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Hot H atoms (H ) from the photodissociation of HI,

in - the gas-.phase react with'NZO‘according to the equation

* . )
;0 N,O + N_ 4 : .
+ V20‘+ ?2 +_0H

! +
- R ,4” ’ 7 R Y .
"This reaction is also attended by a moderation process be-
- . o . - N . . -

* - T
tween H and NZO molecules,

ko —
H + NZO - Hﬂ-+ N20
Experimental yields ofiﬂz, N, and I, from the

reactions’

4

H'' + HI > H, + 1 - (2)
' ' - L kg ,
- :‘ - > + - .
: H1'+ N,0 N, ‘OH | : g3}
ey Tk ~ .
Bl eIy Tarer - (7)

.wéqg analyzed kinetically and fﬁe specific rate constant
. ky kg . :
ratios of E apd.zg-were determined. Variation of tempera-
~2 : 3 - ) L :
ture at which reactions (2), (3) and (7) were allowed to

“e, .

proceed, also permitted us -to determine the corresponding

.

apparent activation energies 22—37 and_EBsz. (B°"' re--
: S
preseﬁts a hydrogen atom having some average translatiomal

kinetic energy, ranging from thermal tp\ﬁex, where Eex =

L

Y keal mole 1). \

-D .
(A) T (BE-I) o N
Effects of added cdrbon didxide\and helium to the

-

" HI ph&tqgﬁeﬁical system allowed an estimation of the number

’ -
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. : N +*
of collisions needed to cool B down to normal thermal

énergy. By accbunting for the moderating effects of NZO’

Y

CO2 and He semiﬁuantitatively, frachioné of hot H atom
W :

reactions were estimated. In the case of COz and He, cross-—

o

. . ' - CR, -
section ratios of reaction relative to moderation (E—J, were
. : M

——

also determined. . . - ]
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- ABSTRACT

v

‘A study -of ‘the photolysis of HI in the presencé;of

N20 was carried out gt'loﬁ conversions at tempefatures of
-0 0 ’ o ) . o} . o] ' (o]
25°C, 5°C and -20.5C using the 2537 A, 3130 A and 3660 A

wavelengths. The main products of the photolysis. were H,

NZ’ 12 and Héo, and the stoichiometric relationship between

Hz,‘N2 ?nd I2 was such that ?2 + N2 = 12.

NZO reduced the gquantum yield of H2(¢H Y; it was
: . "H,

further observed that the reduction in ¢H2 was influenced by
the jodine and hydrogen iodide conceﬁtrations and also by the
[NZO] :

TETT— ratio. However, the'Hz quantum yield attained a limiting

[N,0] . o : B
. . - o N .
value at a CEx;aln [AT] ratio and beyond this r;}}o,fthe ratio

of H2 to Nz became comstant. To account for the limiting be-

haviour of H, and N2 production, the theory of -con§tant parti-

tlonlng of hot. hydrogen atoms between reactlon and moderatlon

- with N20 when a certain level of Nzo was reached, was put -
forward. | ' - :

The reactions : - - -

kz 7
H" + HI - Hz +1° ,
Ky I ’ .
H®™ + N_O + N, + 0H° ;
: 27 2 T "
H* + 1 7, BHI + I° S ' o

' 7 2
~'constituted the pertinent chemical processes occurring within’

the photochemical system, and the steady state derived equation

- 2.1 1 __
dt I l+—7[2 . [N 0}
k.. [EI kz [HI]

o [BI] ~ ky [E

.



d \
_ : N ’ :
or 1, 5 ) ks TN,00
> k, [HI] " .k, [HI]
H 2 : 2
2 R ) : . .
-afforded a number of predictions which were all borme out
‘ .k Tk _ :
experimentally. Ef and P were both dependent on the wave-

. .. 2 . 3 N fo) * [o]
length used, being largest at 3660 A and smallest at 2537 A.

However, El showed little change with temperature at any one
2 . . % . R
. - - .0
particular wavelength (EZ—E7=.42t.& kcal mole 1 for A = 2537 A)
k . - . )

. . c o
~whereas E; changed appreciably with temperature at 3130 A

3 o

k .
E; (e.g. 3.1, 7.0 and 11.0) compared well with previously
2 k : .
recorded values, while the —g,values (e.g. 18.0, 28.0 and 50.0)

ky

were new. . _ - _ ‘ -u“\
. | N . ) ) -\‘\ AY

Experiments in which the incident light intensity
ied for constant'vaiues of [BI], [12] and [NZO]
: . dH, ' :
resulted in Ez—.Io being constant:

(IO) was var

A study of the effect of moderator pressure on N,

production revealed that the H® + N,0 - N, + OH™ reaction is

2 2

a very sensitive dindicator of the presence- of hot H atoms.
An assessment of the role of hot H atoms in the HI/Nzo photo-

chemical system indicated that-the ratio of hot H atom re-

B
>

actions to hot H at®& moderation is nearly twice as large

o .
for the 2537 A wavelength.

(E4-E,=2.88%.31) and at 3660. A (53-£2=3.69:.44). The values of
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\ INTRODUCTIO%/)////)/ :

) ar — . . . ‘
The stgdy oﬁ/pﬁﬁtochemistry deals with an unique

type of chemipai/reaction."Iﬁ is concerned,with the inter-

action of a light quantunm with a molecule and . the subsequent

chemical and physical Ehanges resulting from this interacti@n.
Four important photochemical rules or laws of
general application have evolved over the years. These may be

stated as follows: ' > -

1

1. Only the light absorbed by a sjstem is effective inf

producing a photochemical change - Grotthus-Draper

Law (1). R -

-2, - Each photon absorbed activates one molecule in the

- primary excitdtion step of a phdtbéhemical.seqﬁenée -

Stark-Eiﬂstein Law of Photochemical Equivaieﬁce'cz).

L

3
z‘
x
b
}

3. Each pﬁstén absorbed by a molecule has a‘éertain.pfo—
‘Séﬁiliﬁ} of populdting either the lowest e;ciggd}’,
. singlet State Sy ér the lowest triple; stéte ?1.
4. The lowest excite&:singlet and triplet states aig.
the startipg points (in solution) of ﬁgny pﬁoto;’.
chemical processes particularly orgaﬁic-phatoéhemicai:
proceSseé. ,

Generally, photochemical reacticns can be very com-—

plex in nature, and the measured chemical change is rarely



-

. -quantum yield of a large dumber of reactioms, the values of

" Absorption of:Light

that di;ectly pfqduced by the iight. It 1is nécessary,'therex

fore to distinguish between the 'primary' effect of the light ~

- and the 'secondary"thermal reactions which follow. If there

vere only primary processes then thé quantum yield, %, which

-

is defined as the number of moleculés rhaéting per quanptum

absorbed, should be unity. In most cases, owiﬁg to secondary

processes taking place, the quantum yield is greater or less

than_oné. Thus according to Bodenstein (3) who méasured ‘the

$ range from 0.002 for the decolouration reactions of certairm

dyes to >106,for the reaction of chlorine with hydrogen.

R

According to .Planck, the absorption of electro-

magnetic enmergy by a molecular (or atomic) species involves

onlyhstepw;sg transitions. The Planck equation, E = hv,

shows that the energy of these s;epwise”or quantized-absorp-

tiqns'is related directly to the excitation,fréquency, v,

(and hence the wavelength). It was proposed that during the \Ej-
process.of electromagnetic radiation absorption, the energy ,'3
of the eléctromagnetic wéve ié.traqsferred to the molecale -

by a mechanism involving excitationm of the overall molecule'

~

to some higher motional frequency and (or) electronic emergy

s;atg. These processes are quantum processes, energetically

I

distinct and stepwise, and as such require radiation of a

partfcular_wavelength. For a molecule to absorb a quantum of



* energy hv, it depends on whether there is an energy:;ifference
. between two energy levels 4in the?nolecnle‘equnl to hv, and
on vbether n;tranqition'betveen these two states is allowed
by syaazetry and nonentun'connerVation'rnlea.. |

The energy in a nolecule can be divided into trans-
1ationzl, vibrational, rotational and electronic contributions; ’
eléptronic trnnsitions require the greatest'energies.. Changes
14 electronic emergzy are of. the order'of.ldb kcal'mole-l,
giving 2o zbsorption spectrnn in the visible or ultraviolet
région. The' associated vibrational energy changes are about
5\kc31 ?oledl,land theyrprodnne the coarse vibrational' and
v'tné finer ’xotztional' structure oi the‘electronic spectral

band. Iq conparison with the above energy values it may be

noted tnat the averagc translational kinetic emergy of a

molecule at ‘the ordinarj tenperature is 3/2 RT or about 1.0 :
kcal 3513’1 and nince the probabiliti of a molecule ponsessing _ :
eaergy > E is proportional to exp(- E}RT), it is evident that = - '!
'high tespcratnres are necessary to produce’electronic transi-
tions by heat alone, and that at ordinary temperatures all
bnc a fev solecules vill be in their lovest vibrational level.
Most of the nolecules vill hovever have several quanta of
rotztionzl energy. .

The inacdiatq product of absorption of a photon 1is - .
an excited stztc of the'absorbing nolecnle; vith _energy 4in

excess of the norsal state equal to the. ‘energy. of the photon

which it absorbed. The excited molecule may then react with

-
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‘tion of a molecule into oppositely charged ions. This'type'of
" photo-ionization was detected during,the exposure of halide

.salts of univalent thallium which decomposes as,

“to a wavelength (A < 1209 A) in the vacuum U.v. region of the

-

another molecule, since its reactivity is greatly increased,

or it might dissociate or following a2 collisional encounterl
cause another molecule to dissociate into free radicals, the
radicals subsequently react in diverse ways. Visible]and
ultra-violet light are of chemical importance because photons
in this range are capable of rupturing the molecule.

Apart from disscciation of molecules into neutral

"particles, one of which may be excited, Terenin and Popov, (4)

qobserved cases of photo- ionization consisting of the decomposi-

TLX + bv +.T¢T + x~

The absorption at very low wavelengths may lead

entirely to the ionization of a_ﬁolecule. Photons may ionize

a nolecule much more readily than . dissosiate it,, even if 1its

4

ionization. potential is ﬁigher than its dissociation energy ' ‘ A

The process may be represented as

M+ By o+ M o+ e

This 1is a particular case of the photoelectric effect, but in
crdinary photochemical reactions, it apparently does not play.

a particularly important part since the ionizatibn potential'

is usually 10 ev (230 5 kcsl/mole) and higher which corresponds



spectrum. A number of experimentgl procedures have been Ce
described to Hétermine ionization potentials in the vacuum

ultra-violet usiug more or 1ess conventional photolysis‘

.techniques, with windows of LiFG) artificial sapphire or

* - very thin quartz separa:ing the lamp from the photolysis

vessel. Below 1000 K,-the transparency of these cicdow P
materials'becomesexrremely boor and hence wicdowless spbaratus ’
have been'designed (6) which-utilize the principle of a fast—
'flo; scparationssystem. By these methods, ionization potentials
. hsveibeen measurcd:for a 'nunmber ‘of compounﬂs (7). These
ionization potentials are very:csefui parameters for cor-
A.relating macé physfcochemical properties,:iike electro-

(%]

nEgativity,'heteroiytic bond dissociation emergy, strain imn

et
——

cyclic rings, etc. : ) . L

E'
y
g

]
-

i The position of an absorption band is often expressed

* o

by its waveIengthr(k) in angstroms or its wave number (v = 1/R)

Jn reciprocal centimeters.' Foxr example, 3000 A is equivalent-. oo
in wave numbers to

Vel L - 3.33x10% @t
3000 A 3x10 cm

or in frequency to

10 .
) - 3x10 ;gm/sec - 1015 sec—l | ‘ |
.. - 3x10 cm _ T ‘ : !

-

>0

The energy required to produce an excited state is obtained

s

by inspection of the absorption or emission spectrum of the.

molecule in question together with the‘apglicstion of the

- -

-y

-
oy . .

§
at
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" equation

EZ - E-l = h'..\) . g . . . ' v ﬁl.l)

. . o

where h is Planck's constant, v is the frequéﬁcy (sec-l) at
which absorption occufs,Aand Eéband Elfa;e the.energies'oﬁ,é

'singie molecule in the final and initial states. Equation

(1.1) may be :rewritten as

E, - E, = hVe = 2.86x107° % a2

5 - .
‘ 2. . '
or E2 - E1 = —f§§§lg~’ EZ ~- El is the energy Qifference

between the iﬁitial and_final‘states in kcal/mole.
The amount of energy produced through the aﬁsorption

of one mole of photons by a compound at a given qévglength is

equivalent to the energy of 6.02 x 1023 photoné} This ‘energy

. . . 3 e ] ' .

is called an einstein. Thus an einstein of 6,000 A (16,670
cm-l) light is equal to

$2.86x10°

)

6,000 A

E, - E. =

2 1 _='47.7 kgal

—

For a photochemical reaction to occur, the energy

of the*quantum must be‘equal to .or greater- than the energy

required to aroducé activatipn or dissocidtion. 1t does mnot

-

necessarily follow, however; that such dissociation will occur
merely because sufficient energy.has been prb#ided.

-

Naturg”%f Photochemical Reactions

-~ -

-

Photochemical reactioans may_bé'classiﬁied ‘as direct

or sensitized. In a direct photochemical reaction one or more

“




-y

 duce§ a reaction in which it does not participate,ﬂ_Many-

of the substances uﬁdergoing reaction absorb the light. 1In -

a sensitized reaction 'some substance absorbs light and in- -

dompounds‘like'hydrogen,.nitriq oxidg,and‘hydr0carboné, 

absorb light in the far ultra-violet regionm which is difficult

,té-study, though McNesby and cé-workers (8), with improved

experimentai techniques, héve studied the photolysis-of hydro-

carbons ip the far ultra-violet. However, mixing with a

foreign substance - a seﬁsitizer - which absorbs 1ight in a

more accessible spectral region, and u;ing the poséibility of
collisional traﬁééer of';xci;ation energy of the:seﬁ;itizer
to reactant molecﬁles, makes it possible to Earry Out‘pﬂoto-
chemical reactions of'compounqs whicﬁ do nof absorb in_thisrn
spectral region. Photosensitization by mercury, cédmi&? and
zinc has received csns;derable atténtion in recent years_(g_

16). In the case of mercury photosemnsitization, the mechapism

\

invalves the following processes, \

., \

, . N\
Hg(6 p) <72 A mg(s s (1.3)

The Hg(6'3 )'eithe: radfates back to the (§ 1SO) g;ound

i

state-(r;d;;tive life time 10-7 sec)- (%0), Teturns to the
ground state by giving up its emergy to a colliding partﬁér,.f.

1

Bg(6 “P) + M > Hg(6 'S,) + M _ (1.4)

or is transformed by a collision-induced radiatioﬁiess transi-

3

tion to the metastable (6 Po).statet

~
-




3

‘Hg(6 ’P,) + M > Hg(6 °

P0)+M+ - -

. : »
‘The latter cgnnot return to the ground state by emission since

the tramsition is doubly forbidden with J-0'+-J=O and AS=1..

3 . : . . -

.The Hg(&_'Po), thus, has a very long radiative lifetime

(:10-3-sec) tll) and the probability of its .suffering 2

collision before radiating is very great. Examples of mer-

3, =

cury photosensitized reactions are,

is]

, + Hg(6 Ts) + 2&(251/2) (1.5)

!

. (1.6)

Hg(6 “Py) + X

3
Pl) + X

- Hg(6 , Hg(ﬁ-lSO) + 2x(%s

1/2)
where xz'in this case is a diatomic molecule. -In the case of

the other resonance liné of mercury, the mechanism is:

. s ) " o .. .
Hg (6 150) + BV (1849 A) + Hg(6 lPl) (1.7)
' 1

Since there-are no metastable singlet gtatés near'Hg(G Pl);
R . - o -
photosensitization by 1849 A can only occur if Hg (6 lpl) ‘

transfers i{e.energy before radiating. This is te be regarded

g
2
)
:
!

as a low probability process since the radiative lifetime is
small relative to the time between collisiéns. Very little
'-}work has been done on Hg(6'lP1) sensitized,decompositidn;
1 o
Pl) ‘
¢

species without also generating the (6 3P ) variety. This

mostly because it has not been easy to produce the (6

difficulty is due to the inevitabllity of the appearance of
the 2537 A line as well as the 1849 A 1ine in mercary discharge
lamps. One approach‘to the problem takes advantage of the

fact that mercury absorbs 1849. A radiation much more strongly



than the 2537 K rd@igtioﬁ; pfd&ided the vapour pressure of
.mercury is maintained at the -10°C saturation pressure (12).
Mori (13) has studied the Hg(6 lPi) sensitized de-
;omposition of CO2 whose decomgdsitioﬁ.is oqu.very slowly
sensitized (14,15) by Hg(é 3Pl)._ He found CO ‘to be the only . -
gaseous product. it ﬁas also been found that the Hg (6 lPl)
égnsitizeﬁ decogposiFibn of NO gives, mainiy, N, and N203 (16)}
The étudy_of phdtocﬁemical reactions may be diviéed \
into twd main parts: . (i) a stu;;_of the immediate effect of
the light'on the.absorbing molecule‘which is'ghe primary pro-

cess, and (i;j a study of the reactiomns of the molecuies,

atoms or radicais produced by the primary process.

Photochemical Primary Processes

-

Ndyés et al (17) defined the primary process .as

"one which comprises the series of events beginning with the

-absorption of a photon by a molecule and ending with the

t
)
.
)

diséppéarance of fhat molecule or with its conversion into a
state such that its reactivity is §:atist;cally no greater
than that of similar molecules in thermal equiiibrium,with
their sur}oundings.'

In the priﬁary pho?i%hémicai process there. are
usually a variety ofapaths fgr degradation of electronic
energy of excitg;;on. Chemicalnﬁanhs include intr#molecqlar
" rearrangements (18—20)’or the formation of free radicéls and

excited molecules which may react in secondary processes te

)

A - :
c . ' \
. : . ' .



form new products of chemical ipnterest. However, also
usuaily included in.the overall photochemical re;;tions are
radiative and non-radiative photophysiéal processes which do
not lead to a net chemicél,phangé, yet are alternate paths
for the”ioés_of the absorbed energy. Such processes involving.
electronically excited states are of great interest to the
spectroscopist ;nd ?hotéchemis; aliké. Thus, as Noyes et al
{17) point out, "The éompiéte elﬁcidation of a priﬁar; photo-
chemical pro;ess must include an understanding of all thae
transpires, Qhethér or mot a chemical reaction occufé."

The majority of the unexcited molecules will be, in
the ground electronic and vibrational states and during an
eleétroﬁic transition the nuciei;éf the molecule can be con-
sidered to be stationary,,siﬁce the transiéibn occurs within

15" - - o
about 10 15 sec. Thus a transition on arn energy level diagram

e

is approximately vertical. This statement, due to Franck'and

;z
2
)
-6

elaborateﬂ.by Condoen (21) is known as the Franck-Condon pzia-
ciple. The nature of photoexcitatison is determined by this

principle, by'che energy of incident radiation and-%y the

-

relétive positions of the potential enexrgy surfaces (22):
Electronic trgnsitions in a molecule are also subject to .spin
conservation rules first pOStuléted by Wigner (23) according-
to which, transitions involving.change in multiplicity,are‘ @ -

forbidden. This rule is well obeyed by small molecules,. but

-

in the case of large molecules, perturbation of the energy

-

" levels leads to a partial breakdown of this selection rule .

»

and the .transition can occur; - - o



-

. ) RV

The excitation energy, which a molecule A'aednires-
upon absorption of a photon, may'be,dissipated by any one of
the three general processes given in equations (1:8), (1.9),

’

and (1.10):

EMISSION
o

Ao + hv _ . . -gl.S)
. RADIATIONLESS _
A* (EXCITED) CONVERSION & 4, + EEAT - ..~ (1.9)
T CHEMICAL T .
REACTION+ PRODUCT (1.10)"

Energy diagrams such as Figure 1.1 illustrate the ilmpertant

Processes involving electronlcally -excited states. The . figure

indicates the lowest singlet (spin paired) S;_and the.lowest

triplet (spins unpaired) '1'1 excited states. Theuhgrizontal

lines indicate the electronic excitation.energy {relative to
»

the ground state) of the various states in their lowest vibra--

tional level. Radiative processes aze 1nd1caoed by a solid
. =
arrow and radiationless .processes are indicated by a broken

. . ' s
arrow. T : - A T

-e‘lhe radiakivé-lifetime of'an-exoited state may be

R

often defined in-terms of a first-order de y processes. It is.

. \' o
D : . Lo . _ .
important to differentiate the 'true'ror inhﬁrent radiative

lifetime T° of a state -1, 2.y the reciprocal”of the rate

constant for the disappearance of ;his state ii emission were

the only path of energy dissipation -.and the actual' or..

. .

measured: 1ifetime T vhich”is'thevreeiprocalgof'tne snn of the

Tate eonstants of a number of- competing ‘first-order_(or

- -

pseudo-first-arder) processeﬁ. e

-

!

S
>.
T
?



Figure 1.1

Electronic energy state diagram shbwing-gypical
. C ' -1 .
unimolecular rate constants in .sec for radia-
tive and non-radiative transitions (continuous
and broken lines respectively) for organic

S * o .
molecules with lower T -7 states {(values in

‘ *
brackets refer to molecules withllow T -7

states).
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The time scale of a photochemical sequence is set
by th?.rate of spontaneous radiatiyge emission to the grodnd
st;te S0 from Slﬂand/or Tl -"i.e., no reaction which competes
"for deactivation of these states can iequifé‘much longer'timé
than Torfor emission, or thé latter process will dominate.

40' When Q molecule in the ground singlet sfate absorbs
‘& ﬁhoton, the resulting excited molecule will also be in‘a
singlet-state and may do omne. of the following things:

'(i) Fluoresce: The wvibratioral quanta‘poséessed-by the
e;ectronically excited moiecules will be quicilf degraded inﬁc
thermal energy through intermolecular collision;. lSince the
undisturbed lifétime of the excited state is of th%Ja:der of
1078 seconds, it being assumed that the tramsition 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 altermatively, the fluorescence emission spectrum will

be of longer wavelengths than the absorption spectrum and will.
bear an approximately ‘mirror-image’ relationship to the
abssrption.

(id) Undergo Internal Conversion' In many cases, the
electronically excited sgate of the molecule, although
potentially fluorescent, is deactivated before it can emit its
energy as fluores_cen::e.° This can occur, amongst other ways,

when there is crossing of potential energy surfacegof the

excited and ground elec;rénic states. A radiationless transi-



' levels in the ground state. The vibrational energy is then -

“the unercited.molecule, andvlinelastic' collisions”in which

tfon/can.then'ocCur from the excited. state to high vibrational

quickly degraded into thermal energy throngh molecular corllsions.
. Y

Usually the term internal conversion refers to a non-radiative

transition between states of the same multiplicity and inter-

system cr059over refers to a non—radiatlve transition between

states of different multiplicity (24).

(iii) Undergo intersystem cross-over to a triplet state:

These are schematically illustrated dn Figure 1.1. Figure 1.2

indlcates more clearly “these primary processes on a potential

a

energy,diagram.,h

.(iv) ‘Qnéergoﬂenergy transfér through collision: Here .

two kinds of collisions can be visualized 'elastic' collisions

in whicﬁ'thgre is mo transfer of'energy'from the exclted‘to. N

-

there fs'an'energy‘transfer. ‘Tﬁese collisibns’are sometimes

called collisions of the second kind.' The most likely con=

[

ditions for an energy transfer are obtained when there is

respnan : between the corresponding energy levels which may
. N ,
be either electro ic vibrational or rotational The smaller ‘ s

the amount of energy whic «appears as kinetic energy in a "
4

transfer, the more*likely it is that ‘the " transfer will OCCnr. ;' )

"~ Electronic energy transfer may 1eadﬁto the phenomenon_gf .

sensitized fluoréscence, as well as the possibility of dis—
sociation of the-acceptor molecule. SRS

- o

(v) Undergo dissociation: As was mentioned earlier, the

-

¥
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Figuxe 1.2 . ' . 9
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>
: g‘
Potential energy diagrams showing radiative -

and non-radiative trapsitions'(continuous ;nd
broken lines resp%etively).

A vibrational deattivaﬁibg ’
B interral gonfersion : .

C fluorescence

D  inteérsystem crossing and phosphorescence
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absorption.of'a photon of visgible or ultraﬁyiolet'light'byia
molecule can,'in some instances,'lead toﬁits-rupture. This
‘_can occur’ either through ‘the excited molecule; being in a
~‘-repulsive state as in the case of HI (25) at longer wavelength
':or throngh its having sufficient vibrational energy in either
its upper or lower state to cause it to dissociate. Generally
the bondnbroken is the same as,that responsible for light ’
absorption (disulphides,s§me_simple-Dl;figeg)."Sometimes,
bouener,:when the‘bond energies in thelchronopboric group are
éreater‘than.tbat'of the absorbed quantun, tbis'energy nay
find its way to. another, weaker bond in th: molecule’through
Vresonance 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 1lightiis’ absorbed

bymtbe carbonyl group. This process can be thought of_as.an\(l

"internal energy transfer. L : R -

(vi) Chemical quenching. The excited state can.lose its

energy, not only through a physical energy transfer on col—

iision, but also through chemical;reaction with the quencher
molecule; ¥n many cases self—quenching ‘of the excited state
. may occur, either as a physical effect analogous to solventh -
quenching ot else through dimerization.i-
Quenching of fluorescenge consists of the weakeningu
: i.
of- the intensity of fluorescence in the presence of foreign;

: admixtures or during increase in pressdre (or concentration) of -

the;fluorescent substance itself. The method of measnring the

2
2
o
»
2
by
Y
3
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-

" Hg (6

(22,27). The simplest kinetic s}éteﬁ of- this tybe may be

*. :
. electronically to A+ by the absorption of radiation and M- is

.7 s * . . .
d ”_of\formation;of A (which may be singlet or triplet). The

[ -

absolute quenching efficiencies of gases have been fully set

-t

.'out by Mitchell and Zemansky (26) and afe not elaborated here.

Much work has been done on the quenching of .Hg(6 3Pl). When

. - oo ]
3P1) atoms interact with molecules offa.fo:eign gas, a

ra, 200

. . . - Lo
transfer of energy may occur with the?;eturn‘qf the Hg atoms

to the ground state_(& lSO) by_meané,df a noh—radigtive transi-

tion: The (6 3P1).+ (6 156) fiuoresqeﬁce is tﬁﬁs quenched.

Absolute values of-quenching cross sections which-are a measure . .t

of the-probabilﬁty of guenching processes _have been reportied

c
-

represented”by the foliowing scheme,

o

"Absorption (A '+ hv A . E _ (1.11)
: ST x - k, - N : .
Deactivation - A '+ A——— 2A + Heat , (1.12)
. . ky . o
Quenching A + M—— A + M ) _ (1.13)
. . % k4 N : S :
— 7 . Emission A — A + hv ) C(1.14)

Here. A deﬁotéé_the atom or molecule which is excited

a substance which can quench by reaction (1.13). Ia is the

- . : -1 -1 o~
- rate of light absorption {(in einsteins litre sec ) = ratg

kinetic equations for this.system were worked out by Stern

End-VOLEer (28) whose results %an be expressed by ‘the

.uf&llowing equations:

. (M1 T sy



T - . )
. - I.-- A "l R - ;‘ . n .- .
or - : . ® T omig ~— 3. e (1.16)
Io_ 1+ kz'.r[A] -{-‘ k_j'r[fﬂ] - L - oL
where '_ T = o i'#‘ - t. o | ST (T
= 2 4 Lo o C .

P

.-¢o:is the quantum yileld ﬁof_emngion'frbm A* in thé aP;epce

of M,laﬁd ¢ﬁ is fhe quantum yi?lé for_eﬁissibnﬂf;om A*'in';he
presénge of M. ‘I"is the‘inﬁensity'of,émitféd radiation in’

' éi;stéiug;?e¥ s;cond; Io is ;hg intenéiéy“of enitted fa@i%tion
"in-tﬁe‘%bsence of-foreign gas [M]. ‘Heﬁé T is éhe ﬁegfufeﬂ

b * ’ T '3 - ’ Y
lifetime of £A 1in-the absence of M. ;f.the assumed mechanism

above is op;rating;'theq a plot of (¢O/QM) vé [M] will pro-

- duce a straight“iiné witﬁ a slopé of k3T. Since the value

of T can be méasured Iin the absence of K, ké, the @imolécular p

quenching constant for deactivation 6f A by M through enérgy trans-

o

fer, can be derived.. If such'a.Stern-Volmer plot is found

experimentally, we have obtaiuned 'ﬁriﬁa facie' evidence that

ANV TOIHY L

a mechanism in which there is.competition between a bimole-
cular quénching&process and unimolecular processes (e.g., '
emission) for deactivation of A* is ogefaikng. It has been
‘shown recently 129)_that.for the Stgrn—Volmer equation of
(1.16) to’ééevalid, both the pressﬁre of the fluorescent
substance and the p;essure of—thé'quenching‘gas mgép be §§;1}
(<0.1 cm Hg). | . f

Measurement of light emission .may be used to detexr-— oA
ﬁine the eﬁtent of fluorescence. A &etailed study of khe

system will in principle provide information about the extent

M



of dissociatiqnﬁ Unless there exists some way.of determining

the number of tripket state molecules fbrmgd,‘there i1s no way

to dié;inguish clear¥§ between intefnaf conversion aﬁd inter- -

" system 'crossover (30). Evidence for internal conversion in

most polyatomic moiecules:is far from conclusive. In‘pﬁinu
ciple,_éuch ébﬁversions-might oecu; as eith9r'kinetically
first'o?der oT as.Secqnd:o;der proéeéses. Under most éxperi—
mental conditions, ground state molecules with very large
amo;gts of vibrational energ§ which might be forme& by internal
conversion hbqld'be hard to detect. Fortunately, intermnal
'conversiOns.seemélto be of négligible,iﬁpSthnce'(31,32).
‘There are several métho@s for determiging the pre-
sence of triplet state molecules. Th;se mgf_bé summarized’
‘briefly.as‘follows: (i) character 6fAth; gpission, that.is,
the ;miséion must'be'd;monstrated clearly to be characteristic
‘of the.triplet.state eiéher by:analyéis-df the spectrum or

— -

by determination of the mean lifetime of the emission (33).
ST ‘ Vi ! -
In this connection it may.pde poingé& out that an excited

singlet'state ¢dn be converted té}a triplet state through a .

-~ -
- o>

radiationless intersysten crossover, és,showu in Figure 1.2.
Emission_;gn.thén'take pia;e from triplet to ground state,
which is a spin forbidden transition, with allbnger mean life
than that, from :ie corrgspoﬁding singlet state. This is:often

called phosphorescence, (ii);by energy transfer-to other

moleculeé on collision,‘thus leading to a preferential emission

or reaction from the triplet state of the colliding‘p:;tqg; {29,

- -
-y

f;

3R]
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.34)., GThere,ere-}ndirect and much less reliable methods .

.

available in sowe instances. For example, triplet‘stdtee are o

P

at lower energies than the corresponding singlet states.
This.means frequently’that dissociation from such states will )

requlre more actiqatlon energy than-from‘corresPonding singlet
states. - .~ . . ' j_?ﬁ’b'

-ThHe triplet state molecules ﬁay_go back to the

v

excited singlet state.bj'intersxstem crosgrover, which may then

Co

lead to emission. This is known as ‘'delayed fludrescence' and
is similar to ordinary flubrescence_but the emission occurs

only after :a certain interval of time. fﬁﬁ

Electronic Excitations in Organic Compounds - . ° o

O "VYAYLLO

HLEAITIAINLY

‘Holetular‘Orbitals:u Five types ef'ﬁoleculee‘orbitals.'
ere-offinte:eSt te the organieuphotoehemist. These eré #;-
bondigg_(ﬂ)}-pijanEiboﬁdiﬁg (ﬁ*), non—bondieg.(n), sigma;
bon&ing (cféénd sigma-antibonding (0*) orb;tals. Single Bonds _ )

: . o ’ : . . . a
between two atoms involve ¢ orbitals and the G:electfons
located in'theee_orbitals ere_étrongly bonding and essentially
localized. Consequentiy,-c electrons reqeife greater excita-

tion energy than T electrons which occupy the 7 or multiple-

' bond orbitals. For eath s and T orbital there corresponds a
'* * . . - . ) - . " .
¢ - and T —-antibonding orbital, respectively. Certain hetero-'

atoms (e.g., oxygen, nitrogen) "“introduce the possibility 6f n
orbitals which are essentially localized on.the particular

atom.and have no antibonding counterpart. Figure 1.3 shows

an energy level diagremufo; bonding and non-bonding orbitals.



1)

Figure 1.3 : T
Energy level diagram for bon’ding“ and non-

bonding orbitals.
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}Tybicalﬂn'brbitaléz The n rorbital is often involved iﬁ *.
~ N R : X . — i R 7 ' ] ‘a . C e
the lowest energy electromic transitions possible for mole- '

cules containing heteroatoms. The form of such orbitals. is

-

shown for a carbonyl group in Figure 1.4(a). These orbitals b

»

are called 'non-bonding' because they take little part in

the actual bonding and conqenkr&te very little electron density
. 7 . - . : _ .
between nuclei. In the case of the carbonyl group, the 0

orbital is assumed to be an essentially pure p orbital

localizgd.on';he oxygen atom; in the case 6f pyridine (not - -

shown) the n orbital is a'sp2 hybrid. °‘For bhoth molecules

the n orbital is located in thé-plane of the moleéule and 1is

perpendicular . to the T orbitals of the molecule.

Electfons.in 7. orbitals are characterized by (a) a

low ionization potential required to remove them from the

mole;ulaf systen, (by a relative insensitivity of the (spectro-

scopié) vibrational constants of the molecule from which this

electron is removed - i.e., since n electroms contribute little

to the bonding between atoms, removal of the 7 electron has

litclie éffept on the vibrations between atoms.

- * * - * . r .
7 and T Orbitals: T and T orbitals are delocalized over

two or more nﬁclei. The T oxrbitals of interest to thg organic
photochemist are usually picturea ;s'some‘cbmbinatién of'b
orbitalé as,.for example, the'carbonyl group shown in

Figure 1.4(Db). Corrgspo;ding to each 7T orbital there is a ﬂ*

orbital which has a node between the carbon -and oxygen atogs,'

as shown in Figure 1.4(b).

<

A\
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The relatively greaterx electronegativity_ofroxygen

versus carbon causes the mobile T electrons to underge a

-

considerable displacement from carbon to oxygen. In contrast,: %

*. ' .
the T orbital has charge displacement from oxygen to carbon. ’

’ . * ‘ 2
Both the ™ and ™ orbitals possess a plane of antisymmetfy- - T

-

which coincides with the molecular plane. Virtually all

electronic transitions of interest to the organic photochemist
. - . »

N . * B ., TR ,.‘ o -
involwe-a T or W orbital. . _ . . s

-~

N .
o and 0 Orbitals: Since the o-bonding orbitals o are

usually of low energy with respect‘to T and N orbitals and
the o-antibonding orbitals d* are-of reiatiyely high energy,
compared to W* orbitals, neither of these.g orbitals wiil be -
.encountered very often. Both the ¢ en& U* orbitals are -

' cyllndrlcally symmetrlcal about the inter-nuclear axis of

-the atoms forming the ¢ bond (Figure 1.&(c)).' The U orbltal

e
. . - >
has a node between the atoms forming the O bond whichtcauses %
. : , °
the bond to break uhen an electron is promoted to a U erbital. >
e - . L
T * -

Be51des the Kasha notation” (35) of o, c , W, ™ and - -

n, specifying dlfferent molecular states, there are other types

-

of notation which haVe been employed when describlng an_
electronic tranmsition of a polyatomic molecule (36 37Y. One

of these is the c13551f1cat10n introduced by Hulllken (37).

In th‘s ‘classification, states are represented by _ dlfferent -

‘capltal letters N, Q, vV, T, R, etc., where N (normal) stands

P

for the.ground state and V'(valence) stands for am excited

state having large ionic" character. Thus the process



o

. ) o . . \ . -
. around 2500 A and the bands héve'been-intqrpreted-as arising

on iodine\;s promoted into the antibonding orbital.

- ‘ . - o . }
HI "+ hv‘f H'I at 2100 A represents a V « N traasition

(Chapter %,‘Figu:e le).-‘Such transitidns have high intensi-
ﬁigs and in organi¢ molecules are generally designated as
) :

is at right angles to the inter-nuclear axis, qrewdésignatéaﬂ
'« N transitions and the baunds Le.gl, for thé'hydrogen hali&esz

ypically have low intensities (as do n - © transitiomns in

polyatomic molecules).. . . . N

-

In forﬁal@eﬁyde, ?hichﬂhas~b8th n aad T electrons,.)
tw typesLBf t;ausifion;'are_obségved. Thé.w f_nj-tﬁénsi;ion
occe rs‘around-IBSO K and hés a high intgnsity, wyrié tﬁé

T * transition, with gJIOQ’igtgnéigy.isébgefved at 2700 A.

A1l o ganiC'iodides-haye'ﬁbsﬁipqi a bands in the ultra-violet

,Tegiom. ?ﬁeﬁﬁyl, %thfl and prépﬁlzfodidgé in water have maxima

-

. . : * . .
from n % 0. tramsition, in which omne of the lone-pair electrons

- Pl

-

[ L

oth @ «+ N and V «+ N transitions occur without a

’chaﬁge in Bhé principal quantum pumber and are 'valence. shell’

transitions.\ R o
. o . .
-In Rydberg transitions, R + N, a change in the

LAY o a t

-

principal quantum -number does occur. -The electron 1s promoted

from a bonding MO to an MO of sufficiently high energy that

¥ . -

the excited orbi:éllis essentially atomic in character. This-

~

results in an atomic like absorption spectrum of high absolute

intensity, usually lying in the vacuum ultra-violet region.

™ + ¥ transition. Transitions in which-the  transition moment.

FAYNYID 'Ol
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Figure 1.4 7.

(a) Form of the 1 orbital'of a carbonyl group.-

(éj Form of a ﬁ‘orbital (1) ané a w*.orbital
(1ii) of a carbonyl dﬁmpound; _'

(¢} Form of a 0 orbital (i) and a'U* orbital

(ii) of a carbonyl group.
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The intensities 'in these electronic.transitions are

1

N

o

'expfegééd in terms of molérlgbborption Qoefficient-e,-bhich can’ .
be obtéi@qd from the experimentally measured‘éalue of aBsor—
bance. The relation'between-the-tﬁ% is given by Lambeff:-

‘ - Ve . .
Beer's law which can be mathematically!reprgsented'ag

I St o
A= log[ig] = gex - . _ ' “_(1.18)

where AT is,Fhe'absorbance measured speétféphofomeérically;
c is.the'concentratiog 15 moles liter;l, and x is the cell
length in cms. The units of ;he molar absorption coefficient .
€ are liters mqie-llcmml. _Tﬁis-ls ;éiatéd to the oscillétor | %
étzength £, a thpo;etically derived quantity ob?ained.from‘
the tr#nsition>moment and often uégd to express the'inﬁénsitf

of tramsition (32), by'the relation

£ = 4.32 x 10’9.f edv ' | (1.19)

-

WHOWNVDD

The integration ié pe:férmed grabﬁically-by plotting the
extinction coefficient as a2 function: of Q, the frequency. s
The area under the curve gives the value of integral from
which f can be calculated. This can be compared with.the
value of £ obtained from the transition moment.

The transition moment is ﬁlyave mechanical quantity
which is proportional to thé square root of the intensity

of a transition and is given by the integra%

..

YI o« /D = J¢i M ¢f dt (1.20) .

_ /
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'ahcrc,éiuzadféf are the tqtal_waye-funcfions.of the inirial -
‘and f£inal states rcspedtivélfl dTt reptesen;g‘ﬁhe;pfodqéi of : -

Vlezc clcaeﬁts in’ the coordinates of all the nuclel and
electzorns, D is the dipoie'strength.ﬁnd M is the so-called

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

oM=elr o ' (1.21) o
‘ ] ’ ot Tt . - .
wikere Ty is the wector which corresponds to the dipole B Coe '

moment vperator for electrom 1 and e is the eleciro#igugﬁarge.
Eguation (1.20) permits the evaluationiof ;h;q

fntensity, provided the total wave function @; and ¢ are )

knowz. Tnis is, bowever, never the case, andmé long series

~ ———

-

O "VAMVLLO

LrtARTIAINICY -

0% approximations are required. First, it is assumed .that -

rotational and ;ibrécionalawave functions can be factorized

oot and the above ecuation reduces to

0.

/D = ! ¥, MY dr ” (1.22)

_—

wiere ?i asd ¥, are the total electronic wave functions of )

3
e
?
&

the 131:221 znd.final states respectively and dT is the pro-i
Cret of :he'701==c elements in terms of coordinafes of all
the electrozs. Integ;zls of the form of Equation (1.22)

céb be evzlcated a2nd the caicﬁlations have béen.performed
£or 2 series éf sizple molecules (37). 7The relation between
the transitior mosent and the éscillator strength £ is

given by

£=1.08x 10 v (1.23)

[}



" the approximate theory, not occur at.all. Actually, for—ﬂ

' bidden transitions do occur yecause»tnlculation by”more

_.fare generally quite small, much smaller than- those of allowed

refimed theories give small, non-vanishing vslues/for the

'intensities. Observed inten51ties of forbidden transitions .

. .
.® : B .

where v is the frequency of emission and 'D' is the square

of the“transition moment. Mulliken (37) has, ‘in a series of
papers, compared the theoretical values of £ calgulated from

transition moment and - 'f"calculated from extinction co-

effients’ for a number of compounds and they seem to agree '

fairly well, ' P

N

.

The mOSE useful property of integrals of the - type
of Equation (1. 22) is that they frequently vanish identically,

that is, the integral is equal to zero. If this is ‘the case,

—Nv sl e .
.

the transition is called forbidden and should eccording to‘

> - _o .
.E
2

A

Lo

~

transitions (for which Equation (1. 22) gives non-vanishing

o
>
Z

s
<
?

intensities).’

Fortunately, it is usually possible toftell, from

. the symmetry properties of the wave functions whether or not

'ﬁquation (1.22) will vehish. Relativelj simplefrules can

Be'established which predict the vanisbing or non-vanishing

of the intensity iEEegral; these rules‘are referred to as

selection rules. T

€

The first selection rule is concerned only with

molecules wvhich have a ceptre of symmetry. All wave functions Co ".f

-
-

(orbitals) are either symmetric or antisymmetric uith.respect Yo
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to the centre (that is either gerade (g) or ungerade (u)),
and all components of vector M" are of necessity ungerade

The prodnct of two functions is ungerade only if one ie

-

'gerade and the other ungerede.f‘Hence the fntegrand of

Equation (1 22) can be gerade only if M. is multiplied by an

ungerade quantity, which can happen only if ¥., the ground

i,

.state wave function (orbital) -and ?f the e;cited state wave

‘function, are of unequal parity:ﬁ\Hence the selection rule

-g + u or u + g;-but g ?f-g and u - K. The crpésed arrows

- indicate the transitions are_forbidien:

.- E -
- B

- The,integrals‘of'the“ebove Equation (1.22) wvanish
if there is change in electron spin on excitation and hence

t}ansitions'involving change in mnltipliEity are forbidden.

Transitions involving no-chenge in parity are also forbidden.-

- . -
d'.,_

A rotational level is called positive ‘oT negative depending

on whether the total eigen—function remains unchanged or

*-changes sign for such a reflection. The property positive

LY

or“negative is also called parity. According to the above

- selection rule, positive levels combine only with negative

and vice versa. Transitions between two positive levels or

o

between two negative levels are forbidden. This selection

rule may be written symbolically: -

! .‘:.'.‘_
’ F =, =+, A, - -
<_l R . - .
Other examples involving special cases are ocutlined by

Herzberg (38). The importance of the selection Tule lies inm

i
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-the-fact that from a knowledge of .allowed tramsitions, the

u»

symmetry of the molecule can be ascertained which in turn

leads to the geometry of the molecqle.

i

Secondary Eééctions; In the great majority of photar

N

chemical reactions which have been studied in detail,

" has been'foupd that the primary process consists of a dis-
sociation of the'ébso:bfng molecule into free radical# or

atoms. The free radicals or atoms then take part in secondary

reactions. These reactions may lead to stable molecules which,

4

in turn, take part in further reactions. The secondary re-

. e

actions are thermal and are independent of the means bf which

" the reactants concexrned are.produéed. Howéyer, if Ehe
radlcals or atoms SO produced have excess of thermal energy,
.then they react at a different rate from that of normal atoms.
Such examples'have'Bgén répor;ed in the literéture (39,40),

and are known asl'hoﬁ aFom' reactions. The energy distri5ﬁted-

in the. fragments are giveu by

- : . 35 _ *2 *
~ o Ey = (,A_- D12 Mlﬂ-Mz) | (1.24) )

. . I- ’ .-hc 1 \ - N by % a:
—— | S S w 12) (m ‘ - (I=25) 7
- . . ) 5 i . =~

1§hé:e_E is-fhe eﬁﬁrgy“present in the %adical or atom of mass

Hl;.EZ the energy of M hc/A the energx of a photon of a

2’

given wave leng;h A and D is the bond @issociation energy

12

- of fhe Bond being broken. These reactioﬂ? were found to pro-
. [N

x

* . - - ‘ .
These equations apply only to translational energy.




- ceed w1th ne activiation energy‘ The excited species must
- carry this excess energy, if they are atoms, as electronic -

and translational enexrgies, or if they are not atoms as’

-

rotational and vibrational energies as well, In all these'cases-

“there are restrictions on the type of energy. and the way in

which it.can be ﬁiv}ﬁedwbetween the two products of reaction.

a

The restrictions are (a) conservation of,the momen -~

—
’

tumr of the product"fragments which determines the partition

of translational energy, that is, in the inverse ratio of the . e

masses, 2.2 (b) Conservation of spin, althOu h this o
Ep - Mi g

™
rule seems of questionable validity for any species containing

atoms of atomic number in excess of ten. If the excess of

energy is electronilc, there is a chance -that it 'may be emitted .
: o -6 . -8 e .

within a time of 10 to”1l0 . sec as radiztion if the tran51—

tion is possible.' Otherwise such electronic energy may be

degraded by inelastic collisions to other forms of energy,_ -

'usually v1brational.' Generally, it is found that the electronic
o

states produced in chemical reactions are metastable so. that

cne may expect electronically excxted species to. follow the

'path of collisonal de- excitation. The rare cases of allowed

+

transztions result in uhat are referred ‘to as chemiluminescent

reactions. T " ' L . i

For'excéss'energy distributed in other degrees of . .
freedom, namely rotatiog; vibration and translation, only
collisional degfadationgis possible.- However, it is known~

that degradetion ogiyibrational'energy is,a slow process aﬁd

—
v

 ——— — —
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so a considerable fraction of vibrationally excited species

_ thus formed may be expected€;o’52r- st for some time.? Evi~.
'?‘dence has been presented for the p:§:2hce of vibrationally
o - /

excited,species in the new bond that is formed by such col—

lisions (41). -0On the other hand rotational and translational

- energy appear to be exchanged very readily on collision ‘SO
that the species thus excited may be expected to be thermalized

very rapidly

- -

The transfer of energy to translational motion
during molecular collisions without change in the form of
.

energy takes place in accordsnce with the laws governing the \

-collisions of elastic spheres. It follows from these laws
that 1n-the simplest case of an oblique impact of ‘a rapidly

moving particle of mass Hl on a stationary particle of mass

AE

Mz; the average fraction z of energy transferred to the

stationary particle on impact is given by

A H

2 MM
"A—g-.= 12 . (1.26)

2
(Ml + Mz) | ~

Thus the amount of energy transferred depends on the masses
of the colliding particles, and the most favourable case Eor
energy transfer occurs when the masses of both particles are
the same. Therefore, the addition of inert gas, to a system
‘contafning hot radicals or atoms, should remove the excess .

energy by collisions. The atoms or radicals thus théermalized

Teact at a different rate and were found to be temperature
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Light Sources

Tieslamps generally utilized for photochemical
studies are uercury resonance lamps of varying intensities
although for qualitative.studies, ordinary sunp lamps or just
sunlight.are Sometimes adequate. The advantages of the
Mercury resonance lamp are numerous, If operated under pro-
Perly controlled conditions i'ts output is fairly constant
it emits if made of quartz 2 number of intense lines from
1849 A to the two yellow lines at 5683 A and 5688 A whic'h
may be separated satisfactorily for most purposes by 51mple
leters Ordinary glass is opaque below 3300 A and quarctz
below 2000 A Thln films of glass (lOuz are transparent -
above 1500 A. Owing to absorption by,oxygen below 2000 X a
vacuuya technique must be used for the far uyltra- violet region.

The number: of designs of mercury lamps described in
the llterature and manufactured by commercial undertakings is
'S0 large that no attempt can be made here to describe them in
detail. Roughly, however, three types may be'distinguished
viz. (a) lowfpressure lamps' (b) medium and (e¢) high pressure

arcs. In the ‘first class the DErcury vapour pressure is kept

as low as Practicable, with the result that the intrinsiec

-



brilliance -is small. This type, however, has one advantage
that much of the energy lies in the first resonance line of
the mercury sSpectrum at 2537‘A and secondly, the line is un-
reversed.' 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
broadening occurs, with the result that the emission line P
(2537 AJwith the ‘radiation in the middle of 'line' is virtualiy
absent because of self—absdrption near the walls. In the case
of low pressure lamps there is no pressure broadening and |
hence the line 2537 A is & single, intense line. This is
known as an unreversed line. Such lamps are suitable:- where

a particularly stroug source of resonance light is required,

2s in mercury pho;osensitized reactions: usually thevamperege

is never allowed to go higher than 180 mA. The lamp has

another advantage that it may be iuserted in 2 furnace for

photochemical experiments at high temperatures, thus permitting

.the intense irradiation of reaction vessels. -Lossing et al (42)

z:S designed an assembly for mass spectrometric study using

this type of lamp. It may b' noted tnat the output intensity -~ -

of a mercury resonance lamp is practically independent of

temperature up to 600°C.

wp—y

Medium pressure arcs: AsAtne pressure in the lamp
is raised, the intensity of light weakens in the far ultra-

violet and becomes greater in the visible and ‘'in the near’



»
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ultra-violet Tegions. Such lamps usually work at a pressure of

of 1 to 5 A. Apn inconvenient feature of heSe lamps is the

o

- -, _—u '

heat generated several hundred watts being d1551pated bne
way out of this difficulty is to surround the lamp by a weter
jacketed enclosure. ‘Hedlum pressureaarcs give several lines
of mercury spectrum.but 2537 e, 3130 A and 3660 A are the
Lésc inteuse lines. Even amongst these three,\2537 A is four
times more intense than 3660 A whlch is of ‘the same strength
as 3130 A and these can be isolated by using different
filters.

R Hiéh pressure arcs: . High Pressure mercury arcs
operate at pressures of a few, up to almost 300'atmospheres.

“

At the higher pressures, air or water cooling must be employed.

In the event that water is used as a coolant, its purity may

be of some significance when the lamp is to be used at wave-

.

o :
lengths below 2800 A. On the other hand, water cooled lamps

“YOYNY) 'Oiw;.'-

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 medius pressure arcs,‘add their“
use for kinetic studies is usually in conjunction with filters
oria zonochromator. '

Coa Vacuum ultra-violet sources: Among tHekmore.res- -
trictise features of vacuun ultra-violet p chemistry 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 a2 window.
Ideally, the window should be transparent in the wavelength
region where the gas absorbs, and should be capable of being
affixed to a reactlon vessel to make a vacuum-tight seal that
can be subJected to extremes of temperature. LiF windows can s
transmit abo@e 1050 K:-Can can—transmit above 1200 R and a -
sapphire window will allow radiation g{eater than 1450 A.
These are the.commonly used window materials.

A major requrrement in 2 photochemical llght source
is hlgh intensity and it should be monochromatic. A con-
trnuum such as obtained in a hydrogen discharge (43) or the

" Tare gas discharges (44) _can be usefnl when used in con-~

junction with a vacuum monochromator. However, monochromator
. 1

efficiencies are uniformly poor inm the vacuum ultra-violet

r
.

and hence this arrangement has not been widely employed. Of

1

VYNV
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much more use are’the rare gas resonance lamps, which have
—-—-""'-—-—.—'__ . ’
" the twin virtues of high intensity and chromatic purity.

The development of the rare gas Tesonance lamp be-
gan,.with electrode lamps'(AS) and evolved“recently into the
electrodeless lamp powered by microwave energy (46). The,
great advantage of the microwave powered lamp is slmplr!ity
of conétruction. If one uses a krypton resonance lamp, the

ce

o o .
wavelengths 1236 A and 1165 A are obtained, their intensities

\>\\*h£ina‘£3—iii\iiﬁﬁo of 1:0.28. On the other hand the Xenon

resonance lamp gives a powerful linme at 1470 A and a less,

-
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intense line at 1295 A. The most intedse krypton‘resonance

1amp was achieved by using 1 mm of a mixture of ‘10X Kr and
90Z He as the filling gasm It was found (46) that 101\*2/)/
in argon at a total pressure of 1 mm gave -8n intense,  almost
pure Lyman a emission (1216 A) Ihese lanps have been used

for studying phptoionization,

-~

Filters and Honochromators :
When radiation,of a specific wafelength is desired.
several alternative procedures ‘are applicable. The least

accurate, but often satisfactory, results are obtained u31ng

filter systems. Filter systems make use of a process of

selective absorption. 'By~coqbining certaiu filters,-wave-
length bands can be isolated. These bands'are'ZUO or more g
wide although somewhat narrower bands may be isolated by using
certain filter combiuations at a limited number of wavelengths.

The simplest filter is ‘pyrex’' glass, which absorbs most

o
radiation of less thad 3130 Al Although the filters absorbd a

Ks

considerable amount of the desired light, they absorB'much,

more of the light in other parts of the spectrum. The trans-
mission curves for typical Corning‘glass filters are given

~in their catalogue (47). These filters are ground Lo,a given‘
thickness and polished in standard sizes, 5 cg.square'and
larger. Many of the glasses have sharp cut-offs. Filter CS-
9- 53 cuts off light below 2700 A while CS~9-54 cuts off

~ o )
below 2200 4. o -
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. Monéchromatbrs:' In general, the undesired wave- el =T

lengths can be refracted to one side with .a prism more

2
’

effectively than they ean be absorbed in a filter. A spectro--

e

meter. system whic¢h is arranged to supply radiation of a8 narrow ) ,

range of frequencies is called a4 monochromator. | -
If a continuous lighe source is used, there may be -

overlapping of adjacent regions and for this reason a dis- C .

Y

.continuous Spectrum, such as that of a mercury arc, is parti-

cularly advantageous for use with a monochromator. Mono-

’

chromators have the disadvantage however of emitting only
low intensities at any one individusal wavelength The handi—;
.cap of low intensity can be offset inm part by long exposures*-
by using larger prisms ‘and lens 3nd by using capillary arcs

of greater intensity. Forbes and others {49) have given a

-

good. experimental description of set;ing up 2 monochromator

in conjunction with- amp and these monochromators -are

—available commercially, ' . - =
. : .ot '

Lasers: To date the laser's position in photo~

chemistry-resembles that of a solution for which .there dls mo

.

-

problem. A broad spectrum of laser emissions are ‘now kanown, ] .
although the intensities of these sources are relatively . .
feeble at wavelengths shorter -than 6000 A The most remarkable
property of lasers - coherence and extreme monochromaticity ;
has not yet been exploited by photochenists, wvho seem more

intrigued by the potential of lasers as high intensity sources. &

- Presumably, a series of intemse lasers spanning the region of
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. photochemical interest will be\developed and a powerful tool

i ' 1
' The mest dietinguiahing property of a photochemicai\~\\ f

would be added to the armament of the tochemist.
AN
,.-—/ o ‘\\ . ) \‘ -
Measurement of Light Intensity \\\\ ’ e

-

reaction is the fact that it is produced by light. All of the
varloue electronic excitation processes can be related .inm

terms of.their_efficiencies by measuring the number of chemical
reactions per impingent lignt quantum. The tendency of a.
molecule to undétgo a chemicai'reaction after the absorption

process .has .occurred, gives rise to the concept of the quantum

yield. As.mentioned earlier, the quantum yield of a photo-
chemical reaction is defined as elther the number of moles of
reactant consumed or productﬁ produeed per einstein of absorbed
radiation. The Primary quantum yield ¢, measures the numper ‘
of species that disappear‘directly as a result of the mole-
cular absorptionn It must'have,valnes 5etween:the limits of
.O.b and 1.0.

The primary quantum yield as distinguished from the
total quantum vyield, ¢, of a photochemical reaction, measures
lthe efficiency of the one step process giving reaction pro-
‘ducts immediately.frqm the excited'state. The totainreaction
quantum yield, on the other nand, meaaures the;efficiency of
a multiple step process. In practice, the,quantun jield for
the primary.process often cannot be successfully separated

from the ouantum"yield for the total process, and ¢ and & be-

come indistinguishable.



It can be shown ‘that the determination of_ quantum .  ~
yielo will give an indication'as to the nature of the most
1mportan£f££gcess Or processes- in the reaction mechanism. If'a
@ is large, a chain reaction is indicated° if-1ie. is small

. either deactivation or recombination is suggested although

the possibilities of isomerization, regeneration or an inner T

T filter effect mustnotbeoverlooked - A% equal to some small ' Cos

whole number and independent of_ohanging experimental con~ : P
Hitions, especially 1f accompanied by continuous absorption-

1ndicates a rapid and complete dissocviation either into stable_'

.

molecules ox radicals ‘which react further by a non-chain pro- . :j
=

cess. An example of this is the photolysis of hydrogen SVREE _“§§

iodide with a quantum yield of 2‘0 The relative inefficiency

of the reactions of certain azo- compounds indicates that Te-

-
-
-«
-
o7

e e

arrangements are necessary before decomposition caan occur.,
Heasnrement of the qnantum yield of a. photochenical

reaction is generally accomplished by comparison with some

standard quantum process. This technique_is called 1actinof
metry' and is more convenient than the direct quantum output

measurement of lamp output by photoelectric'or thermopile-

i - !
methods (50). /

In the measurement of radiation by the use of a

thermopile, the instrument is calibrated againat a true "black

-

body” which radiates according to Stefam's law. “In practice - ‘ -

this is rarely dome because of the difficulty of setting up -

bt}

a truly black body and when thermopiles are:uaed,athey,arg
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;rqsl;y;statdqrdircefagzinst standard lamps whose ;;ergy out;
;ﬁt.is ézzctlx ﬁn&vn- I£ the response of the thermopile is
directly pto?ortionzl to lznp ‘intensity, this is a.reasonably
goad isd cztion tEag’ thc-tbcrnopile response is independent
© of czvelengtk as 1t must be. "An excellent, brief outline of .
rThe co:st*uction znd vse of. thcrnopiles is given by Strong (51).

The 3OTE cozzonly scd zcthods for Reasurement of light inten-

sity imvoive the ese of a photochenical reaction, the quantum
‘y-eld of wtick Ras becﬂ well established ~in other words a -
. . :
czeaiczl zcti.azetc' | . |
e C&eziczl Actinbsctgrsr The two most commonly used
cﬁezicél 2ctinometers zrc ﬁranyl ozalate (52) and ferric
dzsihte (5i). Chca-czl zctinonetry posses;es considerable
i .tdvzntzges for 1fzhe intensity neasurenents,'particularly |
vhen the govrce Zoes mot. involve the use of a monochromator.
& chexfical zcti:ozctcr giv&s the avcrage dose over a given ‘
,er.od ot tize zzd over z ziven area. By carrying cut actino-
zetry Lz tﬁe reactior vessel itself, one nay also eliminate
coz;l czt.ons resu‘ting ‘ros the geometry of tbe experimental

-~

. Sysctexz P zvoid corrcctions due to reflection and absorption

Iczzes 2t '&e =davs of the rezction vessel. 'i "

o

(f) trzgzl azzlztc zctinoaetcr' Ihis'is_still tht most

Jidcly csed czesiczl zctinoactcr, the reaction utilized belng

)

‘ the sranyi fo= phota‘cnsitized deconposition of oxalic acid.

decoaposes 2’ ... . . .2

.~

B C,0, = 2,0 + CO + Co, - o

S
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-A detailed descriptionhof the uranyl o;alate actinoneter‘is
given by Noyes and Leiéhton‘(54) and by Mhsaon (55) for those
cases where actinometry is applied to aﬂlignt beam: emerging
from the reacting system._ The quantum yield of thi% photo-
lysis has been . determined with great care over the region
5000-2000 A (52), the value being 0.62 at 2537 A 0.49 at
3660 A and 0.56 at 3130 A. ‘The amount of reaction ig deter—
mined by titration of oxalic acidlagainst‘standardopermanga—f
nate solution.s Sevetal_attempts have been nade'recently to-
improve the analyticai.technique fot determining the amount

of reaction. .Z1ill (56) followed-the reaction.manometr}caii?
‘ by measuring the amount of carbon nonoxide andfcarbdn di;nide
liberated during the decomposition.of oxalic acid. For
-studies of photochemical reactions in aqueous solutions using
volumes in the range of 1 0 to 10.0 plitre, Porter and Volman

(57) developed a simplified method of uranyl oxalate actino-
metry; The actinomeﬁ;y is based on the determination;of co
by flame-ionization gas chromatography after catalytic hydro-
genation‘to methane (58); ihis method 1} more sensitive than
any other wmethod or than any otﬁgr chemical actinometer.
However, this method can be useful only‘on a microscale.

The uranyl oxalate actinometer nas the aduantage that the
quantum yield does not vary much with changing wavelength and
Malso has a small temperature coefficient, the coefficient

’being B .03+ ‘per. 10 at 20°C. Since the quantum yield does ‘not

vary ‘much with changing~wave1ength it is especially useful

r,.h
"
e -
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- . . if the source of radiation is rendered monochronatic by

employing filters instead of a monochromator. The percent .

~

decomposition of oxalic acid varies linearly with time pro-

vided the Qecomposition is kept,beloy.zoz.‘ Hence knowing the

amount of oxalic, acid deéomposed and its quantum'yield, the

nunber of .quanta apsorbed-by the system can be calculated (55).

(ii) Potassium ferrioxalate actinometer: This actino?

meter has been developed by Parker (53,59) and’ fulfills the
requirements of constant quantum efficiency and*high absorp—_
tion factor over a wide range. of operating conditions. The
ferrioxalate system is. usable in the wavelength region from

2540 te 5780 A and is quite sensitive for a chemical actino—

.meter. Its other advantages iaclude (a) a small temperature
o

coefficient Qor the wavelength region 3000 to 5000 A, which

eliminates the need for accurate temperature control betweeu

20 to 30° C; (b) high precision, and (c) ease of operation.

WOIYNYD OlYL

'The sensitivity of the ferrioxalate actinometer is about one

thousand times greater than 't ~0f the normal uranyl oxalate

actinometerm A concentration'of 0.006 M K

is generally used in this actinometer and the stoichiometfia

of the reaction is . % '\\\\\\\‘\\\\\5

hv
2K3Fe(III)(C 0,05 H20+_2Fe(11)c 0,+2C0,+3K,C o4+nzo

The product ferrous ion and its oxalate complex;do nof absorb

. S .
the incident radiation measurably during photolysis.. Following

exposure, however, it is made highly absorbing by formation of
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, e’

" the red-coloured i,10- phenanthrolene Fe(II) complex, which is

analyzed spectrophotometrically at 510 mu The recbmmended

hprocedure is given by Hatchard and Parker ~ (59) and . \Ee quantum o
yields at two different wavelengths are ¢2537A = l 25\ and
¢3660A = 1,21. Recently Lee and Seliger (60) neasured the-
quantum yleld of this actinometer at 3660 A relative to*
calibrated thermopile and their value was essentially the

-~

same as determined by Hatchard and Parker (59).

Gaseous actinometers:. 4 tumber of gaseous actino-
meters are available for use either at near ultra-violet or
far ultra-violet regious. Sonme of theﬁ are‘used as internal

actinometers Acetone (61) and dlethyl ketone (62) have been“w

-~

studied in detail, and were found to have a quantum ydield of-

unity, for ketone decomposition or carbon monoxide formation,

at teﬁperatures above 100%c. Carbon momnoxide inrﬁed can be
measured manomettioally after condensing the hydrocarbon pro—
ducts. The photolysis of ﬁI islanother teliable gaéeousu
aotinometet with ¢HI = 2.0 over a wide range of'exoerimental
conditions. The hydrogen bromide decomp051tion is less‘suit-
able, since, because of a back reaction, the yield decreases

with the amount of decomposition. For work in the Schumann

- -~

region the ozone synthesis may be used (63) wvhere ¢~ % 2.0.
. _ 04 .

- In the far ultra-violet regiocun a § 0 gaseous actinometer ﬁhioh
' &

has~a well establisbed quantum yie}d for‘"‘N2 prodﬁttion of l 44
i)

.. 0
at.1849 A, is often employed (64) Cremer and.Mprgreiter (65)

have utilized the hydrogen-chlorine detonation ré;ction in the

Presence, of oxygen. for actinometric purposes. -’



N ~ CHAPTER 2

PHOTOLYSIS OF HYDROGEN IODIDE AND REACTIONS OF

PHOTOCHEHICALLY PRODUCED 'HOT' HYDROGEN ATOMS

The spectrum of’gaseOus hydrogen iodide is .con-

-tinuoue in the near ultra—violet ahd although the use of | = L

wavelengths as long as_ 4050 A (66) might brlng about dls-w
sociation 1ntd’normal atoms, the detection of absorptlon is

still p0551ble only up to about 3850 A (6? 68). The absorp-.

" tion maximum occurs around 2200 A As contlnucus absorption

is diéplayed during the hltra-violet irradiation of gaseous

HI, the absorption coefficients increase wlth frequency,

. [OVEPI

reaching an approximately ‘comstant maximum extending to

150,000 cm T, - " B - T

Mulliken (69) made a stud,/of the low-lying
[
v

electronic states of HI, from wh he derlved the pbtential

YOVYNYD "ORVIN

energy diagram shown in Figure 2. 1(a) The original eﬁ.ﬁtaﬁ‘
tion of the BI' molecule probably involves the promotion of a

‘non- bonding halogen electron to omne of several higher molecular

orbltals For HI the electronlc states’ formed are all dls—h'.

sociative; the 3vi and lﬁ states form atoms in their normal

. . 7
ground electronic states H(ZSI/Z) and I(_B3/2), whereas the
3“3 state forms an excited 2P1/2 iodine atom.
. 7 . .
Romand (70) from his study of the absorptipn spectrum

=
of HI, postulated that the experimental curve which he obtained

could.be analyzed into two curves. The experimental curve
: TN

\\

oy
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(a) -

Lo
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s

Figure 2.1(a), (b)

[
Potential energy curves for the lowest
electronic states of HI (Mulliken (69)).
'HI absorption curves from the work of

r

Romand (70). Solid portiom of curve (1)

.is the -experimehtal absorption curve, the:

dotted porsifn is the postulated countinuum
curve at lower wavelemgth. (2) and (3)

are the calculated component curves' cor-

e

responding to two different electronic

~transitions.

&

-
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(1) and the two postulated curves (2) and (3) are shown in

Figure 2.1(b). Using the Mulliken notatiocn curve_(z).cor-

re3pondé to the tranmnsition N 12 - 3w6 and‘eurve (3) cor-

responds to the transition lE -+ 3ﬁl illustreted in.Figdre

2.1. Curve (2) represents the process in which an excited

1od1ne atom ( Pl/Z) is produced and curve (3) represeqﬁs the

process involving the production of a ground—state ( P3/2)

iodine atom.

It is notlﬁery cleaghas to what fraction of iodine

atoms are produced in the 2P1/2 state at verious wavelengths.

However,

from the relative positidns of the maxima for‘the
3 .

1 ﬁ3 and ﬂ states, Martin and Willard (71) have sug-

gested that the maximum in the 1w transition will occur at

the shortest waveléqgth region of the band, the 3ﬂ6 will be

favoured at intermediate waveIengthe,”and the 3wl maximum will

occur at ‘the longest wavelengths. Thus formation of the

excited iodine atoms ( Pl/Z) may be favoured to a large extent

. ‘ 2
fear the centre of the band, while normal-iodine atoms ( P3/2)
would be favoured at both extremes of the band.

The positions of the maxima for the three potential

1 3
energy curves (Figure 2.1) should be in the order g, “E and

Ty for-increasing wavelength if the Frank-Condon principle

is obeyed.

Many studies have been made on the photolysis of §I

over a number of years (72). Recent work substantiates the

-

earlier viewv thit the decomposition of HI molecules into atoms,

-

e MHY DI TN -
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occurs with a quantuﬁ vield of two for HI (¢HI = 2.00) over

a wide range of wavelengths, 1849 X -‘3660 R. The photolysis
lof hydéogen iodide provides one of the most striking illustra-
tion§'of the applicability of the Stark—Eiﬁstein law.

'Warbu;g (;91§)(73) studied the decompositi;n of
gaseous HI in ﬁltra;viilet light of wavelengths 2070, 2330 agd
2820 g; the res;lts oh;:ined are.presented in Table 2.1, whe
the gecond column givés the numbe; of moles of hydrogenAiodide
decomposed per kcal of radiation‘absorbed, and the third"
column,rthe quanton yield, that ig the number of molecules
decomposed'per quantum.

In the photolysis of BI, the primary stage is dis-

sociation, thus

=

’ *
HI + hv - H* + I°* S (2.1)

a pnormal hydrogen and an“excited iodine atom being formed.
‘ .
The products may then participate in the following

secondary reactions: _ [

- H‘”+f§1 . T H, ¥ I1° . . (}-2)
I?J; BI ~ H + I, .(2.3)
n'+ﬁ'+u+az+n ' (2.4)
I"+ 1" +M > I, +XM = (2.5)
H™ + I + M > HI + M ‘ (2.6)

Reactions (2.4) and (2.6) are so highly exothermic, namely
104 kcal/mole and 713 kcal/mole, respectively, that they will

occur in three body collisions, and reaction (2.3) is endo-
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L4
PHOTOCHEMICAL DECOMPOSITION OF HI (8)
™.
Wavelength "7 Moles kealt Yield:
’ o -2.
2070 A 1.44 %10 1.98
o R -3
2530 A 1.85 % 10 2.08 -
C ) L |
2820 A 2.09 x 10 N . 2.10

NO VA0
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thermiec to the extent of at ieast 11 keal,

—

and possibly'ﬁére
if the excited iodine ‘atom has lost some energy in collisions,

so that it will require a relatively high, activation energy.

It appears therefore, that reactious (2.2) and (2.5) are the

most ;mportaqt secondary chemical pProcesses), and that the net

result is

2HI + hv‘+ H2”+ 12

The yield should thus be two molecules of hydrogen iodide de-

composed per quantum, as actually found.

il

The excited iodine atom produced in the first stage

is of no special importance, as similar results have been

_ : o . . , -
obtained with radiation, viz., 4047 A wavelength, which gives

a normal iodine atom. The reaction

B" + I, = HI + 1°, - (29

W/

2
lige'the corresponding process with chlorine aed_bromine; &akf
take place at an appfeciable rete, the activation energy beiné
eero. However, 1f the coucentration—of molecular iodine is -

low, this reaction hee little effect on the efficiency of

,photolysis of hydrogen . iodide at the beginning of the decom-

position. In the later stages 1t tends to decrease the

effective yleld : ) ‘

Not only does the quantum yield of HI remain 2.0

within a considerable range of wavelength variat@on,lbut it

. ‘\.
. has also been found by Bodenstein and Lieneweg (74) that this

o]
quantum yield is independent of temperature up to 175°C.

o
z
¢

w3k AN TP



In the photol&sis of BI, the extéﬁtrpf}the
secondary reactions depend to a~1arge degree on fhe nature
of the hydrogen atom resulting from the primarf action of
the splitting of the HI bond. At wavelenéthé in the region.
of 3660 R, the.hydrégeu atom produced has very little excess
kinetic energy and can be expected to react almost like a
thermal hydrogen atom. At shorter wavelengths in the region
between 1849 g'and 2537 R, the hydrogen.atoms are prodﬁced_
with a consideraple amount- of kinetic eueréy, the radiation'
energy being w%ll in excé;s of the bond dissociation energy
ID(@—I)]. Table 2.2 contains a listing of the translational

kinetic epergies of H atoms, each TKE corresponding to a
. I} .

i
!

particular wavelength.
|
Besides the use of relatively long wavelengths in

- . -
the creation of thermal hydrogen atomsL shorter wavelengths
. P

in combination with.an excess amount of a noble gas within

the photochemical system may be emplbyed to achieve the
‘same effect. . .
In the previous sequence ocutlining the course of '

the secondary reactions, the two reactions which were con-

sidered to be of major importance were

H™ + HI +~ H, + I°
) I+ 1" +H+ 1, +M |
where M codid be any-zhird body in the systenm walls
"of the réaction vessel. Additionally the inhibitery réactioﬂz e

B4+ I, »BI + I
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- TABLE 2.2 . B
ENERGY PARTITION IN HI PHOTOLYSIS
D(H-I) = 71.3 kecal mole t
* . -
E(I ) = 21.8 kcal mole 1
3o srare of Ey Translational Kinetic /Type of
° Iodine Atoi -1 Energy of H Atom H Atom
A ° ?i) " (kcal mole ) (kcal mole™t B »
- . 2 , * . - )
. . . Hot
1849 P3/2 ,,;54 7 ) | 83.4° o
2 . ‘ ._:": ! .
. 61.6 | Hot
REYES g I
1942 2P3/2 & 147.3 76.0 l Hot
-~ - . 4 - X . 3
-2 .- - ! .o - . —
' 54.2 - Hot i
12 _ | : i |
. 2 o T : E o
- 112.7 41.4 Hot -+ .
2537 '>P3/l2 . ! N A
2 ' ‘ . .
P ' _ 19.6 . Do Hot
1/2 | . R : =
3130 ’p 914 . 20.1 | Hot < )
: - T3/2 ' . SRR
2 | 0.0 | Thermal ‘ kﬁg ;
EREVZ: | . . e T e e e REERRE gé §
- 2 . - - . .b
: .1 6.8 Hot
@§60 Pyjg . T8
2, T e : . '
' : 0.0 Thermal
.- T1/2 |
Prominent Iines in thé'emission spectrum of medium’ pressure o o N
mercury lamps. ‘ B \ . .
, q .
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does become important, if the photolysis proceeds for a long i

time to the extent that there is a build-up of 12, which has

a . maximum at its S.V.P. at the particulhr_:emperature of the

reaction.

On apﬁlfcatien oﬁ‘the steady state treatment to the

.
\.__/ i

mechanistic scheme for the production of thermal hydrogen

s Fan

* )
atons, one obtains.;he following differential equatiou,
B, 4, Tabs | © as
dt dt k. [I 1. - , (2.8)
- 1+ o TE
- 2.
“Here Iabs is the conceﬁifation of ﬁhoions absorbed pef seeond
kS ' . A .
" and EZ the specific rate constants ratio is a copstant. On
2 . o~
integration , equation (2:8) leads to, EE
B ' . . =
[HI] . [BI], - {1,] é;:
Z i 2°f :
I x t - [I ] == ln —- - (2.9) :
abs i 2°f kst 4 . [3114 2[12]f 2 : g;
where [szf is the final concentration of iodirne, [EI], =

the ipnitial concentration of hydrogen iodide and I pbs * T

is the total quantity of light absorbed, measured actino-

!

'ﬁetrieally. g s .
The rate of reaction of hydrogen with iodipe in
the hydrogen jodide synthesis was studied. by Sullivan (75,

_ %) in the temperature range 667-800° K, and from the experi—

Y

mental results, he calculated the ratio of k /k ﬁor normal

or thermal : atoms, to be 13.0.

Because the ratio showed mo . ' \\\;

Thls integration is performed in Appendix 1.

-
»
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temperature depezlescy, Sullivan conclnded that both acti-
'vzziou'csezgies were approximately 0.0 icai/néle. wigh‘ihe.“

N

2£d of thersoly=amfic data, Sullivam (76) formulated the

+

fcllocwicy expressions,

~ . " o .
. L gwif25 fa . 480 * 350 - - B
(i/.oglocnzlb o (%zf;o £0.200 - 355y . (2.10)
/2y . 0 .90y . 0 % 500 |
-og,c(c /=7%) = (33,00 £ 0.20) - 355200 L (2.1D)

S k L - T

ic Teom kezye'z:--e,-z czlczlation of E% from éQgépiogs :

-

- (2.-6} z.d £2.31) zives 2 %zlue of 14.00. The resdIts of

v - R E) ed
Eo-:es z_d s .dz'zz (77) for thernal B atoms in the'HI photo-~' a g%
k
lysis, 2lgc Lezd szy;o:: to S Ilivan‘s values for El and © 'gg
. o . . 2 . -

[

Zozioeffer (72) ia describing tie photolysis of -

ayércgen iodide, z2d sza2ted that the auantum yield of BI
fell frecam rtwo. lﬁ:s -sc'ezsizg:umﬂktsion, and 'he attributed

thfa effect tc The 4Lzhibitfoz by iodine, reaction (2.7).

ks
;zd-esu.zz:ed ~L 2o be zpproxiznately 100 and suggested

czatC ;3: FEo :olysﬁs becozes cozpletely self-inhibited by

FE-J

the cZme 1ST Zecozmposition occurs. \
.- K _ . . .

T= tZefr work, Ozg 2nd Williams (79-81) showed

£
. v o . ko
riar for the ptotoiysis witin 2537 A radiatiom, i; is ip- -

Cependent c£ ZEI presscre {50-150 ggrra; independent of
cemgerzecre 222 t2s rhe value 3.5 £ 0.3. The effect of

. k7
crcichezace (20) 2% 2= fizert diluent was to increase — to
423 Ko

. ) x . .
7.4 = 0.4 2t 15506, 2zd this value of == remaipned comnstant



at high cyclohexanme, hydro odide ratios. This result was

attributed to collisional thermalization of the 'hot' H

IS

‘atoms produced by the 2537 A radiation, and this limiting
high-pressure value of k7/k2 = (k7/k2)°° was considered to be

that for thernally equilibrated H atoms.

These experiments were extended by Hamill et al (82),

who used helium, argon and hydrogen ds inert diluents. Addi-

k
. tion of these gases also resulted in arn increase in El which
r o 2

ﬁe,ﬁézzioifffdhj‘limiting value (k /k-)m, at high inert gas

pressures. (k”Tkr}»‘ewas independent of the. inert gas and

was temperature dependent. At a given inert gas pressure

[I,]
(k7[k2) was independent of [B%] These results were ex-

_plained simply by the 'hot-atom' effect. Values of (k7/k2)oo ot
were obtained by extrapolation. A plot of log(k Iky)
versus % for the temperature range 114 198°c gave Ea - E7 =

4.5 kcal/mole. Not only is this large value for E, (if

2
57 = 0.0 kcal/mole) difficult to understand but Hamill's
results are in poor agreement with those of Sullivan\£45 76)

Due to the poor agreement of Hamill's results with
those of Sullivan for thermalized H atoms in the photoiysis
of EI; Holmes and ﬁodgers (83), using He, A} and Hz as noble

° gaeée, repeated photochemical experiments similar‘to»those
of-Hemill in the temperature range 50-200 &2 and using the
2537 A wavelength. The results obtained by Holmes and Rodgers
were consistent both with the low nalue for E7 - EZ and with
the experimental data of Hanill. Figure 2.2 ‘shows Ho;mes'



Figure 2.2

k7/k2 as a function of tempefature and inert

gas/HI ratio. W, X, O,A', Helium ‘as'inert gas,

temperaturés, 53, 69, 102 and ZOOOC.respectively;
\\\\\\\\\\\\\45, argon 79°C;ll, hydrogen l?OOC; 0, from o
. "‘-l_‘__‘

Hamilliét\al_§82), He as inert gas 114°c. -
i 2 . _

‘\\ng | _-f%
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results.togethetm#ith thdse of ﬂamill and it is not dif-

ficult to see how the latter's extrapolatlon £o high inert *
gas pressures could be in errorl Holmes' value for E7 - E2 ,r
was 0 * 350 cal/mole. _ ) |

In the initial 1nvestigatlons of hot hydrogen atoms,

i

by Hamill, Williams et al (82 84) and in ‘some later work (85) ¢

photochemically produced hot H atoms were used. These were

of relatively low. energy (<2 electron volts) and were found

_ ; _ P,
to react by the familiar abstraction_mode. In 1957 it was i;

%
'.l

reported by E1 Sayed and Wolfgané (86) that tritiug?recoiling

froz nuclear reaction reacts as hot atoms, and that these high

energy -atoms could un@ergb efficient high-energy substitution
processes. However, as a toolvfpr‘studying_the details of

aolectlar interactions, nuclear activation suffers from the '

-

fact that the reactive atoms have initial energies far above

those at uhichcthey_can enter stable combination, and there

is no way -of determining the probability for reaction in a

o]
——
~
.
e
_—
-l
>~
o
S,
-
-

well-defined region. Also, in cases other than that of tri- /\i

»

tium, ;t is generally not possible to state with certainty

whether or not the atom is ionized at the time of reaction.

Some evidence has also been obtained by observing.

-

the rea&tions cf atoms or raditals formed by the photochemical
rupture of bonds by;hotons of energy considerably in excess <

of the bond strength. Thus Williams and Ogg Qﬁl) found that

the rifio of the rate constant for the reaction of R atoms“

-

with BI' relative to that wit@xgz was much larger for’atoms \?

- -~
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produced from HI by 2537 A radiation than for thermal H atoms,

.and subsequent work. has extended these results. It has also

been shown that D atoums formed By the photolysis of deuterium

a» CHys

_C',,H6 and C5H12 than do thermal D atoms (84), the reaction

o
iodide (DI} at 2537.-A, react much more readily with H

_groés sectign varying;wifh the target-mslecule.

Probably the best ayailébie method-for producing

_hydrogen atoms of known energy in the 2.0 - 92.0 kcal[ﬁole

range, 'is the pHoto—disspc;ation of the hydrogénrhalides. o Co

There is a large mass difference between any of the hélogens
and! the tﬁree.hydrpgen isotopes and t;us most of the energf

ﬁf the photon, in excess of the jbond energy, minus ény

electronic excita;ion’of the halpgen atoms, mMust appear as

" tramslational éhergy of the hydrogen atom. For ‘HI, which -

has the;iowest bond energy of the hydrogen halides, this

; ' o '
energy is 20.0 kecal/mole for the 3130 A wavelength (see

Table 2“2)

'~ The excess emergy of am absorbed quantum remalning \
¥

. ‘.
-after scission of a molecular bond must be-cgr:ied away by . \
- -
\

the separating frdgments. If the energy isg-large compared

: - " - T4 : .
to the normal thermal énergies of the fragments, then the
' o "‘.‘_ ) -
species (atoms or.radicals) formed may be quite reactive. \
Consider for example.the molecule Y-X, which dissociates

'photochemically Eccordihg_to the rqution

Y-X-i-h\)-*Y + X - (2.12)
Foxr "’ the simplest possible case the assumption Will be made’ - ' .%
- @ | -.
ﬁ - k {, N
4. . ~ -
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4 .

that the excess energy is removed as kinétic energy ounly (no
oxtra vibrational, rotational or ‘electronic excitation of
the radicals Y and X are involved). Energy and momentum must

be conserved as (2.12)“occurs. Let DX é be the bond dis-

sociation energy of the molecule XY and MY and M the res-

pective masses of the primary fragments X and Y. The total

”~

excess kinetic energy of X and Y in reaction (2.12) will be,

E =25 _0Dp

]

" The energy taken by X is,

M .
- (he _ 5 v
Ey = ( A DX-Y)(M~-+ M ) (2‘13?
and that by‘Y is,
B, = (RS - p )(*—Eﬁ——-) e T (2.14)
Y A X-YOOM o+ M e

~

It is shown from (2 13) and (2. 14) that for the case of light
and heavy fragments formed photochemically, most of the
kinetic energy must be carried away by the llght fragment.

It is in these oases that 'hot' atoms or radicals roac;iOns

are most likely. For example, in the CHBI photolysis at ,

o . .
2537 A (87), the primary process has been shown to be

- CH,4I # hv > CHyT + I7 L (2.15)

-

. _ . N '
The observed activation emnergy for CHAwforma;ion is nearly

" . zero (88), although its formation arises in the reaction,

-
-

CH.® + CH.I + CH, + CH,T" - (2.16)

3 3 4
. bt s . ) - - L
which 1is considered to have an apprecilable activatiom energy

kY



(approximately 9.0_kcal,mole_l). If the iodine atom is pro-

’ ’ ua

-duced Ain the ground electronic state ( P /2), the CH3
radicalsﬂformed 1n reaction (2.15) in the photolysis of CH3I
with the 12537 A wavelength, would have about 53 to 59“kcal

-

moleﬂl total excess energy: This exceéé energy would be in
- R . :' N . .

W

the form of translational kinetic energy, provided the - T
_partitioning of energy between the electrbnic, vibrational

and rotational states of the methyl radical is negligible.

.

The heavy iodine atom would carry the other 6.kcal mole-l

2 ; -
1f 1odine is formed 1n its 1/2 state (excited state), then

the %H radlcals would have~au excess energy of about 32 kcal

- . .

-

'mole_l. Therefore it is not surprising that the methane yield

0 : .
from CH3I photolysis at 2537 A is relatively insensitive to

!

[

variations in experimental cﬂnditidns,.fdi‘the very. 'hot’

- -

CH3ispecies might~%e e¥pected to react with CEBI nmolecules at

OMY

Y
VAMVILO )

-

.

/

YOVNL

the first collision.

J

The most powerful means of identifying 'het' H atom

..

or 'hot' radlcal reactions is by~ the -addition of chemically
T

inert moderators to the system. In general these are noble
.gases. 'Houever, by reducing the number of collisions of the

hot atom (radical) with the reactive species, wh}le it is in

.

the appropriate energy rauge, the moderator will reduce, and- S~ . 7
'in the limit, eliminate hot reactions. with noble gases,
-energy ,' s on hof atom collision is elastic (in the relevant

— ) - .

energy range) and thus predictable.

-

~ T
Vibrational and rotational excitations are also -

-



A

fa

"likely for separating fragments composed of a large number

of atoms. Rotational energy can be converted rather easily

into translational energy on collision, but there is much less

efflClent transfer of vibratlonal energy. Zener (89) has

calculated the probablllty that a nitrogen molecule in its

first v1brap§onal state will transfer its energy in 2 head-on
collisibn with‘helium*iswﬁ 5510f8, and that for transfer to

another nitrogen molecnfeuggﬁé.o x 1077, Evidence from gas

phase experiments also favours the interpretation of in-

j—
-

efficiency of transfer of vibrational excitation to tramns-
lational energy. Because of this, a very large ratio of th;%k
concentration of inert gas to that of the reactant must be

used to ensure thermal equilibration of high energy particles

and to test conclusively for 'het' atom or radical-re;ctions. —-
'Hot' H atom reactions should be evident at much ?5 'TE
" lower ratios of inert gas to reactant. In the HI photolysis, %ﬁ éj
- | | P
the mechanistic scheme, . -
. N =
BT BV4 §- + I° : . : (2:1) - :
BY + BI ~ E) + 1" (2.2) |
2T + M > I, + M . o (2.5)

J‘: : .
" explains clearly,the quantum yleld of 1.0 for HZ formatien

‘\
at wavelengths exceedlng 2000 A The family of equations
does not represent ‘a’ chaln reaction because the reaction ' ¢
/ . . P S -
: I + HI ~+ I2 + H . . (2.3)
f Y . RN

is endothermi/c by 35 kcal mole Y, consequently if an éxcited



- - -*
% . 2 S
iodine atom (I Pl/2) is formed and enters into an inelastic

¢
collision, it cannot cause reaction (2.3).

The translational kinetic energy of the H atoms '

-

Q : .
formed in reaction (2.1) by the 1849 A - radiation is suf-
_ N : . ’ ;
ficientggo cause the rupture of more than one additional HL/

'v""-’_\-.__;-

- r - . . '
bond after the primary process, if used with high efficiency

»

by,anyone of several possible mechanisms. This would lead to.. ..

a quantum yield exceeding two HI molecules £fragmented-per

_photon absorbed. The "cleavage of more than one HI bond g

it to reécf with another HI molecule. The first possibly

occurring after the pfimary process yould be energetically

4
possible via a direct collisional dissociation of a HI mole-

cule by a ‘Qo;'H'atom or 'hot' Hé molecule, or a collisional

feat [

activation'of a HI molecule by one of these specieé, enabling

)

-~

could be represented by, o : o . e
. . : .
H + HI -+ H+ H+ I . (2.17)
. R
"B, + HI » Hy, + H+ I : (2.18)
and the second by the groqp’ﬁf“feactioﬂst
Pl * .- " . * . . 7 -
H 4+ HI > H + BI . S (2.19)
* x :
H., + HI -+ H, + HI : (2.20)
2 2. o
B o
BI  + HI ~ H, + I, | o (2.21)
; 2 vy o : S
% . . i S
HI + HI » I + H, + I o (2.22)

where the'fhoi',ﬁz molecule  is produced in the reaction,

~

-

. , ‘ :
. B+ BHL »~ H, + I (2.23). _

and.thggﬂrandfl_atomé formed react according to (2.2) and

. F

=
o2
o
Pl
=z =
-~ -
2= =
o
=~ -
tad
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(2.5) respeéfively. An additional possiﬁlé coufse of reaction .

!
for the H a;oﬁs is -the inh;bition_reactionlwiﬁh i the I, : | '.\
concentration gets iarger, . : . o N . Q :

B+ I, >HI.+1I (2.7 R

The'ihot‘ E atoms wiil bé‘formed in the primar§ processlwith

eithér 84 or 62 kcal mole-l of kinetic energy. While reactions,
(2.18) through (2. 23) are all energetically possible in either
case,_reactlon (2 17) is however not posé?Lle for 62. 0 keal

moie”& H atoms, since 71.3 kcal mole -1 are required to dis- o '
société.a Hi molecule. The-species HI*nyill havé its excess’

oy

energy distributed between the vibrational and rotatipnal’

3..
—

. . * - ‘ . . S
modes and--H2 may have its excess energy distributed between
translatlonal vibrational and‘rotationah modes.

These reactions are all in competition, wlth non-—

-

reactive moderation. Such moderat1on can occu:.ln a number

of different. ways for the different 'hot' -peciés involved.

The greatest fraction of the tramnslational energy of a -
speries B that can be imparted to the;HI molecule as trans—
lational energy in a single collision is given by,
*
4 HB HHI

(MB' + )

which is approximately 1/32 in the case of the'H atom and
'1/16 in the case of H2 Energy transfer to vibrational and
rotational energy of the HI molecule can also reduce the |
kiﬁgtic'energy of the hot'species, th¢~rotational quanta

being of ‘the order of .0.04 kcallpole-;,'and the lower

* N
See Appendix 2
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vibrational quanta 1ying in the 4=- 6 keal mole -1 range;
Theoretical studies by Shuler and Zwanzig (50) and Mies and

'uShuler (91) suggests that vibrational tranSitions with Av > 1

éay be highly probable for highly energetic colliSions with.

gtrong interactions, an increasingly greater average number
b - -

'oﬁ"vibrational quanﬁa being transferred per collision as the
i

energy of the impinging particles increases. The wvibrational

quanta for the transitions c ~»~ 1, 1-+2, and 2 +~ 3 are 6.16,

‘5:93 and 5.70.kcal mole L, respectively, so that for H atoms

produced with 84 keal mol_e-:L initially,'the transfer of three
. or'ﬁore vibrational quaﬁta-to the Hi molectle would reduce

.the H atog energy below the 71.3 kcaliﬁolehl needed for HI

dissociation. Reactiom (2.17):involving the tramsfer of at

’ =
least 71.3 kcal mole * frém translational emergy of the H gg
atom'to.yibrational ener%y of a HI moleeule, would in order ?5 ;5
to be significanr, have to hav:' a 'higb prob.ab‘ility_ per . ) % :'3:
collision relative to moderation.by :ransfer of lower energies. §§.§

Reaction (2.23) which produces the, HZ sbbws an exothermicity

-

of 95 keal mole * for a 62 keal mole ! H atom, amd 117 keal

mole for an 84 Lcal mole\l H atom. In ordér to comserve
momentum, §ll of this energy must e‘@?ﬂtially go into the H2 ks
molecule.: The product Hz molecule may have more or less trans-

latioual energy than the hot H atom producing it, depending-

on the distribution of the energy between the translational

. . 1]

and v1brationa1 modes of the Hz'molecule. o A S

W e

It is difficult to say very nuch about the probability



of reaction (2.18), except. that it is energetically possible.

‘The activation emergy for the thermal reaction - oo T -
‘HI + HI » H2‘+ I, _ (2.24) S
| -1 - ‘
has been determined to be 44, 3 keal mole from studies i; _ :
* . - s "‘ - ~ i :
the 550 -750 K range (92, 93) . oT

-

At these temperatures, the

‘ratio of the rotational to the translational energy of HI is‘ . - o

2/3, while the ratio of the vibrational to the translatlonal

energy is about 1/50

~

The HI-molecules‘formed in reactions
(2.19) and (2.20) are not t:anslationally'exoitédm' The®
thermally7determined—activation energyjand frequency faotor

therefore may not’ be appllcable to reactions (2 21) and (2. 22)

'The work of Mies and Shuler {(91) suggests a signiflcant

probability for the transfer of an amount of energy compar-

able to the a:&igatlon energy of (2. 24) (41 kcal mole ) into

) ‘ORYVINO ¥

the vibrational degree of freedom of a HI molecule upon

r
[y

VMVLLO 40
Ay

collision with an E atom or ', molecule with'two*fol@nggeater

energy,

WOYNY

such as may be available under the influence of the

-~

o oo :
1849 A wavelength. It is quite feasible that because of

3

~the slowness of moderation of the hot E atom or. hot H, mote- i

~

cule in this system by transfer éf energy to the_translational

mode of HI, the prdductionm of some vibrationally.ﬁighly

1

excited HI molecules can occur.

Schwarz et al (82) studiedothe photolysis of hydro- -

gen iodide and hydrogen bromide in the presence of added

-inert gases. The inhioiting effect of the free halogens was

i'found to beya function of the comncentration of inert gas, the-



| ﬂ . 66 | \\ ‘ )

effect being independeut of its nature .at large pressure of

inert: gas.

The authors interpreted their results {n terms

of a hot atom mechanism.

.

Their hot atom mechanism predicted

"the value of R(hzlk ) at infinite inert gas pressure
" .should be the same

‘that R_,

o o k, -

L BT+ HI. "+ H, 4+ I° 3 (2.2) e :

ST Lok o . '

g ... HB" + I, + HI + 1" , (2.7)
for all ihert gases, ‘

and "this was observed in their case
B .

ffor"hydrogen and helium.  Their hot atom mechanism accounted

ﬁor the lack of a temperature dependence of R_ (the value of
‘:

in pure hydrogen iodide) and permitted a temperature de—

~ pepdence in the presence: of inert g£3s .. ?Additionally,.the

r"

proposed hot atom mechaﬁism prediCted tﬁat hydrogen'should be

=

a slightly better moderator-than helium,‘which in turn~shou1d ‘ T
be much’ better than argon. l 1 52
Carter et al (84) produced deuterium atoms with - E;

large kinetic emnergy by photolysing gaseous deuterium iodide

o o L e
at 2537 A. The=reaction of

these hot deuterium atoms with
hydrogen, methane, ethane and neopigtane ‘was studied as a

function of compositi n, wavelength, temperature and added

rare gas. The reaction of the hot D atoms with methane was

_much 'less efficient than the corresponding reaction with

hydrogen,'ethaneland neopentane. This was attrihnted to the

fact that the activation energy for the process (2.25) is

- = m  mm mepw M N .

12 =13 kcal mole /(94) while the activation energies of the

. . o - s - J
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t -

. o scE -ED+CEy . - (2.25)

3
rregscadizg rezetliozs with Csalz, CZHG and'E2 are much

s - PSR -1 N i
lswer, iz the regfoz %5-Z kcal mole . Therefore, a hot D

-

accz sroduced crizf=aily Qicﬁ\some 47 keal mole 1-of kinetic

ecerzy f2lls Telow che ezerzy threshold for reaction.with

-

- - .2 - ' . 4 - L.
aechaze ITED rifer %z its life than with ethane, hydrogen

D ‘ T B -
zzd Zespe=TazTe. R - s -

~ ' . Tze relagive zodezating efficiencies'of the various

. . N P : - 3 ! ' - T
schgIrates Z180 s:ovca sz interesting regularity. Although -

.

fzoz e s:zsé;ai::,o“ Izscic-collisions:aloné, hydrogen

. gienlé zave Tee= Se Test zode'ator, if was found to be the

‘sceregs, Wriie _co?e'.zse #as ‘the best.’ Ihis was taken to

-
- o

Zezz ckes %Zar the Izlerd2 221 deg'ees of freedom absorb energy

iz cze sade:z;i:;.cai"s‘o,s and that moderating efficiency

imerezzes FLLE Lmcrezsing c—uxder o‘ available internal degrees.

Ezé:azcs broziée offers several advantages over
Zyirogem ia&iéé'as t2e sonrce'of ho:_ﬁ atoms. "Both Eﬂ 0 and
'ﬁi-a xczl ACEE E ;oons are ?roﬁuced fron HI when .it is dis-
50612565 = ;?49‘£Z'zd,ztion, aad it is not possible on the

Zzafg.cf 2rzfizble i:fa'nzz o3 to determine the relative
75&2&3 cf':ﬁerzzo- —jd:ogen sronide has the same ‘set of .
crangliTiczs. 28 zyd'oges iodidc, but the ﬂﬁ transition giving
/\/
2z ezc-oed ,zi.dc ztoz is'oelieved to be much weaker with

d’cge: s’azidc :&au with hydrogen iodide, so that an esti-

‘Tared 922 oz mOoTe aﬁ~ S'znsitions of hydrogen bromide at

) "OIMVING

YOYNY

r
[}

RO A



"1849 A should yield ground-~ state bromine atoms and 66.9 kcal

mole -1 hydrogen atoms (95). The first- excited state of bro-

mine-is’about 9. 22 kcal above the groudd state, so transitions
giving -excited bromine atoms will yield 57 6 kcal mole -1
" hydrogen atoms.

. Martin and Willard (85) made a study of the re-
~action ana"mooeration probabilities for 69.2 kcal molt.e_l Thot'

i

H atoms produced in the photolysis of HBr, in the substrate)
. systems Dz, CD&’ and C2D6’ and for 69.2 kcal mole l,hot D
' atoms (b§ ﬁﬁe pnotoljsis of DBrj in the systems Hz, CH& and 
C2H6" The 69.2 kcal mo}e-l H atoms produced in D2, CD& ors

<
: . : o -
CZDG could produce ED by hot-atom reactiomn with the deuterated

speiigs, ‘or E;\ﬁgﬁggt reaction with_HBr, or‘maylbe therma-
lized -by moderating collisions andlsca;enged by thermal
reaction with HBr. uPlots of the.produot tatioS}\Ezlﬂn,
‘versus the reactant ratios, EBr/RD, éave straight igﬁéﬁ¢
The values of the intercepts were equal to the ratic of the

atoms moderated to those which underwent hot reaction with

-

RD in pu:e RD. From the slopes -and intercepts, it was possible,

with plausible assumptions, to deduce approximate values for
i . : ' . '
the average probability of reaction per collision in the hot

range ‘and for the average fractional energy loss per moderating

collision with the'hydrocarbon. The latter value wﬁen com-—

N\

pared with the calculated loss for elastic collisions gave
an indication of the inelasticity of the collisions in the
e;perimental system.‘ These determinations were made for the

systems stated and for the ‘isofopically reversed's;stems,of_

VYNV RVING YME



DBr in HZ,CH& and CZHG They indicated that the average

-probahilities of reaction per collision for the H atoms

-

colliding with Dy, C%and c,D, are 0.18, 0.0034 and 0.019,

276

respectrvely, while those for the reactions of the D atoms

‘with the c?rresponding hydrogenated compoutds were 0. 35

0.062 and 0.l14. The ratio of actual energy loss per col-

lision in this range to loss asauhing hard-sphere collisions

was estimated to be about 1.0 for ® +CD,, 4.0 for H + c.D

2767

2.0 for D + CHA, and 4.0 for D + CZHG’ based on the assump-

. tion . -that H + D2 and D + HZ moderating collisions are com-

pletely elaabie. If these latter collisions were partially

ﬁ'
1nelastic, both the estimated reaction probabilitles and

-

: moderating effic1encies given above should have been higher.

____—

Penzhorn and Darwent (96) investigated: the\photo-

™~
ly31s of HI in the gas phase, between 303 and 533 °k with

~

the 2532 A wavelength and in the presence of varyinrg con-— .

centrations of I, and CO,. Their ;eeults show: (i) that

the efflelency of Coz'in deactivatihg the photochemieal

'hot' H 1is given, with reasonable .accuracy, by the smmple'

'hiIliard ball' calculation; (ii) the ratio of k's for the
4

reactiohs ef'thermal i with I, and HI is 4. 95 exp (640/RT),

and;(iii) the ratio of the k's for the reactions of 'hot

H with I2 and BI 1s approximately the same as that of the

pre-exponential factors for the chermal H reactions.- ‘Dar -~

went and Penzhorn s value of 640 cal mole -1 for the thermal

reaction H + HI is in general agreément with gullivans value

.

OYNY.) ORYINY




- " : ) . - -
~ . - . - .

(75,76) of 480 % 350 cal/mole, but noc‘wich that of -Schwarz, -

- Williams and Hamill (82) of 4500 cal mole l. The ratio of

. . . 4 -
‘the pre- exponential factors A /A was found to be 4.95. ‘Both o .

the simple collision theory and the transition-state theory

lead to values of about unity for

S k, ' 3 N
E® + HI -+ HZ + I° ' .

. - k7 ‘ . .
B+ I, “+EHL+ T o o

the ratio of A7/A2; Schwarz et al (82) found by transition-

state theory, that the ratio of pre-exponential factors

(A /A ) was approximately 10“2.‘ However, they omitted the

moment of inertia of the tran51tion state in their calculatlons.

The inclusion of that moment of lnertia leads to aC$elue of

)OIV

about unity for (A7/A2)./ A possible explanatlon fo% the high E%

value found By Schwarz et al., for k /k lis that the pre- s 32 Ei

sence of mercury in their reaction s'ystem,. which reacts with ;— E %

I C form Hgl, may have affected thelr results. " ’;bi -
Peuzhorn and Darwent (97) made a study of the ; ‘

photolysis of HI in the presence of C2D4 and C H4 at- Yow con- -

versions in the presence'of large moderater pressures and at

various temperatures. The reaction was followed by the rate ﬁf 0;

of,hydrogeﬁ prédﬁction. It was found that BD was produced

from the photolysie'with C,D,- A study of the effect °§; A ’ .

[
|

moderator pressure on the HD132 ratio revealed that this_retio . i'
_is a very sensitive-iﬁdicator of the presence of 'hot" |
- - T . |
1

reactions. o



The observed rate of hydrogen'formation was used

N ) .
to’Eﬁeluate the ratio of rate constants for the fellowing
reactions, ’ o
- \
o Tt BT 4+ HI 5 H, + T7 | : (2.26)
L '. ST L — * ' s ) ) h
\ H & C2D4 adl CE‘DAH - (2.27)
e . . : % B e L
o BT+ CoH o CoHST | (2.28) ]

NI

The Arrhenius parameters for sz/ 57 were found to be 0.30.

. exp( 845/RT), and, based on™ previous work (75,76, 96), the

authors calculated EZ? as 1. S *- 0 1 kczlﬁmole . It was

found that C2D4 .reacts about 102 faster than C2H4 at\30.0°C.

S—

A study of the reacxlon of hot hydrogen atoms ;§§‘=\\

] -

carrled out by photoly21ng various CZDA H\S mlwtures. When

c,D, and B,S at a coustant ratio of 1.00 were photolyzed it

" was observed that ¢ . 'and ¢ were ess ntially ‘conmstant
26 obsery ¥up Hy) () 5 sors

from total oressures of 2.0 op to 128 torr. This result,* 7'\\\\
which conflrms an earlier flnding of Cvetanovic (98), sug- 'Ti\\

gests that neither the hot ethyl radlcals por the B atoms are

appreciably deactiveted by a pressure '{increase. As the mole .
fraction x of C2D4 approaches unity, all ‘hot‘ E atoms dis—
appear by reaction with C2D4 and the rate of "HD formation

k9 ,/'
becomes a ‘measure of the abstraction process

-

% . _ '
- - 2.2
B -+ C,D, > D+ C,Dj (2.29)

it oas found'that the normalized rate of HD formation de-
creages to 0.015 at x = 0.97, indicating that reaction (2.29)

is negligible compared to ' ‘ o



-

-

~ N :
Vo . LEk% : . ,
\ ' R S I A (2.30). -

This reSult is at variance with Dzantiev's (99,100) finding

~

/k30 = 0.20 and 0.25.

. TPe BD formation therefdre cccurs via the following

of k29

main additibnal steps

———— . ke . ' .
ﬁﬁu__ram_‘w‘__gzqé?. + B + C,D, . (2.31)
' : TTRE T -
C2D£H o DT+ CZD3H’- e L (2 32)
D+ HZS + DH + SE' t - (2. 33)

Since the 1life tlme of the C2 4 ** radicals may be as short

as 10 -it sec, they will decompdse before they can be de—

aéti&ated at pressures of some hun@reds of torr. - v
Hydrogen sulphide éxhibits a CDntinuCUS absorption

‘\ff\\\fﬁpectrum (101) over the region 2700 A -+ 1850 A with a maxi-

00 A. The primary Qissociation‘in this

mum at abou

spectral region is tonﬁfgslkifé_HS(zﬂ) (102). The bond dis-
. | ‘-“"‘-__\ -o. -+

.sociation energy. D(HS-H) is not certain, but 90 * 2 keal

mofé_l {103) is probably realistic. A recentphotoionization.

. \

~.  study tloé) gives D_(HS-H) = 89.3 £ 0.5 keal mole ™ and -,
D_(#-3) = 83.2 % 0.5 keal mole ™. - .
At the 213§ K exciting wavelength, the excesgwe;ergy
is 39.2 +\2874 kcql.mole—l for the reported range of bond. |
dis;ociation energfeg\for H-SH (94.5 +« 85.3 kecal molefl?.
~ . .

The partition of energy\between translational mdtion of the

photolysis products and‘ the rotational energy of the SH Egh
. ) L

radical is constrained by the'requifémggts of anpgular momentum

PR

.



conserﬁ?tlon. Linear momentum conservation requires that
m97z of the translational energﬁ of separation of the photo-

1lysis products be located in the hydrogen atom: Therefore,
if. tﬁeﬂprodn%ts_separate“wftnfzeno‘impaet parameter.andithe
(SH radical is generated in the gronnd-ndgrational'state, the  °
atomic hydrogen will be boxrm with an’ init1a1 klnetlc energy
- between 34.6-47.3 kcal mole -1

"Hot H atoms; ars- formed (105 -107) in the HZS photo-

lysns, but react (105) as thermalized atoms when a large excess

of inert gas is present for. colliszonal deactivation. The:

~
fate\bf HS assuming no reaction w1th substrate, will be
\ L ‘ : .
either,’ o ; - .
- | .
2HS HZS +78° (2.34)
or ; _ ZHssngZ + TZ ) - (2.35)

AT

R - ‘ - ) o
Reaction (2.35)7has‘been-postulated (108,109) to explain

.hydrogen quantum yields in excess of unity, but recemtly

Darwent et al. (105), unable to hetect Hz in a system where
ounly (2. 34) and (2 35) can occué, have shown (2.3&) to be

much faster than (2 35) Reaction (2.36) although fast, will

F’ . et
o B Lo

only be S Sy
E -+ ES 4;"112 +s° (2.36)

—

51gnificant at low’ pxessures,and high light intensities
At pressures In the region 10 30 torr, the quantum yield seems
to be close to unity . (108/ﬂ10) and reactions (2.35) and (2.36)

are not important. Darwent et*al “also showed in experiments




conducted with IZ and Br2 in the presence of a large exceés
ofHCOZ,‘ghat ;he halogens are much morereffecgive in r;duciﬁg
¢(H 3 when CO, is present. This strongly;séggests that the
photochemically produced EH atoé is 'h;tT and therefore doés
not dlscrlmlnate greatly between its reactions with H,S and
the halogens. Wheﬁ-POZ is present, the 'hot' atoms are de-
activated and thus show a much higher reactivity to%ard the
halogeﬁ than tc,ﬁ S.

As part of a general lnvestlgatlon of thivl radical
'reaction#, Steer and Kpight (111) etamlned in detail the
photolysis‘of metﬁaﬁgthiol vapour and made a {Prther ;tudy on
the ethanethicl system. &hef“studied‘in particular;imhe
Treactlons of hydrogen atoms produced in the photolysis with
ad&éd ethylene and inert gas. .

The principal'pro@ucts of mercaptan phoﬁolféig,
hydrogen and disﬁlphide can'be.accountgd for by the established: -

simple scheme,

S " mrs ™ Rs' + H A (2.37)
B + RSH - H, + RS’ o (2.38)
RS + RS~ —+ RSSk ' ) (2.39)

For both methanethiol and ethanethiol, the primary quantum

yield of H, is unity within experimental error.

The reactdon in the presence of olefines has been

~r

studied in-a variety of systems, and the additional reactions

\

involving hydrogen atoms are:.

n



ﬁ' + CZH& -+ C2H5.a S (2.40)

-

. C,H" + RSH -~ C,H, +fgs : - (2.41)

The photdlysis of mercaptan in-the presence of ethylene and

: o .. :
co, with the 2537 A light led to a significant reduction of

-

H, especially at high CO2 pressurés. This‘behaviour was

-

. . . 4 -
certainly due to:.the formation of energetic hydrogen atoms

s . ‘ ‘ oA . - '
in the primary process. The rate of H, production in the

v

high pressure region corresponded to k38/k50 ra¥ios of

S-SH)._ Thus the rate

constant ratios determined with RSH and C,H, alone are
¢ 2. S

1.15 £ 0.10 (CHBSH) and 1.05 % 0.05 (C,H

. /
evidently characteristic of hot hvdrogen atoms, while those

.
4

observed with added inert gas indicate the reactivity of

thermalized hyvdrogen atoms.

There are two other reactions producing H,, not
usually considered for thermalized H atoms, but which are

' . *
energetically possible for "hot' hydrogen atoms (H ),
o ' . ' ; o .
"‘!_-": . . . . . . + . “
s . HW o+ CH, > CoHy + . (2.42)
* ‘ . . .
H * + RSH =+ TR'SH T H, | (2.43)

The methanethiol-ethylene systen was_aISOpexamined

o~

o : ‘ e
at 2288 A, where a k33/ka0 racio for hot hydrogen atoms of

2

1+

. S . . r
.1 0.2 was found, which was identical wlthin-%xperlmentaf .

o
error to the value at 2537 A. It is therefore pr?b;ble that

!

the primary decomposition proceeds via predissociation of the

: \ _
mercaptan yielding hydrogen atoms with excess enerézhln-

dependent of exciting wavelength-~
L\



Bt fda T

atoms, is responsible for most of the large decrease in H2

Woolley and Cvetanovic (98) studied the effects

of added CO,, C2 é and Xe on the photolysis of a l:1 HZS/CZ

[}

mixture (%ll;O torr of each reactant), using the 2490 A

wavelength. The results, showed that:the H, yield fell by.

.

some 302 with increasing CO2 and C F6, beeoming coastant after
about &00 torr, Whlle\Q\flthnS of Xe or increasing the re-
actant pressure at constant H S/CZHA ratio had a smaller

gffect.

The large decrease in-the H, yield with CO, and

-

. ) 5

COEG additions can be explained in two ways: (a) CO2 and

C°F6 moderate 'hot' H atoms and the thermalized atoms formed, »
have a greater relative tendency to add to olef:.ne than to \

abstract from H"S or the olefine; (b) CO, and C F6 stabilize
the hot alkvl radicals (CZHS in thlS case) and prevent their

back dlssocaatlon into.-B aad the oleflne. The trends observed

v

with Xe additions and with 1ncreased pressure of the reactants

show that the former effect, i.e., moderation of 'hot' H

iy
i

2

moderators of B atoms while increaSLng pressures of H S and

when CO, and C Fé are added. The heavy Xe atoms are poor

C,f, at a étonstant ratio cannot have an effect on the reaction

probabilicy of the. 'hot' H atoms. _Only a slight decrease in
H2 is observed in these tWwO instances and this should be
ascribed .to stabilization pf the hot alkyl radicals. The

much larger decrease in Hz-due to €O, and C,Fg is therefore

mainly due to a moderation of hot H-atoms. e



CHAPTER - 3

f
. | b e
- EXPERIMENTAL
Apparatus - ’ ' : N
g _ ' . ‘ ' .7
. . . .
The static high-vacuum apparatus employed was of .

the conventional all pyrex glass type. The essential features
of the apparatus are shown. in Figure 3.1..
* ’ .

', The whole system could be evacuated to about 10-5

om Hg by means of a 'three stage' mefcury d¢iffusion pump (P,)
which 'was backed by a single. stage Welch rotary punmp (P ). *

A 51ngle/PXhifold connected all parts oﬂ the apparatus.

Gases used in the experiments were- stored.in bulbs Vl, 2.7

V3 and VA’ each having freezing nipples for p rification<of

the gases. Storage‘buib Vl had a capacity off 2 litres and
_was used to store purifiéd hydrogen icdid - The bulb.was :
blackened in order to prévept phdto%ytic qécompositiop.
Apiezon T stopcock grease was used.fqr greasing the stop-
cocks in fréque&t contsct with hydrogen iodide; since. it had
been shown to be resistant to attack by HI: "Silicone grease
was used for the other spopc°cks. The bulb v, also -had a

capacity of 2 ‘litres and was used to store pure N,O. Bulb .-

V3 having a capacity of 3 litres was used for storing coz,

while bulb VA was 2 lilitre vacuum sealed vessel containing

helium. Vs and V6

were determined‘bj welghing several times with distilled water.

~

were small calibrated vessels whose volumes

L
e

-—
-
w3
=
-
-
-—
-
-
-
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'Figu}e 3.1

.

‘Schenmatic diagram of theé apparatus o : <
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The standard” volumes of these bulbs were taken as the mean

- . oy - ‘ ’ ’ x
average of several readingsgh VS had a volume of 151.8 m%,and
) o . ,i‘
v, was 24.9 mwl im volume. "Pressures in these bulbs were

Y 1 B
measured with a mercury .manometer Hl, Yhich had a three-way
. & N

stopcock connected to the main manifold. Ope arm was alwefs

used for measuring hydrogen iodide pressures, ﬁhile the other
arm was used .for measuring nitnous oxide pressures. The

reason for usiné separate arms for HI aud NZO’ was, that.
ﬁydrogen iodide slowly attack;bmercury.thereby contaminating
At with iohides of mercury. - The inlet to each bulb‘€1 afnd'v2
was atteched to a 5prification unit which in turn ?as ettached
to the cylinders of the ;esearcheérade gases. .A U-trap (U),

Ny

+ - b .
approximately 80 cms long and one cm diameter, containing

*

hlgh act1v1ty silica gel for the purlflcation of nitrous oxide,

. was connected between the bulbuVﬁ and a trap. Each of the

storage vesse}g and the calibrated standard vessels was

" attached to the reaction ;essel (RV) through a spiral (S)

which was always maintained at -78°¢c to prevent mercury vapour
. //'

from eutermng the reaction system. " ' ‘ .

- L

- The reactlon vessel (RV) was a ¢ylindrical quartz -
Lo T

tube, 11 cm long'ahd 5. cﬁ/in-d;ameter, having plane parallel
feces. The vclume of the reaction vessel including theideéd . : .

' sPace wis calculated as 280 ml.'.Attached to tﬁe reaction - 3
//,//§Z;;;; was a small cold finger V7, which was used for freezing '_ f -

the reaction mixtures and for'mixigg the gases before they C o

were photolyzed. The outlet‘sfhe of the reaction_vessel was



N2 trap (T 9 which in turn was'attach;d to a Tapl-“

j(p ) and a gas %urette Each volume in the g burette was
.calibrated acegkgxéig—;; welghing with ue cury and Fith water.
. » ’ .

The end of the gas burette was¥closed by'a thfee—way stopcock;

one connecting the main manifold and the Aecond connepting a

“Cu0 fnrnace as illustrated in Figure_3.1. The Cu0 furnac@

was used.to oxidize H, to H,0 and hence to separate Hz.from *
. , JR C
Nz.- The_cuo temperature was maintained at 320°C. o -
v ' ) . ( ’ " e
/‘ - i

' The Optical Svstem - ,. R

"The reaction vessel (RV) was encldsedniﬁ a well -

insulated box, one side of which could be removed. The tem~

ST Eorens
Vil v Ly

. o .
perature of the box could be raised from room temperature to

-

a gheater temperature by heating v th an electrlc c01l and

.V,U FiVi

made uniform'throughout the box byt a fan system. For tem-
Lo N / . . .
) - ’ o
peratures lower than room teﬁpera{ure, namely, at 5 C and

-20.5°C, only the reaction vessel was cooled. The box had a

window of 6.0 x. 6.0 cm whereta quartz filter i;f used for

wavelength 2537 z,aud a Corning glass filter, colour specifi-

:ztion-Cé #9-53 was used to‘eut off lfght'below 3066 K. For

the 3660 3 waueleﬁgth; a Corning glass filter (7380)_of

colour specification dS‘#O—Sﬁ,was used. -
: The lamp was a medium pressure Hg.arc;§§23bvia
5;300,:whfch_was attachedwto a_trapsformer.' An ammeter was

pldced in series with the lamp. 'Since the intensity of the



' T N

lamp depeﬁds on the ampérége and voltage,;tﬁlse two, variables

were .always kept constant. However, once the\lamp began to’

~

age, the intensity fell; this ‘was indicated by alflﬁétué&ion

. -

of the voltage. When the output of a lamp‘beéﬁmé irrepro-
3 . .
ducible it was Tjeplaced. The total assembly iﬁ schematically
h . Y A -~ C
pictured in Figure 3.2. The lamp was englosed in 2 water

cooled-getal box which hat & light-exit hol—'e/ df 2.0 cm dia-

meter. A quartz'lens of 7. 5 cm/diameter and of 10 ¢cm focal .

1Y

length was placed between the filter and Jae lamp so that the’

- \!
v \

light beam falling on the reaction vessel was almost'pa;allel
;nd the total volﬁme of the cell was illtmin;ted'
. N
X An actino;:?Er .cell of 5.0 em diameter and 3.0 ecm -
de%;h wasﬂp}aced as shown in Figure 3.2. The posi:ion of the
actinometer was adjusted such that all .the 1ight passing

through the react&on vessel paéséd thfough the actinometer

. - . ' P : . )
solution. In any experiment tﬁggvolume/of the actinometer

/[SOlutiOﬂ was élways kept constant. . Reflection and absorption

losses at the windows of ,the reaction vessel were negligible
i/ﬁ hence corrections éere unnecessary. The améunt of oxalate
éecomposed with the reaction vessel in thekﬂgth of the actino-

meter was 992 of thgt without the vessel.

» - Ve

-

Low Temperature Assembly - 3 -

. [«
In the experimental work at 5.9 and -20.5°C, the
general set up of the apparatus was essentially the same as

described for the studies at 25.0°C. The additional apparatus

~
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1ncorporated into the main apparatus, consisted of (a) a new'
type of reaction vessel which was constructed so that only
the_vessel was cooled to the desired temperature, and (b) a : -

thermostatic _and pumping arrangement for maintaining the

reaction vessel at the desired temperature.
L ,

The reaction cell assembly and rhermostat are

shown schematically in Figure 3.3. The cell was a cylindrical

quertz vessel, 12 cm long and 5.5 cm diameter. .The total

volume including the dead space was 300.0 ml. Tue dead space

as with the former reaction vessel, was not greater than 5-107
of the total volume. - A

-

oy

~ The vessel was enclosed in an annular jacket,

through which cooling liquid eould be cireculated, and, the

temperature was rTead by means of a copper- consrantan thermo-

couple.

+
-9

The windows were enclosed by vacuum jackets (see

Figure 3.3). This prevented-condensation of water vapour on

the windows. The whole assembly was surrounded by a close

fitting styrofoam box. During a run; the window of the

X TR Y

(XS]

L

annular jacket on which the radiation was impinging, was kept

free of moisture by passing a steady flow of dry nitrogen over

‘its surface.

. A'temperature of S?C was attained by circulating
cooled aleohol through the. reaction vessel jacket. . The
ethanol was cooled in a large beaker which was contained in

- a Dewar flask by insertion of a metal can‘containing a

mixture of coarse salt and ice. The amount of iee and salt



Figure 3.3 ) —

Low temperature assembyg
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~ . . hd .
was always kept constant throughout a rum and provision was - SRR

.
- . -

made for draining off the water formed. The circulation of L N

the -cooled alcohol was accomplished by means of an electéid

pump. The whole codiing s&sgém was carefully insulated to
minimise heaf losses;' The.cbpper—constantén thermocouple,
wgich wa§ used to read the temperaﬁure'in the reaction vessel,
was, calibrated agaihst ﬁhe boiling pqinﬁ‘of water and the
melﬁing point of:ice. The'tempefatur;.varied within #1.0°C

from run to run, but stayed constant duriﬁg a'particulér Tun.

To attain-—ZO.SOC the above method was slightly

modified, by substituting dry ice for the ice and salt mixture

in/&he metal can. By adjusting the amount of dry ice in the

. B

can, and keeping thigqlevel constant throughout a run,
temperature variation/during a run was minimised. The tem-

o
perature varied #1.0C from run to Tun. - -

Materials . e S ' I

Hydrogen Iodide: A ‘lecture bottle of hydfogen -
. . T~ &

iodide (>99%) was obtained from the Matheson Co.. Any HI

-

taken from the lecture bottle was first condensed in a trap:

w

cooled by liquid XN The condensed HI was pumped on for

2',
about 15 minutes to remove any Hz and then after several trap
‘to trap distillationms (—78°C to-—196°C) the gas was stored
in bulb Vl' Before use, the hydrogen dodide was again re-

, ‘ o,
distilled and any non—condensible gas at -196°C was removed

by pumping. When HI is very pure, it is a white solid at



. £
-196°c. HI decomposes very slowly and so befare each\experi_
ment the HI was degassed and samples were takén at -78°¢ to

"avoid contamination by iodirne. . I

Nitrous Oxide: . Nitrous oxide gas (>§BZ)'gas also.
obtained from Mgthesoﬁ Co. -The gas from the cylinder was
condensed -in a trap cooled by l1igquid nitrogen and.any_cone
taminating N2 and 02 were remoged by pumping for a period of
60 minutes. The liquid ;itrogen was then removed from the-
trap thus 2llowing the‘trap_and the NZO gas to warmdup Eo
room Eemperature. The N20 gas was then passed .through é
column of silica gel (U) immersed in dry ice-acetone mixture

t--?QOC, to remove';oisture._ Simultanecusly the nipple of
“the bulb V2 Qaé jmmersed in liquid nitrogen andlcommunicaﬁion
waé made between the bulb and-the U-tube, so that the colder
temperature of the liquid nitrogen provided the driving force
:for the Nzo gas to flow through the silica gel. The NZO gas
collected in the bBuld V2 was é-wh?te solid. Before each
experiment in whiéh NZO was used, the N 0 was degassed at

2
-196°C as a precautionary measure.
’ Carbon dioxide (a "Linde' specialty gas)‘was
instrument grade (99 99%) and was obtalqﬁﬁ from Union Carbdbide
of Canada. Helium was pure research gradg from Matheson Co.
of Canada and was obtained im a l-litre pfrex flask with a
br%ak—seai. ' . .

.For the volumetric determination of iodine and

hydrogen iodide, the following reagents were used: Analar




pot3551um 1od1de and Analaf potassium 1odate from BDH. The
pot3551um 1od1de contalned less than 0.0001% of 1odate.
'Sodium thiosulphate was a Fischer certified reagent chemical.
; " Sodium oxaiate; uranyl oxalate aad potassium per;
'manganate whiech were used in the actinometric determlnatlons,
were also Fischer certlfled reagent chemlcals._

. {\

GCeneral Procedure

In a typical rum, a known quantity of HI was taken
in the standard vessel V6 and the connecting dead space (whose
volume was precisely known from HI titratiorn), at a known

pressure. From this the initidl concentration of HI was cal-

culated from the ideal gas law equation (PV = nRT). The amount

.of HI corresponding to a certain initial pressure could also .
. ~ -
be checked by consulting the titration graph in Figure 3.4.

N
Table 3.1 shows a number of initial HI concentratlons obazfngi\

from both the ideal gas equation and titrimetric evaluation.

K
YR

From the standard vessel Vs,_HI was allowed to -expand and

then reaondepsed inthe cold finger V7 after passiag through

the spiral (8§) which was kept at -78%¢C. ThedftOpcoiF ataached -
to the reaction vessel was then closed and HI wa¢ allowed to
expand inte the reaction vessal. In-every experiment the
lamp was allowed ao warm up for at least half an hour before
photolysis of the reaatant or reactants was commenced. When

‘N,0 was added to the reaction system, a known amount of Nzo

(measured in V. and attached dead space) was recondensed dn

Fl



Figure 3.4

HI titration. graph for calibrating a'segment

of the vacuum apparatus (Figure "3.1).°
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TABLE 3.1

CALIBRATiON-OF SECTION OF VACUUM LINE BY

. TITRIMETRIC EVALUATION Of INSERTED HI GAS

"No. of y mole$ of HI

Pressure of

HI Gas '(F2°T g;j;;%a N | (From Titration)
' {cm of Hg)
| M | _ My
1.25 186.7 - 186.5
2.35 . 339.6 . o 339.5
3.10 _ 448.0 | 447.6
4.25 614.2- 613.9
5.50 805.4 o 805.0 1
8.00 T 1176 //5 " 1165 :
. | :

Nt
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;hé cold'finge; V7 after passing through (S). 1In oxrder to- |
ensure c&mplete mixiﬁg‘oﬁ HE a%d NZO and hence élipinate any
err6r§ due to vagiation in reacéant coﬁposition, the two
gases were condenseé io V7-and evaporated scfe:al times before
they un@erwent photolysis. pqée the mixiure had‘éttained the -
reaction temperature, it was phopoiy;ed for # known interwval
of time (which varied from 5 minutes to 6 hours). Wiph.the

-

addition qf COZ.tq<the system, the same pfocedure as in fﬁ;
case pf N,0 was followed. However, when helium ;as ‘being
;ntrodqced to the re;cfiqn vessel, HI and Nzonwere ke?t'con-
densed in -the cqld finger, and a certain pressure of helium
was se;ecged for a.given volume (comsisting of the reaction
" cell's volume and minimum volum; of dgad séace connecting
the reaction vessel to the helium éeservoir).. The stqpcbck
attached to the reatction ve%sgi was then closed aund the con-

densed gases were allowed to expand and mingle with the

helium gas. The process of recondemsing and expansion feor

J

a2 number of times was also effected here, although this pro-
cess only applied to the condensible gases and not to helium.: -
The helium residing in the spaée outside thé reaction vessel
(i.e., beyond‘the'stopéock connecting the reaction vessel to
the remainder of the apéaratus) was punped away.
In each case in the photolyéis of HI or a mixture,
fhe reaction was allowed to’proceeq;poino moTe tﬁan 7% con-
version, except in a few cases, whefétthe inhibitibn of Hz

production by N,0, was studied over a prolonged period of

A




, :

photolysis N At the end of an experiment the light was shut .

.

off, and the reactants and products were condensed in the- e Mo

citration trap (T;) using liquid Né. Trap (TZ) was also

¢ooled by liquid N,, while trap (1) had solid N. (-210°C).

2
as coolant. The non-condensible gases H and N, were removed

2 2
at -210°C and were,measured in the gas burette using the
Tooler purp. This gave the total amount iof.H2 and Nz.' All
the gas was then displaced into the Cu0 furnace; which was
maintained at 320°c. -The'displacement of.themgas was effected
by'?@151ng the mercury in the gas burette up to the threeway

-

stopcock (Figure 3.1): »mhe B,0 formed by the oxidation of
hydroéen by Cub, was condensed in Trap TA which was cooled
by 1iquid nitrOgen. After about 30 minutes;-the liquid
‘nitrogen coolant was replaced by acetone ‘and dry-ice and
after a further 15 minutes, the residual gas was recirculated :
into the gas burette and its”pressurezmeasured. The process
of combustion and recirculation was repeated until the gas.
burette reading was conscant.- In mostvcases_only two repe-—
titions were necessary. Wnen the pressure was constant, the
value was noted; tnis'gare the amonnt of N2 present in the
mixture: The difference gave the amount of Hz.
After the removal of Hz and N s an attenpt was made
to separate any nitric oxide present, from BEI, by distilling
the mixture in trap T1 at liquid N, temperature, to trap T,

at -210°C. This distillation was carried on for a period of

about €& hours. However, in all experiments where this pro-

PRI I

—
-
Vo
T —
)
[
-~
-
-
-



cedure was carried outr, mno measurable amount of NO was

L

obtained, and moreover the mass balances '‘from each experi-
.'ﬁent showed invariaﬁly that Hz + NZ & Izlﬁnd hence nitric o

oxide {(NO) was not a produtt of the photolysis of\HI and

N20 mixtures.d

4
-
e

e

Ié and BI were separated using aceténe—dry ice and

H '. . . . . “\
The stopper in the titration trap Tl was rTemoved. "
. b .

and a dilute solutiom of potassium iodide was introduced

liquid Nz;
through the side tube. The trap was removed and the solution A
with combined rinsings was titrated with standard sodium

thiosulphate solution using starch indicator. 7Potassium:

iodide solution was also added to the HI‘yhiie it was con-

dens;d in liquid Nz in ;rép TZJ‘ After warming up to rpom
éeﬁperatﬁre, the trap Q&s,femoved and its conten?s‘and_

. -washings were poured into a 100 ml volumetric ‘flask. 10 mls
of saturated potassium iodate solution were added to the HI

solution and cowmbined rinsings. The jodine so liberated was

titrated against standard‘sodiuﬁ thiosulphate solution ﬁsing

starch indicator. )

Added T,

‘at 25.0°¢C

When it was necessary to intro&ucé'Iz into the Te-
action vessel before a rum, a knoén-amounF_of‘HI-das photo-
lysed for a given time and the Iz formed‘was'separated from
Vﬁzaaud residuai EI by condensing theriodine vapour in the

>

reaction vessel with an acetome-dry ice mixture, while '
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pumping away the HZ and HI via trap3T1 which was cooled by ' ,,/”
liquid NZ' HI was collected in -trap Tl and subsequent y-
removed. - - T ' : - -
Actinometry l o . éﬁ . .

d

The uranyl oxalate actinometer was employed in order
The procedure Outlined in Farkas and Melville (112) was
adopted. A 0.005 M solution of uranyl oxalate was used in
all experiments. The oxalate solutlon was filled accurately
up .o the mark in the actinometer cell,~the volume of which

was exactly known. After the photolysis, all the solution

was transferred to.a'clean dry 250 ml volumetrlc flask. _Aftér

shaking well, 10 mls of the solution were pipetted-into a.
conical flask and 10 mls of 6NH, S0, were.edded. . The titration -

was then ceﬁried out at about 85°c with standard N/50 potas-

=
D
2
!
B!
=
=
=

sium permanganete solution. The permanganate solution was ' ' ;

etanderdized with a standard sodium oxalate solution, following

-

the proceduré;ootlined‘id\Vogell(113). A portion of the un-

\

~exposed uranyl oxalate solution was also titrated ﬁith N/50

KMNOA solution. Knpwing the volume of the actinometer solution

and the quantum yield ‘of the oxalate decomposition, the
dumber of einsteins absorbed by the reactant(s) could oe oalf
“culated. Suppoee;dl moles litre-l of-oxalate are_decomposed
in time 't' without_aEy reaepgnt in the reac;iop vessel, aod

v

C2 moles litre_l are decomposed in the same time with the
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reactant present, then the fraction of light absorbed by the

reactant is proportional to -

The incident light intensity Io is proportional to

¢, or inm other words, C, moles 11tre ! of oxalate have been

decomposed due to the absorption of-a certain number. of einmsteins.
given.out by the lamp. Since the volume of the actinometer

) £ : . :
solution was V ml and not one litre, the amount of oxalate

. decomposed would be

a - _Cl x V

; _ -—m— moles

" and taking the quanﬁum yvield as 0.55 at 25°C, the number of

-~

"einsteins initially absorbed would befgiVeu as

¢, x V ‘ ' '
E = 1 t \ L.
o = 1000 x 0.55 |

-

or, the number of einsteins absorbed by the reactant

~

C1 - C2 , Cl x V E
C.  * 1000.x 0.55 ~ S

; (C1 - CZ) v
abs - 1000 x 0.55

i.e., E

Therefore, having a knowledge of the number of moles of pro-

" "duct formed by the analytical ‘method, and the ‘number of.
=
einsteins absorbed by the actinometer, ‘the quantun, yield- can

- =

be calculated. " . ) -“'ﬁ}



.

\S\ o
= 95
~

CHAPTER 4

'RESULTS AND DISCUSSION I i )

et

The kinetics of the HI/N,O system were-studied
at three wavelengths, namely 2537 A, 3130 A and 3660 A
Nitrous oxide (N 0) does not undergo any photo-
chemical reaction at any of these wavelengrhs, it shows |
photochem%cal activity at much shorter‘wavelengths. The role
of the nitrous oxidesthroughout’all the_photochemicbl investi-

o}

gations in this ﬁork, at'the three temperatures, ZSOC[ 5°C

Y

and -20.5°C, is as a chemical. adduct to hot hydrogen atoms.

In the absence of nitrous oxide, the production.

of ﬁydrogen for any ‘HI photolysis Temains constant.w When
the pho;o;hemical conversion is limites to 7-10% sf the
initial amount of hydrogen iodide, inhibiCios_by I2 is
minimal. | |

“The addiﬁzog of N,0 to the EI photolysis has a
.significant effect.qn-the;quantum vield of hydrogen, the -
effect increasing with inczgsse oﬁ nitrous ox%de, when the
BI concentration and the photolysis time peridd are-both
kept constant. -Tables 4.1 and 4.2 show the effect of added
N20 on the BEX pho:ochemical system. The amount of hydrogen
(B,) formed in each run, divided by the number of micro-

einsteins absorbed by a constant amount of HI gives the

quantum yield ¢E ..
. . ‘ "

-
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- TABLE 4.1

. [N.0L .
¢ﬁ Values at Various TE%T—Q Ratios and at Various
2 o

HI Concentrations

‘ o ' |
[Series 1][A -+ 3130 A][Time 2700 seconds]{Temperature 25°7

0l By [N, ] L} . (8], (Bl - Ehpe %W,
[HI]O (uqoles) (umoles) (umoles) (umoles) (umoles) (peln- (moles

steins)  einstein~l)

S~

0.0 ~ 7.40 = .0.00 7.40 202 187 7.40 - 1.000
1.0 - 6.60 0.74 = 7.39 201 186 7.40  0.891
2.1 6.41 0.93 7.38 - 204 189 = . 7.39 0.868
3.0 6.3  0.98 7.39 1200 184 7.39 0.861
0.0 6.36 0.98 7.3 201 186 7.39 0.861
5.1 - 6.36 '0.98 . 7.38 201 186 7.39 0.861 5._
t 6.1 '6.36 - 0.98 7.38 193 179 7.39 0.861 23
7.0 6.36  0.98 7.40 200 186 7.39 0.861 ?E
8.0 6.3  0.98 7.39 193 179 7.40 0.861
9.0 6.36 . 0.98 7.38 205 191 7.40 0.861-

10.0 6.36 0.98 7.39 201 186 7.39 10.861
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Table 4.1 - continued

[Series 2]
01, [H,] L IN,] [x,] (B1] A1l Eg. ¢H2

[HI] (umoles) (imoles) (umoles) (imoles) . (imoles) (vein- (moles  _

° steins) einstein )

0.0 11.4 0.00 11.4 369 . 348  11.4 1.000

1.0 10.4 0.98  1l.4 370 347 11.4 10.912

2.1 10.3 1.1 1i.4 387 364 11.4 0.900

3.1 10.2 1.22 11.4° ~ 385 ° 363 11.4 0.890

4.0 - 10.2 1.23 11.4 371 349 " 11.4 ~ 0.890

5.1 10.2 1.23 11.4 372 . 350  1l.4  0.890

6.0  10.2 . 1.22  1l.4° 373 731 1L 0.890

. ' . /"‘ . :)

7.0 - 10.2 1.23 11.4 . 385, 362 11.4 0.890 =
8.1 10.2 1.23 11.4. 7 374 352 - 1L.4 0.891 3
.9.0 - 10.2 1.22 1.4 362 33  1l.4 0.890 =
10.0 10.2 1.23 11.4 .. 376° 352 11.4 0.891

1.0 10.2 1.23 11.4 372 39 . 11.4 0.890
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Table 4.1 — continued

[Series 3]

ol [H N (1,) © mrl, I  Eas %,
Tii;.  (vmoles} (umoles) (umoles) (imoles) (umoles) (Mein- (moles

° ' steins) einstein )

0.0 14.4 0.00 14.4 511 483 14;4 1.000

1.0 13.4  0.99 - 14.4 511 -—482 16.4 0.931

2.0 13.2 1.22  14.4 511 482 14.4 © 0.915

3.0 | 13.1 ~  1.35 14.5  -507 ,. 478 14.4 0.911

61 13.1 1.35 14.5 518 489 14.5 0.911

5.0 13.1 1.35 14.5 500 470 14.5 0.911

6.1 13.1 1.35 14.5 518 489 14.5 0.911 <
7.1, 13.1 1.36 °  14.5 . 508 480 14.4 ~0.911 :i
8.1 . 13.1 1.35 - 14.5 se8 - 479 4.4 0.911 =
9.0 . 13.1 1.35 14.5 503 474 14.5 0.911 3

10.0 13.1 - 1.35 14,5 310 481 14.5 0.911

»~

iy,
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Table 4.1 - continued

[Series 4]
(5,01 1, [¥,] [1,] (1] {HI]. E.bs ¢’H2
T}, {umoles) (pmoles) (pmoles) (imoles) (ymoles) (lein- (moles  _
) steins)  einstein )
0.0 16.9  0.00 16.9 674 639 16.9 1.000
1.0 15.8 1.10 16.9 667 632 16.8 0.937
2.0 15.6 1.22 16.9 667 633 16.9 0.928
3.0 15.5 1.41 16.9 666 633 16.8 0.920
4.1 15.5 1.40 _ 16.9 668 636  16.8 . 0.920
5.0 15.5 1.39 16.9 663 630  16.9 0.920
6.1 15.5 1.39 16.9 652 619 16.9 0.920
7.1 15.5 1.40 16.9 690 655 16.9 0.920 .
8.1 15.5 1.40 169 689 656 16.9 0.920 -
9.0 15.5 1.40 16.9 646 612 16.9 0.920 =

10.1  15.5 1.41 . 16.9 670 635 16.9 0.920

11.1 - 15.5 1.41 16.9 676 643 16.9 0.920
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Table 4.1‘7 concluded

- 100 -

p
- [Series S]I . l
SRITRRRIUS N % BN ¢ B ¢S WO o3 PR SR
{“110 (vzeles) (pmoles) " (umoles) (umoles) (umoles) (peig- {(moles -1
o steins) einstein )
0.0 26,2 0.00 26.2 1027 - 979 24.2 0.999
1.0 22.9 1.23 - 24.2 1065 997 24.2 0.948 -
2.1 22.8 1.34 24.2 1028 979 26.2 0.943
3.0 22.7 1.47 26.2 1023 975 24.2 0.937
4.0 22.7 1.46 24.2 1030 .~ 983 24.2 0.937
5.0 22.7 1.47 24.2 1028 980 24.2 0.937
6.0 22.7 1.47 24.2 1021 972 24.2 0.938
7.0 22.7 1.47 24.2 1022 974 24.2 0.937
8.0 22.7 1.46 24.2 1031 982 26.2 0.936
10.0 22.7 1.47 24.2 1020 971 24.2 0.937

=

=
s}
=
.
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TABLE 4.2 Vo
. €
F, I
[N,01 A
Variation of chz Values at Various ‘[-H?j: Ratios
and at Various HI Councentrations ’
o
(Temp: -20°5C][A » 3130 Al[Time 2700 seconds]
[Series 1]

- TAII, (umoles) (umoles) Qmoles) (umoles). (umoles) (moles einstein o)

0.0 i1.1 0.00 11.1 378 356 . 1.000
1.0 10.8  0.15 11.1 372 350 0.977
2.0 0.6  0.37 11.1 378 . 356  0.956
3.0 10.4 0.63 11.1 389 368 0.935
w0 1.1 0.85 1Ll 375 352 0.915"
5.0 10.1 0.85  1i.1 380 358 - 0.914
6.0 10.1  -0.85 1.1 384 362 0.913
7.0 10.1 0.85 11.1 384 | 361 0.914
8.0 101 0.85 11.1 380 358 . 0.914
9.0 10.1 i 0.85 11.1 380 357 0.913 .
10,0  10.1  0.85 11.1 381 359 0.914
11.1 10.1 0.85 11.1 - 387 - 364 0.914
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Table 4.2 — continued

[Series .2]

A
(3,01 (8, W, (1) [En [ED *a,

[EI] ~ (umoles) ‘(umoles) (imoles) (imoles) (imoles) - (moles efustein )

0.0 23.8 0.00. 23.8 1020 973 0.999

1.0 -23.3  0.48 23.8 1017 970 0.978

2.0 22.8.  0.97 23.8 1006 958 0.957

3.0 223 1.46  23.8 1002 955 C0.937 -

4.0 22.3 1.46 23.8 1029 982 0.937

5.0 22.3 | 1.46 23.8 1018 970 0.937

6.0 22.3 - 1.46 23.8 1005 957 . 0.937

7.0 22.3 1.46 23.8 1011 ° 964 0.937 )
8.0 22.3 1.46 23.8 1027 979 0.937

9.1 22.3 1.46 23.8 1025 977 ° 0.937

10.0 22.3 1.46 23.8 1014 . 967 ' 0.937
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~In the presence’ of N20 the quantum yield of hydrogen
continues to decrease fibm a value of unity in.pure HI, and
attains a limiting value which shows no further chaﬁge despite

larger additions of nitrous oxide. The experimental results

show that the limiting quantum yield has some dependency on HI -
concentrétion.f This -dependency is illustrated in Figure 4.1‘ |
fér the 3130 R radiation. A similar depeﬁdency is found for

2537 K and 3660 K radiationé. Table 4.3 and Figure 4.2 sho§

o
this for the 2537 A wavelength.

The NZ yields showed the opposite behaviour te the

H2 yieids. With a fixed comncentration of HI and- the photolysis

time kept constant, the production of N2 increased with in-

A

‘creasing NZO’ the Nz vield reaching itq,limiting value con-
commitantly with B, reaching its limiting value.
The yields of both Ez and Nz-were related to the

wavelength of the radiation used. The yields increase with

VMVLIO 40 ALISYZ

decrease in wavelength, i.e., with increase in- the emergy of
radiation, so that for correspbnding r@ns at the three wave-

. f e o
lengths, the largest yields of N, were obtained with the 2537 A

: : .o .
radiation and the smallest yields with the 3660 A radiatiom.

A change of A gives a change of excess energy E,

' = - d iatd enérgy of
where E hv D(H-I)'--D(H—I) is‘the issociatdion ergy . .

~

the H-I bond. The shorter the wavelength, the ‘larger E be-
comes, and thus tﬁé hydrogen atoms produced are hotte;.

Conseqhently there 1s a greater probabilitj of fruitful

reactions occurriqg-between the hot H atoms and- the qther
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- Figure 4.1
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Variation of_¢§ as a function of at
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TABLE 4.3
[Nzo]o

iii} Ratiosqand at Vardous
: (o) )

i vélues at Various
H2 o ‘

o, v

, HI Con entrations .,

. , 0 )
[Series 1][Temp: 25°C][A + 2537 Al{Time 450 seconds]

a
=3

/! . " . l -. '\A ;/

- )
[N20] [Hz] [N2] [12] [EIIO.. [HI]f Eabs )
[HI]o (imoles) (ymoles) (umoles) (umbégsﬁ (ikmoles) (Jein- (moles

_ stelns) einstein—1)

0.0 © 26.6  0.00  26.6 651 597 . 26.6  1.000

1.1 247 1.80  26.6 652 599 26.6 0.930

2.0 23.7 2.8 26.6 650 598 26.6 0.891

3.0 226  3.90 26.5 650 598 26.6 0851

4.0 21.6  4.91 26.5 - 652 599 26.6 0.813 ;23
5.1 21.0 5.47.  26.5 652 ‘598 26.6 0.792 o
6.1 - 207  5.78 . 26.5 650 598 - 26.6 0.780" o3
7.1 20.8  5.87  26.5. 650 597 <. 26.6  0.777 =
.1 20.6 - 5.87  26.6 6s2 599 26.6 0.777

9.0 2006 5.86 26.6  .651 598 26.6 0.778
10.1  20.6 5.87 26.6 650 597 . 26.6  0.777
1.0 2b.6  s.87 265 648 594 26.6 (0.777

f v
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fable 4.3 - continuved : ' : ' .
- o )- : :
[Seriés 2] .
j'
RO . (H,] [N,] 1,1 (w1} [BI]g B ¢>H2' L
[11] (vmoles) (umoles) (pmoles) (umoles) (iwoles) (Uein- (moles N
o : steins) einstein ) ' '
0.0 - 16;?, . 0.00 16.3 371 339 16.3  1.000
1.3 - 15.0 1.25 16.3 - 374 342 16.2 . 0.925
2.0 14.4 1.81  16.3 373 . 341 16.2- -  0.883
3.0 13.7 246 16.2 374 341 6.3 0.844
4.0  13.1 3.12 16.3 . 371 _ 339 ' 1@13 . 0.808
5.0  12.6 - 3.65 * . 16.3 375 343 16.3 0.774 T
6.1 . 12.2 4.05  16.3 373 341 16.3 - 0.750 ~<
. | >, 7 =
7.0 - 12.1 4.11 16.3 371 338 16.3 0.745 _;; :
8.0 12.1 411 . 16.3 373 340 16.3 0.744 g
9.0 12.1 4.12 16.3 ~ 390 338 16.3 0.7453 =
10.0 12.1 4.10 , 16:3 376 344 16.3 0.745
1.1 121 0 41 163, 375 343 16.2 0.745 -
. . . » a -
R
.{‘_T ' - — ‘
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reactive species in the phoﬁochemicél system. In addition,
the intensity of radiationfis’greater at the shorter wave-
length and would also account for thé increase in-product
yiélds a's one passes from the 3660 R to the 2537 i wave-
length. o - N

o . l-tNZOI '
In a typical time course ruan with a co?stant [A1] \\

ratio, the rates of Hz and N2 production continued to degrease

until the saturated vapoﬁr'pressure of 1, was reached. Be%

yond this, limiting values of the rates prevailed. TFigure

4.3 shows the time yield plots for Hz and N2 production at

25°¢ while Figures 4.4 and 4.5 show the respéctive plots for
HZ and N2 produétion with time, at 5°C and -20.5°C._
Figu;es.4.4 and 4.5 show that at both 5°C and -20.5°C}

the rates of production of hydrogen and nitrogen are constant

. ' [w,0]
and are independent of time. For 198 umoles of HI and TEETJQ ;
: o
= 3.0 at 59c, the rate of hydrogen production I¥ 3.3 x 10-9
10

moles secwl, and the rate of N2 production is 2.1 x 10~

- Q .
moles sec 1 at 3130 A. For 197 pmoles of HI at —20.5°C, with
[N,01
{HIJO

also 3.3 x 10_9 moles sec-}, while the rate of Hz production

o ‘ _
= 3.1 (A + 3130 A), the rate of hydrogen production is

is 1.8 x 10_10 moles sec;l. At .these lower temperatures, the
different saturation vapour pressures (S.V;P.fs) play no
effective role in determining the rates of H, and N, production.
'T£e S.V.P. of Iz'at_soc was&calCulated as 1.13 pmoles and at
-20.5% the S.V.P. was determined as 0.104 umoles for the

o hS o
reaction cell volume of 3003cc. The $.V.P. at 25 C cor:eSPOHded
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Figure 4.3

Yield-time plots for the formation of H
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and NZ at 25 and 3130 A
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Figure 4.4

Yield-time plot for the:productibn of H2 and

o o
N2 at 5°C and 3130 A
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Figure 4.5
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Yield-time plot for the production of Ez and
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N, at -20.5°C and 3130 A
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‘ : - i
to 5.20 umoles. These S.V.P. values of 12 were obtained with :

the aid of the straight line relationship ofn2’+ log p versus
E from Figure 4 6 (114) where p is the saturated vapour pres-
sure of icodine at a given temperature 7° K.
At 5% and -20.5°C the attainment of 1inearity for co
'Hz and N, production is very rapid because the S.V.P."s at
these temperatures are quickly reached for the concentrations
of BI employed, even a£ the smallest time period of the séries
of experimental runs.. -
The quantities of Hz and NZ produced at the tﬁree

.temperatures, 25°C, 5°C and -20.5°C, under similar conditions,

o
showed very little variation for the 2537 A wavelength. How-

ever, with the longer wavelengths, the Nz yield decreased as

S

the temperature was lowered from 25°C to -20.5°C. .

The size of the S.V.P. of 12 helps to regulate'thg

1imiting value of the quaﬁtum yield of Hz in the HI/NZO photo-

VMVILO 40 ALl

chemical system. It was shown that in three series of runs
(iables 4.1, 4.6 and 4.7) where the ipitial HI concentrations

vere thé same from run to run and from series to series, and
[§,0]
the same‘TE%T—g variation was followed for similar time perilods

™

(2700 seconds), the limiting quantum yield of Hz was the

highest at the lowest temperature and lowest at the highest
temperature. Thus the larger S.V.P. of 12 had a greater
effect on the fate of the H agoms within the system, via the

H + I, >~ HI + I reaction/

A
ﬁ.q-

The addition of iodine to the photochemical system
{
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Figure 4.6

Logarithmic plot of safurated vapour pressure

of iodine against temperature (114)
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‘ BN
. Rate of H, and N, Production at 25°C 1 ,;?
: _ ‘ | e
(0 + 3130. R] - | _ ,. N N .- g | | .
0l Mee (5] (G] TN G, (R, (nol
[BI] (seconds)- . (pmoles) (tmoles) (umoles)) (umoles) (umoles) . (umoles):
3.1 300 -0.99 0.12 Lz~ 19 191 596
3.1 600 1.97 0.25 - 2.24 193- 188 . 614
3.0 1200 .3.43 0.48 3.94 203 195 617
3.1 1800 4.79 0.62 5.44 195 184 599
3.1 2400 6.05.  0.81  6.93 201 187 619
3.1 3000 7.37 0.99 "8.40 200 184 - 617
3.0 3600 - 8.74 -° 1.16  9.91 201 181 611 >
°3.1 4800 11.0  1.48  12.5. 203, . 178 62 ;; |
3.1 6000  13.5 1.80  15.3 210 179 646  §§ |
31 7200 162 - 212 5183 19 _ 158 3 595 =
A ‘ , |

-
-
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TABLE 4.5

Rates of Nitrogen and Hydrogen,Produ_ction -at 5°C and -20.5%

=

' 0 _ . .
[A +~ 3130 Al B -7

01,  Tme (8] 0 IN,1° (L] mn D, o
[HI]O ._ (seconds) (lmoles) (umoles) (umoles) (iumoles) (umoles) .

+ n

A. Temp: 5°C.°

3.0 308 . 1.00 . 0.06 1.07 195 193 -
3.0 - 900 - 3.0l  0.18  3.20 194 188
3.0 2400  8.03 . 0.50 8.55 202 185
3.0 3600 12.0  0.75  12.8 200 175
3.0 . 4800  16.0 1.01  17.0 197 162
3.0 6000 . 20.1 1.25 214 199 156 ;
3.0 7200 24.2 - 1.52 25.8 195 - 144 _ -

N

_B. Temp: -20.5% |

3.0 300  1.01 0.05  1.10 196 194 -

3.1 600 2.00  0.10 2.18 192 187 o
3.1 1200 4.02 - 0.22 4.35 199 191
3.0 1800  6.29 . 0.32 .  6.61 199 185
3.0 3000 10.0 0.54 .. 10.7 \\ 197 174 -
3.0 6000  20.0° 1.08  21.4 198 155
3.0 7200 . 24.2 1.28  25.7 - \\ 202 151

A
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TABLE 4.6
: ) [Nzo]
V?r;ation of Hz and N2 Prqﬁucgion with Tﬁij Ratios
at 5°C
o
[x - 3130.A][2700 secoqu]
(v,05, [, [x,] (1,1 (ALl [EIl,  [N01 4

. ’ : ’ 2.
EE;]O (umoles) (umoles) (imoles) (umoles) (imoles) (umoles) (moles
' , : einstein=l)

-

0.0 7.38  0.00-  7.38 201 18  0.00  1.000
1.0 7.13 0.18 7.39 198 184 202 . 0.964
2.0 6.96 0.2 7.40 . 205 190 .418"‘:--~\4)\._9i§)‘
3.0 6.86 0.37 . 7.32 201 18 . 603  0.928 - %
4.0  6.82 0.49 | 7.40 200 187 810 - 0.922 :
5.0 6.81 0.49 7.40 205 190 1023 0.920 :
6.1 -  6.80 0.49 ©7.38 206 T 1262 0.920 .. :
7.0 6.80 . 0.49 7.39 . 205 190 1438 0.921 '
8.1 6.80  0.49 _ 7.38 205 190 1657 0.920
9.1 - 6.80 0.49 7.3 205 190 1858 0.920

10.2  ° 6.80 0.49  7.39 - - 204 189 2076 0.920

i

~

(4]
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o 'TABLE 4.7 ; -
‘ : - ol - |
Variation of H, and N, Production with ——2 tios™™ '
2 2 T T [HI
e v at -20.5°C: | | B o
o . L . .
[A =+ 3130 A)[Time 2700 seconds]
N0l - [B,1.. (N, ] 1,] | (BT}~ [EI]. (8,01, ¢H2.
[HI]-o (umo;es) (umoles) Gnmoles)_ (umoles) (umoles) (pmoles) (moles

einstein‘l)‘

0.0 7.33 0.00  7.35 203 189 0.00  0.998

1.0 7.16 0.12 7.3 205. . 190 205  0.973

2.1 7.01 . 0.26 . 7.35 | \ 203 . 18 423 0.953 -

3.1 6.9 0.37  7.35° 205 190 . 630 - 0,943 3
42 691 0.37 7.36 205 190 - 853.  0.939 =

5.0 6.91  0.37 - 7.36 206 189 1023 0.939 3t

6.0 ' 6.88 0.37 < 7.3 303 - 18 1227 0.938 g%_g
7.0 6.91  0.37 - 7.35 205 190 1453 . 0.940 %%
8.0 6.91  0.37 . 7.36 . 2064 190 . 163 - 0.939

9.1 6.91 - ,ib:37 7.36 206 191 1872 0.939 )
10.0 6.91  0.37 7.36 204 189 2040 0,939

—
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Figure 4.7
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causgd a noticeable reduction in both the Hz and N2 vields.

This effect 1is recorded‘in‘Table 4.8.

-

Inert Gas Effects

The inhfbition effects of inert gases such as helium
s
and carbon dioxide were examined. Despite the fact that there

[

is a drawback iﬁ employing carbon dioxide in these experiments

because of its low efficiency in energy transfer processes

it

it was preferred to helium for more detalled experlments since

it could be frozen out very easily at liquid air temperature

F

Wis

e,

verreer LIV A T

o
.2
7 al

and subsequently would offer no interference to the measurement

0of small quantities of Hz aﬂd NZ' Because of tHié low

efficiency in energy transfer processes, high pressures of e

SRt

1t
t

CO2 were used in order to bring about the maximum effect.

-

The production of N2 showed a steady decrease with . -;;

. increases in the inert gas comncentration for a fixed HI

initial concentration and for a fixed photolysis time, and

wiiledoot

this was more pronounced at the longer wavelengths (Tables

4.9 - 4.12). ' .
The ratio of the ra:e“constants kz and k% for the
reactioné

H® + HI + H, + I~ o (4.2)
,/7ﬁ k? | ' 5
5 0+ 1.;? +~ HI + I° (4.7)

was also subjected to variations as the tramnsition was

made from experiments conducted in the absence of inert -

\

e
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TABLE 4.8 | -
A. The Effect of Added I2 on the Quantum Yield of H2
‘ o -
[Temp: 259][1 + 3130 Al[Time 2700 seconds]
.. Added , ¢
[HL]

"o (umoles) (vmoles) (umoles} (imoles) (pmoles) (umoles) (moles _
einstein ™)

8.0 0.00 6.37 1.03 7.41 199 1594 0.861
8.0 4.45  6.00 0.85 11.3 200 1603 0.811
8.0 5.36- 5.89 0.82 12.1 201 1606 0.796
© 8.0 6.30 - 5.8 0.76 12.9 200 1600 0.789.
8.0 7.35 5.78 . 0.69  13.8 200 1602 0.781
8.0 8.04 5.73  0.64  14.4 202 1617 0.774
Q
B. [Added‘I2 without Nzo}[l -+ 3660 A]

‘[Time 6 hours][Temp: 25°C]

E ®

- ' : E 7%
wrr, i), M2l om) (1,1, =bs 2 &
© [HI] . (pein- (moles . k,
- (umoles) (umoles) (umoles) . (umoles) steins) einsteins 7) -
600 10.1  0.017 1.40 11.4 1.61 0.870 9.0
1500 - iS.O 0.010 2.05 17.0 2.26 0.?07 10.3

2004 12.2 0.006 2.28. 14.5 2.42 0.943 10.0



- 121 - -

TABLE 4.9

The Inert Gas Effect of 002 at Various Wavelength

w o - . * . - l
A.~[h ~ 3660 Al[Time 21,600 seconds]{Temp: 25°C] . : NG

(N0l [€0,] (2

[HI]O [HI]O

] vyl (Ll [En E k

- 2 abs 7
" (umoles) (kmoles) (rmoles) (umoles) (zeinsteins) 2

2

2.0 0.0 0.93 0.18 - 1.15 988 . 1.15 -
2.0 C 9.1 0.72 0.00 0.75 991 1.10 11.2
0.0 10.5 0.70 0.00 0.72 1002 1.20 12.0

o .
B. [A - 3130 A][Time 10,880 seconds][Temp: 25°C]

(0,1 ] [1,] [KI], [co,] - &
[Hl]o (tmoles) (umoles) .(umoles) (umoles) (teinsteins) 52
30 5.19 5.21 81.4 2642 7.18 10.0 E
66 5.21 5.20 . 89.4 5849 7.19 11.8 ;
110 5.14 ©5.15 . 96.9 11942 7.22 -7 U 12.2

b
PRI

- = 0 .
C. {} - 2537 A][Time 1000 seconds][Temp: 25°C]
Y

.[C02] [Izli [HZI I}le [H;]O Eabs El

[HI]O {umoles) (umoles) (umoles) (ymoles) . (peinsteins) kz
2.5 5.70 6.1 11.7 48.2 8.40 3.5

5.0 5.70 6.1 11.8 48.2 8.40 3.5 '

10.0 5.70 6.0 11.7 48.0 8.40 3.6
15.0 5.70 5.7 11.3 . 48.2 8.40 4.3
20.0 5.70 5.5 11.2 48.3 8.40 4.9
30.0 5.70 5.1 10.9 48.0 8.40 6.1
50.0 5.70 4.7 10.3 48.3 8.40 712
200.0 5.70 3.7 9.4 48.2 8.40 11.6



TABLE 4.10 .

. ’ o]
Effect of CO2 on N2 Production at 3130 A

[Time ~ 3 hours][Temp: 25°C]

[N,0] [co,] [BEI]_ [8,] v,1 - [1,]  [co,]

B, B o (moles)  (moles) . (imoles)  (umoles) (umoles)

61 . 0.0 972 5.83 1.69 7.57 0.00

2.1 0.0 96.7° . . B.44 1.09 7.56 0.00

1.0 0.0  96.7 6.85 0.66 7:56 0.00

0.0 . 0.0 96.5 7.55 0.00 7.56 0.00

4.0 - 29.3 96.2 6.04 0.24 6.30 2822

2.2 54.9 96.7 5.62 ' 0.08  5.74 - 5307 =

~ : : <

6.0 7 30.3  96.3 5.86 0.15 6.06 2916 2 F

1.1 - 109- 97.2 5.11 0.06 5.12 10574 3 :
=
=

b2y
-
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TABLE 4.1l

. ) " fa]
Effect of 002 on HI/N20 Photolysis at 2537 A

{Time 900 seconds][Temp: 25°C]

[0,] [C0,]1 ~IHI] - [H,] [, ) [1,] fAIl, ¢

1
[HI]° [NZO]O

4 2
(tmoles) (umoles) (umoles) (umoles) (umoles) (moles

einstein )

0.0 0.0.‘ 332 ‘ 23.4 - 0.00 23.4 286 1.000

0.0 0.0 332 21.2 2.08 23.4 285 0.999

3.1 1.0 . 333 20.4 1.35 21.8 - 289 0.930
6.0 2.0 339 19.3 0.98  20.4 298 0.870 :
5.0 3.0 33 18.3  0.86 19.2 296+ 0.820 %
£ 12.0 4.0 335 17.5 0.73 18.3 299 0.780 <
18.4 - 6.1 335 16.2 0.65  16.9 301 10.720 i
2.0 8.3 336 16.0 0.59  16.6 303 0.710 -
27.0 9.0 335 15.9 0.57 16.5 302 0.705 =

30,0 ©10.0 335 15.7° 0.55 16.3 301 0.695

34.5 11.5 335 °  15.6 0.53 16.2 302 0.690

w———
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<

- TABLE 4.12

Effect of Eelium on HI/N20 Photolysis

° .
[A + 2537 A][Time 900 seconds][Temp: 25°%¢]

[He]  [He]

R S Il (mjizs
(umoles)  (umoles) (imoles) (umoles) einstein )
L334 0.0 0.0 0.0 .  23.4 288 1.000 ®
333 1011 - 0.0 0.0 23.4 286 ©0.999
33 1009 1.0 3.1 17.9 1302 0.762
334 1010 2.0 6.2 14.6 304 0.625
327 1006 . 3.0 5.0 - 12,3 303 . 0.527
—= 331 1011 4.0 121 11.0 ~309 .42
28, 1009 6.0 183 9.7 309 0.415
332 [ 1012 8.2  24.0 9.34 . 313 10,400
333 1008 11.0 33.1 9.01 315 0.385
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gases to those conducted in the presence of these gases. it -

was found that .

k k . ! _-

2 %
_<—-l-
0 k& -

(presence of inert gas) (absence of inert gas)

The effects of the addition of CO, and He on ¢ are
2 H,"
[N,0]_ 2

shown in Figure 4.8. . For comstant ——=— ratios, ¢ decreases
[HI] - H, ‘

with increasing CO2 o}:He, and becomes constant and ihdependent
of He or CO2 at higher concentrations of the imert gas. 'When

conditions were attained such that ¢H became independent of

2
the concentration of C02 or He, it was feasible to assume

that, under those conditions, essentially all of the hot E

atoms were deactivated.

The NZO + H reaction was very sensitive to the

presence of inert gases, and the effect which these gases

THYMAI

23.5

the inert gas. Tadble 4.13 demonstrates the effect'qhich

exerted on this resction #§ shown in Figure 4.9 with CO

ViMiLLy JV AL

-

helium (Be) has on the photolysis of pure HI.

"

Discussion

'The photolysis of EI in the presence of N,0 may : ﬂ

‘'be discussed in terms of the following.meéhanism:

EI + hv + H® + I° - (4.1)
BE' + HL +H, + I _ ° ' (4.2)
. > + OB° (4.3) ‘
B® + N,0 > H, +0 _ ¢ 3
I+ I +M>I,+M - (4.4) I

.“.P

.-
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Figure 4.8

Inhibition plots for ¢12 versus li?;;; gas]
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.at 25°C and 2537 A in the photolysis of
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TABLE 4.13

-

Inert Gas Effect of Helium on HI Photolysis

0. :
[Temp: 25°C1[A - 2537 A][Time 1000 seconds]

~
[Hel  apy [1,] Ll Ll = 9
(L] Tl 2°1 2’ “2'p . “abs i,
(umoles) -  (pmoles) (pmoles) (pmoles) (_?ueinsteins) ‘
2.5 70.0 5.70 17.6° 11.9 R - 6.1 i
5.0 70.1 5.70 16.6 0.9 17.3 7.9
0.0 . 70,0 5.70 15.8 0.1 - 17.3 © 9.5
15.0 \\70.1 570 15.6 9.9 ©17.3 10.1
25.0 3}0.0 " 5.70 15.2 - 9.51 173 ¢ o109
30.0 %o.ol 570 15.1 9.41 17.3 1.2 - %_
50.0 70.0/ 5. . 5.70 15.0 9.30 17.3 11.4 S :
100 70.0 - 5.70 14.9 9.20°, 17.3 11.8 é g
. . \ iF
—~ E
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B + N,0 + NO" + NH -~ .5y
"IOH‘+ HI + B,0 + I° (4.6)
| BE° + Ié > HI + I° _ (4.7)
, ) NH + 3BI +~ NH,I + I, (4.8)
' N G.HI + NO ~ NH,I + H,0 + % I, . (4.9)
OB® + H, » H,0 + B’ - (4.10)

1)

Throughout the éhole.experimentél area covered, with wvarious -

mixtures of Eaéeous hydrogen iodide and nitrous oxide, the

photolysis led to mixtures of hydrogen, nitrogen and iodine
along with unreacted hydrogen .iodide. There was nomsignifi-

cant experimental evidernce for the formation of nitric oxide

"(NO) or ammonium ifodide (NE,I). : .)

" For the production of nitric oxide and subsequently
o ) - " T

ammonium iodide, light of wavelength below a critical value

_must be employed. Oldershaw and Porter (115) have reported

the formation of nitric oxide as a product in the photolysis

i
)
2
p
2
2
’
N
5

of HI in the ﬁresence of N, O in the wavelength range of 2350=

2
. o . - :
'3000 A, but their uncertainties are so large (TabTle 4.14)
that it is doubtful whether'any great significance can be

attached to their findings.

Tdmalesky and Sturm (116) ﬁ%ve reﬁortéd the forma-
tion of'ﬁitric'oxide“and‘améonium jodide in the photolysis =
of HI in the presence of Nzo_employing the exéiting 1ight
from a Xenon flash 135;. The energetics of reactiom (4.5):

.require either é high gempérature oT trgnélationally eﬁefgetic

hydfogen atoms ha@iug an average critical energy. Reaction (4.5)

- . - -



- 130 - .

TABLE 4.14

Nitric Oxide (NO) Production in Photolysis of

HI + N20 (115)

A o NOo. ' . .
(nm) .. (E) C . o
235 " 0.09 * 0.02
250 ' 0.10 * 0.02 ,
270 ' 0.005 * 0.01 "
~ i
300 : 0.005 + 0.0
- {
b]
2
3
5 T
-
5 2
:‘1 -



- 131 -

occurs with an endothermic intake of about 34.0 kcal mole-;,

thus "the hot hydrogen atoms with an average initial energy

. IR )

of 57 kcals mole ™, were obviously very efficient in bringing
about reaction (4.5). One must therefore assume that the

probability of the B + N,0 > NO + NH reaction occurring, de-

creases considerably as the wavelength of the éxciting radia-

: _ o . o
tion is increased in the Kegion 2537 A - 3660 A. Tomalesky

BN

and Sturm further pointed cut, that another source .of nitric
e, ’ e .
oxide could have been through the processes

‘ hy . ' R
N20 +‘N2 + 0

0 + Nzo + 2NO

at the shortest wavelengths employed.

In our system, Nessler's test was conducted on

half of the aqheous washings of the reaction vessel after it

™
-
=
=
e
=
=

had been removed from the vacuum system. Many runs had been

. ’ .
wiibn o e -

. 7
performed in this vessel at 25°C us?ﬁg all three wavelengths

o o o ‘
of 2537 A, 3130 A and 3660 A. Among ese runs over one
. ’ »

. . . { [¢] :
hundred of them had been performed usiﬁg the 2537 A wavelength.

'

On addition of Nessler's :eégent (117):to the  solution (washings) .

Qi

from the'reaqtion vessel, a yellow colouration developed and
on standing for over fifteen minutes, a light yellow precipi-
tate was thrown down, indicating the presence of the ammonium

ion (NH:)- The second portion of the washings frpm the re-

~

action vessel was tested spectrophotometrically for absorption

i

of the ammonium ion. By comparing the resulting spectrum with

that of a known concentration of pure NHaI (Figures 4.10 and

- . - /
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f

Figure 4.10

‘The ultra-violet spectrum of .an aqueous

solution of pure ammonium iodide (Nﬁél)

~
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4.11), the presence of the ammonium ion was.cdnfirmed.' From

ﬁhe calculated molar extinction coefficient, of the NHZ

derived from the spectrum of pure ammonium iodidé; the molar

concentration of the NHZ ion in the washings from the re-

ion,

action vessel, was calculated and thus the number of moles

~in the total volume of the washings was obtained. From
¢ :

Figures 4.10 and 4.11 for the spectra of the HHZ jon from

the two different soturces, the calculations were as follows:

I
0.D. = log == = 0.78 - 0.20 = 0.58

" B . , I ) .
{where 0.20 units of log Eg represented the zexo positiom).

-

0/58 = €C1 = ¢ x 4.68 x 107> x 1.0

5. e = 1.24 x 10° —

-+ -
Thus the molar concentration of NHQ ion from the reaction

vessel washings is given as,

b
1
.‘\
a
™

1.35 - 0.20
1.246 x 104

= 9,27 x 1072 M

C =

Taking into consideration the dilution factor before the

spectrum was run and the volume used for Nessler's.test, the )

: = -6
total volume was shown to contain 3.71 x 10 moles. There—,

. o
fore for the hundred or more runs carried out under the 2537 A

radiation between a time period of 300 to 900 seconds for each

b

run, less than 0.05 pmole of NH&I ig ayeraged péE :un.
. . .
The vapour pressure of ammonium iodide at 257¢C is

-6 - ' ~10
1.12 x 10. 6 nm (Hg), 6.31 x 10 8 mm at 5°C and 2.51 x 10 mm
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» Figure 4.11

The ultra-violet spectrum of the-aqueous

washings from the reaction vessel after

many photolyses of HI and N20 mixtures
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at -20.5°C. These values were obtained from Figure 4.12.
Because of these very 1ow vapour pressures, the probability

aof pumping away any NHAI formed was highly unlikely. It cad

therefore be correctly stated that.the H + N20 + NO + NE re-

action is af negliglble significance at or below 25°C “q&ér
2

. o [o] . 0
radiation of 2537 A,/ 3130 A or 3660 A.

\ .
The absorption of monochromatic light by HI at the

: ) [} [o] [o} .
three wavelengths 2537 A, 3130 A and 3660 A can be represented

by ' two processes,

*

(2) EI + hv()) = B° + I° ( P3/2)

producing an H atom possessing some average initial trans¥

lational kipetic emergy, and

* *
_ : ,fflaff'g- + 1« Pllz)
(b) HI + hv(}) .
' ‘E;;;‘““ia' + I° (2P1/2)

{
giving an energetic H atom with less kinetic energy than that :

\
1n case (a), and/or a thermal hydrogen atom (see Table 2. 2).

The possibility of (b)(i) and/or .(b) (ii) occurring will depend
on the excess energy of the.photon over the H-I bond dis-
sociatien energy. |

The pertinent reactions which seem to be involved
in the HI/N,O photochemical system at the temperatures and

2

wavelengths used, are:

_ 1 .
(4.2) B +HEI + Hy+1° AHZ -32.8 keals mole :
, . ' }
\\Tiz:j4.3) E°4N,0 + N,+0E’ - #E®  -62.3 keals mole |
(4.4) I°+1°4+M IZ+H Aﬁz -36.2 kcals n:lole-l ' b



-
Sy

A -

- 136 -

) Figure 4.12

Logarithmic plot of saturated vapour pressure

of ammonium iodide (NHAI) versus temperature
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e
(4.6) " OH'+EI ¥ H,0+4I' °  #H® = -47.9 kcals mole™l
(4.7) . E'#I, > HI+I® -= A8 = -35.1 keals mole  :

It thus appears that reactioms (4.2), (4.3) éhd (4.7) will
< K

all compete for both thermal and hot hydfogen atoms, the hot

hydrogen atoms having a range of transiational'kinetic
energfes. The accumulation of resulting product 1n each case

will then depend on a number of factors, such as the res-

- - [

pective reaction cross-section of the individual reactive

component, the individual specific rate -constants and the

-

initial concentrations of the reactants. Further acedﬁulétion

2 [+

of any particular product will only be hinder%d'if a2 limit or

restraiut is imposed om the system, and it is ithis factor

which needs to be exdmined closely in the case of the limiting

‘value of Nzﬂproduction anq'the limiting H2 qua tum'yield ...

which were expéfimentally'observed:

A second'bonsiherétion will be -the gffect of anr
added reactive comp§£ent to the photochemiéaliaygtem, in
this case Izi,and th? dependence of the H, quantum yield (¢H2)
2 coucentratiogs.

Thi£d1y, an examinafion of the specific rate con-
stants or ratios of these -should clearly indicate the be- ‘ :
haviour of the system under changes of the wavelength of the
exciting radiation. 1In addig;on, the influence of temperature
on the kinetics of the HI/Nzé photochemical system should

reveal to us the nature of the hydrogen atoms with which we

are dealing, i.e., whe:hef we are dealing with thermal



hydrogen atoms in which case we would expect sizeable acti-

vation energies, or whether We are dealing with energetic or

o . ' *

'bot hydrogen atoms having a range of translational kinetic

energies, in which case we would expect smaller activation - - ~ <
- ° energies.

Fourthly, in view of the potential importance of_‘A-
" hot' H atoms, the presence of inert foreign‘gases vhich‘are_
capable of adeouate'energy transfer shouid exert some in-
'fluence on the kinetic behaviour of the’ system and this
_inert gas effect should" be wholly consistent with the
mechanism proposed._ i
If the ' + N20 reaction (where.H' sfands for a

hydrogen ato - of some average kinetic energy) 1nvolved the

=]

51mple bllliard ball type of collismons, in.which there were

fruitful reactions, a continual inCrease in the yield of. N2

™
v—
Ay
A
=
—_
-
—

would be expected as increasing amounts of NEO e dded to

the photochemical system in which the initial concentration L ‘

of HI and the photolysis time are both kept constant for each

[N, o0} i
Tﬁ%i——'ratio. Since N2 yields do not contiuue to increase
‘ [N,0] : .
.after a certain value of TE%T—- is 'rTeached, it must be assumed

;Pthat there is some type of modifying process occurring ie

_conjunction with the bil-.:iiard ball collisions pict.u.gg,-_s_slou R
account'for#this process, it was necessary to invoke the

effect{of ?constant‘partitioning‘ of eneréetic‘hydrogen atoms

°
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-3

_.__on the omne hand, and the.moderation process, T L,

o

-9 ‘ : - ' B
B + N20 - H + N20
[N,0]

Tng—g was'attained.
P d

on the other hamnd, as a certain'ratia of
- &

The partitioning represents the situation in which
thelégllision of a new bozn H with N20 first occurs. |

Foiloﬁfné Chis‘collision,!reaction or &eacrivétion results. T

< . _ T

On an average these two types of processes will be in a- ) o
. [N,0] - )

constant ratio when the critical TEET_S value 1s reached.

For example the processes from the flrst collision can be

‘represented by,

- . . | .
% __jL,_ﬂ*(Reaétion) iy
0 ! N ! . .

*‘ o

L%
+ N20 (Hodeantion)

ol

o | - . - S, =
If process b occurs, this could be followed by - L
: : . . v I
‘ : S ’ 1..r ~ 7 V:l"’h
S T - L
’ . C (Reaction)
B! + N,0 — |
- [ T
. H + NZO' (Moderation)
A PO . d ' ’ G .
‘ " - L]
: No matter how many sets of proéésses like a’ or b, or c¢ and d N
’ . \
e
occur, the average fraction of b’ it etc.,-should be a con-
[Nzelo b - .
ustant for different. ratios of TH7 37— at and above the "
[HI] \ .
R ‘ [N,07 constant a c )
critical value of =0 The ratios of = and rl etc., _ ‘ h
[E1} .
constant v

vill all depend on the excess’ energy of the ‘hot H atom.

X

"
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If for a given number of experimental ruas within

a series, (i) the photochemical conversion of HI is kept’

r

\ —

iow, (ii) the photolysis time is the same for\each run, and
(iii):the initial HI concentration is essential}y the same

' ‘&
from run to run, then at relatively high concentrations of

»
)

NZO’ the H atoms produced in the 1Y+ Nzo constauivoarti—
# : H .

¥

tioning process, will réact with the equivalent quaitities

of ﬁI_io those rums, to produce in each case a constant

- . - ) \ -
-quantity of,Hz. Therefore as the Nz yields become constant .

as constant partitioning takes effect at high N, 0 cgpcentra—

tions, ‘the Hz yields will also become conetant conco#itahtly
(see Tables 4.1, 4.2 and 4.3). :

" In the mechanism for the major processes occurring
in the'HI/NZO photochemical éyetem, !
Ia , C
HI + hv + B'" + I° T

»

i3
-

B + HI > B, + I . \
- - : | -

BU' + L, > BL+ I I

Q. R
. [ k

' 3 . y
.r - e
B + N20 ) N2 . OH i

H™' is designatea as a- hydrogen atom,heving translational ; l
energies of between zero and the initial excess energy of
" the hot H atom. Ia.represents the rate of light absorption
and k, and k are the specific rate constants for their

2.

/ ‘ ”J - .o T ' ' ._-' o %f’— o .
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respective reactions. k3 is. an average rate constant which
depends on the excess energy of the hot H atom.

. ’ - "

The rate expression for the productionm of H' can

[

be written as "

dH‘ ) ) t t [ ] T ' ‘ '
E;— = I?_kz[ﬂ ][HI]_R7EH ][;2]_k3[H ];Nzol (4.11)

Assuming steady state conditions, where the rate of ‘accumula-

tion of H' becomes zerc, we obtain- : _ ¢

: s |
C L e ‘ ,
> I, = [H ](kz[HI.]+k;?‘[Iz]j-k3[N20]) | (4:12)
‘_Ia' .
and [H'] = (4.13)
, I, [BI1+k_[1,]+k [N,0]
s \ o3
d(#,) : . .
But —2— = 1, [(8'](AI] S (4:14)
a(m) =
and - H' ot , (4.15) =
: de k,[HI] =
~ ' =y
. . -
_— )
SN ety X, Y
) —=— = ' (4.16).
. dt-1 [I.] [§,0] .
3y bk etk 2
27°7THI] 3[EIL]
and o = I (4.17)
%y k, [1,] k, [¥,0] |
: _ 2 g7 -2 3 T
SR T T B
on inversiom, equation (4.17) becomes -
- | ’ l ’
k, [N,0 .
1 ky [3,0 ky [N,00 , (4.18)
by, | -k, [EI] *x, TR .
-2 . * ~
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-

Sevéral.predictions can be made from equation (4.18)
" and-these predictions should be ooserved experimentally.

(1) when [NP] = 0 and [I,] << [a1], % or ¢y should

2 )
approach unity. . ThlS is borne/out by the experlmental results

e

for low HI conversion in all the Tables whére o *

_ " [N,0] 22

recorded for values of wx=— = 0. A plot of ¢ versys [HI]
. [HI] : ", :

‘results-in a straight Tine parallel to the [EI] axis in . ' _ .

has been

Figure 4.13, .

(i1) -¢;_ should increase with increasing [lz] and/or [N20]
2 :

for a constant value of [HI]. Table 4.8 shows this to be

‘the case with reference to‘.I2 and Figures 4.1 and 4.2 con-

firms this‘prediction for increasing [NéO].
(iii) For different values of initial HI concentrations and
‘ [Nzo] o :
the same ——=—— ratio, ¢ should show an increase. Again
3 [BI] Hy |

Figures 4.1 and 4.2 bear out this prediction. This prediction E

also accounts for the dependence of the limiting ¢H2 values
on HI concentration. '

[N,0]
(iv) Equation (4. IB) also suggests that if the TEET_ ratio

and the I2 concentration are both kept constant for a varlatlon

of [HI],'then thefe should exist a llnear relatlonshlp between

r

ko .
m—“ and £311Nwith:a slope equlvalent to —;[I ] .2nd an 1nter—

cept of — —2 +f1. The constant [I ] value referred to here,
“is the S.V.P. value of Iz‘at the temperature at which the
. . ! “.. -

i

experiments.were conducted.
-1 ]

1
Figure 4.14 shows a linear plot of ¥ versus ([a1])

for the data in Table 4.15 for the 2537 A wavelength. The value
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%
b ]

Figure 4.13

Plot of ¢H2 versus [HI]o for the photolysggs
of pure HI (couversion < 8% of HI) at 25°C

B
4
.
N
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-
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-
.
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Figure 4.14

ve{sus TET] for the photolysis of

Plot of

.-%2

, - -Q '
HI/NZO at 25°C and 2537 A in the presence of

added iodine

3}
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TABLE 4.15

¢H2 for Various HI_Copcentrétions

| [§,0] .
and Constant TETT_ Ra?ios at-25°C -
ol . [B] - Iy Mplp W, [y “Epg %y
[HI]O (umoles) (umoles) (pmoles)  (umoles) (umoleg) (tein- (moles B

steins) einstein™l) -

. * o
A. [A » 2537 A][Time 450 seco
(§.v.P. of 12 = 5,20 umole

1.0 4,42 0.69
1.0 7.34 0.97
1.0 15:0 1.41
1.0 24.9 1.90
1.0 30.1 2.16
1.0 50.4 3.44

‘ o . '
C. [X - 3660 AJ[Time 21,600 s
(Added 12 = 5,67 umoles)

1.0 1.56 0.15 °
1.0 . 2.51 0.17
1.0 4.65 0.20

e

o
8

92.9

10.8 113 5.18
- 14,1 - 192 176 -8.36
22.1 3680 327 16.5
32.5 660 s 607  26.9
38.0 792 ' 727. 32.4
59.4 - 1161 < 1054 54.0

onds] ;
11.5 201 . 192 "7.34
16.1 370 351 11.3
20.1 597 568 15.4
24.4 772 735 .. 19.6
26.2 921 880 21.2
29.6 1177 1;29 24.5
econds]
7.58 958 954 T 1.68
8.39 1935 1931 1&’64
10.6 3957 3947, Wgs

LA

|\\~

 0.825

0.835
0.878
0.909
0.926 -
0.930
0.935

0.881
0.907
0.916
0.922
0.928"

AMVAMALT M

.0.929 |
0.950 T
0.960 .
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k . . T . 1
7 . ' . . . . N - N
of.£;-= 3.1 £ 0.1 obtained (112] f‘S.ZO umoles) agrees well

. . k )
with pgg's (80) 'hot atom' value of il = 3.5 + .3. TFrom theré
- . 2 K

intercept 'of the plot, a value of Eg = 17.9 * .2 was obtained.:
3

This value is reflected in the smaller amounts of N, cémpéred; "

to thoseof H2 produced. ' '

~

Figure 4.15 gives a2 second correlation plot of

1 - ‘
(¢H2) versus .([BEI]) ; for the corresponding data in Table

o] . k
4.15 for the 3130 A waveleng;h. Here El was calculated as
k- 8 k

5;9 * .2.  Thiswincrease of El at 3130 A over EZ at 2537 K
. , ' 2 2
.certainly suggests that hot atom reactions are occurring.

. k
From the intercept on the (¢Hz) 1 axis, we determined E%,as
. s 3 °
19.6 * 0.6. ‘ *, ) . .
- - o k . k .
There is thus an increase in both = and — asg )
. k . . kz - . k3
becomes greater. For Eg’ this seems to indicate that the
3 . ,

H' + Nzo reaction becomes less favoured as the average trans-

IMYHAaET HYINY

lational kinetic”energy of the H atom decreases. As the H
atoms become more thermal, thé rate of the E' + 12 reaction

increases relative to the rate‘of the H' + HI reactionk\and
 ky : - _ = .
hence 7— shows an increase. :
k
S ' ook
. : Further evidence for the increase in 5 and E;
with decreasing translational kinetic'energ&'of the hot _
_ o 3 ) .
hydrogen atom, came from a third correlation plot of (¢329 '

T . [s] . R . :
against ([HL]) 1 with X = 3660 A, where the values obtained - b [

-k k ) . :
for El and Eg from Figure 4.16 were respectively 8.5 + 1.0
. 2 3 - - | : . .

and 32.1 * 1.7.

. s e
At the lower temperatures of 59C\a32?-%q,5 C, the
T ‘ {

9 N -
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Figure 4.15

F L

Plot of —— versus for the photolysis of
. ¢H2 [HI]

o]
EI/N20 at 25°C and 3130 A in the. presence of

. acided ‘I.2 \\
- ar
o ) - 3
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. Figure 4.16

Plot of (¢H')-l versus ([HI])_l for the
T2
o
photolysis of HI/Nzo at 25°C and 3660 A in

the presence of added-I2
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kinetic hghafiour of the photochenical system ﬁas sinilar to .

'that at 25 C. The only significent change-was the notieeable

decreaﬁe in Rz production at the longer vavelengths 3130 A

.énd 3660 A esPecially so at 3660 A ‘The correlation plots - ' N

TTe—— e
- .*.—.___ -

7-- k . [
* 0.2 at S‘C and — = 3.5 _-0 5, T = 18 l t .2 .at =-20.5°C,

k7 k2
in Figure 4.17 produced values of =L = 3.3 % .2 apd == = 18.0

Y x X3

ko k3 oo

both plots being constructed for experiments carried out with

o)
the 2537 A (Tab

EZ and Eg‘revea
ky k3

mental range an

le‘4.16). Inspection of these two parameters
1 only very small changes witkin.the experi-

d this result was reflected in‘snall activation

energies obtained from the slopes of the two Arrhenius plots

in Figure &4.18.

\m{ and

iheﬁgoésplation vas earlier made, that tke HZ pro-

ducing reaction, i.e., .

,l-ﬂg

The calculations gave E, - B, = 0.42 + 0.50

—~

E, - E, = 0.04 * 0.04 keal mole -. -

+ §,0 *.K + 0E~ (4.3)

z et 2 .. “-—._\

i

seemed to be-more favoured the hotter the H atons. ff\this

is so, then at’

-~

yields .of Nz

e

drop, the activation enexrgy assoeiated ;\Eh the

e

longer vavelengths and low temperatnres as the »75\\\

=2 ratio ‘should show an increase over the value obtained Wlth

3 = o

the use of the

\2537 2 radiation. The hﬁ?her the enexgy of

“‘-.

atoms or radicals particxpagépg in reactions, the, snaller the

dependence(éz these reactions on temperature (79,81,83).

.

koo

: k
The progression of E; and\ § to higher values, be—

‘\_‘ \

came more evident as a shift was made to longer wavelengths.

T
S

~

Peapd

-

AP
S T

1y \.';-' .

~—
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'Figure 4.17
-1 -1 | Co
Plots of (¢Ez)~ versus ({HI]) = for the | S
- _photolysis of EI/N,O at (i) 5°c, (i1) -20.5°¢ i ‘\;
. . - ‘ ] =
and 2537 A ? =
. * . E
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TABLE 4.16

" Effect of Added Iz and ¢H2 for Varioﬁs HI“Cbncentrations and

. [N,01] ’ " - o
Constan;*TﬁfT—»Ratios at 5°C and -20.5°% with the 2537 A Wavelength
% (S.V.P. of T, £5.20 moles)
‘ - . . l. \
[Nzo]O [Hzl; [Nzl [IZ]f [HIIO [HI]f ¢H2
EIT

tumoles) (imoles) (umoles) (umoles) (umoles) (moles einsqeinTl)

A, [Time.300 éeconds][?emp: 5%]

lB__

[Time

1.0 -

N
1.0
1.0
1.0

15.0
19.1
20.7
24.0

15.1

191

[

20.7
24.0

0.91

1.09

1.15
134

0.77
1.03
1.10
1.27

16.0
20.2
" 21.9

25.4

300 seconds][Temp: —20,5°C]

16200

20.2
21.9°
25.4

326
806

- 1290

1968

- 319"

798
© 1281
1913

766
1246
1918

288

758

- 1237
1863

294

0.937
0.943
0.945
0.946

".0.946

0.9473
0.947s
0.947s

“4:453A,f

S

FHI

14

g VU TP
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Figure 4.18
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ThlS is shown in ‘Table 4.19 for the results obtalned with ' S el
the 3130 A and 3660 & wavelength at 25 C 5°C and -20.5%. - : : }T?;

A summary of the results obtained at 25° C-with the 2537.2 e 'Q?Qi;

'wavelengtH.has also been‘entered in thiS‘Teble." The Falculated

el Ty and apparent activation energies were obtained from
2 .

Figures 4. 19 - 4 22 for data entered in Tables 4.17 ana 4.18.

The E2 - E7.values a;e in good agreement wit@ those obtained'

by{o:her‘authers (76,83,96). Ez 1s generally regarded as
Ybeing approximételj'o.o kcal mqle~;.

I
- . -

" The Effect of Added IZ L s

T e = - ;:'-.‘ C—
P
“The proposed mechanism gevernlng the netics ‘of

the HI/H 0 photochemical system, -and the subsequéntly derived

equatiop,-

"

‘ K. [1,] k., [N,0]
T 7 3 2
N Ty {HI] * %, TEI]

(4.18)
2

-

. show ehat if the izvcoﬁtentﬁis %ncreased in Fhe.system o
%or any gieen time'peried, the number of E atoes available
for reaction wi%h EI molecules decreases'and eonsequentky ¢Hz
decreases., o | _ - . ’

'If a known quantity af I2 is injected into the HI

‘photocﬁemical,system in the absence of NZO,‘the relationship

between the‘three-terms3¢ﬁ , [HI1 and [I,] can be expressed as:

. 2
ot S . . - - x {I } '
R - 1 7 o2 4.19
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Figure 4.19"
. N

Plots of (¢H;)-1 against'([EI])_I for
2 . L. :
photolysis of HI/N,0 at (1) 5%, (11)

.6
and 3130 A

-
=i,
o
~
4
-
o
~
-
© i
T
. e ‘
R
o T




1.060¢ -

- 1.050f

l (einsteins mole

1.030

~
.
N
LT
=
T
e
T
-

.1)

1.040

h 4




S

- 155 -

™ i P,
. .
N N . Bk
- o
‘ ' < ‘ N
o .
[ « .‘)-
- . -—'\ ‘ .
- Figure 4.20 L j T | T
| k K, . S oo -
Arrhenius plots for =— and 7— at 3130 A : .
D k, 77 kg
- -: .-,l




‘.80 i

Bl

8

79k

.

1.70

1..60

1.40

1.30

4

Ly o




- _‘O

«

T~ 156 - . :
. ' ) .
q - ’

- o i - -

. = \\\._\_ )

- ‘ = ‘b,‘.
F h |
Figuré 4.21

. _1 R . ] —1' . th . _

Plots of (¢H‘). against’ ([BI]) = for e

> 2 _ :

. , o
photolysis of EI/N,0 at (i) 5°c, (i1).-20.57C

Q
and 3660 A

'
-
- ’
- N
- .
o - )
.-"' "
- /
. .
-
.
-
- -~
..
et
‘a
.
Y
., .
- "
o Ve
s
3
ALY
~ - L)




1.040

-

1-03° ra

- -~ ~ i @
» .32" _*-1' ." o
(einsteifis mole )

2

\._1.020.

[1.012

1.010

, 1.25




N —

- o= 157 -
‘ .
.‘:),i \‘ ! =
n Figure 4.22
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’ 'L‘ABLE §.17 .

- \‘-

Effect of Added 12 on ¢B for Various HI Concentrations and
[x,0]

Constant -{EIZ‘T_ Ratios at 5°C and -20.5°C with the 3130 A Wavelength

{S.V.P. of ‘I2 = 5.20 X mles_) .

CRSTRNNC N % BUR ¢S FR . IO o PR

ﬂ 2
° (]ﬁ:-:!lgs) (umcles) (mies) :‘Cumol'es) j;(mlés) (moles einétd.mfl) -
A. '[n_me'z'?oo seconds] [Texp: 5°C} - .
1.0 10.8  0.43 1.3 390 368 0.948;
1.0 8.6 0.78  19.6~ . 7690 730 0.8%6; .
10 233 0.8 - 24,3 1153 1105 7 0.95% °
1.0 - 27.0 0.97 28.1 = 1541 1487 0.961
1.0 30.1 1.09 31’3 1926 - 1864 | 0.9617 . -
1.0 .36.9 1.32 as.4 © 2338 2262 0.9625 - | B,
==
B. [Time 2700 seconds] [Temp: fZO.SOC] _ ) \
1.0 10.8 c.15 1.1 . 374 382 . 0.9767 ,
1.0 18.1 . 0.36 18.5. 738 703 0.977 i
1.0 23.3 0.43  23.8 1070 1022 0.977s |
e 250 o.48  25.5  WI5 . 1364 0.978
1.0 - 28.6 0.61 29.2 1772 1715 0,978 ¢+ - 7
1.0 34.2 U 0.72 . 34.9 2154, . 2084 . 0.9782

-3
X
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"PABLE 4.18

Effect of Added I, oo %2 for Various HI Concengrations and .
8,01 .

Constant TET Ratios at 5°C and -20. 5 C with the 3660 A Wavelength ‘

I I, (8,] (1] arl,  [E1), O

= _ B 2«
[HI}Q .(m::oles) (imoles) (imoles) (i.nnole;) (pmoles) (moles einsteiii)

A. [Temp: 5-°C] [Time 21,600 seconds]‘

. ) . b
1.0 0.03 1.54 1.59 ~ 833 830. 0.969
1.0 ..  0.04 2.61 2.68 L1961 1956 0.9756
1.0~ 0.09 4.76 14,87 . .3992. 3982 0.978

CN

. B. [Temp: -20.5°¢C){Tine 21,600 seconds]

1.0 0.0L° = 171 1.73 975 N 972 0.988,
1.0 0.02 2.62 2.65 1951, 1946 0.9887 -
1.0 0.03 §.75 4.80 3880 3871 .  0.989
T k
"
I . * {
AW

LIy
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TABLE 4.19
S kg Ky ‘ ' - ”
. Summary 05'1_’ T Values and Apparent Activation
2 3 - . —
Energles EZ-E7 and E3-E2 ‘
Wavelength Temperature . . k_‘]_ . Eg_ EApparent
. ‘ . k k N
Q
@ o) : 2 Eac) Zaqat)
{(kecal molé-l)
2537 .25 3.1+ .1 17.9% .2
2537 ‘ 5 . 3.3¢ .2 18.0% .2 0.42%.40 .04%,04
: 2537 -20.5 3.5+ .5 18.1% .2
3130 25 . 5.9% .2 19.6% .6 ‘ _
3130 .\1, 5 6.1% .9 .27.8: .3 .55%.50 2.88%.31 )
3130“\\ -20.5 L 6.4%1.4 45.4% .5 . | s
3660 - 25 . 8.5¢1.0 \, 32.1fL.7
3660 5 9.4:2.5  $0.124.3 .T1ET2 3.69%. 44 ‘
3660 -20.5 10.8+1.0  ~92.6%9.4
EA(i) corresponds oo :I,)_-EZI7 and EA( 11) correspoads to ‘E3"Ez o

ApmrTis e
L T
%’;‘;‘333;»_ PR N PR LS
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where the egquations,

h
“

HI + hv 2+ H'' + T°

”

H'' + HI | 2, Hy + I
¥ k7
BT O+ i, '+ HI + I°
I +.1° + M -+ 12‘ '

govern ‘the relationship in. equation (4. 19) under steady state
conditions for the production and dlsappearance of H atoms in

the absence of NZO' Equation (4.18) can be rewrittqp as:

p k, [I,] ki [§,0]
. S _7 2 -3 2 » '
' -l M k, [HI] N k, [HI] ST . : (4.187) ﬁw
2

where ¢é reprééents ¢H2 in the presence of both added 12 and
2 . .

added Nzo. _Equétions (4.18') and (4.19) can be combined for

constant concentrations gf EI and Iz, giving, .

-

[§,0]
[E1]

1 1| 3

M o]
g, % 2

(4.20).

The qhantum yield can then be observed in the presepée and

absencé of N, 0 for a set of experimental runs (Table 4.20)
[N,0] k4
d:b 1 5 ainst ——=——, —— can be deter-
and: by p otting (¢ ¢ﬁ —=—) ag THI] £,

mined. Figure 4 23 shows a reasonably good linear ilot for
the two sets of variables, resulting in a sl;pe of z - 122
or ;%\* is6. 5 ThiS'value of 16.5 £ 2.0 for E; is fairly
close to- the value of 19 6 + .6 obtained from the use Of‘ '

equation- (4.18) in the kinetic analysis of the experimental = .
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o ‘ TABLE 420 - | S
~ Y - ¢ : A ) S - G
. “IN01 e
Variation of ¢H with THI] Ratios #n the .Presence of
. _ ‘o T . |
. U N 12 at 3130 A
: .. 24

- -
. -

-[added I2 - S 70 mnoles]['l‘ime 2700 secopds][Temp ‘250 c] T o :*

62 o( H in the presence of IZ’ [¥,01°= .-0), 102903 mol_es--eiﬁstein"l - L
B, B, in.the presence of Iz, [HI] - 184 vmoled) - P O

- . 2 FY - " < Tb ' - . a o - ’ w =
- .LNZO]O [Hzl ) [5?};J = '{ler _ [HI!O_ [HI]f ﬂizabs ¢é2- ) -
[HI]o .+ (umoles) (imoles) * (moles) (umoles) - (imoles) (rein—  (moles, l E A
- o . ‘ , steins) einstein )y .
100~ 5.97 - 0.37 .. 136 - 18 171 7,30 0.818 '

2.05 5.92 Fes - A2.7 T 183 1767 7.33 0.808
3.05 5.63  0.73 . 12.7 .183 o 171 7.3% o 0.767
45,085 - 5.51 . 0.86 12.7° T 18 . -170 7.3 0.750
s:16  5.18 - 0.97  12.9 - 182 168 . 7.40  0.700

6.17 . 4.97 ~0.98 -+ 12.9, 185 171 7840 (0672

£

*
13
—

o

[Hzolo . 7 - l/ _1- ) . . C . ¢
T8I] E’H'z %, - ° .

(einsteins “mole ©) - : : L L

1000 . 0.135, . I N
h/ d" . o . - - [ ] _:'_‘
3.05 . B S 0,197 Nl L

4.08. 0.257 . s : O
5.16 " '0.321 - ,, e
6.17. 0.381 . - ' e

L
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; Figure 4.23 . ) - -
1 IN201 o
Plot of (¢. ¢ —_) versquTEETﬂ— atAZSAq and
3130 A. |

'.' + b in
B R
Hz‘OO . "

the presence of added;Iz-

- y

- o -

)

the presence of both added I, and

7
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—

‘ . o - R
results.at‘ZSQC and 3130 A. The added 12 has its greatest

e [¥,0
effect oo_the B! + N20 + NZ + OE° reao;ion when the TﬁfTi—
) o

ratio is relatively low. This‘is'shown in Figure 4.23 for -
[N,01,

TEET__ w.1.00. The-point corresponding to this ratio shows

an appreciable deviation from the straight line. -The I, + g7
h
+ BI + I: reaction is enhanced by the_added 12, while the )

level of each of the two reactions

B°' + EI - H, + I°

2
_-\\- N ; B'' 4+ N0 +N2--+ 3

o . ‘ - . >

is reduced. o .
ky  ky .9 |

Effect of CO. om — and —— (2537 A) -

- -2 k k

\ R S S
- ) e

COz'causes ‘a reduction in the qusntom yield of E,
. when it is added to the EI/N 0 photochemioal system. A
similar CO, effect was observed by Peﬂzhoru and Darwent (96)
in the photolysis of HI, and by Steer and Knight (lll) in
.the photolysis of mercaptan systems. Woolley and Cvetanovic

(98) also found a\similar effect in the photolysis of H,S

w;th_the 2490.A‘wavelength.

. _ P
In the presence of COZ- the hot H zszosmay be de-
activated acco{éing to equation (& 21), and ohere exists the o
.  g* +.co, > B +CO, , (4.21) y

S B, 2 ' _ v
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possibility of various types of hot H atoms resulting. The
hot H atoms found in the primary process with about 20 or
42 kecals mole -1 of translational kinetic energy-(depending

. ! * ‘2 V\ 2 . - . . § ] ..
on whether I ( Pllz) or I( ?3/2) is formed) may-. require ‘ .

several collisions with CO2 before complete deactivation. 1In - Y‘fFi

‘the experiments conducted, a 150-200 fold excess of‘Ebz,pro— S

duced a pressure independent yield of Hz. It is veryilikely Jar”

therefore that the ¥ atons encountering HI, fz and N20 fole-

- cules in the presence- of this excess of COZ’ will be diSplaying

h

the reactivity of 'hot‘ H atouns whose energies have been

. - -
»

. Jegraded. ) - T BN _- '

' Figires 4.24 and 4.25 show the resulcé'éé plots of

(¢E )'; ageinst ([Hi]); for the 2537 A wavelength., The ¢H2
2 .

values were determined at 25° C, S °¢ and -20. 5°¢c. in the pre-

sence of a 40—£oédx;ncess'of 002 e#able 4.21). nThe’values_of
k k | o T e
El ‘and Eg obtained ere {(Table 4.22) are larger\thaugthose

2 - 73 ‘

previously discussed for this work, for nonnthermalized H

atoms. The probable reasons for these higher values are

(1) the deactivated hot E atoms shov a higher reactivity to-
wards the halOgen Iz than to BI, and (2) the reaction

:'B + nzo -+ Hz + OH' becomes less faeile for therzalized or

?
.near-thermalized B atons. However, some of the E; values

(those at 25 C. and 5 C) are not in the range of 10 + 14, a 7
erange generally accepted as indicative of thermal_B atoms;
‘ ;
'ftom this it might be inferred that some of the E .atoms Te-

. acting with EI,‘Ié and nzo have not 1ost 2ll of their trane-

" A . . . . L ) .

Ly

R
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Figure 4.24

-

Plot of (¢Hz)_1 against_T%fT for the photolysis'

T ' L . Q
“ of HI + N,0 at (i) 25%¢, (i1) 5°C and 2537 A in
the presence of carbon dioxide (COZ).
1co,1

e = 40
T Y
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&
Figure 4.25
| =1 -1 '
Plot of (¢EZ)‘ versus ([EI]) for the .

: : : o
photolysis of HI + N,0 at -20.5°C and 2537 A

4in the presence of cozi P

i ssanEerag e

[co,l A
[HI.} o . b = ) .
~ * ;' . o T ('
)
> -
f
& P
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féct of Added Ct'}2 {(in the presence of added IZ)
. o . ’
at 2537 A in the Photolysis of HI + Hzo

[
1

[Hzolo [002] [HZ] [HZJ _ [HI]O E:abs ¢Hz
[HI]O {m]o_ (imoles)  (imoles) (_mmoles) (ueinsteins) (moles einsteﬁahl)' |

\_W .
A. [Temp: 25°C] {Time 300 seconds][[Iz - 5:56 pmoles]

5.70 032 160 6.0 - 0.826

1.0 40.0

1.0 40.2 6.40 0.33 174 . 7.67 ©0.835

1.0 40.2 6.96 0.34 200 8.20 | 0.849

1.0 40.1 10.0 0.36 244 '11.6 . 0.866

1.0 40.0 11.8 0.39 . 325 12.2 ~—0.887.
N :

B. [Temp: 5°C][Time 300 seconds]{[L,], = 5.56 jmoles]

4

133 - 5.55 | 0.932"

1.0 - 5.18 0.07 ;
1.0 40.1 5.40 0.08 163 5.7 0.940 i
1.0 40.1 5.81 .0.10 191 v ¢6.14 . 0.947 .
1.0 40.5 8.65 0.11 233 9.09 0.952 2
1-(/\&0.1 10.8 0.14 270 . 1.3 0. 95%}

QA ‘ - -’. * N

1.0 40.6 3.30 0.03 81.8 3.35 T .0.982

1.0 40.3 5.02 - . 0.04 121 5.09 0386 .
1.0 40.1 ‘5,14  0.04 133 5.21 0.987 - °
1.0 40.3 5.40 0.05 163 5.47 - 0.988 :
1.0 0.4 6.10 0.06 182 6.17 0.989

O,
{
/
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TABLE 4.22 _ _ LTI

- y ko
Ef_’f'ect of C02 onk—z-andj%- -~ .2537 A)

{co
(BL]

EApparent

F|
I

Temperature
o | - Eaqa) Eacis)
o o : keal mole

- Y

40.1 25 5.2+ .8 22.9+1.2
40.3 . 5 . - . 6.5%1.2 52.6%2.8 1.9¢1.1 6.3+.8

P 2

40.4 -20.5 ° 9.3:2.9 | 16.7%4.2 - o

-

w,l_

E, @) represents E,-E. and E, (44) repres?/t;s' 'EB-EZ

" ' ’/"
—
//- !
-
e
//
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' ~
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latiomal kinetic emergy prior to thelr encounter with HI, 12
and N20 nolecules.

As the excess energy of the hot H atom becomes de-
graded, a temperature effect becomes prominent and the Nz
producing reaction becomes less productive. The irert gas

effect in combination with the low temperature of -20.5°¢C

’ k k
gave the highest values of E% and E% obtained in all the
‘ : 3

experiments. ‘_i —

Table 4. f%itaken from 2 recent review by Holmes
and Armstrong .(118) 1lists several values for (E;) fo; the
Areact1v1ty oé\thermalized B atoms with HI and I,- Figure 4.24

7 k2
shows the temperature effect on 7/ and om T
; | ‘ . ky . k3 S

The composité apparent activation erergy (EB—EZ)

for the processes

kz-
E'+HI _'-sz+I'
) k3 .
+ N,0 +N2+«OH

2 2
0.8 kcels mole-l in . the presenée,of

N

the excess coz. From the kinetics of the thermal hydrogen—

was estimated as 6.3 *

‘Jnitrous axide reaction in silica veséels, Helville reported
Y
the value-of E ﬁ@e aé¢tivation energy for the H + N20 + N, + OH

"reaction as 7.0 kc ls ﬁble 1. The calculatlon of E was based
. on the high pressure temperature coeffic1ent. Melville's

-

value for E.» nd that obtained in this study can be com-

~e T T

sidered close if Ex is very small.-

‘-Feninoze and Jones (120) have obtained a rate
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TABLE 4.23
K, o
Values olf (E-;)m From The Photolysis of HI '
. .
('El)cn o OT * Reference
2 ey

11.2 .53 . 83 )

11.7 - 69 83

1.9 ’ 102 R 83

13.5 . 16 : 82
3.01 ) 154 82
7.00 ¢ 155 80
4.69 198 82

11.40 200 - 83

10.20 393.6 75 .

14%4 | - 394 .76 | P
8.85 L 437.1 S £ g R
g.2b - 464.7 15 L

122 _ 527 .76 : |

{ A
N
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156000 - -
RT Y 2 mole 1 sec 1 over the

constant of 4.0 x 1011 exp (-

temperature raﬁge 1000 C to 1500 C for the reaction

H + Nzo -+ NZ + OH

The value ;f 16;6’kca1 mole-l is e‘surprisiﬁgly large.actire—
‘tion energy for such an exothermic reaction (Aﬁg = -62.3 kcel
"mole_l) -

Henrici and.Bauer (lﬁi) in order to get the best
fit for their deta_in the reaction of hydrogen aﬁd nitrous
oxide, behind inc%aert—shock wa;ée-over the temﬁerature range
l7OQ°K-2600°K, ﬁseé‘a_value of

120 3 -1 -1

ce 3 ! ..
k3 = 4.0 x 1013 exp (- R ) cm\ mole sec :
e e e k’3 - .
for - B N,0 T 0E kN,

Besides the indirect ‘method of arriving at k3, there were

:incpnsistencies in their experimental uork in theﬁiower tem— .

perature_range,'whiéh could not be reconciied within the

frame-work of the assumed mechanism.

N, -

The Inhibition Efficiencies of Helium, Carbor Dioxide and

Nitrous Oxide in EI Photolysis (2537_&1

Helium, because of its smaller mass, is a better _ L

"~

moderator of hot E-: atoms than CO,. From & sinple billiard baltl

X

2

collision type of approach 1t would take eleven times as manRy
collisions between 2 CO2 molecule_and an B atom to effect tf\\
same amount of emergy rransfer between 'a helium atom and an

H atom, momentum being conserved im each case. o : ﬂ?ijf
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For the photolysis of EI in the presence of N, 07
2

Figure 4.8 shows that the Hz yield fa}ls by some 602 with

increasing helium, whereas thefﬁz yields.falls omly by about

30% with increasing COZ’ indicating the greater efficiency
.°f Ee‘atoms‘in;mode:ating hot H atoms. In the region where.
" the inhi%ition-effect of 002 starts to level off, the cor-

responding‘effect of He on~the~I2 (or Ez) production, occurs
, M1 '

at a smaller ratio of [EI]°

Examination of Tables 4.9 and 4. 13 for the photoly-

sis of EHI in the presence of CO, and He, shows that as the

[inert gas] ' k '
ne 481 ratio increases to bhigh values, =7 tends towards

(a1 (co,1 ¥2 g0
2 limiting value. In the process of TETT— or [EL]

k

k; increases from approximately 3.5 to an average

‘ k

value of 12.0. The smaller valﬁe of El is associated with the
2

reaction of 'hot' H atoms with HI and I,, and the larger

being

maderlarger,'

value, with the reaction of thermal hydrogen atoms with EI

and Iz | Figure 4.27 shows the relationship between the experi-

k7
‘\xmentally determined values of E; (in thLe presence of 002 and

He) and the curve obtained by Holmes and Rodgers (83) in

-

their study on the HﬁE/;;;m effects in- the gas-phase photolysis:

of EHI.

On the hard sphereé collision theory model for atoms

and small ﬁolecules, both co, and Nzo would -be efgected to

‘:démoﬁstrateisimilar capabilities for moderating energetic

speciea 1ike hot hydrogen atoms. Eowevera Iables 4 24, 4. 25

| \and ?igure 4.28 show that this 15 not the case. . herefgre,

|
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N
Figure 4.é6
Arrhenius plots for = and 7 at 2537 A in ‘
: 2 3

the presence of the inert gas effect of Coz.ﬂ

4
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/
Figure 4.27 p
’ ]
-k7 : 3 [inerxt gas] 0 : ‘ E :
"=—" as a function of ratio at 25°C 3 ;
ko , [EI] X : !
[»] '
and 2537 A
e €O,
6  Helium
.;J:" .
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TABLE 4.24

| Effect of €O, on HI Photclysis at 25°C and 2537 A

(Tize 900 seconds] =~ | { ] R e

B 7% BN - N L) e, uﬁzf [co,] 4
Tﬁﬂ_ o o 2

°.‘  (pmoles) (umoles) (mm:_Les-)‘ (umoiers) (imoles) (moles einstei;n-l)

0.0 16,0 16.0 105 - 730 105
5 s 165 1060 75.1 521
15 133 13.4 105 78.3 1575
20 128 © 13.0 105 79.0 2083
% 122 122 105 80.7 3128
so _ 1.3 - 1.3 . 104 . 8L.3- 5205
160 0 1003 10.3 104 . 83.4 10,400 ’

150 0.2 101 . 105 ' 848 15,750  0.630 |
00 101 . 101 104 83.7 20,800 0.630 "'
: '

.o - e
- N
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TABLE 4.25

Effect of NZO on Photolysis of HI at 25°C and 253?‘3.

P
[Time 9.90 seconds] - ' L

wel, [l W Wl o0l g
(BIl, - (moles) (pmoles) (imoles) (umoles) ' (ymoles) (imoles) (moles .
' ‘ . einstein

0.0 6.0 0.00  16.0 105 73.1 0.0 1.000

Lo 16.6 .. 0.65  15.3 104 73.3 104 0.910

2.0 13.6  ~1.20 . 148 104 - 74.5 20 0.850

3.0 127 1.6z 143 oo 7540 B3 0.7

so 123 L 141 7 105 767 420 0.769

© 5.0 120 197 %.0 105 . 76.9 527 0.755

6.0 119  -1.98  13.8 105 77.4 630 0.744

7.0 11.8 1.98 13.8 106 76.5 s 0.738

8.0 18- 13.8 105 76.6 840 0.738
. 9.0 1;1.3_ | 13.8 105 76.5 945 0.738
10.0 . 11.8 13.8 106 76.5 1041 0.738

1.0 118 3.8 104 763 1145 "0.738

) | .

N
\ .-. N
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- Figure 4.28

Plot of ¢Ez versus %%%T ratio for inhibition

'of'Ez_pgéduction by Hzo'and co, at, 25°C and

o
2537 A

Pl
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 there must be some other facto£“wnich serves to distiﬂguish . :f:i
these two moleculesiosofarae their moderation efficiencieo

for hot B atoms are concerned.
The molecule. of nitrous oxide is lipear end un=

syametrical. ~ It may have thef?truc;ure'N—N-O-which lies be-

tween the two canonieai forms ¥-NZ0 and ﬁin-p. "Its electron

-

structure 19 probably similar to that of carbon dioxide;
which accordihg_to Hulliken (122) is

orzazczczqzc‘zqz “aﬂa

corresponding to a 1 state for a diatomie molecule. A
definite prediction as to the nature of the uppetr electron-
~

state is difficulet. o S -

-
Manning and ‘Noyes (123) in their work on 'the-

_photochenical decomposition of nitrous oxide sensitized by
mercury vapour', gave‘some indication of the existence of 2
definite eompouod-Hb°Kzo (R302)‘stab1e et l1iquid air tempeTa-=
ture.: It is therefore possible that collisions between Hzo

molecules and E' atoms could result in some'CYPe of very j o

short life limear complex such as

{ﬁ-—ﬂ.’-':_:o--—-a]f

If we now compare this" assumed sticky'collision

with a-similar type of. eollision efween E.and COZ, giving
[CODEJ we can diseuss the relative inhibition efficiencies in

':erms of inelastic collisions of’ the f£irst kind. An inelastic

.collision of the Eirst kind 4s. an encounter between ‘an atom , |




(molecule) and an energetic speoiea.(e.g; elettroﬁ;‘gtbﬁTbr = L Ve
3 = - e

molecule) in which kinetie energy. is converted” into excita- . "”'- Cooam
tion energy. When the excitation energy of an atom™ or-mole;'f
cule 15 converted into kinetic energy, i. e., heat Vthe en-.
counter is called a . collision of the seeond kind--~;g;;'"'" “f{
The lowest rotational and vigiational states of £ ST
co, are enetgetically lower ‘than those of HZO (124) and
therefore these states arQ'moreueecessible to kinetie energy _ 1  kiﬁ
transfer to rotational and vibrational forms.’ Thueian over—
all transfer of energy into the three most available forﬁs
(translatioeql, rotational and vibrational) will favour the‘
CO2 nolecule and this should be reflected in its greate: hot
atom moderatyin capacity.

Intensity Vandation

Equation (4. 16) shows that if¥ the EI, I and NZO
concentrations are kept constant for different series of

time-yield experimental Tumns, While 1 is varled from series
d(g,) :

to series, then it i; should remain constant. That is,
: a-
i LIS L (4.17)
it I L, Ky 5,0
a 1 4 § o
L T %, [BI1 |k {EI] -
2 2.0
Sl BN (4.22) o
k_ - e L
7 -3 P
1.4 ==K + - 0
: - kz a -kz Kb R 7..‘ ":t
- "-_ _ 1 ‘.--.K" o l - (5'23) ‘ . L
- S T .- c
’ i - - - - RS
g I




I

-/‘ - 181-

- where LS Kb,'Az B and ‘K are all coamstants.

o]

a

.?Sigqe ;a g'I er 1I_, = pIO,'then .

4@ o %y 1
b dt T dt ol
- d‘ (Ez) __l r o . v
.o it Io w pK = 9§ : . (4.24)

(p gnd 6|are'aisp conétants).

-

[

Experimental

S

) Iandian-ink solutioﬁé of:different‘dilutions were

employed as filters in order to assist us -in varying the

_initial light intensities (I ) The stock gquantity was "of -

the--Leroy grade. The strengths of these pfépared solutions

were adjusted by exanining
Qgternine how mnch 1ight th
céntage of light vhich woul
could be regulated by effec
strengthening of the filter
The indian-ink 50

neter cell in 2 position be

qua:tz window of the insula

vessel. The actinometer ce

them spectrOphotometrlcally to
ey absorbed, and hence the per—
4 be allowed to pass at 2537 A
ting greateT d11ution or by the
solutions.’ i
Jution was plécea in an actlno—
tween the focussing }ens and the

ted box housing the reactidn

11's .diameter W3S larger th&n the

width of the windov, thus,ensuring that each ray of light

passing through the. quartz

glass window of the reaction

' vessel cage, would bave passed through the jindian-ink

<

<




N\ - 1§2‘-

solution. For each time-course tun (with 2 particular I

value), a fresh solution of the prepared diluted stock

solution of indian-ink was used. This was mereiy a2 pre-

cautiqnary method, although it was shown that tﬂg’same

solution of indian- ink could be used more than twice with 3 *
given set of initial concentrations of HI and NZO and still

prodnce the same results.’ Each runm was conducted at -ZD.SOC.

_Results and Conclusion CooE ) -

The results of the three sets of experiments at
three different init;al jntensities are shown in Table 4.26, :i ¢
and from the data in this table, three pairs‘of graphs have
been constructed. Figures 4.29, 4.30 and %4.31 show -the
straight line/’I;ts of [H ] and (N, ] versus tlde and from -

2
these straight 1lines, the values of the slopeerE—-(Raz)‘and

dR
dt (RN ) were obtained.

The S.V.P. of I, st -20.5°C is very small (C..104

imoles for the volume of the. reactionm vessel used), and by
sing the 2537 A wavelength in conjunctlon with a relatively
large initial concentration of BI (* 520 umoles), ‘+he S.V.P.
°f_12 is reached very quickly éless ‘than four seconds), and

the assumption concerning the constancy of the I, concentrar

¢ion during a time-couTrse ILT, is therefore'justified. The

. 'o .
quickly attained s.V.P. of i, at -20.5°C also_allows the

time~yield grapns to be linear evem {n the region of the

‘graphs' origin.
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TABLE 4.26

:.‘i’"i..

-

_ Rate of Hydroggm Production at\Different Light Intemsities
’ 0
at =20.5°C (2537 &)

7 . .

[Nzol‘é Time (H x

o RN T TR A O 3 PR £ PO

A[Hﬂo‘ (seconds) (umoles) (umoles) (umoles). (umoles). -(um@oles) (imoles)

A. .Intensity, I - 11.14 x 10.8 einsteins sec:_l

2.81 300

8.17 0.58 8.81 - 515 498 1448

2.80 ‘900 25.6 1.71 - 26.4 523 471 - 1466
2.80 1200 33.1 2.29 33.4 523 452 1465

. 2.80 1800 49.1 3.42 . 52.6 523 417 1458
74.0 5.14 . 79.3 520 361 1446

2.80 . 2700

*

~

B, Intemsity, I = 13.14 x 10-'9 einsteins sec

N2.83 gog_/ 0.98 .
- 2.81 90 2.95

0.12 - 1.16 522 s19- 1477
0.37  3.38 523 516 1469
2.1 . 1200  3.90 0.49  b.42 524 515 1482
7.83 1800  5.87 0.76  6.67 525 512 1476
2.82 2700 8.75 1.1 9.93 525 505 1481
C. Intensity, I_ = 27.72 % 10710 ednsteins sec )
281 900  0.61 0.12  0.78 526 525 1479
. 2.83 1800  1.22 .  0.26  1.50 526 523 1489 B
2.82 2400  1.62 0.33  1.98 523 519 1474 -
> en . -° 2700  1.83 - 037  2.26 523 519 1486
2.82 600  2.44

0.49 2.97 525 519 1480

‘ _ ) - B
D. Comstancy of (RE‘ZIIO. - 531(2537 %) = 80.0 litres mole  cm

®x, S | By /1) 3

- -1 s N
(zoles sec_-l) ‘(einsteins sec 1) (moles einsteln ) _(einsteins sec ) _
. 4 -
27.0 x 10'?0 /1116 x 1070 0.242 2.79 = 107
: ' ~ 0. .
32.4 x 10~ 13.14 x 10 333 050

66.7 x 10711 57.72 x 10720 0.241

1
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Py

Figure 4.29

Time course plots for Ez‘and N, production

at -20.5°C for Io = 11.14 ::'10-8 einsteins

-1
sec
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( pooles )~
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Figure 4.30 N

Time course plots for H, and Nz.pfoduction

at —ZO.SOC for Io = 13.14 = 31.0'_9 eiﬁsteins

-1
sec




10.0 -

[32] 6.6
(p, moles ).
' - 4.0

2.0}

2.0

/_/“-
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'Figure 4.31

Time course plots for Ez

at -20.5°C for I

S
sec

.

-
.
- '
LY . ‘
. '
o
H .
! ! - ’
.
‘
P *
-
- - .
- .
~ - -
b
a
R .
- -
-
- i
. . ~ N
-

= 27.72 x 10°

=
—
-
.
g Y

and 32 production
einsteins

o

)
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The extinction coefficient with which HI absorbs

in- the region of 2537~A was taken as 80.0 from the HI

absorption curﬁe ip the work of Romand (70). The calculation . SRR

o _ Ry R ' B
of the differeant I values'were_then_effected,'and the _Tg Tt
: - o]
ratios were determined. Table b 26 shows the relative con-
. Ry 2 Ry
stancy of the_—ig valnes. - The-fact that these ratios (or =2
o : a

ratios) are constant, supports mot only the tenability of
s .
equation (6.16)° in dealing with the "kinetics of the HI/Nzo
photochemical system, but also shows that in general the

experimentai'results are in good agreement with .the ‘theory.

Hot Aton Treatment of the HIINZO Photochemical Systen

In addition to the classical mechanisﬁ

-

-
A

Fra

kz' ' s : Lo -

- B + BHI ~ H, + 1t : . (6.2)
. kL | .
B+ I, + BI + I° (4.7)

-

describing the fate of thermal E atoms, 2 numberrof reactions

e

can be vritten in order to account for the hot atom processes.

Such appropriate reactions areg ,

R | . hv \ . (4.1)
- L - HI ——I-—"" H +\1 . . ( )
AR - Ta , ,
. . £g~ k25 ' I . 4.25)
, g+ EI + B, + 1 : .
o x / ’ o "
g‘*' + I, 26, F.'I + I \ : (4.26)
' 2 \ . _ .
¢ - " k* ' .
E-*.' + HZO 274- N?. + OH\ . : (4'27)
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a°*+nok28;~ﬁ'-'+no G
2.. . . 2 N ( -28)

K - :
where E is a hot B atom, bot enough to rezct with Nzo,

and E° represents all other H atoms. k:s’ k26’ k27 and k28

are average specific rate constants. _Fron the above reactions,

the following rate expressions can be formulated ;;y

~§uz. * . |
- k27[ﬁ 1[8,01 | e (4.29)
am, :
'-&-t-— =k 8[3 ][N 0] + kZS[H ][HI] : (4.30)

-

Dividing equation (& 30)~ by equation (4.29), one obtains:

- p—y i 0] | (4.31)
B - 2 . Eag -

we: have assumed here, that, conversions used were low enough

(typically .4n the range of 72) to avoid very significant

_ scavenging of thernalized hydrogen atoms by I,- Equation

(4.31) can be rewritten 25,

-

o 8,1, - Mplo f27 27 (¥,

| but'[HZi and [N ] re_both equal to zero., and tﬁerefqie,

_{.E__]...EZ_B..,.E_Z.E 81l - '(4.'33.5
[n ] - kg 29 [5201 . "

Application of equatiou (4.33) to.th &ata in

Table 4. 27 jed to the linealr plo:s in - Figure 4,32+ | The

| . k " )
-*:alope (S) of zach plot kii gives the ratio of the number o£ Lo

‘to the number involvedt. Cat

%,EhOt hydrogen atoma reacting with HI )

. e . .. e e
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TABLE 4,27 °

.~ ).  Product and Reactants Ratios in the Photolysis,

* of Mixtures of HI and N0 at 25°C
Q . ! _. l'_.

- f
- 4
/
. ; o
. . .4 i 0 :
- > - . - N
. il Y . . . \
< R ~ - Z‘

L3 T % W1 =,
iNzojo ;..“ (umoles) \ S .(LI;I!OIES) e _['Nzi‘

4¥

b

| o : ' v ..
A. [Xx ~+ 2537 A) {Average,[@l]o'- 651 ymoles] L

0.90 -1 T - 27 . < 180 . 137

0.50° - 237 L2888 - 822

035 . 226 T 380 . . .5.80

0.25 ., 2.6 . o GOL 640
0.20 e e Lo sayoc T auss

. - - . -

’\}1

]

B.. [A~+ 2537'21 [Average LHI] - ?73 umoles]

0.79 T R ‘1,33 - 1.1
oso  cmea 0 LeL. 7.9
R T T % AU 2.46 5.58
Coee2s L 131 | .32 421
o.20 . 126, . - m.es 345 S
0.17 . d2.2 L 405 | " 3,01 B

’ ['s) S '.'A '— . ]
c. [XA -+ 3130 Al[Average [EI_]'O' = 510 umoles]
a - N ' ‘

1oo- | 13s. T 099 13.6
0.49 T 13.2; N 1,22 10.8
... 0433 ‘1317 . . L35 e B

n
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—
o=
o ‘ .Fi'gﬂg-rg 4.320 -
. - = : ' ; . ' :
' _Plot of p:pduc;t ratios against reactants: S
‘ ._ratios in the photolysis oﬁ EI + N20 :
—Q_‘ mixtures at 25 c . _
o -..-, _- e -HI + 2o at 2537 g‘ (Ayera;ge [BI];\-
) ‘ :6‘5‘1 ;umoles) | o .
) -9 | .EI‘ + Nzc at.253;‘7 2 “_(Average; [BI]O . ]
‘ 373- moles) o T R | .',/
~ k a1 + _Nzo-at 3130 g—(AveEagg '}ax]o ’ ’
g 510 ymoles) .
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in reaction with HZO' The intercept (I ) —— gives the .
' ratio of the pumber of hot hydrogen atoms whieh are deactiva—
red in collisdions with NZO’ to the number which react with

NZO‘ and the net probability of reaction (4.27) is Pu(l+I )

The respective slopes were calculated ‘as 3(2537 A) - 11 0 and

Y

> o - } -

5(3130 A) 5.6. The interceptls obtained weTe I.(2537 g) = 0.95

and 1 o = 7.9. Figure 4.32 shows that the net rob-
(3130 &) g P

ability P-increases with the initial eneTrgy: of the hydrogen

atoms produced by photolysis, and the chance\that reactlon

will occur between 2 hot H atom and a nitrous oxide molecule‘
relative toO the-moderation process between these two entlties works

sut to be 50% at 2537 2 and 11% at 3130 R. These values

. geen reasonable in the light of the relatively large exo-~

thermicity of the g+ N,0 > N, ¥ 0E reaction (Aﬁz - -62.3
keal mole_l). gldershaw et al (123) obtained s value of 12% _ﬁ
for the net probaﬁiiity P of H + X, 0 + OH + N2 oceurring at

2790 A and a value of about 3% for P at 3130 8. The latter

value appears to be smaller than what would be expected, and

tould be a result of experimental errors 1nvolved in the

measurements ofrthe tiny fractions of N, which the authoTs

obtained after degassing H, and szfrom jnvolatile products

at liquid nitrogen temperatureé.

k o

A conmparison of E%i at both wavelengths of 2537 A
’” 27 .

and 3130 g, indieates that there are approximately twice as

many hot atom reactions occurring with the former wavelength

as witﬂ the latteT wavelengthe.

.
S
~
s
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Moderation’of ;Hot‘ H Atoms by CO, and He in the Photolysis

o}
of BI. (2537 A) '

.qua assumptions will be made here, {a) that the
moderation that occurs, only does so in;collisions with the
inert gas and (b) that hot H atoms react princieaily with

hydrogen ‘jodide. There 1is lictle change in R(k [k ) with
small inert gas additions and the HI quantum yields are very
close to two, s0 bhatfthis'approximation can be permitted.

. The fraction of collisions that occur with the
moderating gas can be expressee as

v

O’MH

1
oy [M] + 0g[HI] (T + ogl8L1/0,(%1)

where. Oy and Ui-are the cross-sections for moderation and
reaction respectively. When an atom makes N cooling collisions
before it becomes thermalized then the chance that it will do
so witout reacting, ig given by,

N
. . .
a - yr= [1 m cR{HI][cM[H]] - 33

For the estimation of N, it is mnecesSary that the maxinum
fraction of the translatiomal enexrgy transferred during a
collision, be known. This is expressed 3s,

AR 2 . 5.36)
: - 4 HAMBI(MA + HB) | ( ),

where HA and HB are the masses of the colliding bodies A
and B. Expression (4 36) was derived for a direct collision

between A and B'zlong “thedir line of cemters (see Appendix 2)-

%* . T T .
(y is the ¢raction of hot E atom reactions). .
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L4

In addifion} the ipnitial energy of the hot atom,-nnd the

minimum energy of the hot atoms must be knovn. For the.

2537 A wavelength the initial en/igy is 42.0 kcal nole -1 and

the minimum energy is identified with the activation energy
of kz (E7 is considered as approximately Zero kcal mole }).

k, ﬁ
" + HI + By + I
k

- B + Iz . HI + T°

The value of E?_-E7 obiained i{n the studies with CO2 as the

‘jnert gas was 1.9 = 1.10 kcal mole —, and we have chosen the

1ower value of 0.80 kcal mo].«.a—l for the subsequent calculations;

The choice of the lower valne.of EZ-E7 can‘be regarde&las
permissible; since the subsequent treatment is.not sensitine
to reasonable variationé‘in this value. The value of 0.33
keal molé_l for EZ—ETVObtained by Holmes and Rodgers (83) in
their studies with He as the inert 83as, will be used in cal-
culating the number of collisicns N between EHe and hot H
atoms to achieve the_reqnired level of moderation (q:35 kcal
mole;li. N
For the calculation of N, the aumber of moderating
collisions, it was necessary to derive anocher expressinn |

wvhich related X, The expression

AR
B’ (initial) and E(minimum)'
obtained. (see Appendix 3) is shown in eqnation (6.37)

ir—————

-+ B >
(1 - 2BHF - oin | (4.37)
E E
init

bl N
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It thérefore requires 5 collisions with heliuﬁ to moderate
hot hydrogen atoms from 42 to 0. 35 kcal and>43 collisions
with CO2 for the moderation of hot hydrogen atoms from 52 to
0.80 kcal. '

For the classical reactions,

. kz % - -
H® + HI +~ B, +I° o (4.2) -
kg ' '
H® "+ Iz L BT + I (4.7)
and the hot atom reactions, .
W *ss .
™ + HI ~ 5, + 17 , (4.25)
‘ . " | | N
- . * R
R 26, Hi.+ 1 = (4.26)
-;J ) . - * . kzl' - - {

H."‘!' M *H +M_ : \

(where M represents the inert gases CO2 and He), the rate

_ éxpréfsions afe as follgvs, ’ .
. N o | .
dH * * * . .
So— = I,mk,g{E JIEIT=ky (B 1[I,3-k,,. [E 11} (4.38) .
\'1
.dH .
kch 21,[& 1[M]-k, [EIIHI]-k [E1{1,] (4.39) .
i dE, - :
E—— - k [B][HI] + &k s[H ][EI] (4.40)5.

- - . -

assuming one steady state treatment for 'hot' hydrogen atoms

_agd'another for thermal hydrogen atoms, we obtain,
I'F\&\“‘

el a_ .  (s.sl
I# ] f kg [EI1 + ky BT, T + kpy . [¥] ' (4B
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21‘[3 10x]

Combination of equations (4. 40), (4.41) and (4. &2) giVes,

a5, . sk, [HI]I kyq 0 [M]
3;- (k, [BI]+k [12])(k 5[HI]+k gLI,1+k 1,[u]
[a:] I | ,
5[31]+k 6{12]+k 1,[u] . (4.43)
dH BI]-I,
il:e. 2 25[ 1

at k25[311+k [z ]+k21.[M]

k, [B1] 1 k21,{H] ‘ 1

5[31]+k26[1 }+k21,[H] k. (L
| . (1 — r———
- '_ . ‘ 2

- . . b

Hultiplying the first term of the right hand side by

(4.44)

5[HI] + kzs[I i
k,gI] + kpgll;]

gifes; . ‘ ) . .
aH Y 1 | (1-Y1,
2 - a .
it [12] +- (L, ] (4.45)
(14R === [a:} (1+Rw[EI]) N
k. [EIT+k, (1,1 .
. : o : 5 26 "2 v o
where = [HI]+k 6t121+k21.[p1 . (4.46)

.and is identified with the fracticn of hydrogen atoms that

undergo hot atom reactiona.  (1—79 is identified with the

fraction of hot hydrogen atoms undergoing modhration. R is ©

k Al
ﬁ,—£g>the,ratio of the rate constants for the hot reactions
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ky
and R is E; the ratio of the thermal rate constants.

It can be seen that 1if all ‘of the atoms reacted

. -

hot, Y would become unity and equation (4.45) would be re-

duced.to the first term. With an infinite amount of

moderator present, there would be no hot atom reactioms, .y

sacond term. Both of these limiting equations are of the
form : e 2
[RIl, '. it a PRES £ 9%
2°f (
47 [EI]i 2[1’2]f 2

Igbsxt—(lz)f

‘Equatiod (4.47) is the‘integrated‘solution for the rate

equation - - )

s '- : dIz Iabs . dEz

dt - [I 1 dt
(1-+ R [HI])

An adequate evaluation of the parameters of.

would be zero and equation (4.45) would be reduced to the

4.47)

equation (4.45) can be found by interpreting the results im

terms of equation (4.47), .__ .

i.e ) Taps . YI.ps + (1-7) T,y
ae ECe | (1,1 | (1,1 1, I
' R_
. (1+RI313) Ry O TEID |
' 11,1 |
o2 [inert ga as
With E , B, and {HI] fixed changes 1in [HI] values

) 15‘obtained from the forgula
' ' § e = + R === . .
. X : " . ¢H 1 [EI] . 7 . -
. . 2 C

-

(4.49)

should allow us to follow the variation of v with R, where R

-

.

(4.50)

4

TTVTAITY T
- - - . PR PR

s
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Bere [I,] is the S.V.P. of I, = 5.20 imoles at 25%¢.
Op re-arranging equation (4.49), an expression

for Y turns out to be,

(R, - RI(1 + R [12})
y = — ﬁu]_ L tasD)
(R, "Ro)(l-l-R [HI]) ' x

Using B, =12, B_ = 3.5 and the R values from

[inigglgaslratios,

two sets of ? values were calculated; one set with reference

Tables &.9 and 4~13 for correspounding

-to 002.

as fhe dnert gas and the other with reference to. He. -
TaH&e 4.28 shows rhese values and {llustrates the relative

~

effect which these gases have in varying %E%T propofﬁions;

‘on the EI photochemical system with the 2537 A wavelength.

A combinatinn of equatibns (4.35) and (ﬁ 51) allows

- o]
the determinatfon of _§ ratios for both the HI]CO and EI/He
: H

-~

systems. The ratios of cross-sections found are also prer
sewted .in Table 4. 28 alongside the-y, values. The mean E;
value.for the HIIEe system was calculated as 0. SO’and.agrees

~ well with the value of 0 &9 quoted by other authors (71) feor

a similar sysrem; For moderation by coz, the mean value of
o, <. ° - ‘

Eg‘yas determined a8 0.70, indicating‘that the CO2 molecele
rolns = (

Jhas‘a\smaliei'éross?section-for moderation of hot E atoms

than helium.

AIthongh this method of estimating ratios of cross-~

sectione ia only approximete, it is still able to give us an

adequate evaluation of the relative efficiencies of inert

gases in moderating hog H atoms.

I
£ Py
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TABLE 4.28 &
L - L
Varistion of TLZ Values with -I——B——Un?;;] 25! Ratios . .
¢+ at 25°C and 2537 & |
el G I - o
{HX] [Ee] (umoles) K, A %,
2.5 0.40 - 70,0 | 6.1 0.60 0.51 -
5.0 0.20 70.1 7.9 0.38 0.50 |
10.0 0.10 70.0 - 9.5.  0.22 0.50 .7
115.0 0.07 70.1 - 10.1 0.16- 0.50 -
25.0 0.04 70.0  10.9 0.09° 0.50
30.0 0.03 70:0:, 1.2 0.07 0.50 )
| gy o ! :
[(EI1- 2° (pmoles). 2. : Lt
2.5 . - 0.40 48.2 3.5 ~ .1.00 0.70
5.0 0.20 48.2- 335 0.99 0.70
10.0 0.10 48.0 3.6 0.94 0.70
15.0 ©0.07 s8.2 A3 0.86 0.70 .
20.0 10.05 48.3 4.9 0.76 0.70
. 30.0 .03 4.0 . 6.I .0.58 0.70 .
. : T ' ~ \
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- gymmary on Hot Atom Effects

The equations proposed for the treatment.of the

T ETITIT

hot atom chemistry of photochemically produced hydrogen atoms,‘

X do not“adequately describe all the details of the processes

- involved. The results_obtaiued in studies or treatmentB of

thisikind are very.apptoaiﬁate.' For instance, deactivation
does mnot always occur, at every collision of the hot atom
with the moderating gas., 1In some cases the deactivating
influence of a. substance is greater than would be expected
from the number of collisiomns calculated from the kinetic

theory employing the normal collision diameters, whereas in.

" other instances it 1s less. The moderating. radius or cross-

section of the deactivatiang gpleeole or atom ig ‘thus

generally not_identieal with the gormal values.
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H + 12' “+ BI + I

The steady state condition for the three proc

/Q

'.’ N
¢ APPENDIX 1
: _ : A T _ _
SOLUTION OF THE DIFFERENTIAL EQUATION DERIVED FROM THE
: . e .- -
STEADY STATE CONDITION FOR THE PROCESSES: T
: ;l. - ) " \
. . T, L e \
<+ . BT 4+ by + B+ T S
. \ .
- . .
kz: l\:1 - :
;j BE" + BI +;$2 + I° : A .
. _ Ly
' o Ky .. :

esses gives
S

i, Eabs dE,
.dt T k., (1,1  dt
{1+ El [Hi]
: 2 LB .
k7 . \
Let [12] = x; [BI}, - yi, [HI]f = Ygi i; = R (= constapt),
E .7 = # Einsteins Absorbed. )
abs
* Then Je= Y5~ 2x
~dyf - dyi - de‘.;
A dy
- - £
og dx = ~ ~5
' Idx.’ f Eabs ét
. b
' 1+R=1
. { .y
. A P
. o o 1 R =)dx .= |E dt
or o N :J( + y) ] abs - .
&y - % . .
i.e.

P e Bkl

o Loty



¥y, - ¥ - L -
- R 71 £ . 2 o .
or j _dx ¥ 2 I yf' ( dyflz) J Eabs de : i -",_‘. )
- - dy (Y -7 ) o /'“ll - ) _‘..'- Lt T
f _'_R_ i f a v B ' ..
oT . I 2 & [_ Yf ) dyf J EabB de . JE T T B
- - : P
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APPENDIX 3

e ET

THE MAXIMUM FPRACTION OF TRANSLATIONAL KINETIC ENERGYKWHICB

CAN BE TRANSFERRED BETWEEN A MOVING SPECIES OF MASS‘Q A¥D A’ T,
) !

STATIONARY SPECIES OF MASS M2 IN A DIRECT COLLISION ALONG \'

_{JTHElR LINE OF CEHTRES | . - L,'~;- : .

. . N
/ . : R ‘ o C e
- - .- - . ,

Let V. be the velocity of M, before collision, ﬁz_the veloéit}

of M, after collision and ¥ the velocity of Hllafter collision.

Then for the conservatiod of mom §

o : S MYy s T T M, v o : (1) '

~

.and using the principle of the conservation of emergy, we

héye,: e ﬁ
A ' . - .'-.-'* . - 2
: e , }jz.ulvl-- 1/2 M vz '+ 1/2 Mlv
| | ) M,V XV, -
‘ 2
- = 1/2 M, v + 1/2 H (—3—'—-]-'-};—_"’)_ (3)
| . 1
; MY . 2 e | u —zu AR wiyly (&)
] | - 1/2°M,V, + 172 7 C 2V1'2 22! -
‘ 2 s . ., S Mé‘)’é
} . i.e..' 1/:;/551 = 1/2 szz + 1/2 Hlvl T"szlvz + 1/2 Hl (5)
—‘s,‘ 1 . . .
: . 2
ij} r 7v 1/2 M, v2 4-1/2 i‘[-"’--xrz | (e
£ a i.e.‘ szz 1 L L . 2 . Hl 2 . . Py
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1 an? hence v V 1/2 (vﬁ}>°H v2 ) | ) (7)
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' APPENDIX 3
A~ PENDIX -3

A'DERIVATIOH OF EQUATION TO FIND N, THE NUMBER OF COLLISIONS

OCCURRING BETWEEH AN ENERGEIIC SPECIES AND THE HOLECULES

THIN A SPECIFIED ENERGY RANGE

-,

(ATOHS) OF AN INERT GAS, WI

¢ - .
. . -

Ab ( 4H K /(H 4- M ) )be the fraetion of'translational

a head ot collision between the

Let
kipnetic energy. lost during
om of mass HB

B

_ moving species H and the target molecule or at

and let the initial energy of the energetic species (H ) be
erating

and its final energy after a number (N) af mod

E’
}'~ collisions be ¥g- - Y ~

A

" The égefgy'lost by .the first{g;llision would be

u// A T ? é@.x A -
; 'A" - ' . - E E , N -

Energy lost im the second collisiep'ﬁbuld.be L

: éﬁ-(x L égri y .
- ' *_E E_ - E _E o _ ~
Energy lost in the third coi}isiduguould_be
AR - -
{f,x -Ag'-x}—-—- (xg --—E'xE)}

The enersgy remaining to the energetic spec}eé (MA)'after
three (3) collisions is then given by . s
. ' / 7 ; ,

A AE AE, | AE CUBET. 4 AE
T R (G R z“’fz'- E ) )

and this quantitf can be 1abelled Yﬁ o o -: .-

PR TR AT
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AE, AE AE.2 AE o

AE.2 "AE., 2 AE, 3 - .
+ () oxg + TP oxg — B g " Vg
| © _ AE. . ..AE.2 AE.3
or xg [1 - 3¢ E) + 3¢ E? ~ ( E) 1l = Vg
i.e. ) xg (1 - E) YE

By the process of induction, it can be shown that in general,

_ AEyN
E e

. - ' -f
»

. ' e 3 (1

o " pE.N YE  Epinimum
or ; (r - __E) = -x__ - £
E injtial

[ ]
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CLAIMS TO ORIGINAL RESEARCE - . :

1. The photolysis of gaseous hydrogen iodide in the pre-
" sence of nitrous oxide was investigated at 25° c, 5°C and {
-20.5°C with the 2537 A, 3130 A and 3660 A wavelengths.

*The sanme products consisting of Hz, Hz, 12 and Hzo were

obtained at all three temperatures.

2. _Nz yields were lowest at -20.5°C with the 3660 A wave—

L}

length. HE, production on the other hand, remained almost

constant under fixed conpositisn of reactants and 3 constant
A. The yields of both HZ andiﬁé;for any one temperature

: o
were highest with the 2537 A wavelength.

3. A limitation on the proauction of deH“EE .and N% was —
' ' N,01

imposed on the nhotochemical system after a certain TEET_‘\\‘

ratio was reached and thkis was -accounted for by the 'constant . \

«

partitioning effect' of hot H atoms between reaction and o

moderation with HZO'

4; Nitrous oxide inhibited the production of HZ’ via the

Nz producing*reaction BH® + Nzo +> N2 .+ OH.- ~—

.
S E% values and apparent activation energies of E2 EY
different wavelengths were in good agreement with values

-

- _ _ ko
previously-obtainei for';Pese parameters. New Eg;snd apparent

3—22 values were also estimated."‘

6- - Bot E atom reactions Were shovn to be unambiguously

active 1w the Ei/ﬂ 0 photochemical system at each wavelength

. Cws

S
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by an examination of the effect which added inert gases

k k .
-had on the two rate constant ratios —luand =2 and on N
ko kg - 2

production.

7. Within the limitatioms of the collision theory for

gaseea and despite a number of assumptions Qﬁich were made

(such as inelastic collisions between the hot H‘atoms and r
- 0’

the inert gas molecules), parapeters such as P, Y aud (—-)

seemed to have described the photochemical systems of

BI/N,O, HI/CO2 and HI/Be satisfactorily.
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