungerade., The

product of two functions is ungerade only if one 1s gei-ade and
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the other ungerade. HEnge the integrand of eqﬁation [7]

can be gerade only if' M 1s multiplied by an ungerade quantity,
which can happen only 1f \; , the ground state wave function
(orbital) and Y, the excited state wave function, are of
unequal parity., Hence the selection rule g _,uoru _, g;
but g 4+->g and u4- u. The crossed arrows indicate the
transitions are forbidden.

The Integrals of the above equationivanish if there
is change in electron spin on excitation and hence transitions
involving change in multiplicity are forbidden. Transitions
involving no change In parity are also forbidden. A rotational
level 1s called posltive or negative depending on whether the
total eilgenfunction remains unchanged or changes sign for such
a reflection. The property positive or negative 1is also célled
parity. According to the above selectlion rule, positive levels
combine only with negative and vice versa, Transitions between
two positlve levels or between two negative levels are forbidden,
This selection rule may be written symbolically:

+t 2 -y =t , P4t -4 -
Other examples involving speclal cases are outlined by
Herzberg (29). The importance of the selection rule lies in
the fact that from a knowledge of allowed transitions, the
symetry of the molecule can be ascertained, which in furn

leads to the gecmetry of the molecule.
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Secondary reactions: 1In the great majority of photochemical

reactions which have been studied in detail, it has been found
that the primary process conslsts of a dissociation of the
absorbing molecule into free radicals or atoms, The free
radicals or atoms then take part in secondary reactions. These
reactlons may lead to stable molecules which, in turn, take
part in stlll other reactions. The secondary reactions are
thermal and are independent of the means by which the reactants
concerned are produced, However, if the radicals or atoms so
produced have excess of thermal energy, then they react at a
different rate from that of normaliatoms. Such examples have
been reported in literature (30)(31), and are known as 'hot
atoﬁ' reactions, The energy distributed in the fragments are

glven by

E, (1+£)=E(v) -D [9]
My

where El is the energy present in the radical or atom of mass
my, my is the second fragment, E .y 1s the energy of a photon
and D is the bond dissoclatlon energy of the bond being broken.
These reactions were found to proceed with no activation energy.
The excited species must carry thils excess energy, if they are
atoms, as electronlic and translational, or if they are not

atoms, as rotational and vlbrational energles as well, In all

these cases there are restrictions on the type of energy and
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the way in which 1t can be divided between the.two products
of reactilon, |

The restrictions are (1) conservation of the momentum
of the product fragments, which determines the partition of
translational energy, that is, in the inverse ratioc of the
masses, E,/BEy = my/m;. (2) conservation of spin, although
this rule seems of questionable validity for any specles
contalning atoms of atomic number in excess of ten. If the
excess of energy is electronic? there 1s a chance that it may
be emitted within a time of 10‘6 to 10~8 sec, as radiation if
the transitlion is possible, Otherwise such electronic energy
must be degraded by inelastic collisions to other forms of
energy, usually vibrational, Generally it is found that the

electronic states produced in chemical reactions are metastable,

so that one may expect electronically excited specles tozfollow

the path of collisional deexcitation. The rare cases of
allowed transitions result in what are referred to as
chemiluminescent reactions,

For excess energy distributed in other degrees of
freedom, namely rotation, vibration and translation, only
collisional degradation is possible., However it is known that
degradation of vibrational energy is a slow process and so a

considerable fraction of vibrationally excited specles thus

formed may be expected to persist for some time, Evidence
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has been presented for the presence of vibrationally excited

species in the new bond that is formed by such collisions (32).

On the other hand rotational and translational energy appear
to be exchanged very readily on colllsion, so that the speciles
thus excited may be expected to be thermallsed very rapidly.
The transfer of energy to translational motion

during molecular collisions without change in the form of
energy takes place in accordance wlth the laws governing the
collisions of elastic spheres. It follows from these laws
that in the simplest case of an oblique impact of a rapidly
moving particle of mass m; on a sﬁationary particle of mass
m,, the average fraction AE/E of energy transferred to the

stationary particle on lmpact is given by

AE _ 2m1m2 [10]

E (ml+m2)2

Thus the amount of energy transferred depends on the masses
of the colliding partilcles, and the most favourable case for
energy transfer occurs when the masses of both particles are
the same, Therefore the addition of inert gas, to a system
containing hot radicals or atoms, should remove the excess
energy by collisions., The atoms or radicals thus thermalised
react at a different rate and were found to be temperature

dependent (30). If the radicals or atoms produced in a




primary photochemical act are thermalised atoms or radicals,
then the secondary reactions that follow ave the usual thermal
or dark reactions which are common to any kinetic systen,
Sourcez of light:

To study a photochemical reaction, 2 lamp which

emits light in the particular region is required, O©Of all the
sources of light employed in photochemical work, the mercury
lamp 1s most extensively used. Its advantages are numerous,
If operated under properly controlled conditions its output
is fairly constant; it emits, 1f made of qQuartz, & mmber of
Intense lines from 1849 A? to the two yellow lines at 5683 R
and 50688 K, vhich may be separated satisfactorily for most
purposes by simple filters, Ordinary glass is opaque below
3300 X and quartz below 2000 R, Thin films of glass (10 M)
are transparent above 2500 g and fused guartz above 1500 3
Owing to absorption by oxygen below 2000 R, & vacuum technique
must be used for the far ultra-violet region.

The number of designs of mercury lamps described in
the literature and manufactured by commercial undertakings is
80 large that no attempt can be made here to deseribe them in
detail, Roughly, however, three types may be distinguished
viz (a) Low-pressure lamps; (b) medium and (e¢) high pressure

arcs. In the first class the mercury vapour pressure is kept
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as low as practicable, with the result that the intrinsic
brilliance is small, 'This Type, however, has one advantage
that much of the energy lles in the first resonance line of
the mercury spectrum at 2537 K and secondly, the line is
unreversed. The difference between reversed and unreversed
radiation may be explained as follows: A reversed radiation
is obtained from a medium pressure arc. In these lamps due to
the increase in pressure of mercury vapour, "pressure broaden-
ing" oceurs, with the result that the emission line (2537 X)
with the radlation in the' middle of "1line" is virtually absent
because of self-absorption near thé walls, In case of low
pressure lamps there 1s no pressure broadening and hence the
11né 2537 X is a single, intense line. This is known as
unreversed line., Such lamps are suitable where & particularly
strong source of resonance light is requlired, as in mercury
photensitized reactions: usually the amperage 1s never allowed
to go higher than 180 m.A, The lamp has another advantage
that it may be inserted in é furnace for photochemical experi-
ments at high temperatures, thus permitting the intense
radiation of reaction vessels, Lossing et al (33) has designed
an assembly for mass spectometric study using this type of lamp,
It may be noted that the output intensity of mercury resonance

o
lamp is practically independent of temperature up to 600 C.
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Medlum pressure arcs: As the pressure in the lémp is raised,
the intensity of light weakens in the far ultra-violet and
becomes greater in the visible and in the near ultra-violet
reglons. Such lamps usually work at a pressure of the order
of 100 mm, to 10 atmospheres and they carry currents of 1 to
5 A, An inconvenlient feature of these lamps 1s the heat
generated, several hundred watts being dissipated. One way
out of thils difficulty 1s to enclose the lamp in a water
Jacketed enclosure, Medlum pressure arcs give several lines
of mercury spectrambut 2537 X, 3130 X and 3660 R are the most
intense lines.. Even amongst theseithree, 2537’3 1s four times
more intense than 3660 2 which 1s of the same strength as
3130 R, and these can be isolated by using different filters,
High pressure arcs: High pressure mercury arcs operate at'
pressures of a few, up to almost 300 atmospheres., At the
hlgher pressures alr or water cooling must be employed, In the
event that water 1s used as a coolant, its purity may be of
some slgnificance when the lamp is to be used at wavelengths
below 2800 X. On the other hand, water cooled lamps possess
the advantage that a good deal of infra.red radiation is
absorbed by the water, These lamps must be so enclosed as to
protect from possible explosion. The life time of these arcs
is lower than that for medium pressure arcs, and their ﬁse for

kinetic studies 1s usually in conJjunction with filters or a
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monochromator,

Vacuum ultra-violet sources: Among the more restrictive
features of vacuum ultra-violet photochemistry is the material
through which the photon must be propagated and behind which
is contained the gas to be photolysed. Both lamp and reaction
vessel usually require such a window., Ideally, the window
should be transparent in the wavelength region where the gas
absorbs, and should be capable of being affixed to a reaction
vessel to make a vacuum-tight seal that can be subjected to
'extremes of temperature. . L1F windows can transmilt above

1050 X, CaF, can transmit above 1200 % and a sapphire window
will allow radiation greater than 1450 ﬁ. These are the
comhonly used window materlals,

A major requirement in a photochemical 1light soufce
1s high intensity and/i;ould be monochromatic., A continuum
such as obtained in a hydrogen discharge (34) or the rare gas
discharges (35) can be useful when used in conjunction with a
vacuum monochromator, Howéver, monochromator efficilencies are
uniformly poor in the vacuum ultra-violet and hence this
arrangement has not been widely employed. Of much more use
are the rare gas resonance lamps, which have the twin virtues
of high intenslty and chromatic purity.

The development of the rare gas resonance lamp began

with electrode lamps (36) and evolved recently into the
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electrodeless lamp powered by mlcrowave energy.(37). The
great advantage of the microwave powered lamp is simplicity
of construction. If one uses a krypton resonance lamp, the
wavelengths 1236 % and 1165 g are obtained, their intensities
being in the ratio of 1 : 0.28. On the other hand xenon
resonance lamp glves a powerful line at 1470 3 and a less
intense 1line at 1295 X. The most lintense krypton resonance
lamp was achieved by using 1 mm. of a mixture of 10% Kr and
90% He as the filling gas. It was found (37) that 10% Hy in
argon at a total pressure of 1 mm. gave an intense, almost
pure Lyman o( emission (1216 X).'_These lamps have been used
for studylng photolonisation,

Fllters and Monochromators:

In any photochemical work, it is always desirablé
to restrict the range of frequencies, so that one can observe
the effect of wavelength'on photolysis., To facilitate this,
monochromators or filters are usually used. Fillters are the
cheapest and the most convenlent means for restricting the
radiation to a narrow range of frequencies, With them it is
possible to 1solate many of the mercury lines for photochemical
Investigation, Although the fllters absorb a considerable
amount of the desired light, they absorb much more of the light
in other parts of the spectrum, The transmission curves for

typical Corning glass filters are given in their catalogue (38).
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These filters are ground to a given thickness and polished

in standard sizes, 5 cm.'square and larger. Many of the glasses
have sharp cut-offs, Filter CS-9-53 cuts off light below

2700 g while CS-9-54 cuts off below 2200 3.

Several solutions and pure liquids have been used for
isolating various regions of the spectrum., A complete descrip-
tion of types of solution that can be used to isolate certain
wavelengths are glven by Bowen (39).

Monochromators: In general, the undesired wavelengths can be
refracted to one side witp a2 prism more effectively than they
can be absorbed in a filter., A spectrometer system which is

arranged to supply radiation of a narrow range of frequencies
1s called a monochromator,

If a continuous light source 1is used, there may be
overlapping of adjacent regions and for this reason a discontin-
uous spectrum, such as that of a mercury arc, 1s particularly
advantageous for use with a monochromator, The handlecap of
low intensity can be offset. in part by long exposures, by
using larger prisms and lens and by using capillary arcs of
greater Intensity. Forbes and others (40) have given s good
experimental description of setting up a monochromator in
conjunction with a lamp and these monochromators are avallable

commercially,
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Measurement of light intensity:

The most dis’ciriguishing property of a photochemical
reaction 1s the fact that it i1s produced by light, Similarly
the most characteristic quantlty which may be associated with
that reaction 1s the relation between the number of molecules
changed and the number of light quanta absorbed, or the quantum
yleld, The ratio ordinarily observed in the study of a photo-
chemlcal reaction is the overall quantum yield, which may be

defined as

number of molecules finally decomposed or formed

number of qu:'mta absorbed

It can be shown that the determination of quantum yield will
give an indication as to the nature of the most important
process or processes in the reaction mechanism, If @ 1s’
large, a chain reactlon 1s indicated; if it 1s small, either
deactivation or recombination is suggested, although the
possibllities of lsomerisation, regeneration or an inner filter
effect must not be overlooked., A gb equal to some small whole
number and independent of changing experimental conditions R
especlally 1f accompanied by continuous absorption, indicates
a rapid and complete dissoclation either into stable molecules
or radicals which react further by a non-chain process. An
example of this 1s the photolysis of hydrogen iodide with a

quantum yleld of 2,
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Thus to determine the quantum yield,.a knowledge of
the number of quanta absérbed by the reacting system and hence,
measurement of the lncident light intensity is essential, The
number of molecules formed or decomposed can be ascertalned
by any standard analytical technlque,

The fundamental method for measurement of radiation
1s by use of a thermopile; this instrument 1s calibrated
against a true "black body" which radiates according to Stefan!s
law, In practice this is rarely done because of the difficulty
of setting up a truly blapk body and when thermoplles are used,
they are usually standardised agailnst standard lamps whose
energy output 1s exactly known. If the responge of the thermo-
plle 1s directly proportional to lamp intensity, this is a
reagonably good indication that the thermopile response 18'
independent of wavelength, as it must be. An excellent, brief
outline of the construction and use of thermopiles is given by
Strong (41). The more commonly used methods for measurement
of light intensity involve the use of (a) photoelectric cells
and (b) a photochemical reactlon, the quantum yield for which
has been established, in other words a chemical actinometer,
The two most commonly used chemical actinometers are uranyl
oxalate (42) and ferric oxalate (43). Use and applications of
photoelectric cells are described by Melville and Goweniock (4a),
Chemical actinometry: Chemical actinometry possess consider-

able jdvantages for light intensity measurements, particularly
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when the source does not involve the use of a monochromator.

A chemical actinometer gives the average dose over a given
period of time and over a glven area. By carrying out actin-
ometry in the reaé¢tion vessel itself, one may also eliminate
complications resulting from the gecmetry of the experimental
systen,

(2) Uranyl oxalate actinometer: This 1s still the most widely
used chemical actinometer, the reaction utilised being the
uranyl lon photosensitized decomposition of oxalic aecid, It

decomposes as ,

1-12020}_L S H20 + CO + Co,
A detailled description of the uranyl oxalate actinometer is
glven by Noyes and Leighton (45) and by Masson (46) for those
cases where actinometry is applled to a light beam emerging
from the reacting system, The quantum yileld of this photolysis
has been determined with great care over the region 5000 -
2000 & (42), the value being 0.62 at 2537 %, 0.49 at 3660 A
and 0.56 at 3130 X. The amount of reaction 1s determined by
titration of oxalic acld against standard permanganate solution.
Several attempts have been made recently to improve the
analytical technique for determining the amount of reaction,
Z111 (47) followed the reaction manometrically by measuring

the amount of carbon monoxide and carbon dioxide liberated
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during the decomposition of oxalic acid. For studies of
photochemical reactiohs in aqueous solutions using volumes in
the range of 1 to 10 M 1, Porter and Volman (48) developed a
simplified method of uranyl oxalate actinometry, The actin-
ometry is based on the determination of €O by flame-lonisation
gas chromatography after catalytic hydrogenation to methane (49).
This method is more sensitive than any other method or than any
other chemical actinometer, However, this method can be useful
only on a microscale, The uranyl oxalate actinometer has the
advantage that the quantum yield does not vary mach with
changing wavelength and also has a small temperature coefficient,
the coefficlent being 1,03 per lO° at 2o°c. Since the quantum
Yield does not vary much with changing wavelength, it is
especlally useful if the source of radiation is rendered mono-
chromatic by employing filters instead of a monochromator,

The percent decomposition of oxalic acid varies linearly with
time provided the decomposition is kept below 20%., Hence
knowing the amount of oxal:l.'c aclid decomposed and its quantum
yield, the number of quanta absorbed by the system can be
calculated (46),

(b) Potassium Ferrioxalate actinometer: Thils actinometer has
been developed by Parker (43)(50) and fulfils the requirements

of constant quantum efficlency and high absorption factor over

a wide range of operating conditions. The sensitivity is
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about one thousand times greater than that of the normal
uranyl oxalate actinometer. The concentratlions used in this
actinometer are ,006 M or 0,150 M of K3Fe(ceou)3.3ﬂéo and
exposure to light produces ferrous iron, which is estimated
by measuring the optilcal density of the 1:10 phenanthroline
complex at 510 mm . The recommended procedure is given by
Hatchard and Parker (50) and the quantum yields at two
different wavelengths are @ = = 1.25 and B,.5, = 1.2L.
Recently Lee and Seliger (51) measured the quantum yield of
this actinometer at 3660'2 relative to a callbrated thermopile

and their value was essentlally the same as determined by

Hatchard and Parker (50), Gaseous actinometers: A number
of gaseous actinometers are available for use either at near
ultra-violet or far ultra-violet regions. Some of them are
used as internal actinometers. Acetone (52) and diethyl
ketone (53) have been studled in detall, and were found to
have a quantum yleld of unity, for ketone decomposition or
carbon monoxide formation,'at temperatures above 100°C.
Carbon monoxide formed can be measured manometrically after
condensing the hydrocarbon products, The photolysis of HI
1s another reliable gaseous actinometer with ZSHI = 2 over
a wide range of experimental conditions. The hydrogen.bromide

decomposition 1s less sultable, since, because of a back

reaction, the yleld decreases with the amount of decomposition,
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For work in the Schumann region the ozone synthesis may be
used (54) where ¢b3 = 2.0. In the far ultra-violet region
a NoO gaseous actinometer which has a well established
quantum yleld for N, production of 1,44 at 1849 X, is often

employed (55).
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' CHAPTER II

PHOTOLYSIS OF HYDROGEN IODIDE AND

REACTIONS OF HNO

In 1936, Goodeve and Taylor (17) investigated the
absorption spectrum of hydrogen lodide in the ultra-violet
reglion down to 2000 g. They found a continuum which extends
from above 3600 R and which reaches a maximum at about 2200 R.
Earlier, Rollefson and Bo;her (56)‘a1so observed the spectrum
up to 4000 X, but above 3000 X the absorption was weak and
they had to use a long gas column, Since the dissociation of
HI to give a ground state H atom and an excited I (2P%) atom
requires 92 k.cal mole_1 corresponding to about 3100 R, the
relatively weak absorption above 3100 g must be due to a trans-
ition to a repulsive state producing ground state atoms.

Later in 1948, Romand (57) studied the absorption
spectrum of HI and his results are shown in Figure 4(a),curve 1.
He analysed this experimental curve and postulated two theor-
etical curves (curves 2 and 3) corresponding to two transitions,
one with a maximum around 2500 X and the other, about three

times more intense, with a maximum around 2100 K. Curve 3 he

ascribes to the 3Q1 «— N transition (Refer Figure 4(b),.
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HI absorption curves from the
work of Romand (57). Solid
portion of curve (1) is the
experimental absorption curve,
the dotted portion is the
postulated contlnuum curve at
lower wavelength. (2) and (3)
are the calculated component
curves corresponding to two
different electronic transitions,
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Potentlal energy curves
for the lowest electronic
states of HI from paper
of Mulliken (58).
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3Q1, 1 and 9, according to Mulliken's terminology corres-

ponds to 31T 1 » 117' and 3'n- oF states) ylelding a ground
state 2?3/2 I atom, and curve 2 to the Q.o «— N transition
vielding an excilted QP;E I atom., Since the 1Q potentlal
energy curve lles above that of Q, which in turn is above that
of 3Q1 on the vertical from the minimum in the ground state,
the absorption curve maxima should be found in the order 3Q1 ’
Q,o R 1Q according to the Frank - Condon principle, with the
lQ transition peak at the lowest wavelength, Thus the prod-
uction of ground state I atoms should be Important at the
éxtremes of the continuum while thé production of excited
lodine atoms 1s important in the centre, It is clear from the
above discussion that photolysis of HI using a wavelength
2537 it will yleld both exclted and unexcited lodine atoms, as
i1s the case with 3130 g. However, photolysis of HI using a
wavelength of 3660 X should yleld unexcited iodine atoms,

The photolysis of hydrogen iodide was studled by
Warburg (59) in 1918 at room temperature and at various press-
ures. The wavelengths used were 2070, 2530 and 2820 g. Under
all these experimental conditions it was found that the quantum
Yield of HI decomposition was two. Moreover, Bodenstein and
Lieneweg (60) have shown that the quantum yield is independent

of temperature up to 175°C. 1In 1931, Rollefson and Booher (56)

while examining the absorption spectra of HI at longer
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wavelengths, found the quantum yield of HI decdmposition to
be two even at a wavelengfh of 3660 K. Thus it seems, the
mechanism of photochemical decomposition is essentlally the
same for all effective wavelengths, except for the nature of
the iodine atom,

Much work has been done on the photolysis of HI by
2537 % radgtation recently, by Ogg and co-workers (61)(62).
It seems falrly certain that the initial act of absorption is
followed by production of a normal H atom and an I atom which
may be in the excited or gnexcited state, These atoms then

'participate in the following sequence to give a quantum yleld

of two:
Ia
HL + hv —3, H+ I g=1
[2] H + HI —_— H2+I
[7] I+I+M — I, + M

with an inhilbitory reaction

[3] H+I, ——  HI+1I

The reaction [7] 1s assumed.to proceed rapidly enough, in
comparison with other.:possible reactions of iodine atoms, so
that the concentration of molecular iodine is equal to the
concentration of molecular hydrogen. By the use of the "steady
state" treatment, the following differential rate equation 1is

obtalned:
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di, B Iabs B IS
dat B l+k3[12]/k2[HI] T dt [21]

where Iyng 1s the concentration of photons absorbed per
second, Consldering k3/k2 as constant, integration of

equation [11] leads to

ko | [HI] [HI] (1,)
Ipe Xt =[Iplp = 3| L 3, 1 . ttals
abs S (HI1, - 2(1,), 2 [22]

where [Iy), is the final concentration of lodine, [HI],

1s the initial concentratlon of hydrogen lodlde and Iabs xt
is the total quantity of light absorbed, measured
actinometrically, .

The results of Williams and Ogz (61) indicated that
ks/ka is experimentally constant at a value of 3.8 ¥ 0.3 over
a range of iodine concentrations. They studled in the
temperature range 102 - 189°C using wavelength 2537 ) Later,
Schwarz (30) obtailned a value of 4.2 ¥ 0,2 for this ratio
from experiments covering the range 12 - 30% photolysis. It
was also found that this ratio was independent of temperature,
which would imply that reactions [3) and (2] have the

same activation energy but that iodine is 3.8 times more
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efficient in reacting with H atoms than is hydfogen lodide,
However, when inert diluents such as He, Ap,Hé (30) or
cyclohexane (61) were added to the reaction, it was found that
the quantum yleld of hydrogen production decreases or
alternatively, the ratio k3/k2 seems to lncrease, reaching a
limiting value at large inert gas pressure. Furthermore, this
limiting ratio of rate constants was independent of the nature
of the inert gas and was temperature dependent., At a given
inert gas pressure no dependence of k3/k2 on [12]/[HI] was
observed. Schwarz (30) e;plained this on the basis of a 'hot
atom' mechanlsm,

The 2537 X radlation corresponds to 112,.8 k,.cal. mole-l
while the bond strength of HI is 70.5 k.cal. mole-! and the
electronic excltation energy of a 2P% lodine atom is 21.8
k.cal, mole'l. To conserye momentum essentially all of the
energy from the primary process in excess of that used in bond
rupture and electronic excitation must appear as translational
energy of the H atom, so that a 42 k.cal. mole ™ H atom will
be produced with a ground state I atom and a 20 k.cal. mole"l
H atom will be produced with an excited (QP%) I atom, Since
the hot H atoms have energy greater than the activation energy
of reaction [2], 1t seems probable that this reaction will
take place on almost every collision, and will be tempefature

independent. However, when inert diluents are added, the H
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atom loses 1ts excess energy by colllsion with inert gas
molecules to become therm:a..lisedv_. It can be shown by the use
of equation [10] that on an average, six collisions with
helium are required to moderate hydrogen atoms from 42 to 4
k.cal. Similarly for moderatlion by hydrogen, it requires five
collisions and filfty collislons are required with argon atoms
before they can thermalise the hot H atoms. Thus, when a
large inert gas pressure 1s added, all the hydrogen atoms
which are hot will be thermalised before they can react with
HI or I, according to reactions [2] and [3]. So the limiting
ratio of the rate constants (k3/1c2 Joo 18 the rate constants
ratic for normal H atoms reacting with HI and 12.. Schwarz et
al (30) found the ratio of rate constants (k3/k,), at infinite
gas pressure 1s lndependent of the nature of inert gas whether
it 1is H2‘, He or Ar. From the (k3/k2)°° values at different

temperatures E, - E, was calculated as 4.5 k.cal, mole'l.

2 3
Since E3 is zero, they concluded E2 is about 4 k.cal, mole"l.
Sullivan (63)(64) while studying the synthesis of

HI from H, and I, in the temperature range 666 - 79901(

2
calculated the ratio of rate constants k3/k2 for normal or

thermal H atoms. His results indicate 1c3/k2 for normal H

atoms is 13.0 and is independent of temperature, ¥From thils

1

he concluded E3 = 0 k,cal, mole ™™ and E2 = 0 k,cal, mole-1.
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This seems at variance with the work of Schwarz (30).
From thermodynamic considerations, Sullivan (63)
has calculated the rate constant and the activation energy

for the above two reactions, which are given as follows

3 + + [ ]

1oglo(k2/T ) = (12,27 0,2) - 480 T 350 113
.575T

log, (ko/T%) = (13.0 ¥ 0.2) - 0 500 [1&]
105/" S =

From this, the ratio of (k3/k2) at room temperature can be
calculated as 14.0. This low value of 14 seems to be
compatible with the quantum yleld of two obtained during
the photolysis of HI with radiation 3660 X, wherein there
wlll be little hot atom effect. Although, the 'hot atom!
hypothesis explains the result at 2537 X, the wvalues obtained
by Schwarz et al (30) for the ratio of rate constants seem‘
to be in some doubt, because if (k3/k2)u,values which they
obtained at 114°, 154° and 198°C are extrapolated to 25°C a
value of 100 is obtalned for this ratio at room temperature.
This high value 1f substituted in equation [11] should show
a drastic reduction in the quantum yleld of hydrogen
production, which is not observed.

There 1s no mention in the literature of any kinetic
study between HI and NO except for a thermal reaction. In the
thermal reaction (65) it was observed that HI and NO réact to

form NHﬂI, I, and Hy0 as the main products in the temperature
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range 90 - 300°C. The overall stoilchiometry of the reaction
was stated as:
6HL + NO = NHyI + H,0 +5/2 I,
HNO was postulated as an intermedlate leading to the formation
of NHﬁI. From the energy of activation the bond strength of
1

H-NO was calculated as 48,0 k.ecal. mole™ , which agreed well

1 obtalned

wilth the spectroscopic value of 48,6 k.cal, mole”
by Clement and Ramsay (66),

Although the presence of HNO as a reactive
intermedlate has been po§tu1ated in the past (67), the
question of its existenee and structure has been satisfactorily
settled only recently (68)(69)(70)(71).

Dalby (68) observed the absorption spectrumof HNO
in the reglon 6500 g - 7000 g whille studying the flash
photolysis of nitromethane, nitroethane and nitric oxide -
ammonia mixture., Later Clement and Ramsay (66) photographed
the emission spectrumof HNO obtained from the reaction of H
atoms with NO, Cashion and Polanyi (69) observed infra red
chemiluminescence from the gaseous reaction of atomic H with
NO, which they attributed as due to emission from HNO. Brown
and Pimentel (70) found HNO in the products of photolysis of

o]
nitromethane in an argon matrix at 20 K and it was identified

by its infra-red spectrum, From the vibrational frequencies
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(1570 and 1110 cm."l) and the bending force constant, it was
concluded that HNO is a bent molecule, They also pointed out
that nitroxyl has a structure H-NO rather than HON, from thelr
calculatlons, Ramsay from detalled analysis of spectroscopic

data (71) obtained the bond lengths and the bond angles of HNO

In 1944, Taylor and Tanford (72) found N, and H,0 as the
products 1n the mercury photosensltized reaction of Hé with
NO. They proposed the following mechanism involving HNO to

explain the formation of N2 and H O,

)
4(a) H+NO — HNO
[8] HNO + HNO — (HNO),
[9] (HNO), —— H0 + N0
[10] N,O+H —— N, + OH
[11] OH +H, — HO+H

Since they could not detect any N20 it was concluded that
this product was reduced as fast as 1t was formed, despite
evidence (73) that reaction [10] has an activation energy of
15-20 k,cal, mole™  and hence should be & slow step, The
source of N, in the reaction therefore remained ebscure,
Dimerisation of HNO 1ls based on an observation made by
Harteck (74) who found that when H atoms are allowed to

react with NO a yellow explosive solid is produced at liquid
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ailr temperature, which decomposes at higher temperatures to
N20 and H20. waevep, when NO is allowed to react with H
atoms from a discharge tube no N2 was produced. This was
similar to the observation made by Smallwood (75) in 1929, who
found that NO merely catalyses the recombination of H atoms to
form Hé. In the photosensitlized reaction considerable amounts
of N2 and H20 are formed, Thls can be explained as due to
difference in experimental conditions, one being dynamic and
the other being a static system, 1In a static system H atoms
are continuously produced as is the case in a photosensitized
reaction, while in dischérge tube reactlons the system is
dynamic. If only a small fractioﬁ of HNO 1s decomposed into

N,0 and H,0 and most of it reacted with H atoms, the

2
decomposition would be neglligilble in a flow system but
cumulative 1ln the statlc system,

Recently Clyne and Thrush (76) studied, in a very
elegant way, the reactlon between H and NO in a fast flow
system using H atoms obtained from an electric discharge.
The rate of removal of H atoms in the presence of NO was
determined by the rate of decay of HNO emission, They
measured the intensity measurements from the principal
emission band at 7525 X. The total pressure in the system
varied from 1 - 4 mm, of Hg and no N, N,0 or H,0 was found
as a product.

‘ The third order rate constant for the reaction
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[4] H+NO+M — HNO + M
was obtained, which was found to be dependent on the nature
of M, the third body. From an Arrhenius plot, the negative
activation energy for the above reaction was obtained as
0.7 0.3 k.cal, mole™ ,
In 1964, Strausz and Gunning (77) studied the
reaction between H atoms and NO at room temperature, the
source of H atoms being (a) Photosensitized decomposition of
H, and (b) photolysis of CH,0. The products were N5, N0,
HQO and higher oxlides of nitrogen; the latter reacted with
the mercury present to fc'brm a whi‘;e s0lld which was identified

as predominantly Hg(N02)2 and hence they concluded HNO. is

3
also a product of this reaction. From the combined results
of the sensitized and photolysis studies they proposed a

for
mechanism capable of accountings the following experimental

findings: (a) both N, and N-O are primary products of the
reaction and arise from competing reactions: (b) the rate of
N2 productlon depends on & lower power of the HNO than that
of the NQO producing step: (c) the rate of/%l: forming step is
proportional to the first or higher power of NO concentration:
(d) the N, and N,0 forming reactions are both of a non-chain
character, The proposed mechanism was

[ 4] H+NO+M — HNO + M

[12] H+ HO — H, + NO
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[8] SHNO  — (7o),

[9] (ENO), + M —, HyO + Ny0+ M
[13] HNO + NO ——  HNO.NO

[14] HO.NO + NO—s N, + HNO,

Since the calculated apparent third order rate constant for

N,

step for N2 productlon, to a direct termolecular reaction,

production was pressure dependent they prefered a two stage

Srinivasan (78), while studying the photolysis of

15N--ammonia in the presence of NO, found that the N2 product

.

consisted not only of 15y14N as expected but also of
The source of this N2 could be the reaction of NO with either
HNO or a nitroso compound formed by the amino radical.

The reactions of HNO seem to be similar to the
reactlons of RNO, alkyl nitroso compounds, which have beeh
investigated in detall by Christie and co-workers (79)(80)
(81). They studied the disproportionation of nitric oxide by
alkyl nitroso compounds which were obtained by the photolysis
of alkyl iodides, CH,I, C2HSI, n-03H7I, i-C3H7I and t-Cqul,
in the presence of NO. The photolysis of lodides gave the
corresponding alkyl radicals which on reacting with NO gave
RNO. The nitrosoalkane monomer can dimerise or isomerise to
an oxime. Dimerisation is the predominant reaction at room

temperature (82); isomerisation is more important at higher

temperatures (83), However, in the presence of excess NO, it
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was observed that Né and N02 were the products. They
followed the reaction by studying the rate of NO2 formation

spectrophotometrically, The mechanism suggested was

[1'] R + NO —, RNO
[2'] RNO + 2NO —s R* + *NO; + N,
[3'] *NO3 + NO —; 2NO,

and when the nitric oxide pressure is not high monomeric
nitroso alkanes tend to dimerise, setting up the equilibrium
[4'][-4'] 2RNO = (R.NO),
The rate of NO, production was proportional to the first
power of nitrosoalkane concentration and to the square of the
NO concentration. For each nitrosoalkane studied the third
order rate constant k,', for Ny production, decreased with
increasing temperature, yielding a negative activation |
energy and in the homologous series
Et-Bu<'EPr<'EEt< EMe
They also calculated the ratio of rate constants
R = kR+Ig/kR+NO for-the above alkyl radicals and found
RiPr> RPr> REt> RMe
The negatlve activation energles for N2 production imply that
an equilibrium such as (5'), with (6') the rate determining
step, is 1nvolved in the overall reaction
[5'][-5'] R.NO + NO = R(NO),

[6:] R(NO), + NO —, R(NO)3 — R. + N, +N0,
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The temperature dependence &f kg,will be negative provided
that '

E_5|> Eg' + Est
In their experiments they were using a small ratio of NO/RI
so that step 6' was rate determining, which will lead to
second order in nitric oxide, At very high NO/RI ratios
there may be a change in order with respect to NO,

In spite of similarities between HNO and RNO, one
observation seems to be very pertinent, namely HNO is not a
very efficient specles fqr the disproportionation of NO (79)
(84), compared with RNO.

Nitric oxide 1s widely used to inhibit gas-phase
reactions which proceed by a free radical chain mechanism,

In the inhibited reactions of hydrocarbons, aldehydes and
ethers it has been postulated that HNO (85) and RNO (86) are
intermedliates in these reactions,

The effect of NO on pyrolytic reactions was first
observed by Hinshelwood and Staveley (87), who found that the
addition of NOucaﬁses/ieduction in the rate of decomposition
of dilethyl ether and other organic compounds. A similar
effect was also observed by Rice and Polly (88) with the
addition of propylene to the reaction system, The fact that
in many cases the inhibitors lead to a constant 1im1ting rate

and that the same limiting rates are given by different
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inhibitors led Hinshelwood and co-workers (89) to believe
that the residual reactions are molecular in nature, On the
other hand there are certaln characteristics of the fully
inhibited reactions that seem to be incompatible with the
view that a purely molecular mechanism 1s involved. These
are (1) Rice and co-workers (90) found that hydrogen-deuterium
mixing reactlions take place as rapidly in certain fully
inhiblted reactions as they do in the uninhibited reactions.
(11) fully inhibited reactions exhibit a well defined induction
period (91) and (1ii) the fully inhibited rates are sometimes
‘decreased by increasing the surface to volume ratio., It
would seem to be qulte lmpossible to reconcile these facts
with the hypothesls of a simple molecular mechanism and:hence
lsevhanisms of the free radical type were developed by Laidier
and Wojciechowski (92) and Norrish and Pratt (86).

The former authors suggested that in the case of
nltric oxide inhibition, initiation is considered to be by
the abstraction of a hydrogen by NO, while termination
involves reaction between the most plentiful chain carrier
and either HNO or NO, depending on whether or not H is a
chain carrier. Mechanisms were proposed for decomposition of
paraffins, ethers and aldehydes, when inhibited by NO and the

resulting rate equatilons were shown to be consistent with the

behaviour observed experimentally,
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Since it was found by previous workers (91)(93)
that there is very little‘consumption of nitric oxide in these
inhibited reactlons, mechanisms were proposed (94)(95)(96)
involving equilibria of the type

H+ NO = HNO or R + NO — RNO
In spite of the fact that the mechanism proposed by Laidler
and Wojelechowskl (92) explains in a simple way the experimental
behaviour, both in the maximally inhibited and induced reaction,
it fails to take into conslderation the reactions of nitroso
compounds, which are formed from alkyl or H atoms reacting
with NO. These have been shown recently (79) to proceed to
conslderable extent.

Norrish and Pratt (86) proposed an alternative
mechanism for the inhibited reaction by NO, which involves
rea¢tlons ofvnltroso compounds. The main drawback of this
treatment 1s the complicated rate equation that is obtained
by the steady state treatment, involving many unknown rate
constants, which have to be assumed to obtain any meanlingful
result, Secondly, they assume certain radicals are 'large
radical' and 'small radical', and to distinguish them in all
the systems may not be easy and lastly it does not geem to be
applicable to all systems.

Thus, it may be concluded that although a large

amount of work has been done on pyrolysis of hydrocarbons in

the presence of nitric oxide, the mechanism of the inhibited
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reaction is not yet clear, Pessibly, the reacfions of RNO
and HNO may play an 1mpoftant role and the consumption, or
otherwise, of NO in these systems may throw some light on
thils complicated problem.

With this in view we studied the photolysis of HI
in the presence of NO using light above 3000 2. The hydrogen
atoms so produced will react with NO to form HNO and this may
glve further insight into the reactions of HNO. Our results,
in general, show the same trend as was observed by Christie

and co-workers with RNO.

H
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CHAPTER III

EXPERIMENTAL

Amatus

The apparatus and experimental procedure were very
similar for the different temperatures and various inert gases
employed, so the general description glven here applies to
chapters III and IV.

A typical static vacuum system was employed which
is shown schematically in Figure 5.

The entire system could be evacuated to less than
10" 2mm, Hg by means of a "three stage" mercury diffusion
pmnp (P,) which was backed by a single stage VWelch rotary .
pump (P5). A single manifold connected all parts of the
apparatus. Gases used in the experiments were stored ln bulbs
Vis o, and V3, each having freezing nipples for purification
of the gases. Storage bulb Vl was of 2 liter capacity and
was used to store purified 'hydrogen iodide. The bulb was
painted black to prevent photolytic decomposition, After
several unsuccessful trial runs, it was found that Aplezon T
stopcock grease was best for greasing the stopcocks in
frequent contact with hydrogen iodide, This stopecock greagse

proved to be resistant to attack by HI after some initial

colouration., The bulb Vs also of 2 liter capacity was used
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to store pure NO and bulb Vé was for pure inert gases. Vi
and V; were small calibrated vessels whose volume was
determined by welighing several times with distilled water,
The standard volumes of these bulbs were taken as the mean
average of several readings. Vy had a volume of 157.0 mil.
and Vs was 25.5 ml. Pressures in these bulbs were measured
wilth a mercury manometer M., which had a three way stopcock
connected to the main manifold. One arm was always used for
measuring hydrogen lodlde pressures, while the other arm was
used for measwring nitric oxide pressures. The reason for
using separate arms for HI and NO; was, hydrogen lodide
slowly attacks mercury thereby contaminating i1t with lodides
of mercury. The inlet to each bulb V; and Vy was attached
to a purification unit which in turn was attached to the
cyiinders of the research grade gases or to the hydrogen
lodide generating unit as the case may be. A U-trap (v),
approximately one metre long and one cm, diameter, containing
high activity silica gel for the purification of nitric oxide,
was connected to the inlet side of bulb Va. A trap was also
connected between the U-trap and the inlet of the storage
bulb, Each of the storage vessels and the calibrated standard
vessels was attached to the reaction vessel (RV) through a
spiral (S) which was always maintained at -78°C to prevent

mercury vapours from entering the reaction system,
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The reaction vessel (RV) was a ¢ylindrical quartz
tube, 15 cm, long and 5 ém. in diameter, having plane parallel
faces. The volume of the reaction vessel, including the dead
space was calculated as 302.0 ml, Attached to the reaction
vessel was a small cold finger Vé, which was used for
freezing the reaction mlxtures and for mixing the gases
before they were photolysed. The connecting tubing from the
reaction vessel to the cold finger, spiral gauge and to the
attached stopcocks were all caplllary and hence the dead space
was only about 2% of the total volume, The outlet side of
the reactlion vessel was attached to the analytical system,
which consisted of two titration traps (Tl) and (Ta) followed
by a pump down solid N, trap (T3) which in turn was attached
to a T8pler pump (P3) and a2 gas burette, Each volume in the
gas burette was callbrated accurately by weighing with
mercury or water. The end of the gas burette was closed by
a three-way stopcock, one connecting the main manifold and
the second connecting a Cu0 furnace as shown in PFlgure 5,
The Cu0 furnace was used to oxidise Hé to Héo and hence to
separate H2 from N2. The CuC temperature was maintained at
310°c,

Optical System

The reaction vessel (RV) was enclosed 1n a well

insulated box, one side of which could be removed, The
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temperature of the box could be controlled to any desired
temperature either by‘heating or cooling. However, for low
temperatures, namely, at 6° and -20°C, only the reaction
vessel was cooled (see P. 117)., The temperature of the
reaction vessel could be controlled to better than ¥ 0,5°C,
except at -20°C, The box had a window of 5 x 5 cm, where
a Corning glass filter, colour specification no, 9-53, was
used which cuts off light below 3000 X and for wavelength
2537 X a Vycor glass was used as a fillter. Since the most
intense lines above 3000’3 are 3130 R and 3660 2, which are
of equal intensity, in all our exﬁérimental work the
wavelength will be quoted as 3130 X. The absorption of HI at
3666 K 1s small (see Figure 7) but together with the 3130 g
wavelength sufficient photolysis could be obtalned in a
reasonable tilme,

The lamp was a medium pressure Hg arc, Hanovia
S-500, which was attached to a transformer. An ammeter was
placed in series with the iamp. Since the intensity of the
lamp depends on the amperage and voltage, these two variables
were always kept constant., However, once the lamp started
to age, the intensity fell; thls was lndicated by a
fluctuation of the voltage. When the output of a lamp
became irreproducible it was replaced. The whole assembly

is schematically shown in Figure 6, The lamp was enclosed
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in a water cocled wetal box which had a light-éxit hole of
1,5 cm, diameter. A quartz lens of 7.5 cm. diameter and of
10 em, focal length was placed between the filter and the
lamp, so that the light falling on the reaction vessel was
almost parallel and the total volume of the cell was
iliuminated.

. An actinometer cell of 6cm. diameter and of 3 cm,
depth was placed as shown in Figure 6, The position of the
actinometer was adjusted such that all the light passing
through the reaction vesgel passed through the actinometer
‘solution. In any experiment the volume of the sctinometer
solution was always kept constant, Corrections due to

reflection and absorption losses at the windows of the reaction

vessel were shown to be negligible, The amount of oxalate‘
decomposed with the reaction vessel in the path of the
actinometer was 99% of that without the vessel.

Attached to the reaction vessel was a quartz spiral
gauge., In order to damp out oscillations the spiral gauge,
one side of which was evacuated, was ilmmersed in silicone oil,
The position of the mirror on the spiral gauge was fixed in
such a way that on evacuating both sides, the reading was on
zero of the scale which was kept at a distance of 1 metre
from the mirror. The deflection on the scale could be'

calibrated, so that the pressure in the reaction vessel was
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obtained directly from the deflection reading, The spiral

gauge was utilised when doing runs with inert gases,

Materials

Hydrogen Iodide:- Hydrogen iodide was prepared by
adding reagent grade 574 hydriodic acid (Fischer Scientific
Co. U.S,A.) to phosphorous pentoxide, The liberated gas was

passed through a column filled with P205 and glass wool in

alternate layers. The gas was then condensed in a trap cooled
by liquid No. The condensed HI waas pumped on for about 5
minutes to remove any H, and then after several trap to trap

O
distillations (-78 C to -196°C), the gas was stored in bulb

Vl.' Before use the hydrogen iodide was again redistilled and
any non-condensible gas at -196°C removed by pumping, Wheﬁ
freshly prepared it is a pure white solid, and yellowish
vhite in the llquld state. HI decomposes very slowly and so
before each experiment the HI was degassed and samples were
taken at -78°C to avold contamination by iodine.

Nitric Oxide:- Nitric oxide gas was obtained from
Matheson and Co. The gas from the cylinder was passed through
a column of silica gel (U) immersed in dry ice - acetone
mixture at -78°C to remove moisture and NO,. The gas thus

obtained was then condensed in liquid nitrogen end the non-

condensible gas impurity, (Np), was pumped out for about 10
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minutes, Then it was further purified by subliﬁing the NO
from a trap immersed iIn lliquid Op to a trap immersed in
liquld Ng. This procedure, though tedious, 1is very effective.
The NO so obtained has a bluish white colour when solid and
pale blue when liquid. For any experiment, the NO was always
pumped on for about a minute or so while immersed in liquid
N, and always taken out for a run using n - propanol - liquid
N, mixture ( -127°C). Mass spectrometric analysis showed no
N20 as impurlty.

Nitrogen, hydrogen and carbon monoxide used were
all pure research grade from Matheson Co. of Canada obtained
in 1 liter pyrex flasks with break-seals, These bulbs were
attached to the reaction vessel at V3.

For volumetric determination of lodine and hydroéen
lodide, the following reagents were used: potassium lodide,
potassium lodate and sodlum thlosulfate. The potassium
lodide was shown to be iodate free, All the above three
reagents were Flscher certified reagent chemicals. For the
volumetric determination of oxalate, potassium permanganate
was used; 1t was standardised agalnst N&gcaou according to

the procedure given in Vogel (97).

Procedure

In a typlecal run, a known amount of HI was taken
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in the standard vessel V), at a lmown pressure. From this
the initilal concentration'of HI was calculated from the
perfect gas law. The amount of HI corresponding to a certain
initlal pressure was also checked by titration. 1In every
experiment the lamp was allowed to warm up for at least half
an hour before the reactants were photolysed. This ensures
stability of the lamp, The hydrogen iodide was then condensed
in the side arm, Vé, of the reaction vessel., The stopcock
attached to the reaction vessel was closed and HI was allowed
to expand into the reaction vessel and the pressure was noted
from the spiral gauge. When no other gas was added, it was
photolysed for a measured time, after having been allowed
to come to thermal equilibrium., The time allowed for this
was usually 10 to 15 minutes. When N0 or other gas was added
hydrogen ilodide was recondensed in the finger, and a known
amount of NO was also condensed in the cold finger, In order
to ensure complete mixing of HI and NO and hence eliminate
any errors due to varlation in reactant composition, the two
gases were condensed and evaporated several times before
photolysing, Once 1t had attained the reaction temperature,
it wae photolysed for a known interval of time (which varied
from 10 minutes to 5% hours), The reaction was allowed to
proceed to no more than 7 to 10% conversion in each case., At

the end of the run the light was shut off, and the reactants
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and products were condensed in the titration trap (Tl) using
liquid N,. Trap (Ty) was also cooled by liquid N, while
trap (T3) had solid Ny ( -210°C). The non-condensible gases
were removed at -210°C and were measured in the gas burette
using the T8pler pump. Analysis of the non-condensible gas
at room temperature, by mass spectrometry, showed Hy to be
the major product. N, was less than 1% at moderate NO/HI
(about 10:1 ratio) and hence was neglected. However at large
NO/HI  ratiosthe N, content increased to about 3%. Hence
at room temperature and at moderate NO/HI ratios , No attempt
‘was made to measure N,, ‘After the removal of non-condensible
gases, NO was separated from HI by distilling from liquid 0o
( -183°C) to sol1d N, ( -210°C). This distillation was
complete in about 3 hours. The amount of NO left behind was
then measured by the gas burette, I, and HI were then
separated using acetone, dry ice and 1iquid N>. The stopper
in the titration trap Tl was opened and a dilute solution of
potéasium lodlde was introduced through the side tube. The
solution with combined rinsings was titrated with standard
sodium thiosulfate solution using starch indicator,
Potassium iodide solution was added to the HI while
it was condensed in liquid Ny in trap To. After warming to
room temperature it was washed several times with distilled

water, To the solution with combined rinsings was added about
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10 cc. of saturated potassium lodate solution (98). The
1odine so liberated was ﬁitrated against standard sodium

thilosulfate solution using starch indicator,

Actinometry. The uranyl oxalate actinometry was used to
determine the number of quanta absorbed by the reactants. The
procedure given in Farkas and Melville (99) was adopted. Pure
uranyl oxalate was prepared from analar uranyl nitrate and
analar oxalle acld by trezting a hot solution of uranyl

nitrate with excess oxallc acid. The solution was cooled,

the resulting precilpitate was washed, dried and recrystallised
from water, A 0.005 M solution Sf uranyl oxalate was used

in all experiments. The oxalate solution was filled accurately
up fo the mark 1n the actinometer cell, the volume of which

was exactly known, After the photolysis all the solution

was taken out in a clean, dry beaker, After stirring the
solution well, 10 ml, of 1t were plpetted into a conical flask,
10 ml. of 6N H,S0, were added, and titrated at 85°C with
standard N/50 potassium permanganate solution, A portion of
the unexposed solutlon was also titrated in a similar manner.
Knowing the volume of the actinometer solution and the

gquantum yleld of oxalate decomposition, the number of einsteins
absorbed by the reactant can be calculated., If Ay moles liter'l

of oxalate are decomposed in time 't!' without any reactant in
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the reaction vessel, and A, moles liter ' are decomposed in
the same time with the reactant present, then the fraction

of light absorbed by the reactant is proportional to

- The incldent iIntensity of light I, is proportional
to A, or in other words, Al' moles liter™> of oxalate has been
decomposed due to the absorption of certain number of einsteins
given out by the lamp, Since the volume of actinometer
solution was Vml, ( = 88’.0 ml, ) and not one liter, the amount
of oxalate decomposed would be

A x V(= 88 ml.) moles

1000

and taking the quantum yleld as 0.55 at 25°C

no. of einsteins initially absorbed = A; x V = E
1000x0.55

or, no, of elnsteins absorbed by the reactant

& 1000 x 0.55
Eabs = (Al = Az) v
1000 x 0.55

Thus by knowing the number of moles of product formed by
the analytical method and the no, of einsteins sbsorbed by

the actinometer, the quantum yleld can be calculated,
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RESULTS
a6 25%

Since in the thermal reaction between HI and NO (65)
there was consumption of nitric oxide, experiments were done
to determine whether any nitric oxide was used up in the
photochemical reaction. Table 1 shows the amount of NO
added and amount of NO recovered, for varying amounts of
hydrogen iodlde and nitric oxide at various times. Two sets
of experiments were done, one using 2537 8 radlation and the
second using 3130 K. From the table it is clear that there
1s virtually no consumption of nitric oxide. However it was
observed that the amount of hydrogen produced goes on
‘decreasing with increasing nitric oxide concentration, Since
hydrogen production goes on decreasing, it was decided to .
investigate whether there was any change in the amount of
light absorbed by the addition of nitric oxide. Consequently
the absorption spectra of hydrogen 10dide and hydrogen iodide-
nitric oxide mixtures were determined using a Beckmann model
DU apectrophotometer, 'l‘he' spaectra are shown in Figure 7,
from which 1t can be concluded that the absorbance of HI is
not affected by the addition of nitric oxide, HNltric oxide
itself does not absorb in this region (100). This was also
confirmed from our actinometer results, wherein it was found

that the number of quanta absorbed by hydrogen lodide in a
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14 - e pure HI 4.70 cm.

L2 -

08

o6

g

© Hl +NO 4.70+38.00cm. of NO
celi length = 9cm.

¥ .

400 380

Figure 7.

360 340 320 300 280 260

A in My

Plot of absorbance against wavelength for

pure HI and a mixture of HI and NO at 25°C.
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given time 1s constant, irrespective of the amdunt of nitric
oxlde added, |

Flgure 8 shows a typical time course plot at a
constant NO/HI ratio. The rate of hydrogen production goes
on decreasing and reaches a limiting value, once the saturated
vapour pressure of 12 1s reached,

The amount of hydrogen formed in each run, divided
by the number of micro einsteins absorbed by a constant
amount of HI, gives the quantum yield ﬂhé. This 1s shown in
Table 2, where for a set 9f nitric oxide concentrations,
keeping HI and time constant, ﬂhé values were calculated,
The quantum yleld goes on decreasing from a value of unity in
pure HI, and reaches a limiting value after which further
additlon of nitric oxide causes no change in pﬁa values. It
was also found that the limiting quantum yield 1s dependent
on HI concentrations, This i1s shown 4n Flgure 9, The same
type of behaviour was also observed by using 2537 X radlation.
Figure 10 shows a typical plot for one concentration of
hydrogen lodide. The addition of ilodine causes a lowering of
the limiting quantum yield. This is not very marked at 25°C,
while as it 1s very marked at 4500 where the saturated vapour

equivalent to
pressure of I, in this system is/about 22 ltmoles (see P.91 )

As more and more experiments were performed, a

thin layer of some white substance was deposited on the front

s et et e v
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Figure 8, Time course plot for the hydrogen production

at 25°.
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Figure 9. Variation of ﬂﬁz as a function of

NO/HI at 25°cC.
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window of the reaction vessel. To avold the decrease in
intenslty due to this deposit s the reaction vessel was always
Tlamed before doing a run In order to sublime this substance
to the cooler part of the system, away from the light path.
After several runs the reactlion vessel was cut off and the
white deposit was analysed qualitatively and quantitatively.
By qualitative analysis, 1t was found to be ammonium ilodide.
Quantitatively it was found that the amount of ammonium
iodide in a blank thermal run at 25°C was less than 0.1 mmole,
while from two photochemical runs, using the same pressures
of reactants, 0.6 mmole ot: NH)I were produced. The absorption
spectrum of this compound was taken with a Perkin -~ Elmer 202
U-V, . visible spectrophotometer; the spectrum is shown in
Figure 11, which shows a maximum round 225 mp, Since there
was no published spectrum available for the pure compound,
the absorption spectrum of pure NH)I (Eastman - Kodak Co,) of
concentration 6,89 x 10> molar solution, was also measured,
which 1s shown in Figure 12, It has a maximum around 225 mp

with €= 1,23 x 101#.
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At _45°C

For the experiments conducted at 45°C the box was
heated intermally by a 300 w, heater; the hot air was
clrculated by means of a small fan, The temperature of the
box could be controlled within ¥ 0.5°C by adjusting the
heeter output, and the speed of the fan. The actinometer
solution was also at 45°¢.

Since the quantum yield of uranyl oxalate is not
known at 45°C, it was determined experimentally by doing a
blank photolysis of uranyl oxalate at 25°C and 45° , and ‘
taking the quantum yield at 25°C as 0.55. By this procedure |
the quantum yleld at 45°C was obtained as 0.56. This value
was used in all calculations pertaining to 45°¢C results, |
The analytical procedure was exactly similar to the 25°C runs,
Results

At thic temperature tf;e.ze,:saturated vapour pressure
of 12 1s conslderably higher. than that at 25°C. Therefore an
appreciable photolysls time is required for this pressure to
be attained, Hence all the experiments were conducted at a

constant NO/HI ratio but for varying times and varying HI

concentrations, Figure 13 shows the time course plot for
different HI concentrations but at a constant NO/HI = 3.9.

This graph is simllar to the one obtained at 25°C except that
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the rate becomes constant after a longer time,

In all these-exﬁeriments the amount of iodine
formed is always higher than the amount of hydrogen. This is
probably due to the formation of ammonium lodide, which
produces extra lodine; the amount of NHyI is considerably
larger than at 25°C. It was found to be about 35 umoles in
ten runs, Table 3 shows the amount of hydrogen and iodine
produced at different times and Table 4 shows the effect of
added lodine on the quantum yleld. From the table it is
clear that the quantum yiqld of Hé production goes on
decreasing with the addition of IE; The same effect is
observed by increasing the time of photolysis, where lodine is

building up its saturated vapour pressure.
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Dlscussion

The production of NH@I by the thermal reaction of

HI and NO was calculated from the rate constants given by

Holmes (65). At 25°C, k = 1,977 x 10-5 ce. mole~l gee~l,

at 4500, k = 2,012 x 10°% cc. mole™t secL,
From these rate constants, the amount of HI reacting with NO
to form NH#I was calculated and was found to be less than
0.02 pmole of HI at 25°C, Hence the thermal reaction can be
neglected and will not be considered further at room
temperature, ,

Any proposed mechanism hés to explain the following
experimental facts 1) Hydrogen and iodine are the only main
products and that there is no consumption of nitric oxide.
11) The quantum yield of hydrogen production goes on
decreasing with increasing NO/HI ratlo, reaching a limiting
value after which further addition of NO causes no reduction
in gHQ' 111) Addition of I, causes reduction in quantum
yield. iv) The quantum yi€ld i1s a functlon of both HI
concentration and 12 concentration,

Since the light used was polychromatic, the initial
act of absorption by HI would be to produce He and I. atoms.
These may be represented by two different processes;

1 (a) HI +hv (3130 %) — H 4+ I'(2P3/2) Ta

— B+ 1 (%)
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(r)  HI + hv (3660 H — B+ 1-(293/2)

¥hen a normal iodine atom (2P3 /2) is produced, then the
hydrogen atoms produced in process (a2) will be about 20 k.cal.
hot and in process (b) the hydrogen atoms will be about 6
k,cal, hot. On the other hand, 1f excited Lodine atoms are
produced (EP%) then the hydrogen atoms will be normal H atoms,
From the absorption spectra (Flgure T7), 1t is seen that the
absorbance at 3130 g is approximately about 8 times stronger
than at 3660 g. 8o it 1=z possible that some of the hydrogen
atoms are hot and some are thermal. The hydrogen atoms so
"produced can resct @lither with HI 'or 12
- [e] H+HI — Hy +1I

[3] H+I, —» HI+1
Since the iodine concentration, in the gas phase, is very |

small at room temperature and since the ratio of kq/ka 1s

only 13,0 [Sullivan (6&)] , then reaction [3] cannot contribute

much to the lowering of the quantum yleld. Reaction [1]
followed by (2] would give a quantum yleld of hydrogen
production of unity. If nitric oxide is to reduce the
quantum yleld, it may do so by temporarily stabilising the H
atons as HNO

[4] H+NO+#M —, HNO + M

The latter then undergoes comp®titlve reaction with HI and I,
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according to steps [5] and [6 ]

(5] I-m0+HI-—>‘Hz+NOI__,H2+No+I

[6] HNO + I,— HI + NOI —, HI + NO + I

Steps [5] ana [6] are consistent with experimental observations.

Quantum yield, ﬂHg’ for a given NO/HI ratio, should increase
with increase in HI concentration and should decrease with
increase in 12 concentratlon. This is evident from Figure 9
and Table 4, The absence of any other product indicates that
NO is acting solely as an intermediate, There is another
possible reaction for the, reduction of quantum yield
[6"] HNO + NOI — HI + 2NO
The concentration of NOI in the system can be calculated
from the equilibrium constant for the system,
NO +I —= NOI

glven by Porter, Szabo and Townsend (101)., At 25°C, the
value of K = 3.53 x 102‘ 1iter mole~ and at u5°c, the value
of the equilibrium constant K = 1.22 x 10% 11ter mole-l,
These were obtained from a value °fAH~?: - 10.0 k,cal. and
K60°C =6 x 103 liter mole"l, given in the above paper.
Hence the concentration of NOI is

NOT, 0 = 3.53 x 10* [no] [1]
The highest concentration of nitric oxide used was 3.8 x 10~2

moles liter~! , but the concentration of iodine atoms at this
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temperature 15¢< 10715 mo}es liter—i (102), so £hat the
concentration of NOI will be very low, This indicates that
reaction [6'] will be unimportant.

The remalining reactions in the system are those
giving rise to molecular lodine.
(7] {I'+I'+M — I, + M
NOI + I —->12+N0
Neglecting reaction [3], the rate equation for

hydrogen production is given by

S = kplu]fu]+ ks [1mo] [mx] [25]

Applying steady state treatment, the concentration of the
intermediates are
(8] = I, - wy[Hl[vo] (M] - wp[u]fim] = o

or | [H] = Ia hG]

K [NO] [M] + kp|Ha]

[mo] = i [H] [vo] M) - kg [mvo] [H1] - xg[mvo] [1,] = o

ky, (B NoI[M]
1(5 [I‘H] + k6[12]'

I,.ky [NO] [M] [17]
(key [NOJIM] + kp [HI]) (kg [HT] + kg[ I, 1)

[mvo] -

Substituting these values of [H] and [HNO] in the above rate

equation [15]
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dH, e, (1] I
a2 kj; [NOTTM] + k,[HI] *
i L2 k,, [NO] [M] I, J
kg [HI] + k [I,]] k,(NOJ[M] + k,[HI]
or  GH> - k,.I, [HI] +
dt ky[No][M] + k[ HI]
kgky [NO) [M] I,[HI)
Ko [HI] + k [Ip] |k, [NO)(M] + x,(HI]
- Ta ' kek, [NO] [M]
Ky NOI[M] | kp + ——2t
| S |
= xu[NOT[M] | k, + ( [18]
k, + _Ltrm_ 2 71 4 kelL,]
xSLHI] J
or k, [NO](M]/[xT)
- i k), [NO) [M)
d k ok, e
I sl YOS
a k5[HI] J

Calculation showed that in the present system, the lodine
concentration is constant for all but the initial 5 - 7% of
the reaction time (which is the time taken for building up

the saturated vapour pressure) and since the conversion is
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kept very low, 7 - 8%, I, / HL can be assumed to be constant

and independent of time, This is not unreasonable at room

temperature. Hence the above differential equation [19)

can be integrated as a function of time

.iilfz_ - () - (), - ) [20]
[1,.at :Zfla.dt Hy
k, [NO] [M]
. [HI] k
- 1 [NO] [M)
PR TR ) kel [/ o
K [HI]

This equation may be rearranged to give

kelIp) | ky[NO)([M]
_ k_[HI) (HI]

g
"2 1 4+ K6lIp) K +kg,[No][M]
kg [HI] [{"2 [HI]

kp + 2

. ky[NO]([M] koleg[I,)
[HI] + kB[HI]

= (K2 . k!I[NO][M]) 1 4 kglIo) Ky + K [Nol(m] | (g , kelI,]
(Hx) kg [HI) [(HI] ki [HI]

-

1 k2k6[12]/1 + k6[12]

or H2= 1+ kﬁ[IE] H kS[HI] RS[HI] [22]

k[ HI] 4 Ky [NOIIM]
2 (HI]
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( | [ R xlp)
Kya leg [HI]

1+ k. [(I,]
e kgl | -l

k[ HI] 2
\ ) N k2» + [No] P,
k,  [HI]

where k) = I, [M]

At large nitric oxide concentrations, since ﬂﬁé does not
change any more with NO/HI ratio (Figure 9), it seems that all
the H atoms mainly react with NO and not with HI. This would
mean that reaction [ 2] 1s negligible and therefore the second

term in the above equatlion is very small and may be neglected.

Then 1

(%u,) s = [2#]
2 1limitin

g 1+ kﬁ[Igl

kg (HI]

From the above equation [24) it 1s seen that (ﬂhé)'l should
be a linear function of the mole ratio [Ial/IHI]with a unit
intercept and slope equal to ke/k5. Since I, 4s the S.V.P,
at 25°C, which is constant, a plot of (ﬂhé)‘l as a function
of 1/[HI])should be a straight line. This is shown in
Figure 14, A table containing the values used for the plot
is shown in Table 5. Since the saturated vapour pressure of

I, at 25°C is 0.35 mm, (Ref. Figure 15) (103), which

corresponds to 5,685 pmoles in 302,0 ml. (the volume of the
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Figure 15, Logarithmic plot of saturated vapour pressure

of lodine against temperature (103).
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reaction vessel), the value of k6/k5 can be caiculated as
79.9, from the slope and ilodine concentration, The last point
on the graph which corresponds to low hydrogen iodide pressure
i1s not on the line, most probably because while deriving the
equation [20] it was assumed that I,/ HL 1is constant and

1s independent of time, which is not true at low HI

concentrations.

At low NO/HI ratios, where there i1s competition for
the hydrogen atoms between HI and NO, reactions [2] ana [4),
the full equation [23] can be used. The use of this equation
was made in deriving the rate constant ratio Ko/ky (M),
Substituting the values of kgékB obtained from Figure 14 and
taking the values of ﬂhz corresponding to the ratio of NO/HI

from Figure 9 in the descending portion of the curves, the

values of kz/ku[M] were calculated. This i1s shown in Table 6.

When this ratlo is plotted against the total pressure,
Figure 16, it is seen clearly that it is pressure dependent,
reaching a limlting value at very high pressures. Since
there 1s no reason to suppose that k2 should be pressure
dependent, it is clear that ky [M], the apparent second order
rate constant of reaction [4], increases ‘with pressure,

This pressure dependence implies that reaction [4] occurs

in the following steps:
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Figure 16. Plot of ko/k, (M) for various [m]

values at 25°C,
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H + NO ={%= HNO*

HNO* + M S, mo + M

From this, the rate of formation of HNO can be written as

alENO] _ kyk, [H][NOI[M] [25]
dt k, + k_[M]
c

If this 1s compared with equation [4 ] (page 93)

a [HNO ]
= k, |H
3 5 (H1INO ] [M] [26]
80 that
ky(u] = KalelM o ke kplky + k1]
kb + ke [M] ka[M] kakc [M]
o o kely kgl IM) ko 1 kg [27]

By ek (M) kgl M) ke T kg
Therefore kp/ky(M] should be a linear function of 1/[M], the
intercept giving the value ko/%; and the slope kokp/Kake.
From Figure 17, ky/k, = 0.203 and ki /kk, = 3.857 x 10-6
moles cc"1 are obtained. In the absence of any contrary

evidence it has been assumed that HI and NO are equally

efficilent as third bodies. From the above two values the

ratio ko/k, 1s obtained as

k Kk k k
—2 x ~ate = fe . 0.203 5 = 5.26 x lO)4 ce mole~i
ky, Koky ky 3,857 x 1o-

Since kc < 1014 ce, mole~t sec‘l, whilch would correspond to
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Figure 17.  Plot of kp/k, [M) as a function of 1/[m] at 25°.
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energy transfer reaction ¢ ocecuring at every collision,
kys2 x 107 sec™t and the mean life time of HNO* complex is>5
x 10710 sec, Christie (104), while studying the photolysis
of CH3I in the presence of NO, found by a similar procedure
the mean 1life time of CH3NO* aszlo~8 sec, This has a higher
life time than HNO*, which is understandable in view of the
fact that CH3N0 has more degrees of freedom for the
distribution of energy than HNO. It compares well with the
life time of HOo* = 4 x 10_9 sec. (105). Hoare and Walsh (106)
have considered several termolecular reactions and postulated
how approximately, the pressure at which the change in order
could be calculated. As stated above, the third order prate
constant is kakc/'kb and the second order rate constant is ky;
and the order of magnitude of the pressure at which the
overall, termolecular reaction changes from third to second
order 1s given by

k =k, [H] | [28]
In the nresent system, k /kb 5 x 101L cc. mole~t - 1/1M],
Therefore [M]¥ 0.5 atm. The change from third order to
second order for the reaction [4] will occur only when the

total pressure of hydrogen ilodide and nitrlic oxide 1is greater

than 0.5 atmospheres at 25°C.
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The value of kﬂ.m/ka (where ky o 1s tﬁe third order
rate constant given by k k,/k,) = 2,592 x 10° ce. mole'l,
obtained from the above calculation, may be compared with
the value given by Sulllvan (63) and Clyne and Thrush (76).
Clyne and Thrush obtained ku.m for M = H, at 25°C, a value
1,48 x 1016 cc® mole™? sec™t and from equation [13] k,, at
25°C, can be calculated as 1.22 x 1075 cc. mole™t sec™!
giving kh.m/kQ = 1.21 x 103 ce. mole~l, on comparing the two
values, 1t is seen that the calculated value obtained from
ﬁhe results of Sullivan and Clyne and Thrush is 200 times
émaller than our value. One of the reasons for this
discrepancy may be that ku.m fgr H+ NO +M — HNO + M,
when M = H, may not be the same when M = NO or HI. Since no
values for M = NO or HI have been reported, the values |
cannot be compared. However, it seems quite probable that
NO is an efficient third body for the recombination of H and
NO and hence ky . > 1016 1s possible, Hoare and Walsh (106)

explained the great efflciericy ofathird body by supposing

the reactions to occur as

H+ NO = HNO*
HNO* = H + NO
HNO* + NO = HNO 4+ NO

Hoffman and Bernstein (107), while studying isotope effects
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in mercury photosensitizeq reaction of H, and NO, observed
an le enrichment in the N, produced. This they postulated
as due to equilibrium isotope exchange reaction
N*0 + HNO = HN*0 + NO

This experimental evidence gives an added proof that NO must
be an efficient third body for recombination of H and NO, At
present there is no experimental evidence to show that HI is
also equally efficient in thils system. Another factor that
wlll remove this discrepency is that E> has an activation
energy greater than 0.5 k.ecal., and a value of about Ep =
3.0 k.cal, will bring both the valﬁes in agreement, Héwever,
E» = 3.0 1is probably unreasonably large, [Benson (108) in
his book has suggested a value of E2 = 2,0 k.cal, as
reasonable] but a combination of both effects will minimise
the discrepancy,

The ratlo of rate constants ky + mr/%y o No &8
given by the intercept in Figure 17 is 0.203. Since

Rg + 1p) = 13 k(g 4 py)
as determined by Sullivan (64), the ratio

k(g + 1)

=13 x 0,2 = 2,6
k(g + NO)

The ratio of rate constants for analogous reactions were
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given by Christie (109) as

N .
(1sopropyl + Is) - o0 k(propyl + In) 11
k(isopropyl + NO) K (propyl + NO)
k k
(ethyl + Ip) =7 (methyl + I,) -6
K(ethyl + NO) K (methyl + No)
and from the present work k(H + 1)
—_—27 = 2.6
kg + wo)
This may be summarised as
> R

R R, > R
Csy” ey’ Temy 7w

where R stands for the ratio of raﬁe constants as described
above, The values of ko/ky [M] calculated and shown in Table 6
are sensitive to the ﬂhe values used, This is particularly
so for the high HI concentrations, where the error in

reading ﬁhz (Figure 9) can lead to a probable error of slope

and intercept (Figure 17) of * 5 and % 20% respectively.
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45%¢

The experimental results shown in Figure 13
indicate that the rate of hydrogen productlon becomes
constant once the saturated vapour pressure of iodine is
reached, Since the lodine concentration is comparatively
high, at this temperature, reaction [3] cannot be neglected.

Application of steady state treatment including reaction (31

yields
ke [I Ky [M
1 4 -el2) kMl [noj
dH, = ke [HI] X2 L1 (29]
Tp.at [y 4 kulMl, NO)  kq[I) ke [Io]
a + ky ) +k2[HI]‘ 1 +_6____k5[HI]

The I, / HI ratio is no longer independent of time and
hence thls equation cannot be integrated., The differential
equation [ 29 ] was used to calculate ke/kB. The use of this
equation requires a knowledge of k3/k2 and le[M]/k2 at this
temperature, Due to uncertainties in these values and the
'I,' value, k6/k5 obtailned by the use of the above equation
i1s not accurate., The values'so calculated are shown in

Table 7. The rate of hydrogen production has been calculated
from the linear portion of the graph (figure 13) and the
number of quanta absorbed,'Ia', from the actinometer readings.

The saturated vapour pressure of I, was taken as 1,445 mm,
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(Figure 15), which in terms of concentration was 21.99 x 10_6

moles in the reaction vessel, The value of k3/k2, being
temperature independent (64), was taken as 13.0. Since the
values for ku[M]/k2 are not avallable at thils temperature,
calculations were done using the values for the above ratio
from 25°C results. Corresponding to a certain value of [M],
ky (Ml /ky, was obtained from Figure 17. This aspimmes that
khtml/ke 1s temperature independent. From these values, the
ratio ks/k5 was calculated and is shown in the last column of
Table 7. The values obtained for four different pressures
éeem to be quite consistent. The.average value may be
obtained as 38,1. Taking this value and the value of 79.9
at 2500, the activation energy difference, E5 - Eg, can be
calculated as 6.9 k.cal. mole'l. This must be an upper 1limit,
because it can be shown that if E), is negative, as was
observed by Clyne and Thrush, and if E2 i1s small but positive,
then at 45°C, the ratio ku[M]/k2 will be smaller than at 25°C.
If this is so, then the ratio k6/k5 increases and the
activation energy difference will be less than that calculated
above,

The quantum yleld of uranyl oxalate, which was

used in these calculations, was taken as 0,56, Leighton and

Forbes (U42) have stated that the temperature coefficient for

this actinometer was 1,03 for 10°C at 20°C in the temperature
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range 9° to 25°C, If this can be extrapolated ﬁo 45°C, then
taking ﬂéBOC = 0.55, the value of ¢ﬁ5°C comes as 0,58,
Recently, Volmann and Seed (110), while studying the
photoehemistry of uranyl oxalate at 30°C and 50°C, have
calculated the ratio of moles of CO formed to moles of
oxalate decomposed as 0,52 at 30°C and 0,49 at 50°C, using a

o]
wavelength 2537 A, and they did not give any quantum yield

values. Thus there 1s some disagreement as to the temperature

coefficient for this actinometer, This adds another
uncertainty in the 'I,' values used. The last factor that
creates uncertalnty in the 4500 runs is the formation of
NH;I. It may be that the simple mechanism given at 25°C is
not applicable at 45°C and that the reaction

HNO + HI — NH,IO - NH)I
may have to be included, If “here are two reactions between
HNO and HI, one producing H, and NOI, and the second
producing NH,I, the rate constant ratio k6/k5 calculated at
45°C 1s not a ratio of simple rate constants but k5 is a sum
of two rate constants, one for Hé production and one for NHﬁI
production, Thus it may be concluded that if all these
corrections can be made on the value of ks/k5 obtained by the

above procedure, 1t will lead to a correct estimate of the

above rate ratio.
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There 1s an alternative explanation fér the
behaviour we have observed, namely the reduction in quantum
yield of hydrogen production with increasing NO/HI ratios.
This 1s the hot atom effect. From the kinetic considerations
and the rate equation alone, it 1s difficult to Jjudge which
explanation is right, because both yleld the same type of
rate equation, However, the 'hot atom' effect can be
rejJected on the followlng grounds: (L) A hot atom effect
would predict a quantum yield reduction which 1s independent
of Io/HI. This is not found in the present system (Refer to
figure 9). (2) The formation of ﬁmmonium iodide (Figure 11)
clearly indicates the presence of HNO, This is also confirmed
froﬁ the low temperature work, where N2 is one of the products
and this can arise only from the reaction between HNO and Nb
(77)(78). (3) The effect of added inert gas, like H, and N,,
on HI photolysis is shown in Table 8, from which i1t is clear
that the hot atom effect 1s negligible when wavelength 3130 X
is used., Experiments with added H, and He at higher
temperatures also showed the same effect, namely, a very small
hot atom effect (see appendix).

Thus, 1t may be concluded that the proposed
mechanism satlsfactorily explains the experimental observations

of the photolysis of hydrogen lodide 1n the presence of nitric

oxlde.
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CHAPTER IV

Reactions at 6° and -20°C

At higher temperatures it was observed that the
addition of nitric oxide reduces the rate of hydrogen
production in the photolysis of hydrogen 1odide. However, at
lower temperatures not only does nitric oxide inhibit the
photolysis but 1t also reacts with HNO to form N_ as a new

2
product., The reaction of HNO leading to the nitrogen

H

productlion was therefore studled in detail at these lower

temperatures,

Experimental

The general set up of the apparatus was essentialiy
the same as described in the previous chapter, A new type of
reaction vessel was constructed, so that only the vessel was
cooled to the desired temperature.

The reactilon cell.assembly, with the thermostat is
schematically shown in Figure 18. It was a cylindrical
quartz vessel, 10 cm. long and 5 cm. diameter, The total
volume was calculated as 314,0 ml. The vessel was enclosed
in an annular Jacket, through which cooling liquid could be

circulated, and the temperature read by means of a
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thermocouple. The windows were enclosed by vacﬁum Jackets
(see Figure 18), This prévented condensation of water vapour
on the windows. The whole assembly was surrounded by a close
fitting styrofoam box. Dry nitrogen was blown onto the
windows to further ensure that no moisture was condensed
thereon,

A temperature of 6°C was attained by means of
circulating "anti-freeze" through the reaction vessel Jacket,
The "anti-freeze" was cooled in a 'Lo-temp' bath (Wilkens -
Anderson Co., U, S, A.). It was circulated by means of an
electrically driven pump. The tubing from the pump to the
reaction vessel and back to the thermostat, was well
insulated to minimlise heat losses. The copper - constantan
thermocouple, which was used to read the temperature in the'
reaction vessel, was calibrated against the boiling point of
water and the melting point of ice. The temperature varied
within ¥ 0.59C during a run.

To attain -20°C the above method was unsuitable,
because the "anti-freeze" solutilion became too viscous to be
convenlently pumped when cooled to about -35°C, Hence
another procedure was adopted to attain -20°C in the reaction
vessel. Ethanol was cooled in a dewar flask, by the
insertion of a metal can containing dry ice. This cold'

ethanol was then circulated, By adjusting the amount of dry
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ice in the can and the speed of circulation, a femperature of
-20°C could be attained. However, the temperature control
was difficult and it varied by about *+ 1°¢ during any run.,
Procedure: Preliminary experiments showed that in the
photolysls of HI in the presence of NO at 6°C, the amounts of
hydrogen and iodine were never the same. Hence, attempts
were made to find other products. A mass spectrometric
analysis of the total non-condensible gas from a run in which
NO/MI = 10, showed 17% N, and 83% H,, Therefore, at these
low temperatures Hé and N, were separated and measured
individually,

In any run, a known mixture of HI and NO was
photolysed for a certain length of time, After photolysis,
the products were condensed in traps T, and T2 (Fagure 5).
Solid N2 was used as a coolant in trap T3. This prevented
any carry over of nitrilc oxide from traps Tl and T2. As
described earlier, non-condensible gases were taken out at
-210°C and measured in the gas burette. This gives the total
amount of Hs and No. All the gas was then displaced into the
CuO furnace, which was maintained at 310°C, by raising the
mercury in the gas burette up to the three way stopcock
(Figure 5). Trap T, was cooled by liquid nitrogen, to

condense the H,O formed by the oxidation of hydrogen by CuO,
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After sbout U5 minutes the residual £as wes x'eéirculated into
the gos burette and its ﬁreasure wag measured. The process
of combustion and recirculation was repeated until the gas
burette reading chowed no change. This required about 2 or

3 repetitions. When the pressure was constant, the value

wa3 noted; this gives the amount of Ko present in the mixture,
The difference gives the amount of Hy,

After the removal of H, and N, the nitric oxide
was separated from the hydrogen iodide by distilling the
mixture in trap Tl at liqpid oxygen temperature, to trap T3 s
at solid nitrogen temperature. Blank experiments showed
tj:ha‘c it takes about 3 hours for complete separation (vapour
pressure of N® at -185°C 15 1 mm. ). After separation of NO
at liquid oxygen temperature, distillation at -161°C |
{1sopentane slush) ylelded some gas, which was collected and
measured in the ges burette, It was in the range 0.5 to 1,0
| mole and identification by mass spectrometric analysis
showed 1t to be nitric oxide and not nitrous oxide,

Every batch of nitric oxide was always tested for
it purity, by mass spectrometric analysis for its NoO content,
and for its N2 content by doing a blank photolysis run on
nltric oxide alone and determining the amount of nonwcondensible
gas as described above, The Na content wasg always less .than

C.001% mole,
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For doing runs at different initial intensities, a
neutral density filter (transmitting 40% of incident 1light)
was used. The intensity was further reduced by using a
sultably blackened wire gauze. This, in conjunction with the

neutral density filter, reduced the initial intensity of the

lamp by about 90%.

Results

Figure 19 shows that at 6°C the rate of hydrogen
and nitrogen production is constant and is independent of
time, Figure 20 shows hydrogen production at different times
in the photolysis of a constant aﬁbunt of hydrogen iodide,
containing variou; amounts of nitric oxide. As the nitric
oxide concentration is increased the amount of hydrogen
produced goes on decreasing, as was found at higher
températures, but the reduction is small in comparison with
room temperature results,.

For 750 pmoles of HI at 6°C, the rate of hydrogen
production is 5.67 x 10™2 moles sec™t (from Figure 20). 1In
experiments containing the same amounts of hydrogen iodide
and with NO/HI = 5,5, the rate of hydrogen production was
4,51 x 10™? moles sec'l. This reduction is much smaller than
that observed at room temperature (compare Figure 9). The

reason for this effect is that the lodine concentration in
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Figure 19. Time course plot for Ho and No production at 6°C.




36.0

320}

280

[Hz] in

}J.moles

200}
160
ROk
8o

4.0

Figure 20.

240}

- 124 -

1

0O 45 cm. of Hi +

24.56 cm. of NO

® 4.55 cm. of Hl+

13.45 cm. of NO

X 4.55cm. of Hl+

6.8l cm. of NO

© 4.5 cm. of HI

alone

l ] |

2400. 3600 4800 6000 7200

t (sec))

NO/HI ratios at 6°C.

}
18400

Time course plot for H, production at various




- 125 -

the gas phase at 6°C (S, V. P. = 0.063 mm.) is much less
than at 25°C (S. V. P. = 0;35 mm, ). This gives an added
proof to our mechanism put forward in the last chapter 1i.e.
12 is involved in the quantum yleld reducing reaction and not
NOI. At lower temperatures it 1s expected that the steady
state concentration of NOI would be greater than at 25°C (101).
It was found in all experiments at 6°C and -20°C
that the products obeyed a mass balance equation
H, + 2N, = I, [30]
This 1s shown 1n Tables 9 and 10, where H,, N, and 1,
pi-oduced at various NO and HI concentrations are presented.
At -20°C the behaviour is the same as at 6°C,

Figure 21 shows that the H2 and I\I2 production are linear with

time,
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Discussion

At these lowér temperatures the addition of nitric
oxide to the photolysls of hydrogen iodide again reduces the
rate of hydrogen production, but nitrogen is now an
important product. The‘amount of nitrogen increases with
increase in nitric oxlde concentration. Great care was taken
to see that N2 was not an impurity in NO, Both the time
effect and intensity effect Justify this conclusion,

As farjihe inhibition is concerned, reactions [5]
and [6] are still valia, namely

[5] HNO +HI — Hp + NOT —, H, + NO + I

[6] HNO + I — HI + NOI — HI + NO + I
wae&er, since the I, concentration in the gas phase 1s only
about 1.1 pmoles, reaction [6) will contribute much less to
the overall mechanism,

The nitrogen producing reaction can be postulated
to be

[13] HNO + 2NO — Np + HNOg
as suggested by Strausz and Gunning (77). In the present
system if HNO3 is formed, as suggested above, it cannot be
isolated because it reacts very rapidly with HI to give H50,
I» and NO, Thils may proceed as
HN03 + 3HL = 2H,0 + NO + 3/212
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It can be seen from the above reactions [5] and [13] that if
HNO were to react with' HI only, then for every two moles of
HNO reacting with HI, two moles of H, and two moles of 12
would be obtalned. However, if one mole of HNO reacts with
HI and one mole with NO, then two moles of HNO would glve
rise to one mole of H,, one mole of N2 and three moles of 12
because of the reactions of HNO3 with HI (thermal reaction).
This implies that in the present system, the mass balance
H, + 2N, = I,

should bé obeyed, Tables'9 and 10 clearly show that the
above stoichelometry is well obeyed in the present system.
Hence it 1is concluded that HI;IO3 1s one of the products of
photblysis.

Two different mechanisms have been proposed for the

N, production. Arden and Phillips (111) suggested that the

reaction occurs as

HNO + 2NO == HN(N0)O.NO

(13" b }AH w0 k.cal. mole~t

HN(NO)O.NO —25 H. + N, + -NO3

while Strausz and Gunning (77) suggested

N
HNO + NO 7=  HNO.NO

(13]
HNO,NO+ NO-£, HNO3 + N,

Since nitroso compounds reacting with nitric oxide (80) to

produce N2, proceeds with a negative activation energy, 1t is
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possible that the HNO + NO reaction may also go' by steps as
postulated above, instead.of a one step reactilon,

In the photolysis of formaldehyde in the presence
of nitric oxide, Strausz and Gunning (77) found that the
apparent third order rate constant for I\I2 production falls
above 50 mm, of Hg of NO pressure and reaches half its value
at about 84 mm., This suggests that reaction 13 oceurs in
steps.

A distinguishing feature between the two mechanisms
is that the former 1nvolve§ H atoms as chain carriers and
hence the N, producing reaction should be a chain reaction,
whlle as the latter suggests a non-chain mechanism for N2
production, Christie, Glllbert and Voisey (79) while
studying the photolysils of methyl nitrite in the presence of
nltric oxide could not detect any NO5 in the pfoducts.
However, using a more _sensitive detecting system, they observed
a small amount of N02 from which 1t was concluded that the
quantum yleld of NO, production, estimated approximately
from comparlson with the results for alkyl iodide photolysis,
was not greater than 0.05. It has been suggested by several
workers (112) that HNO is an intermediate in the photolysis
of methyl nitrite., Thus from Christie's result it can be
concluded that one molecule of NO2 1s formed from one nitroxyl

molecule. In contrast, Christie's (79) results, on the
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photolysis of RI in the presence of NO, show tﬁat one
molecule of nitroso alkane can lead to the decomposition of
several hundred nitric oxide mglecules. Thus, the RNO + NO
reaction is a chain reactlon, whereas HNO + NO reaction is a
non-chain reaction., In the present work, the quantum yield
of nitrogen production 1s less than one (ﬂggc = 0,06 and
ﬂ?goOC = 0,09), which indicates a non-chain reaction. This
rules out the possibility of mechanism [13'].

| Reaction [13'] indicates that two molecules of NO
are involved in the complex formation with HNO and so N2
production should be second order in NO. Reaction [13]
indicates that the rate of nitrogen production can be second
order at low pressures when [13c¢] is the rate determining
step, and 1f [13a] is the rate determining step, which can'
occur at high pressures, the rate will be propértional to the
first power of nitric oxlde concentration.

Taking these into consideration, it was decided to
determine the order of reaction with respect to nitric oxide,
by following the rate of nitrogen production as a function
of nitric oxide pressure, keeping intensity constant., The
results are shown in Figure 22 and Figure 23 for two
different initlal intensitles, where log RN2 is plotted
agalnst log Pyy. It 1s indeed second order at lower |

pressures, slowly changing to first order at higher pressures,
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At -20°C the same behaviour was observed and this
is shown in Figure 24, Tﬁe change in the order of the
reaction for N2 productlon agrees well with the observations
of Strausz and Gunning; Christie (79) finds that in the
nitroso alkane reactions, N2 production 1s first order in
RNO and second order in NO. From their experimental results
1t can be seen that they worked over a small pressure range
and hence could not have detected any change in order.
Another reason may be that RNO + NO reaction, being a chain
reaction, 1s kinetically different from the non-chain HNO + NO
reaction,

Reaction [13] shows that N2 production should be
dependent on the first power of HNO concentration which, as
can be seen from equation [17], is proportional to the firsf
power of I, the intensity of 1light absorbed 1ﬁ elnstelns
sec™L, Keeping HL and NO concentrations and time constant,
the rate of niltrogen production was determined at different
initial 1light intensltles., 'This is shown in Tables 11 and
12 for 6°C and -20°C, and it can be seen from the last column
that IO/'RN2 i1s constant, From this it may be concluded that

nltrogen production 1s due to the reaction between HNO and

NO. This can be represented as




%
e

ON

(ww ur d) d 607
82 L3 9'¢ G2 be ¢'e 22 "2 0’2 6l g8l Ll
f ] T I i } I T 1 T
-09S SulBsUd O x ¢z =9 66’ = adojs
sojowr GCJ=|H o :
t
. sajowrd 20G=|H o
oM :
~ _ -
I
60°| = adojs i
\ -
| .ooomlum uoTgonpoad
Nz J0J 307d otwyjstael3ol arqnod ‘12 9an3Tq i

20
90
8'0
-
(@]
l®]
ol
prd
nN
-+
4 I
'l
9’|
8’1
02




891 GL*4T £50°0 €6°g  9'gle ot *9t €

GLT 00°GT 89T*0 61°62 €' LLz 62"91 g
89T G N €l2°0 8L"Gh €°Llz 62°91 1€
aGe wh°ee GEC*0 £6°8 L°t02 €9 9y €
}
o S92 09°62 TTT°0 61°62 L°102 €9°9% g
ot .
' 298 TL°Ge Gl1°0 _8Lltaq L°10e ) oh *oh Ty
. _ - 7-998 mMHoE [-098 uTLagsuTe saTow soToW
YWer My rx My OT * °1 ot x °(oN) ot x °(m)  uny
"TW O°HIE = TOSSAA 9U3 JO °*TOA 0,9 :dusg

X3Tsuequr JUSTT JO UOTIoUNJ B S8 UOT4oNpPOoJd Ual0I3TU Jo a29ey

1T TI9VL

DT oy T ST PO O A B S gt R R —— — oo SR o e




A 0861 €€0°0 €o°¢ 68°TT1E 09°e6 5

GOT 0G°02 #TIT 0 10°2T  6E°2TE ok ° 16 2
6 02 6T 1€2°0 GL*Te 9T "0TE 96°16 1
2oe 09°9g GT10°0 €0°¢€ Q0" .02 GETIG €
| Loe HT*L2 850°0 T10°2T LL° Loz 26" 16 2
Q 6oz 0T°ge 0T °0 6L 1e £9°G02 66°05 v
4
]
. 1~998 s3Tow 7-09F UTRISUTS saTow saTow
2 2
WMyfp My Sy QOT ¥ 'y 0T x °1 0T x %(oN) o1 x %(m)  uny
"TW O°HTE = TOSSOA 8y3 Jo "TOA 00T 5 o02- :dueg

SaTATSUSJUT JUITT JUSISJITD 3B UOT3ONPOad Usl0dlTU JO 938Y

2T a1V




- 141 o

H
H N
| N
N + Ne——=2O0 >
/ |
0 N
| \0 )
l+ *N =20
g ;
/N': . S-n
.o 7 N,
N L
P N, \,
o/ \'o

We could not detect any N,O in the system, N,O
has been postulated by various workers (72)(77)(78) as

arising from dimerization of HNO, followed by decomposition

to N,O and HéO.

2
(8] HNO + HNO — (HNO),
[9] (HNO), + M — N,O + H,0 + M

Christie, Frost and Voisey (80) have studied the
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equllibrium for the dimerization of RNO,
(s'] 2RNO == (RNO),

At 25°C they measured the equilibrium constant K,' and it

decreased in the sequence Pr >Et >Me >1-.Pr and the rate of

dimerization decreased in the sequence Pr > i-Pr> Et > Me.

This was in the photolysis of alkyl ilodides 1n the presence

of nitric oxide:., If the lodides obey the above sequence,

then the rate of HNO dimerization may be negligibly small

and hence production of N,O will be of minor importance,
The N2 production in these systems could well

'explain the observance of Nz in the mercury photosensitized

reaction of H2 and NO, studled by Taylor and Tanford (72).

They also did not observe any N,O in their system, The
observation made by Srinivasan (78), that in the photolysls

of 15N - ammonla in the presence of nitric oxide, not only

14

was luNJ‘SN obtained but also ™ 'N This could be explained

20
by the following sequence,

g + ho — ONE, + 8

b0 — El*wo

H+ T
15NI-12 + N0 —, 15yl4y 4 H,0
14

o + 2 o N, + HNO,

If the hydrogen producing reactions [2] and [5)

are compared, 1t 1s obvious that at high nitric oxide
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concentrations, all the hydrogen atoms will reéct with
nisric oxide to form HNo; rather than react with hydrogen
lodide and hence at NO/HI ratios greater than four, it can
be assumed that reaction (5] 1s the only hydrogen producing
reactlion, This 1s also borne out by our experimental
observatlons, as will be discussed below.

On comparing reactions [13] and [5], we can write

Mg | MMM ks g (31]
Ry,  kyg[ENOIINOI® k3 [NOI®

where RHQ and RN2 denote‘rate of hydrogen and nitrogen
‘production respectively. This equation 1s of limited
applicabllity, Iin the sense that at low NO concentration,
this will not be valld, because the numerator should contain
another term, k,[H][HI], and the simple linear relation
between RHQ/RNg and [HI1/(NO1® will not hold. On the other
hand, at very high NO pressures, where the HNO + NO reaction
has become flrst order in NO, it should deviate from
linearity. However, the graph (Figure 25) plotted as
RHQ/RNQ against [HI]/[NO]a(for 6°¢ results)does not show any
deviation,

Figure 26 shows tﬁe typical RHE/RN2 plots against
[HI]/(NO)? at .20°C. From the figure it 1s clear that within
a certaln range, 1t is linear, The line passes througﬁ the

origin and the slope gives k5/k13. The slopes calculated at
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two temperatures are 0,893 moles 1iter~1 at 6°C and 0.680

moles liter-l at -20°C, It was also found that the amount of

N, produced was slightly higher at -20°C than at 6°C, for

the same amount of HI and NO, This indicates that the rate

of nitrogen production increases with decrease in temperature.
This increase in rate with decrease in temperature

implies that reaction [13] has either a negative activation

energy (as was observed in similar reactions

[2'] RNO + 2NO = R. + N, + -NO3

by Christie and co-workers (80){)‘ or 1t may have a zero

activation energy (similar to the nitric oxide - oxygen

reaction) and the increase in rate 1s Just due to the

decrease in temperature. In the case of the nitric oxide -
oxygen reaction, Gershinowltz and Eyring (113) have shown, - |
by the application of transition state theory, that the rate

is inversely proportional to 'I‘3 . Thls means that the rate

will increase wlth the decrease in temperature, even though
it has a zero activatlon energy.

Since nitrogen was produced at lower temperatures,
then the dquestion arises whether 1t is a product at higher
temperatures. As stated:earller, we could not detect any N,
at moderate NO/ HI ratlos. However, at large NO/HI ratios,

greater than 10, the mass balance of H2 and 12 were never the
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same , indicating that some N, might be produced also (see
Table 2), As an approximation, we calculated the amount of
N2 produced in some experlments at very high NO/HI ratios,
using the 2N2 + Hé = 12 mass balance equation. From the
results, Flgure 27 was plotted. A straight line was obtained

1 at 25%.

with a slope = 1,53 moles liter”

These three values at 25°, 6° and -20°C are shown
as an Arrhenius plot (Figure 28) for k5/k13. The three
points are not co-linear, The curvature of the plot

indlcates clearly that N, production at higher temperatures

will be smaller than that obtained by extrapolating the 6°

and -20°C results, This type of curvature in the Arrhenius
plot was also observed by Strausz and Gunning (114) when
they plotted In fly, as a functlon of (T)"1, in the nitroso-
alkane reactions., A genuine curvature in the plot would
4indicate that the mechanism 1s complex.

An alternative explanation is that the points are
scattered and the activation energy difference, E5 - E13,
can be obtained by drawing the best line through these points.
This 'best stralight line' through the three points
(Figure 28) gilves Eg - Ej3 = 2.7 k.cal, mole™l. Since it is

not possible to calculate the indlividual activation energles,

only a comparlison can be made with other alkyl i~dide
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photolytlic reactions, Al; our previous results; when
compared with Christle's results, indicate that the HI + NO
system behaves in the same way as RI + NO (see Pages 110 and
142), |

Christie and co-workers (80) determined the
activation energy for reaction [2'] and they found that 1t
inereases 1ln the order

Foamu < By pS Eppt Bpy ¢ By
all having negative activation energies ranging from -7.5
x.cal. mole "~ for t-butyl to -1.8 k.cal. mole™t for methyl,
The fact that nitrogen production increases with decrease in
femperature and to correlate our results with the above
sequence, 1t seems probable that E13 has elther a negative
activation energy of about 0.5 k.cal. mole'1 or zero |

activation energy. Thls w'll give rise to E_ ¥ 2.7 to 3.0

5
k.cal. mole"l. Since the difference in endothermicities of
reactions [ 5] and (6] 1s about 2,5 k.cal. mole‘l, it may be
conjectured that E5:= 3.0 k.cal., and Eg = 0.5 k.cal. The
endothermlcity difference i1s calculated on the basis D(NO—I)
1s 10 k,cal, mole-1 (101) which again seems to be only

approximate,
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[51] HNO + HI —» H2 + NOI +5.5 k.cal,
48.0 70.5 103.0 10.0

(61 HNO + I, —» HI + NOI +3.0 k.cal,
48.0  35.5 70.5  10.0

O Hy -OHg = O (DH) v 2,5 k.eal, [32]

Hence 1t may be concluded that reactions (51, (6]
and [13] have activation energies 3.0, 0.5 and -0.5 k.cal.

mole ™ respectively.
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APPENDIX
In view of the difference between the work of Hamill, Williams
and Ogg (30) and Sullivan (64) on the values of the rate constant ratios
1{3/1(2 and activation energy difference E3 - E2’ as already discussed on
Pages U4-5, we declded to repeat the work of Hamill and Willlams and to
reinvestigate the effect of various inert gases on the photolysis of HI,

using wavelength 2537 8. In our caleulations at 45°C, the value of 13.0
glven by Sullivan (64) was used to obtain kg /K (see P. 113), To justify

th_is value, the present work was'done, using inert gases such as He and H2
at 70° and 110°C, A few experiments were a.iso conducted to see whether
there is any effect of CO on HI photolysis. An inhibitory effect due to
transitory formation of HCO (by analogy with HNO) might lead to a
determination of D(H-CO), a quantity whlch is sti1l uncertain,

As a contlnuation of the low temperature work, the effect of
carbon monoxide on the photolysis of HI, using wavelength 3130 K, was
studied. The experimental set up was the same as described in Chapter 4.
The quantum yleld of 12 was calculated by using pure HI as an internal
actinometer. The results are shown in Table 13. It appears from the results
that at 6°C there was very little effect, while at -20°C, a definite

reduction of quantum yleld was found. This may be due to the formation
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of HCO, which then reacts with BT and 12 as does HNO,

The photolysls of hydrosen lodide using a wavelength 2537 X

will produce F atoms which may be hot to the extent of 42 k.cal. or 20 k.cal.
depending on whether a normal or excitedclodine atom is produced (Page 43).
To study the 'het atom' effect, tre photolysis was carried out in the
presence of added 1lnert gases such as i, and He at 70° and 110,

The experimental procedure was the same used in Chapter 3, except
that HI photolysis, by itself, was used as an internal actinometer to

calculate Iab g X t in equation 12 ,
[ (1), (HI) (1,)
i 1 i 2°F

) . - [12]
3 (HD), - 2(1 2 o

L, xt-{L).=R

-Labs )
2’'f

By' the‘ use of this equation, the values for R = k3/14:2 were calculated and
this was plotted as a function of M / HI , where 'M' 1s the inert gas
added. The results are shown in FPigure 29, It was found that R was
independent of I2/!!I but was only dependent on M/HI at low M values,
This was similar to the observation by Schwarz, Williams and Famill (30).
The above workers studled the photelysis of HI in the presence of H?_" He
and Ar and cbtained R = k3/k2, at Infinite inert gas pressures, the values
13.5 at 114°C, 9.0 at 154°C and 4.7 at 198°C, ylelding an activation

1

energy difference, E, - E3, = 4,5 k,cal. mole ",

The present results at 70°C and 110°C show R = 8.6 and 7.9
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respectively, at infinite inert gas pressure, vielding an ‘activatim
enery difference, I, - Ep = 0.5 Kecal. mole™), These results arree
falrly well with the Tindings of Sullivan (64) that Ey = E.3 is very small,
Cur values of k3/k2 are in disagreement with the results of Sullivan in
that an extrapolation of cmx'-)ezs/l«:2 to 666°K, using &, - E3 = 0,6, would

fAive values lower by a fuctor of two than his values.
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CLAIMS TO ORIGINAL RESEARCH

The photolysis of hydrogen iodide in the presence of
nitric oxide was studled for the first time at 45°¢,
25°c, 6°C and -20°c.

The addition of nitric oxide at 45° and 25°C inhibits
the photolysis of hydrogen lodlde, thereby reducing the
quantum yield of hydrogen production., Mechanisms were

proposed involving HNO as a reactive intermediate,

Rate equatlons were derived from which the rate constant

ratios for the reactions HNO + I — HI + NOI and

HNO + HI — Hy + NOI were calculated. From the pressure

- dependence of the rate constant for the reaction

Hi# NO + M — HNO + M, the life time of HNO* was
calculated and also the pressure at which there is
change in order for this reaction was obtained,

At 6° and -20°C, the reaction of HNO with NO, to
produce N, and HNO3,wag studled 1n detail. Mechanisms
were proposed which satisfactorily explained the
experimental results.

From temperature and pressure effects at the above four
temperatures, activation energies were calculated for
HNO + HI — Hp, + NOI, HNO + I, — HI + NOI and

HNO + 2NO — No + HNO3
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Similarities and dissimilarities between Rﬁo + NO (where
R = alkyl) and HNO + NO reactions are discussed.

The effect of added gases on photolysis of HI was
examined to study the hot atom effect,.

The addition of non-reactive gases like Hé, N2 and He
was studied at 25°, 70° and 110°C, and the rate constant
ratlo for the reactions H + I, — HI + I and

H+ HI — Hy + I was calculated at higher temperatures,
This was studied using both 2537 and 3130 2 radiation,
The addition of carbon monoxide to the photolysis at 6°
and -20°C was studied. The réduction in quantum yield

of lodine production at -20°¢ may be posslbly due to

' HCO reacting with HI and I,.
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