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ABSTRACT

' The technique of time-resolved resonance ébsorption spectroscopy
was used to moniﬁor the decay of‘photoiytically produced CN radicals.
-Care Qas taken to ensure that ény vibrationally exéited CN, produced 'in
vtﬂe primary phétolytic process, was réiaxed to the ground state; Thus
'rate'qonstants given in this work éppiy strictly for the»reﬁoval of
CN(XZZ,V"=O) radicals in the absence of feeding by vibrational relaxation
of'higﬁér levels, in contrast to.previous work where this was not taken
‘iﬁto account. |

For the first tiﬁe, rate constants are ;eporteﬁ for the reactions:

o, b,0, HC1l, DC1, C02, N,0, 0OCS, CO

2 2 2

of~CN radicals with the molecules H
and HCN. No isotope effects were observed for the deuterated species.

'Rate data for the reactions of CN(X?Z,V"=O) with 02, NO, Hz, CH, and

4

C2H6 were also obtained and compared with previous data.

The data show that recombination of CN radicals in the presence
of both NO and CO occurs by a mechanism analogous to that for catalysed

recombination of halogen atoms. A small negative activation energy

(=104 kJ mol—l), characteristic of such processes, was calculated for

the NO case.
The reaction of CN (X22,§"=1).with H, was also studied and compared

_ 2
with the CN(v'"=0) case. However, it was not possible to state cate-
.gorically that rate enhancgment occurred Qith vibrational excitation,
as vibrational to rotational energy transfer may have been important.
‘Hence, only an upper limit of 1.7 is given for the ;éte constant ratio,
kvg=17kvg=o. |

A value of AHC (CN) = 417.6%1.3 kJ mol-l_was determined using

295

| the equilibrium constant for the reaction CN + HCN —> C,N, + H. This

is in agreement with several recent results, reinforcing the need for a

change in the cuirently accepted value.



I1

quk on the >study of CN radicals in flames at Thqrn”;t,qn Research
Céntré (Shell Résea'réh i,td.);l using the fé,chnique of résona.nce
fluorescent:e,léd to several practical suggéstions for improving
this technique, éspécially thé USé of a tunablé dyé laser to

excite the CN radicals.
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CHAPTER 1

INTRODUCTION

GENERAL INTRODUCTION

For many years, astronomers have observéd.cyanide radicals in
their studies of space and the stars% These radicals have béen shown
to exist in the heads of comets, in the sun and staré, and in
interstellar space. A more recent interest in CN radicals. however,
arises from their impértance in combustion feactions in hydrocarbon

.

flames.

The mechanism of thehthermal fixation‘of atmospherié nitrogen
in flames has been investigated2 and is reasonably well uﬁderstood,
. However the‘f;xation of fuel nitrogen and subseqﬁent conversion to
‘nitrogen oxides is less well understood . CN radicals are thought
to be involved in sqme‘of the rate determining steps in the fixation
of fuel nitrogen. An example of such a process, suggested by

Appleton and Heywood3 , is ds follows.

CN+0 — CO+N ‘ (1.01)

N +0, — NO+0 _ (1.02)

L
Environmental considerations make the production of NOx

(nitrogen oxides:- NO, N02, NZO’ N204 etc) undesirable. Both NO and

N02 are poisonous and both are involved in the catalytic removal

of 03 in the stratosphere via the NOx cycle . This cycle, which is
5 .

essentially the same as the C10X and HOx cycles , is detailed

below. ) 3



NO + 0 -—> NO_ + 0O (1.03)

3 2" "2

0 +NO —> NO + O (1.04)
\\ 2 2 .

NO, + hv —> NO + 0 _ (1.05)

: The‘molecules NO and sz are also involvéd in the'production
of bhotochemical smog in the troposphere under conditions where
thé concenfration of hydrocarbons is sigﬁificant. Leightonq -was
the first to give a quantitative account of the mechanism of
phdtochémiéal smog formafion. Later Khan et 31.9 proposed the
participation of singlet molecular oxygen, and computér modelling
studies gave good agreement with actual conditions obéerved in
smoggy atmoshperes. Basically, an oxidising atmosphere containing
ozone.and peroxyacylnitrates (PAN) is built up which causes damage
to cfops and trees, cracking-in rubbers, reduced visibility, and
e&e irritation. The best known example is the smog produced over
Los Angeles due to the high concentration of hydrocarbons and
nitrogen oxides from aqtomobile exhausts.

The overall fluctuations of ozone concentrations in the various

layers of the atmosphere involve many interrelated competing
elementary,reactionslo. These include reactions of both ground and
excited electronic states. B

Since kinetic data on CN radical. reactions are somewhat scarce,
the determination of moré rate data for these reactions should aid
the understanding of the processes occurring in fiames,and allbw
more successful computer modelling of combustiqn processes to evolve.

In a hydrocarbon flame, the reaction of CN radicals with four

major compohents of the flame should be considered namely:-



1) fuel e.g. Hz, CH4, CZHG'

2) oxidising agent e.g. O 0 0.

3’ "2

3) nitrogen containing compounds e.g. N20, NO, N02.

H,0 and HCN.

4) = combustion products e.g. Cco,; H,

In this work, a selection of the ébove reactions was ‘studied
along with several related reactions.

There now follows a discussion nf the methods used to prepare
CN radicals and a summany of the kinetic data given in the
literature for the reactions of CN radicals in their ground
electronic state. Thé effects of vibrntional excitation of CN(XZZ)

will also be discussed.

METHODS OF PRODUCTION OF éﬁ(ng) BADICALS

Several nifferent methods have been used to pfoduce CN radicals
from a'variety of panent molecules. White 11 produced CN(XZZ)
radicals via an R.F. oscillator whiph ﬁrodnced an electric discharge
through cyanogen flowing continuously through an absorption cell.
Haggart and Winkler ;2 'used the reaction of active nitrogen with
cyanogen in a flow system totproduce CN radicaln.

The techniqué of flash photolysis was used by Paul and Dalby13
to produce CN(XZZ) radicals from cyanogen and cyanogen chloride. The
photolysis of cyanogen is essentially more satisfactory since only
CN radicals are produced,whereas C1CN photol&sis gives rise to
chlorine atoms,which could complicate the study of CN reactions.

1% and Basco et a1._15 in

Flash spectroscopy was used by Basco
their study of the photolysis of RCN where R = CN, I, Cl. The

production of CN radicals was monitored as a function of time and



as a function pf RCN pressure. They found that the CN radicals
produced were vibrationally excited.

In an attempt to determine the mechanism by which excitation
was taking place, fhey used'Various filter solutions in the outer
jacket of their double walled reaction Vessel to blank out regions‘
of the continuum produced by the photolysis flash. Considerations
of the bond energies of R-CN precursors and the excess energy
‘available .to photolytically produced radicals, together with the
importance of wavelengths in the region 360-440 nm for the production
of vibrationally excited radicals (due to secondary excitation
following absorption and re-emission in the CN(BZZ—XZZ) system),

led to the following mechanism being proposed.

" RCN + hv —> ON(X2L,v" = 0) + R (1.06)

' CN(x?z,v" = 0) + hv —> CN(Bzi,v' =0,1,2,3...) (1.07)

ON(B°Z,v' = 0,1,2..) —> ON(’Z,v" = 0,1,2,3...) + hv (1.08)
CN(B2Z,v' = 0,1,2..) + M ~—> CN(X2Z,v" = '

0,1,2,3...) + M (1.09)

In their_iaser-induced fluorescence study of CN(XZZ) radicals,
produced by photolysis of cyan;gen at 160nm, Cody et al.l5a found
evidence for the direct population of vibrational levels up to v'=4
in the primary photochemical step. About 95% of the total vibrational
energy appeared initially in the v''=0 and v"=1blevels. For the
phoéolysis of pure cyanogen (K4 Nm—z), the initial relative populations
were N3"=O = 0.,74+0,02 and N3"=1 = 0.26+0.02, equiyalent to a vibrational

temperature of 2750 K.



'Boden.and Ihrush16 used a chemieal reaction to produce CN(Xzz)
radicals in their capacity flow reactor. Titration of active
nitrogen with NO gave oxygen atoms which were subsequently reected
w1th 02N2 to produce CN(X22 radicals. The mechanlsm they proposed

for this reactlon, at the elevated temperature used, is as follows.

NCO + CN.

0 + C,N, ' NO + CO + CN (1.10)
Nt

NCN + CO

A 30 ns pulse from a 20 MeV Febetron was used by Bullock and
17-19

Cooper and Bullock et alweo in their technique of pulse
radiolysis of cyanogen/argon mixtures to produce CN(X22) radicals.
This system suffers the disadvantage that the electron pulse may
induce radiolysis of reactants or initiate secondary processes
which could complicate the study of CN(X2%).
21-23 .
Wolfrum and coworkers used the technique of flash

photolysis to produce CN(X?Z) radicals in several vibrational levels.

REACTIONS OF CN(X°L,v"=0) WITH C.N,

A knowledge of the reaction of CN radicals with cyanogen is of
particular importance to the present work as cyanogen is used as the
source of CN radicals. Paul and Dalby13 were the first workers to

determine a rate constant for the reaction

kll
CN + c2N2 f———> C3N3 . E (1.11)

where the product is stabilised by collisions with e third body.
By carrying out their experiments at different temperatures,
they obtained the following Arrhenius expression for the rate

constant kll'



1 -1

3 exp(-8.8 kJ molﬁl/RT) cm> molecule T s (1.12)

. ) _-l
k), = 1.21a0

-1

This gave a value of k i_= 3.5:{10_ls cm3 molecule—l s ~ at 301 K.

1
They considéréd’thé'possiblé importancé of CN radical recom-

bination (reaction 1.13) bﬁt dismisséd this as‘béing negligible

sincé;'evén:if thé"rate constant was lgrgé; thé l;w‘concentrations'

of CN(XZZ) présent would maké thé contribution of reaction 1.13 fo

the overall decay of CN(X22) unimportant.

kl3

N+ N —235 cn) ' (1.13)

Here again collisions with a third body are necessary to stabilise
the product By removiné the éxcess enérgy. |

. “Concern was expreséed that the reaction of CN with cyesnogen
would be in strong competition with the reaction of CN radicals with
reactant molecules;énd that the contribution to the overall decay
of CN would be significant. In practice the reaction of CN with
02N2 is too slow for this to occur in most cases.

Paul and Dalby_glsqlconsidered the decay of CN radicals

produced by the photolysié of C1CN, end obtained a rate constant

of about 2.5:{10--ls cm3 molecu_le_l s 1 at room temperature for the

following reaction. -

CN + ClCN —> (CN)2 + C1 (1.14)

The activation energy for this reaction was found to be the same
as for reaction 1.11.They accept however that production of
chlorine atoms from the photolysis of C1CN would complicate

the kinetics of CN decay.



Boden and Thrush'® obtained a value of 1.8 x 10~ Zem®

molecule-ls_l for kll at 687 K which is in fact two orders of

magnitude greater than the value calcﬁlated from the Arrheﬂius
expression of Paul and Dalbyls. At temperatures around 300 K,‘
reaction 1.11 is important, but for higher temperétures,.Boden and
Thrush proposed the following mechanism to explain the acceleration

in rate observed for the reaction of CN with oxygen atoms at high

partial pressures of cyanogen and in the absence of molecular oxygen.

CN'+ C,N, —> CN + N . (1.15)

3 2
0 + C3N — > C2N + CO . (1.16)
0 + C2N —> CN + CO X (1.17)
Dunn et al?“ estimated kll to be ~ 10—14cm3molecu1e—ls-l’

(295 K) from the onset of polymer formatian in their investigation of
the reaction of hydrogen atoms with éyanogen. This is greater than
the value obtained by Paul and Dalbyl,3 and it was suggested by
Bullock and Coope}sthat HCN impurity was the cause of this, wheréas
Boden and Thrusﬂiguggested that temperature heterogeneity could be
the explanation.

Bullock and Cooper18 discussed the relative importance of

reactions 1.11 and 1.18.
CN+CN+M — (CN)2 + M o (1.18)

o ' 2
They found the decay of CN(X"5) to be second order with respect to
[?N] initially, corresponding to reaction 1.18, but after about

200us a good first order decay corresponding to reaction 1.11



dominated. At pressures of CzN2> 500 Nm—z, the kinetics were

entirely first order contrary to the data of Basco et al.l5 who

observed second order decay at all pressures of CzN Howéver,

9°
Basco et al. admif that their results could fit first order kinetics.

From an Arrhenius plot, Bullock and Cooper18 obtained the

following expression for kll

log, k,, = -12.03 - (13.1 kJmol 1/2.3 RT)cmomolecule Ys™ 1 (1.19)

.

which has both A and E Arrhenius factors larger than those determined

by Paul and Dalby13. The reaction must be sterically hindered

however, since even this value of A is not particularly large.

The value of k11 at 300 K was 4.9 x 10—15cm3molecule—ls-1,

essentially in agreement with the room temperature value of Paul

and Dalby.

REACTION OF CN(XZZ,V" = 0) WITH O AND 02

In combustion processes, where oxygen is present in large
concentfations, it is of value to know how cyanide radicals react
with both atomic and moleculér oxygen. However, these reactions |
have only been studied at about 300 K. It is therefore necessary to
determine Arrhenius parémetefs so th#t data can be extrapolated to
flaﬁe temperatures (& 3000 K) and incorpofated into an eoverall model
of the combustion process.

Paul and Dalby13 obtained a valhe_of 9.1 x 10_12cm3molecu1e_ls~1
for the reaction of CN(XZZ) with molecular oxygen at room
temperature (reaction 1.20) assuming that chain processes were

unimportant. No error limits were given due to the approximate

nature of their determination.



k20

CN + 02 —>» NCO + O - (1.20)

A strong NCO absorption spectrum was observed shortly after the
photolysis flash confirming this reaction product.

1 -1

L4 obtained a value of 7.6 x 10_12cm3m01ecu1e_ s for

Basco
the rate copstént for reaction 1.20 at room temperature. .Although
no error limits were given for this résult, it is in good agreement
with the value obtained by Paul and. Dalby' '

Basco calculated that the following reéction, resulting in the
production of vibrationally excitc® NO in the presence of excess
oxygen, could acpount for £ 15% of the net rate of removal of

CoN (x%5).
CN + O2 —> CO + NOV (1.21)

However the following radical-atom reaction could also account for

the production of vibrationally excited NO.

0+ NCO ——> NOv + CO ) (1.22)
The production of ozone was found to accompany the reaction of
CN with molecular oxygen,énd is in fact good evidence for the
production of oxygen atoms,especialiy since one ozone molecule is
produced for every CN radical removed. The molecules NCO and either

N 020 or NCO_.CN were observed as products,.

2 2
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25
Morrow and McGrath also found evidence for the oxygen
transfer process of reaction 1.20 fcllowed by reaction 1.22 rather

than the formation of NO and CO products via a four centre reaction

hi6

involving CN and O Boden and Thrus also supported this

9
mechanism since the A factor for a four centre reaction would have

been lower than the value estimated from their data. The result

1 1 -1

they obtained for k was (7.3 + 3.3) x 10; ‘cmsmolecule- s at

20 ‘
687 K, in good agreement with previous'room temperature values,
implying a zero activation energy. This would not be the case for
a four centre mechanism where two bonds of appreéiable bond energy
would have to be broken, resulting in a substantial'activation
energy.

Bullock and Cooper18 observed both NCO and NCN absorptionsv
in their pulsé radiolysis study of CzNz/Oz/Ar mixtures. The
kinetics of the formafion and decay of both NCO and NCN were
thought to be complicated, involving radical-radical reactions, and
were not studied. The rate of appearance of NCO was observed and
will be discussed later along with a consideration of vibratiomally
11

excited CN. The value of k20 obtained was 1.11 x 10 cm3

moleculemls“1 at 300 K and a slightly lower value at 377 K, implying

a small negative activation energy. ' -
The reaction of CN(X22) with 02 was also studied by Wolfrum

21-23
and coworkers who obtained the following Arrhenius expression.

k20=(5.3_+_1,7)x10"11exp(-4.2i1.4 kJmol”*/RT)cm molecule 's ™+ (1.23)

This gives a value of 8.6 x 10_1zcmsmolecule_ls"1 (298 K) in

agreement with previous room temperature values. However, the



11

: 23
positive activation energy observed conflicts with the small

» 18
negative value obtained by Bullock and Cooper
16
In their study of 0 + C2N2, Boden and Thrush determined

' : 3
Arrhenius parameters for the following reaction of O( P) with

oN(x25).
0+CN -5 co+N  (1.29)

The expression they obtained was

k24=1.05x10'1°exp(-1o.o kJmol }/RT)cm molecule 15~} (1.25)

which gives a value of k24 = 1.8 x lo-l“zcm?’molecule—ls_1 at 298 K.

- 3
This does not agree with the value of (1.99 + 0.66) x 10 11cm

mo.lecule_ls—1 obtained by Wolfrum aﬁd coworkersmn23 for k24 whidh

was shown to be independent of temperature for 295 £ T & 387 K.
Sdhmatjko and Wolfrum26 determined the product energy

distribution of the O-atom reaction with CN. They found that the‘

following two processes were. taking place simultaneously.

CN + 0(3P) — COv + N(2D) (1.24a)

—> co_ + ncts) (1.24b)

Reaction i.24a accounted for about 85% of the products, most of
the eneréy of the reaction going into the metastable nitroéen atom.
Only the lowest vibrational levels of the CO m§1ecu1e were_:
occupied. The other 15% of the prodﬁcts were ground state nitrogen
atoms and vibfationally excited COV (6 £ v 9), with partial

inversion of the populations.
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- REACTION OF CN(XZZ) WITH FUEL MOLECULES

Another important cohsideration for the reactions of CN
radicals in flames is their reaction with fuel molecules. The
various combustable materials for which rate constants have been
obtained include hydrogen, alkanes, alkenes and benzene. :' p

Haggart and Winkler12 ~studied the reaction of CN with
molecular hydrogen but in no great detail. Paul and Dalby13
identified HCN as a product of this reaction (reaction 1.26) by
infra-red spectroscopy and gas chromatographic analysis.

k26
QN + HZ —> HCN + H (1.26)
Unfortunately, they did not have enough data to obtain a rate
constant.

- 3 -
An upper limit of k26 = 3.3 x 10 13cm molecule s was
- .16 '
determined by Boden and Thrush at 687 K, corresponding to
~-14 3 -1 -1 .
k26 < 4.9 x 10 cm molecule s at 295 K using the value of
29 kJmol—l, determined by Hartel and Polanyi27, for the activation
. .~=14 3 -1-1 .
energy. The value of k26 = 3 x 10 cm molecule s obtained by
28 .
Iwai et al. at room temperature is in agreement with the above
upper limit.
‘ 16 : .

Boden and Thrush considered the elementary chain steps of
the radicals formed in the thermal reaction of molecular hydrogen
with cyanogen, which was studied by Robertson and Pease29 at
900'K. Reaction 1.26 was given as an elementary step of this
reaction. Boden and Thrush incorporated their limiting value for
k26 into the overall kinetics of the Hz + CZNZ chain reaction. In

order to arrive at the same overall activation energy (301 kJmol—l)

and reaction rates as Robertson and Pease, Boden and Thrush



‘ 13
proposed a ﬁew value of AHof(CN) = 418 + 12.5 kJmol-l, which is
slightl& lower than the previously acéepted value.
Wolfrum and coworkeré22 obtained the following Arrhenius
.expression for the reaction of CN(XZZ ) with mo}ecular hydrogen,

under conditions where the hydrogen concentration was more than a

factor of ten greater than the cyanogen concentration.

k_ = (10 + 3.3) x 10 “lexp (-22.2 kimol l/RT) cm’molecule™ls™! (1.27)

26
This gives a value of 1.2 x 10-'14cm3m01ecu1<3_1s_1 at 295 K which is
well within the limit given by Boden and Thrushle.

In the reactiohs of CN(Xzz) radicals with alkenes, the radicals
exhibit their electrophilic nature by undergoing addition reactions,
which may be compared to similar reactions of 0(3P) and halogen.
atoms,

Paul and‘Dalby13 photolysed cyanogen/ethylene mixtures in an
attempt té study the kinetics of the CN +.C2H4 reaction. However,
because the reaction was so rapid, they were only able to observe
the decay of the CN (Bzz - xzz ) absorption signal for high partial

pressures of C2N (3.33 x 104 Nm-z) and low partial pressures of

2
C2H4 (1.33 Nm_z). Under thege conditions, the observed decay was
attributed to excess CN radicals remaining after all the ethylene
molecules had reacted. This'meant that Bnﬂ =[p2H4] and so their
estimate of 2.3 x 10ngcm3molecu1e_ls"1 for the bimolecular rate
constant for the reaction of CN + C2H4 at room temperature is not
reliable. _

The reactions of CN(Xzz) with several alkenes'were studied by
Bulléck and Cooper17 who found thét the observed rate consténts were
close to the collision limit, implying that collision geometry

was unimportant. The values of the bimolecular rate constants

obtained are given in Table 1.01.
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Table 1.01

' 17
Rate Constants for Reactions with Alkenes

Rate Constant
Reactant -10 3 -1 -1
/10 cm molecule s
Ethylene , 1.8 + 0.25
Propylene 2.7 +0.3
1,3-butadiene o 4.3 + 0.5
Benzene 2.8 + 0.25

The rate.constants are found to increase with molecular size
as would be e#pected from the collision number. Benzehe however
did not follow this trend. This eiectrophilic behaviouf of CN
r;dicals (addition to alkenes) was compared fo the addition of
O(SP) to alkenes,wheré the ipcrease in rate constants was attributed
to increased alkylation of the doﬁble bond giving a lower
‘activation energy. The activation energy for CN addition to
alkénes was assumed to be zero becaﬁse of the high rate constants
obtained.

The addition of CN to C_H, was also compared to addition of

_ 274
chlorine atoms to C2H4 for which the rate constant (2.6 x lo_llcm
molecule-ls_l) was about a factor of ten less. Nevertheless,
CN(XZZ) radicals do undergo addition reactions with alkenes and
this is an indication of the radicals pseudo halogen properties.

Hydrogen abstraction by CN(XZZ) radicals from alkanes is a

much slower process than the addition of CN(XZZ) to alkenes.
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Previous work includes the reactions of CN(Xzz) with methane,
ethane, and propane as well as a comparison of abstraction by CN
"radicals and abstraction by halogen atoms.

. 16 . _ . ' -12_ 3

Boden and Thrush gave an upper limit of 1.2 x 10 cm
-1 -1

molecule 1s for the abstraction of hydrogen from methane by
CN(X22) at 687 K.

CN + CH, —> HCN + CH (1.28)

4 3

: 7
The above reaction was also studied by Bullock and Cooper1 ’lg'who

obtained a value of (7.40 + 0.17) x 10 Jcm®molecule ts™! for the
rate constant for the removal of CN(v" = 0) at 300 K. The following
Arrhenius expression was derived from temperature dependence work.

1 -1 (1.29)

‘k28=2.14x10_11exp(-8.3i0,8 kJmol-l/RT)cmSmolecule_ s

This yields a value of 5 x 10 “2em°molecule s ) at 687 Kk which is
greater than the upper limit given by Boden and Thrush16 for this
temperature; | :

Bullock and quper19 also studied the reaction of CN(Xzz, v'' = 0)
with CD4 and found the rate constant to be about half the value for
the corresponding CH4 reaction, indicating the importance of a
tunnelling effect.

Schacke et al.?? determined the Arrhenius parameters for the
reaction of CN with methane and obtained the following expression

for k28'

-1

-11 -1 - - '
k28=5.28x10 exp(-12.1 kJdmol 1/RT)cmsmolecule ls (1.30)
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The activation energy is slightly greater than obtained by Bullock

and Cooperlg; giving agreement with the upper limit suggested by

Boden and Thrushls. The above expression for k28 gives a value of

4.1 x 10_l?’cm?’molecule-]'s_1 at 300 K.

For the reaction of CN(Xzz) with ethane, Bullock and Cooper19

obtained less accurate Arrhenius values than for their methane

11 -1 11~

results. The A factor was 2.5 x 10 cmsmolecule-ls (4.0 x 10 7,
upper limit) and the activation energy was given as zero

(1.6 kJmol_l, upper limit).

k . :
; 31
CN + CZHG —_—> HCN + C2H5 , (1.31)
. ' . -11 3
The value of k at 300 K was given as (2.41 + 0.17) x 10 “"cm

31
-1 -1 Co s : -11_ 3
molecule s ~, which is larger than the value of 1.33 x 10 cm

molecule-ls'1 given by Schacke et a1.22.

Bullock and Cooper17 compared the ratio of the rate constants

30

/ to the ratio obtained by Goy et al. and found it to

k31 k28

agree within their experimental uncertainties. However, the
difference in activation enéfgies for reactions 1.28 and 1.31 was

given as 15.5 kJmol_1 by Goy et al. compared to 8.3 ]::Jmol_1 given
19

-

by Bullock and Cooper
13 . ' -11

Paul and Dalby gave an approximate rate constant of 6.6 x 10

3 o =1 -1 . 2 .
cm molecule “s for the reaction of CN(X 1) with propane. The
19 -11 3

value, quoted by Bullock and Cooper , of (5.3 + 0.8) x 10 cm

moleculenls—l is in good agreement. This reaction was considered

to have zero activation energy.

Reports on the reactions of CN(Xzz) with alkanes

comment on the pseudo halogen nature of the CN radical in these

reactions.
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Boden and Thrush16 pointed out that the abstraction reactions
- of CN were about 67 kJmolm1 more exothermic than the corresponding

Cl atom reactions.

~64.5 kJmol T

CN +H, —> HCN +H {,_ gﬁggs = (1.26)
CN + CH4.——> HCN + CHy p998 = -61.9 kimol ! (1.28)
CN + C, 6_2—9 HON + CyHe Au298 = -88.2 kJmol;l' (1.51)
cl+H, —> gc1 +H ; AH398 = +4.7 kImol ! (1.32)
cl + cH, —s HCL ¥‘cu3 . AH§98 = +7.3 ngol’l' (1.33)
cl + C2H6'——9 Hel + 02H5 Gy BHyge . -19.0 kJmo;"l (1.34)_

However, reaction 1.26 was found. to be about eight times slower than

- reaction 1.32. . Similarly, reaction 1.28 ( 1.2 x 10—12cm3 molecule~lsm1)

was slowar_than reaction 1.33 (2.5 x 10-12cm3 molecule-ls-l, given by
Fettis and KﬁoxBl). Goy et al.30 showed that the difference in
activation energy between reactions 1.28 and 1.31 was 15.5 kJmol-"1
while the corresponding differénce for Cl atoms (between reactions
1.33 and 1.34) was only 11.5 k&molnl° Boden and Thrush16 concluded
therefore that CN abstraction reactions had slightly higher activation
energies than the Cl atom reactions.

From comparisons with halogen abstraction reactions, Bullock
and Cooper19 concluded that CN(XZZ) radicals had activation energies
for abstraction from alkanes which are less than the values for the
corfesponding Cl atom reactions. The A factors of<fﬁe CN reactions
weré found to be a factor of ten less tﬁan the collisional value,

and it was suggested that the orientation of the diatomic CN

radical could account for most of the steric factor.



18

22 - - 3
Schacke et al. obtained a value of 1.33 x 10 11 cm

moleculenlsm1 for the rate constant of reaction 1.31 (CN + CZHG)
but did not determine the activation energy. If the activation
energy is assumed to be zero, then three values for the difference

in activation energy, AE of reactions 1.28 and 1.31 emerge.

A)
' -1 " 30
These are 15.5, 12.1, and 8.3 kJmol from the work of Goy et al. ,

Wolfrum and coworkerS'22 , and Bullock and Cooper19 respectively.
It would appear that the value of AEA from the steady state
photolysis sfudies of Goy et al. is too high, Fettis and Knoxsl,
give the values 16 and 4.3 kJmo.'L'-1 respectively for reactions
1.33 and 1.34. Hence, it would appear that the activation
‘energies for the abstraction reactions of .CN (XZZ)Iwith alkanes

are slightly less than for the corresponding Cl atom reactions.

REACTIONS OF CN(XZZ) WITH NITROGEN COMPOUNDS

The reaction of CN (XZZ) with NO was studied extensively by
32 ‘
‘Basco and Norrish ~ who also observed vibrational effects which will
be discussed later. They observed a continuous ultra-violet
absorption spectrum, of a molecular product, which was similar to
that observed for NOC1 and NOBr. This suggested NOCN, nitrosyl
cyanide, as the product, first postulated by Norrish and Smith33
some years before. The existence and structure of NOCN are now well
34—-36
established .
.. 32 . . s
Basco and Norrish successively flashed the same reaction
mixtures énd produced vibrationally excited NO from the photolysis
of NOCN. The relative populations of the CN (XZZ) vibrational
levels did not alter appreciably on addition of NO implying that

chemical reaction was much faster than vibrational relaxation.

Two methods were used to determine the rate constant for the
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reaction of CN with NO. The first was to monitor the décay of CN~
radicals, and the second was to determine the pressure of NO present
at different delay times,when the CN concentrations were equal.

Both methods gave good agreement and the average bimolecular rate

- 3 ' -1 -1
constant obtained (reaction 1.35) was 2.0 x 10 12 cm  molecule s
31

cm6 moleculemzs_1 with N2 as third

corresponding to 3.3 x 10~
body.

. . |
CN + NO + (M) —2> NOCN + (M) (1.35)

: 16 -
Boden and Thrush obtained a value of (5.0 + 3.3) x 10 13 cm3

moleo::ule--ls_1 for k35 at 687 K. They discussed the possibility of 0

atom transfer from NO to CN but dismissed it since the reaction was

endothermic. They suggest that their value of k corresponds to

35

the following four centre reaction proposed by Rentzepis and
Sugden37

CN + NO —> CO + N2 ©(1.36)

Boden and Thrush16 considered that the association of NO and
CN at their high temperature (687 K) would be much slower than their

results indicated and so réaction 1.36 seems likely. An upper

limit for ko, given by Schacke et a121 , was <1.7 x 10._12 cm

-1

-

-1 ’
molecule s at 298 K which is nearly equal to the value of Basco

and Norrish32. Hence the reaction of CN with NO appears to take

place by two different mechanisms depending on the temperature at
which the reaction takes place.
The reaction of CN (sz) radicals with ammonia {(reaction 1.37)

16 ST
was studied by Boden and Thrush who obtained a value of (8.8 +
-12 3 -1 -1 _ . . L -
3.0) x 10 cm molecule “s for the bimolecular rate constant.

CN + NH3 —> HCN + NH (1.37)

2
20 N 2 .
Bullock et al. monitored the decay of CN (X g) in the presence of
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NH3 and obtained a rate constant of 2.1 x 10”11 cm3 molecule—ls-l'
o ' - -11 3
for the removal of CN (v" = 0) at 300 K and 1.8 x 10 cm
-1 -1
molecule s at 375 K.
1

The small negative activation energy calculated, <2.1 kJmol ,
gave agreement with the high temperature value of Boden and
Thrush.16

REACTIONS OF VIBRATIONALLY EXCITED CN (XZZ) RADICALS

Basco: and Norrishsz, in their study of the reaction of CN (Xzz)
with NO fouﬁd evidence for both chemical reaction and vibrational
energy transfer. They discovered that vibrationally excited mitric
'oxide; NOv , was produced in their flash photolysis system both
with and without a nitric oxide filter for the flash. This meant
that excitation was partly due to other species present in the
mixturé. The two ﬁost likely mechanisms were

| a) energy transfer from vibrationally excited CNv to
NO (v = 0) and

b) the photolysis of NOCN to give NO_

The latter explanation is rqasonable since photolysis of NOBr and
NOCl1l is known to produce NOQ? with appreciable population of
excited levels.

Using the tecﬁnique of bulse radiolysis, Bullock and Cooper18
monitored the reagtions of vibrationally excited CN radicals. For
the reactioﬁ of CN with cyanogen, the rate constant determined
for the removal of CN (vﬁ = 0) at 377 K was Ia?ger at lower
cyanogen pressures. A plot of observed rate coefficient against
cyanogen pressure was linear at 300 K but curved at 377 K. VThe above
observations may be explaiﬁed if, at higher cyahogen pressures and
elevated temperatures, vibrational relaxation to CN (Xzz, v' = 0)

occurs more efficiently.
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The expected efficiency of near resonant vibration to
vibration energy transfef from CNv to HCN.impﬁrity was given as
the explanation of -the high value of the.rate constant obtained ﬁy
Dunn et 19.1.2'+ fof the removal of CNV in their system (vCN = 2042.4

-1
cm

' Vyon = 2041.2 cm-l).

For the reaction of CN (XZZ) Qith molecular oxygen, Bullock
and éooper18 observed that the rate constant increased with the
vibrational energy of the CN.radical as shown in table 1.02. A
study of the»rate of formation of the NCO product gave a rate

-~ ~1 -1
11cm3 molecule 1s which is greater

constant of (1.98 + 0.13) x 10
than the value for the disappearance of CN (v" ¥v0) which is
évidence for an enhanced rate of reaction for vibratiocnally excited
CN.

Table 1.02

1
- Rate constants for reaction with Oxygen

Rate constant/lom11 cm3 molecule"ls'—1
Molecule and Band :
v', v'") _ 303 K 375 K
CN (0, 0) removal 12 + 0.02 1.05 + 0.04
a, n 1.26 + 0.03
2, 2 | 1.53 + 0.04 ]
(3, 3) 1.63 + 0.05
(4, 4) 1.94 + 0.58 1.79 i_0.05
NCO appearance ;
(0, 0, O 1.98 + 0.13 | - 1.84 + 0.10

Since the energy mismatch for efficient transfer of

vibrational energy from CN to O2 was large, Bullock and
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o
Cooper attributed the increments in rate constants as v"
. increased to increasing rate of reaction. The transition complex
NC-0-0 with a weak 0-0 bdnd was propoéed,and it was suggestéd that
the vibrational energy of the CN would aid the breaking ofvthe'
0-0 bond to give NCO and oxygen atoms.
Schacke et a1.21 however observed the opposite trend to that
given in table 1.02 for the same reactioﬁ. They found the rate

éonstént at 298 K to decrease monotonically from 1.05 x 10-11 for

0) to 2.64 x 10_12cm3 molecule-ls"1 for

]

CN (Xzz, v"

2
CN X'z, v" = 7).

The discrepancy between these two sets of'results remains to
be resolved. The differences in rate constants observed for the

18
vibrational levels studied by both Bullock and Cooper . and
21 '
Schacke et al. were small and of the order of the experimental
uncertainty. The relative importance of vibrational effects could
differ under the markedly different conditions used for the two
sets of experiments,and this could account for the inconsistent
results., s
21 N . .
Schacke et al. also studied the effect of vibrational energy
2
of CN (X'I) on its reaction with atomic oxygen. The rate constants
2 :
at 298 K for CN (X'I, 0 < v" < 6) were the same and equal to -
- 1. :

2.10 x 10 11cm3 molecule "s l,but for CN (XZZ, v'" = 7) the value

10 cm3 molecule—ls_l. This. may be explained by

was 1.05 x 10
the effective use of the vibrational energy of level v" = 7 in
overcoming the endothermicity of the jollowing reaction.
0+CN —> NO+C , Ang = +139 kJmol™l  (1.38)
For the reaction of CN (xzz) with ethylene, Bullock and

17
Cooper found the differences in rate constant for removal of
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CN (v" = 0) and CN (v" = 4) to be of the order of the random
error in their technique.‘ They had expected tﬁe removql of

CN (v" = 4) to have a substantially,greater rate constant if
vibrétiohal relaxétion was important 6; if vibrational energy
contributed to rate enhancemenf. Neither effect therefore appears
to be important for this very fast reaction.

The same arguments were given by Bullqck and Cooper17’19 for
the reactions of CN with methane and ethane. For the methane
experiments however, curvature in the Arrhenius plot indicated that
vibrational relaxation of CN (v'"> 0) to CN (v" = 0) caused-the
removél of CN (v" =.0) to be slower than expected. Again for the
methane exﬁerimenfs the rate constant for removal of CN (v'" = 0)
increased less with increaéing temperature than for CN (v'" = 4), and
this is attributable to the vibrational relaxation of v = 1 ~ 4.

If the internal eneréy of CN (XZZ) was helping to overcome the
activation energy of the abﬁtraction reaction with methane, the
effect 6f vibrational energy would be less pronounced at higher
temperatures and not more pronounced as was found.

. 19 -
Bullock and Cooper also studied the reaction of vibrationally

excited CN radicals with CD4. They found that the ratio of the rate

constants for removal of CN (v" = 4) and CN (v'" = 0), kv" _ 4/
kv" = o’ Vas greater for reaction with CD4 than for reaction with
CH4. This was attributed to enhanced relaxation processes in the

CD4 case, as the probability of vibrational energy transfer to

CD4 is greater than for transfer to CH4 (V + T > V process).
The reaction of CN (Xzz) with ammonia was studied by Bullock
20 ' 2

et al. and the rate constants for the removal of CN (X"%)

increased with increasing v", as shown in table 1.03.
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Table 1.03 -

" ‘Rete constarts for redction wi

Molecule and band T/K Rate constant

(v, v") /lO—ll cm3 molecul.e—l st
CN (0, 0) removal 0 | 2.09
CN (2, 2) removal 300 “2.49
CN (4, 4) removal 300 3.77
NH, (0, 0, 0)

300 1.91 -

appearance E
CN (0, O) removal - 3715 | 1.79
CN (L4, 4) removal: 375 - 2.32

However, it was not possible to distinguish between enhanced reactivity
and vibrational relaxation as the mechanism for the increased rate of
removal for the higher vibrationai levels.

Cottrell and Ma‘theson38 suggested that excess energy from
vibration to vibration'égeréy transfer processes was more easily
incorporated into rotational degrees of freedom by molecules such
as NH3 and CHh,which have low movements of inerfia and high peripheral

speeds of rotation. If the observed increments in rate constant in

table 1.03 were due entirely to vibrational relaxation, ammonia is
more than fifty times more efficient than methane as a relaxing
molecule. Bullock et al.2o indicated that polarvinteréctions‘could
be important in the reaction of CN with ammonia.

VIBRATIONAL ENERGY EFFECTS IN OTHER SYSTEMS
39

As far back as 1889, Arrhenius~ investigated the temperature

dependence of reaction rates for systems with activation energy
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barriers. iny in recen@ years hqwever, with the advent of energy-
selection techniqués using chemical and dye lasérs, has the role
of specific intérnal excitation béen invéstigated for éystems with
energy barriers.
| For some exothermic reaction; of atoms with simplé diatémic
molecules, the products have beén shown to‘bé vibrationélly excited.
This phenomenon was.first observéd by Polanyiho in‘the réaction of
potassium atoms with molecuiar bromine. The KBr product was so
highly vibra&ionally excited that subsequent collision with a
potassium stom resulted in electronic excitation of the atom.
Parker and Pimentalhl observed product vibrational excitation

in the following reactions.

-
)

k

F + H, AN HE + H . , (1.39)
kV

F+D, ——> DF_+D . (1.%0)

~

These reactions have also been studied by Polanyi and Woodallhg’
and Berryh3. . -

HF and DF were produced in levels v=0 -3 and v=0 - 4
respectivelyﬁ The ratio of the rate consfants for thevprodugtion
of vibrationally excited products, kv/kv—l’ was greater than unity,
increasing with v to & maximum at v = 2 for HF and v = 3 for DF and
then decreasing again at higher v. Parker and‘Pimentelhh observed

similar results for the reaction of F + CHC13.
Detailed energy balancing considerations (c.f. Principle of
Microscopic Reversibility) suggested that vibrationel excitation

could give rate enhancement for the reverse of reactions 1.39 and

1.k0.
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In general, rate enhancement would be expected to occur with vib-
rational excitation of a reactant in an endothérmic or
thermoneutral reaction.

: L5 , '
Bauer et al. observed that H metathesis took place with

2702 _
high probability only when energy is localised in vibrational
modes. Jaffe and Andersonl}6 obtained extremely small reaction
croés sections for the reaction of HI with DI (reaction 1.41) with
translational energies up to 2.5 times the activation energy fér
the reaction.

HI + DI — HD + I (1.41)

2
They suggested that specific rotational or vibrational excitation
of the reactants might be required to give an appreciable reaction

probability. -
o : 47
In a molecular beam experiment, Odiorne et al. observed a
rate enhancement of about two orders of magnitude for HCl (v = 1)
compared to HC1l (v = 0) in the following reaction.
K + HClv —— KC1 + H (1.42)
. 48 - . : ' '
Sims et al. observed 51m11a? large increases in rate constant
with vibrational excitation for the reaction of Cl and Br atoms
with Hz;which was in agreement with trajectory calculations.
_ 49 : 50
Both Kurylo et al. and Gordon and Lin observed rate .
enhancement following vibrational excitation of ozone in its
, 5 '
reaction with nitric oxide. Potter et al. ! studied the reaction of
OH with O

39 with OH in levels up to v = 9, and again rate enhance-

ment with vibrational excitation was observed,as was the case also

B ' 52
for the reaction of 0 + HClv studied by Karney et al.

The above are only a few examples of the ever increasing

studies. of the effects of vibrational excitation on reaction rates.
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Iﬁ.shquld thever be.pqin?ed.qu? ?ha@ ra@e enhancemen?s‘are
obsérvéd primariiy'fqr énaothérmic or thérmoneutral réactions,
and thét the magnitude of enhancemént decreases with incféasing'
exothermicity to an extent whéré vibrational éxcitation becomes -
unimportant. |

THE  STUDY "OF ' CN (B°%)

The study of the production of CN (BZZ) radicals in active

nitrogen flames has been undertaken by several groups of workers .

The main contributors to this work were BayesS3, Thrush and
cbworkerssh_59, Broida and coworkers60—62, and Provencher
and Kenney63’6h.

Electronically excited CN radicals were found to be produced
by reaction of active nitrogen with carbonaceous materials such

as hydrocafbons, halogenated hydrocarbons and cyanogen derivatives.
Several mechanisms were proposed for the production of CN (BQZ)

and it is thought that the Pl' distribution arises from cyanogen

1

3

distributions occurs under blue flame conditions,where'Pl', P,

derivatives, the P2' from halogenated hydrocarbons and the P
t
and P3' are three different vibrational energy distributiorns.

The fluorescent lifetime of the BoX state of CN was determined

65 and Luk and Bersohn66 to be 49 and 60 ns respectively.

'by Jackson
West and Berxy67 observed both electronic and vibrational laser
>emission from CN radicals produced by photodiésociative and
predissociative fragmentation of cyanide containiﬁg molecules
e.g. HCN, C1CN, C,N, ete.

Chamberlain and Simons68 have used their new technique of
polarised photofluorescence excitatién spectroscopy to study the

vacuum ultraviolet photodissociation of HCN and BrCN. They found

that both HCN and BrCN were produced initially in non-linear



28

excited electronic states of symmetry A', which rapidly predissociated
. 2 2.,

to give CN (B Z). The CN (B L) radicals then fluoresced and from

the polarisation of the fluorescence signal, the predissociative

lifetime of excited BrCN was determined to be 0.6 ps.

Reactions of ground state CN‘(Xzz) radicals have been shown to
be similar to those of halogen atoms. Bersohn69 discussed how
the electrén affinity of CN (Bzz) (5.75 eV) is much greater than ’
that of the fluorine atom. Hence CN (Bzz) may be termed a
superhalogen. This suberhalogen nature is bormne out in the
following example given by Bersohn.

The cross section for the quenching of CN (BZZ) by Xe was’
fouﬁd to be anomalously high compared to quenching be He and Ar.
This may be‘expléined in terms of fhe production of a quasi-stable
species, XCN*, similar to the molecule XeF* for which ampie
experimental evidencé exists.7o’71

Table 1.04 clearly ghows the relative reactivities of the
different electronic éiates of the cyanide radical. The rate
constants for fluorine atom reactions are also given to illustrate
the superhalogen nature of CN (BZZ).

Table 1.04

Rate constants for CN and F atom reactions

Rate constant/cms_moleculenls—l
Reference

Reactant

H, | CH, | 0,
oy 8%y | 4.5 x 10711 10.5 x 1077 | 151 x 10712 66
F 4.4 x 1072 | 5.4 x 10712 31

-1l4 - -

CN (X2 3) 3x 107 «a.1 x 1001 7.3 x 1072 16,62
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THIS WORK

The aim of this work was to determine new rate constapts for
CN (xzz, v" = 0) reactions,and to determine more accurate values
for previously measured rate constants. In particdlar, in this
work care was taken to eliminate feeding of CN (xzz, v'" = 0) from
higher vibrational levels and to obtain rate constants which apply
strictly for the removal of CN'(Xzz, v'" = 0) in the absence of
Qibrational relaxation processés. | |

In preQious work, little atteﬁpt has been made to separate
the two processes of vibrational relaxatiop and reaction, and so
contribufions from vibrational relaxaticn could be incorporated ip
" the previously determined rate constants..

Of interest are the reactions of CN (Xzz, v" = 0) with
molecules present in combustion processes,which include fuel
molecules, oxidant,-nitrdgen containing molecules and combustion
products. It was also of interest to determine the effect of
vibrétional excitation of CN (Xzz) radicéls on the reactién with

H2 which had not been previously studied.

In this kinetic éﬁectrophotometric study of CN radicals, a
novel cbmbination of two techniques, previously used on separate
systems, was employed for the first time in the study of CN
radical reactions.

Firstly, a high intensity CN lamp which emitted the CN
.(Bzz—— th) violet system was used as a monitoring source for
CN (Xzz)‘rédicals produced in the reaction vessel. This gave a
signal to:noise ratio superior to'that obtained in previous work.
A similar lamp was used by Boden and Thrush16 who developed it

. . 2
from their studies of CN (B I) radicals in their active nitrogen

flow system.
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Secondly, a flash lamp which was co-axial to the reaction
21-23 s

vessel was used (c.f. Wolfrum and coworkers ), giving more
efficient photolysis of reactants than a conventional parallel
flash lamp. This also enhances sensitivity since a lower
concentration of parent molecules is needed to produce the desired
CN concentration.

Although this combination of techniques was novel for

studying CN radical reactions, it has been used'previously by

72 ' '
Morley and Smith in their study of OH radicals.
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CHAPTER 2

EXPERIMENTAL

GENERAL INTRODUCTION

The experimentaliarrangement used in this sfudy of the reactions
of CN radicals was a development of the original flash photolysis
technique used by Porter?? . The apparatué fér flash photolysis
consists éf three essential parts which are a photolysié flash lamp,
a reaction‘vessel, and a method of detection of trapsient species .
produced ﬁy the photolysis flash.

The photolysis lamp is usually a cylindrical quartz tube, with
an electrode at either end, filled with inert gas and connected
to a capacitor, a charging unit and a switching device to discharge
the‘flasﬂ. The lamp is_designed to produce a éhort, high intensity
light pﬁlse and is usually parallel to and&of‘similgr length to
the reaction'vessél,ﬁhich is typically a cylindrical.quarfz tube with
windows at either end. A reflector is sometimes used‘fo enclose the
lamp and reaction vessel/and so focus more light into tﬁe reaction
zone. ﬂ

Two methods of detection of transient species are commonly
used with différent advantagés for different types of work. ’These
two methods are called flash spectroscopy and kinetic spectrophotb—
metry; and are described by Porter and West.74

.Flaéh spectrosocopy involves the use of a spectroflash lamp
tb monitb; the absorptions 6f transient speciés photographically
with a spectrograph. Thisrspectfoflash lamp shouid have ; Short
duration flash (shorter than the photolysis flash) and should give

- a clean continuum emission over as wide a spectral range as

possible. A delay unit is used so that the spectroflash may be
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triggered at1any desired tiﬁe interval after the photol&sis flash,

Using this fechnique, any absorptions which occur over a Qide
range of wavelengths may be detected in a single experiment at a
given delay time. To determine kihetic data from this method,
several photographs at different delay times must be obtainéd.

In the technique of kinetic spectrophotometry7“, the -light
from, for example, a tungsten lamp (continﬁum source) is focussed
through the reaction vessel onto the slit of a monochromator which is
used to select a singlé wavelength. A.photoelectric detector is set
to measuré the light intensity leaving the monochromator and the
signal, triggered by the photolysis flash, is stored in a fast
recorder e.g. a storage oscilloscépe.‘ In essence, a single wave-
length is observed over a chosen time interval.

When'flash spectroscopy is used for‘kinetic studies, several
photographs at different delay times musf be obtained. The‘
absorptions must thennbe analysed on a densitometer and
corrections made for the sensitivity of the phétographic emulsion.
Hence for kinetic work, ginetic spectrophotometry is more accurate
and an absorption—timé‘profile for a transient species may be
obtained directly from a single experiment.

However, flash spectroscbpy is useful for preliminary work on
new systems where the actual transient species, theif lifetimes and
their ébsorption wavelengths have not pfeviously been determined.
This method may also be used .to monitor very fast»decays with half
lives less than»the duration of the photolysis flash.

Measurement of very fast rates ié extrémely difficult Qsing
kinetic spectrophotometry since scattered light from the- photolysis

flash tends to swamp the absorption; Boxall and Simons75 have however
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described a method for ovércoming this problem by employing a dual
beam technique. .
o : 76
Since the absorption wavelengths of CN radicals are well known
and the half lives of the radicals are very much greater than the
duration of the photolysis flash, the technique of kinetic
spectrophotometry was used in this kinetic study. A brief
description of the apparatus used is given, followed by a more

detailed account of the individual components.

DESCRIPTION OF APPARATUS

The general experimental arranéement may be seen in fig. 2.01.
A CN emission lamp waé used instead of a .tungsten continuum lamp
for fhe mdnitoring source.: Emissién from this lamp passed through
the reaction vessel and entered the monochromator which was set to
seleét the desired wavelength, and thé light from the exit slit was
detected by a photomultiplier.' The signal from the photomultiplier
was then fed to a transient recorder with facilities for visual
diéplay and digitai optput. ‘

The CN radicals were,produced by flash photolysis of cyancgen/
helium mixtures, the main primary product of photolysis being CN

radicals.

DESCRIPTION OF INDIVIDUAL COMPONENTS

1; CN Emission Lamp

Resonance ébsorption of the CN (Bzz ——-XZZ)'sysfem was used
to monitor the decay of ground state CN (XZZ). ?Pe CN lamp used in
this work gave strong CN (BZZ — XZZ) emission. A diagram of the
emission$1amp and flow system is giveﬁ in fig. 2.02f Basicélly

' .. 72
the lamp is similar to that used by Morley and Smith
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Botﬁ 9 mm and 12 mm o.d. pyrex tubing was used.for the main
seétion of the lamp and it was found that the 12 mm tubing gave a
more stable discharge. Microscope slidés; which gave good _
fransmission at 400 nm (short wavelength cut-off ~ 320 nm), were
used'ésvwindows.b The concentric tube arrangement used to mount the
exit window prevented the black wax.which secured the window from
contaminating the discharge. | .

The microwave cavity was a quarter wave,'air cooled model
powered by‘én EMI Microwave Power Generator Type T1001 which had
been modified to give-a reduced oufput.ripple of_<;0.2% (a reduction
of about a.factbr of 5): .This unit was normally operated at an
input power of 90 W and zero reflected. power. The iamp was allowed
to stabilise for a few minutes before experimental measurements were
taken.

It was advantageous to obtain the most intense emission
possible, since the signal to. noise ratio increases.with the square
root of intensity?h Maximum‘emission intensity was obtained
when a mixture of 1% methane and 99% nitrogen was:flowed through
the lamp at a pressure oélsz Nm_z, indicated on a capsule gauge,
and at maximum pumping speed. The above conditiops were used
throughout this work. | ‘

The CN (BZZ —_ XZX ) Av = 0 sequence, emitted by the lamp and
observed in the third order of the monochromator, was recorded
photoelectrically and is given in fig. 2.03. The wavelength scale
gives the first order wavelengths and the various band heads are
indicated:together with two mefcufy lines as standards. The mefcury
]_.ines77 at 579.07 and 576.96 nm were observed in second order and

are therefore equivalent to 386.04 and 384.64 nm on the wavelength

scale of fig. 2.03.
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A photograph of fhe CN emission spectrum at higher resolution
was obtained on a Bausch and Lomb 1.5 m Stigmatic Spectrograph,

This spectrum is given in Chaper 3 where the rotational temperature
of the CN lamp will be discussed.
2. Flash lamp

A coaxial flash lamp was used, the flash jacket concentricaliy
surrounding the reaction vessel and separated from it at both ends by
brass electrodes as Shown in fig. 2.04A. The apnnular gap, about
2.5 mm was fillgd, typically, to 670 Nm_2 with X-grade kr&pton (B.O.C.)‘
which was replaced when the lamp ceased to fire reproducibly. The
outer jacket was pyrex and was fixed .to the electrodes with
Araldite. Rubber O-rings were used to form a vaéuum seal between
the electrodes and the réaction vessel,

A diagram of the capacitor and charging arréngementsbis given
in fig. 2.05. Although) initially a 15 kV, 10 ﬁF capacitor was
used, for the majority of experiments a 15 kV, 2.5 uF capacitof
was found to be adequate.. An Applied Photophysics 25 kV power
supply was used as a chgpging source, and the capacitor was
charged to a potential in thé-range 5 to 10 kV, giving flash energies
of 31 to 125 J. An advantage of this particular charging unit
was that it could be pfeset tb charge the capacitor automatically
“to a given potential,and so reproducible flash energies were
obtainable over a series of experiments.

The lamp was fired by a simple mechanicallplqnger with brass
‘electrodes. All HT cables in the flaéh circuit‘we?e as short aé
possible to reduce the inductance " in what is éffectively éﬁ LCR
circuit, and hence the duration of the flash was about 60 Hs at an

energy of 31 J and 90 Hs at 125 J for wavelengths 230 < A < 400 nm.
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The duration of the flash was considered to be the time taken for the
intensity to return to.less than 1% of the maximum'intensity.

3, " 'Reaction Vessel

The reaction vessel is illustrated in fig. 2.04A. Both qﬁartz
and spectrosil vessels were used in preliminary investigations. The
short wavelength cut-off values, ‘Xc’ for various materials are
~given in table 2.01 where_kc is for 50% transmission through a
5 mm sample.

Téble 2.01

Cut-off wavelengths

Material .Xc/nm
Glass 350
Pyrex - 300
Quartz ' 185
Spectrosil 165

For most of this wofk,'é quartz vessel was used because there
bis less chance of photolysing reactant molecules than with a
spectrosil vessel. Also, the extent of the vibrationél excitation
of the CN radical is less with a quartz vessel. The reactiond
vessel windows were made from microscope slides which gave good
transmission at 400 nm (short wavelength cut-off 320 nm).

Several inserts of differing lengths were made to fit inside
the vessel so that path lengths of l{QO L, 0.67 L, 0.5 L and 0.33.L
could be obtained (where L = full cell length) in order to determine
any diviations from the simple form of the Beer-Lambert Law. An

illustration of how these inserts fit into the reaction vessel

is given in fig. 2.04 B.
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hf o 'quqéhr¢ma'§qf v‘ aﬁd optlcal ”sj‘r”s‘tém

Thé'mbnochrOmétor was a Hiléer'and Wafts Monéspek 1000 Grating
Spéctrometer DLOO, which utilizéd'a symmetrical Czerny-Turner‘éystem
of two mirroré and a érating to give parallél incidént and exiting
beams. 'I‘he grating had a ruled area of 104 x th mm with <“6VOO
llnes/mm g1v1ng a dquer31on of 8 R/um and was blazed for - 1}Jm
A motorised scannlng fac1llty was also 1ncorporated.

For most k;netlc experlments, the monochromatorkwas set
for meximum absorption of the CN (B2Z—X22) (0,0) P branch. This
did not coincide with the maximum of the CN (B22—X22) emission
from the lamp, as the rotaticnal temperature of the radicals in
the lamp differed from that of the radicals in tﬁe reaction vessel.
These rotational temperatures will bé discussed in Chapter 3. The
slit width used for all kineticlwork waé 0.10 mm for both entrance
and exit slits. Vérious other monochromator settings were

. » | .
occasionally used and details will be given in the relev&nt chapters.‘

The CN (B2£—X22) Av=0 emissioh.bands from the CN lamp were
monitored in different orders from 1lst to 5th,and it was found
that the CN signal was m;st iﬁtense with the monochromator set
for 3rd ordef.' Although_the blaze wavelength was ;Tﬁjm'?in first
order, the blaze wavelength changes with the order iﬁ.a cémplicated
ménner.and in fact the grating is most efficient for the CN violet
system in the third order.

In general, with = monochromator, a large percentage of useful
light is lost since the source and reaction’ vessel have a circular
cross—seétion and the slits are narrow rectangles. To help minimise
this discrepancy, various lens configurations were tested to focus as
much light as possible onto the éntrance slit. It was found that a
symmetrical‘convex'lens, f&lO cm, situatéd betwéen thé CN lamp

and the reaction vessel was effective.
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A diagram of Fhevoptical system is given in ﬁig..Z;Ol. As.
indicated on thié diagram, a black cardboard tube.was placed between
the reaction vessel and the filter holder,which was situated just in
front of the monochromator entraﬁce~slit. The purbose of this was to
reduce the amount of scattered light ffom the photolysis fiash
reaching the‘slit.

A blue R-0B10 filter, wﬁich gave good transmission at 390 nm,
was placed in front of the entrance slit. This filter restricted
the wavelengfh of fhe light‘reaching the slitv;o 335¢ X £ 515 nm
and so minimised the overlap of the CNlregion in thi?d order by
radiation from other species present in the CN lamp.

5. Photomultiplier

An EMI 9781B photomultiplier with a Corning 9741 UV glass
enveloﬁe was mounted directly on.fhe monochfomator exit slit. This
.tube, a modified S-5 typevwith a-Caesium—antimony cathode, gave a
- good spectral resPonsé between'300 and 400 nm. A‘Brandenburg
Model 472R power supply Qas used to run the tube at 800 V.

Circuit designs for pﬁ&tomultipliers for use in kinetic
spectrophotometry have Béen‘ﬁiscussed by Porter.and West7I+ . A
signal with minimal noise is essential for this type of work. Apart
from dark current, the major source of noise in a ﬁhotomultiblier
circuit is shot noise78, which arises when photons incident on the
cathode are converted to electrons i.e. these are statistical
fluctuations due to the random arrival of incident photons on the
photocathode. B

A means of quantifying noise is via the signal to noise ratio

S/N.

S/N = /T_(2eAf) (2.01)
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In the above‘equation, S and N are the‘signal and noise‘
respectivély in érbitrary units,»Ic is the cathode current,
e is the chafge on the electron and Af is the band width. This
formula applies when the.electrons AOve freely between the dynodés
in the absence of space charges.

| Equation.Z.OI shows fhat as the cathode current Ic increases,
the S/N ratio incréases and so the more intense the light source, the
better the S/N ratio,since“Ic is proportional to incident intensity.
Ideally, tﬁerefore, Ic should be large. Ic ié amplified along the
dynode chain to give the anode current Ia which has an upper working
limit (0.5 mA for the tube used in this work) determined by energy
dissipation at the anode, dynode'ﬁeating and space’éﬁarge effects.
Hence for large Ic’ the gain must be restricted and this can be
achieved by lowering the cathode to anode Qoltage,but this can lead
to problems of non-linearity in the gain.

Porter and West?q discussed the problems of reducing photo-
multiplier gain for tubes used in kinetic spectrophotometry. They
calculated values of IcAfor_?cceptable S/N ratios of 1000:1 and
100:1 for milli~ and-microseéond time scales and showed that
Vgood results could be obtained using low gains'of 103-104.’ This
means that for kinetic spectrophotometry,'high gain photomultiplier
tubes are not necessary.

The solution to the problem of reducing the:gain and
maintaining linearity is to reduce the number of Qynodes. This was
the case in the circuit used in this Qork where dynodes D7, D8 and
D9 and the anode A were connected togéfhér as shown in figufe 2.06.
_Linearity was maintainea by using a‘Zener diode (150 V) between
D5 and D6, and three decoupling capaqitors between dynodes D3 to D6

to stabilise the interdynode potentials.
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Operating the photomultiplier. tube at low gain as described
above increases its life since overheatiug, which can destroy dynode
coatings, is avoided.

A simple circuit for obtaihing éurrent to voltage conversion
of the photomultiplier output éignél is given in fig. 2.07 and
involves a load resistor (47 kQ in'this case). The potential
dropped across the resistor will be proportional to the current
flowing through it.

‘However, the ciréuit given-in fig. 2.08 was used for mést of
this work because_it converted the CN decay signaltto an exponential
curve (effectively a concentration against time curve) which was
Aeasier to analyse than the intensity measurements ébtained using a
load resistor. 1In this circuit, two higﬁ speed switching diodes
(fype 1N914)'were placed in series across the photcmultiplier
output and the voltage drop across them was monitored.

It is well knownbthat diodes have a 1ogarithmié relationéhip
between current i through the device and voltage V dropped
across it. Use was made of_this fact in construction‘of fhis simple
logarithmic converter consi;ting of the two dicdes,as used by Morley
and Smith72. Fig 2.09 is é plot of current i thrqugh_the two
silicon diodes in series against voltage drop acrbss them.‘ This
was meaéured‘pn a Telequipment Curve Tracer Type CT 71 on the most
sensitive ranges (5 nA/div, 0.1 v/div). Fig 2.10 is a plot of
In(i) against voltage drop for the same data and gives a straight
line indicating that theAdiode device behaves as expected.

As ; further check that the device operated satisfactorily,
-data obtained using the diode circuit were checked against the

data obtained using the load resistor for a series of experiments.
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Four mixtures of (CN)Z/He/H2 were made up to give a range of

reaction rates by varying'the partial pressure of H The rate

2
coefficients obtained for the removal of CN radicals for each
nixture using both the load resistor and the diode circuit were

in good agreement as shown in table 2.02.

Table 2.02

Rate Coefficients obtained with load

Resistor and with Diode Device

Rate Coefficient k /s_1
obs

Circuit '

He/CZNZ/Hz mixtures

A B C D

Load Resistor 458 + 46 991 + 109 1770 1.223' 2550 + 437
(Fig. 2.07)
Diode Device 447 + 44 1 1020 + 115 1610 + 196 2790 + 405
(Fig. 2.08)

An attempt was made to reduce the shot noise in the load resistor
circuit (fig. 2.07) by lowering the band width, Af, which is given

by equation 2.02 (Porter and West74

)
Af = 1/(2n RC) v - (2.02)
where R is the resistance and C is the capacitance 'of the external

cicuit. This was achieved by placing a capacitor, C across the

1)
- 78 . :
load resistor. Morrow points out the dangers of using too large
a capacitance resulting in distortion of decay profiles. An
optimum value of the capacitance of C1 was found to be 0.0033 yF.

In most of this work however, the diode logarithmic device of

fig. 2.08 was used in conjunction with a reverse biased 6 V Zener
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diode which was found to be more effective in reducing noise than a
capacitor. Fig. 2.11 is a typical decay trace obtained using the
diode Gdevice and the Zener diode.

The layout of the'équipment for procéssing thé output from the
phqtomultipliér is shown in fig; 2;01.’ For thé most of the experiments,
the output from the photomultipliér'was fed in£o a fast transient
recorder (Datalab DL905) via two silicon diodés (type 1N 9lh5 placed
in series across a BNC T—piecé (no load résistor% as shown in
- fig. 2.08. This circuit gave risé to a logarithmic input to the
fransient recorde}, as discusséd .. the previous section. A 1024
channei, 8 bit word memory stored the signal whiéh could then be
displayed in analogue form (Telequipment DM64 Oscilloscope and for
permanent reéord, on a Bryans XY Recorder 26000 Al). The contents
of the memory could also be sént in digital form to a_papef tape
punch (not used in this work) and direct to a Digital PDP11/20
computer for on-line processing.

‘For the first part oflthis work, direct digital processing
facilities were not available and the XY plotter traces were
digitised on a Ferranti Freescan Digitisér and transferréd to
magnetic tape for processing on an ICL 4-T5 computer. However, the ‘
majority of the experimental data was sent direct to the PDP11/20
computer from the>trénsient.recorder and processed on-line. The
computer progrémmes used for the data processing were originglly
written and developed by my predecessor Robin Stréin79.

The advantage of the DL905 trénsient recorder was that a portion
of the memory could be ailocated to store the pretrigger signal. In
most cases, the first 200-300 channéls weré uséd for this purpése

and the contents cf these channels were averaged to give a value for

the baseline for the post-trigger decay signal. Fig. 2.11 shows a

-
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pypical XY plq?#er,prace Qf ?he memory cqn?eﬁts fgr the decayvqf
CN raaicais; Acéording to.thé time basé uséd; about the néxtleO
.channels éfter‘thé trigéering evént weré ignoréd’for the rate
coefficient calculations because during this time; thé photomultiplier
was recovering from the scatteréd’light proqﬁced'by the phqﬁolysis
flash. Also, by this timé,'as the signal correéponds to <25% absorption,
the Beer—-Lambert exponent, y, should’reﬁain constant throughbut the
decay. The significance and determination of y will bé discussed in
chapter 3.

| The éontents of the remaining channels were used to caiculate
kobs’ the observed rate coefficient for the dec#y. Once the optical
density (0.D.) had decreased to the level of the noise in the
pretrigger signal (béseline), the daﬁa in the remaining channels were
rejected by the.computer programme .

A least squares fit of the graph of 1n(0.D.) against time was
usedvin the calculation of kobs’ since the optical density was
proportional to the CN concentration. The gradient of this plot,
mulﬁiplied by —i, gave théfobsérved rate coefficient, LS.

In order to calculate the ratve constant for reaction of CN with
& reactant, the rate coefficients for several partiai pressures of
reactant were obtained. The gradient, obtained from a weighted least

squares fit of ko < against partial pressure of reactant, gave the

b

rate constant k when divided by the Beer Lambert exponent v.

- EXPERIMENTAL ' 'PROCEDURE

The following list was the pfocedure normally executed for mosf
experiments.
1. Make up gas mixtures.
2. Switch on electroﬁic equipment.
3. Refill fiash lamp with fresh Kr if the fla#p is erratié or not

reproducible. ~
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4, Check that detection system isvtriggering from the flash

;eproducibly.
5. Set monochrometer to the required Qavélength.
6. Pump out reaction vessel.
7. Flush out reaction vessel with the gas mixture to be, used for

‘the experiment.

8. Pump out reaction vessel. N
9. Fill reaction vessel to the required pressure with reaction
mixture.

10. Charge capacitor to the required potential.
11. Set trigger.
12. Fire flash lamp.
13. Record result,
14. Return to 5 for further experimenﬁs;
" In the following chapters, any deviation from the standard
methods described here will be discussed as they are encountered.
The experimental details of work carried out at Thornton Résearch

Centre (Shell Research Ltd.) will be described in Chapter 9.

PRODUCTION OF CN RADICALS

CN radicals were generated from the flash photolysis of cyamnogen
in the presence of helium buffer gas. The excess helium was 3
necessary to dissipate the kinetic energy produced in the primaryA
photochemical stép, so that the reaction mixture had a translational
temperature close to room temperature.

Various (CN)Z/He mixtures were tested and g m&xture containipg
26.7 Nm-72 Bf (CN)2 was found to be-most suitable, since adequate

absorption was obtained giving a good signal to noise ratio. At

_higher partial pressures, problems with saturation of the absorption



54

would have arisen, while at lower pressures, the signal to noise
ratio would decrease.

In most expefiments, helium buffer gas was added to mixtures
of cyanogen plus reactant.to give a total pressure of
1.33x104 Nm—z. The choice of this total pressufé will be discussed
in Chapter 4.

A rough estimate of the exteﬁt.of_photolysis of cyanogen was
obtained by repeatedly flashing g (CN)Z/OZ/He mixture, until thg
rate was thé same as for a (CN)2/He mixture. Assuming a value of
10~ cm:‘)moleculemls—1 for the rate constant of the reaction of CN
with molecular oxygen, the amount of 02 removed per flash was
calculated. This corresponds to an upper limit of 8 x 1012
molecule cﬁ-s for the initial concentration of CN radiqals produced
in the quartz,reacfion vessei for a flash.energy of 125 J.

In previous work, various parent molecules, RCN, have been
photolysed to give CN radicals.. Although the strongest R-CN bonclso’81
is for R = CN, the photolysis of cyanogen was chosen as the source
of CN radicals for this work to avoid interference from other
radicals e.g. R = él, ﬁf; I étc;

As the CH3-CN bond is weak, attempts were made .to photolyse
methyl cyanide. No CN radicals were observed possibly becaﬁsg of a
fast abstraction reaction or recombination as in the following
reaétions.

CN  + CH,CN —> HCN + CH,CN ' ~ (2.03)
CH3 +CN+M— CH3CN + M ' 7 (2..04)

GAS HANDLING

A conventional glass vacuum line was used for gés handling,

and a vacuum of '1,10"4 Nm—2 was obtained with a mercury diffusion
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pump backed by a rotafy pumé (Edwards mOdelIQSCZO). Residual
ﬁefcury was assumed to be the same in all gas mixtures and was not
considered. to alter the kinetics; The gas mixtures were made up in.
spherical buibs #nd allowed to mix therﬁally for more than.

3 hours, or stifred in a magnetically operéted mixing véssel

for 20 minutés.

Pressures were measured on a mercury manometer or on an oil
damped glass spiral gauge. In some caées, wherevthe determination
of low pressures (< 670 Nm—z) was required, sharing'ratios were
used. Throughout the experimental work, ideal gas behavicur
was assumed for all gases used.

GAS PURITIES

A list of gases used and methods of purification are given in
Appendix I. The gases, except X-grade helium (B.0.C.) and
certificated helium, weie mostly analysed on a mass spectrometer

(MS10) but i; was cbvious from the impossibly high levels of impurity %

oL

!

found, that addition of these gases to the mass spectrometer was

causing other gases to desorb from the metal surfaces of the mass

‘spectrometer. Generally, IRvspectra were run for most gases and no
significant impurities were found. ¥For some gases, the purity was
assumed to be within the manufacturer's specification.

- EXPERIMENTAL UNCERTAINTIES

Uncertainties in observed rate coefficients ko arose from two

bs
main Sources, namély the uncertainty in assigning a baseline to a
decay trace,like the one shown in fig. 2.11,and the random error
found by repeating the same expefiment several times. The

uncertainty in kobs is therefore a combination of the baseline

uncertainty and the standard deviation calculated from a
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set of identical experiments. This combined total uncertainty, which

will be referred to as 0, was found to vary with kO and in general

bs
' -1 ' -1 . X -1
was about + 40 s ~ for kobs = 400 s increasing to + 450 s = for
k = 3000 s_l. - This applied for a single experiment. When the

obs

average of several identical experiments was obtained, the

uncertainty became 0/ Vn-1 where n was the number of experiments

averaged. (o/ ¥Yn-1 is equivaleﬂt to the standard error in ko ).

bs

The uncertainties in the rate constants presented in later
chapters were obtained from the weighted least squares processing

of plots of kO s against partial pressure of reactant. The values

b

quoted are equal to one standard deviation in the gradient. From

all‘plots of ko s against partial pressure of reactant, the

b
)

assigned error bars (equivalent to the standard errors in kobs

agreed well with the scatter in the points, suggesting that the .

assigned uncertainties were reasonable.
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CHAPTER 3

CN EMISSION AND ABSORPTION

INTRODUCTION

In this chapter, the emission of the CN resonance lamp,
described in chapter 2, is discussed in detail along with the
‘subsequent absorption of the CN resonance radiation by the radicals
produced in the reaction vessel. Howevér, before prdceeding, an
understanding of the spectroscopy of the CN violet system and its
special features is essential.

The CN(B22'— XZZ) Violet System

The spectroscopy of the CN(BZZ+ - X22+) yiolef system has been
well characterised, and details of the vérious features are summarised
by Herzberg ! and the observed wavelengths of the bandheads are given
by Pearse and Gaydon 76.

For CN_radicals, where the equilibrium internuclear distaﬁce,
., is almost the same in both the BZZ and XZZ electronic statés,
the Condon parabola is extremely narrow and in fact the transition prob-
abilities for the Av = O sequence are significantly larger than for
other sequences or progressioné.

As the vibrational quanta of the BZZ and XZZ electronic states
of CN radicals are of similar magnitude, the observed CN bands of
the violet system are grouped in sequences rather than.bdnd pro-
gressions.,

The selectiod rules for the change of rotatiopal quantum
number during an electronic transition_depend on the coupling of
thé rotation and electronic motion.1 Bdth the BZZ and XZZ stétes
of CN radicals beldng to Hund's coupling case (b), where the coupling
of the spin vector S to the internuclear axis is very weak (or

zero).
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For I states; the angular momentum vector N of nuclear
rotation is equal to K , the vectdr of the total angular momentum
apart from spin. The quantum number K is given by

"K=sA, N + 1,A + 2, **°"

K=0,1, 2,3 **** forA=0
Vector J is fhg total angular momentum including spin and is the
resultant of K and- S. The quantum number J is given by

J

]

(K f‘S), (K+S=-1), (K+5=2), «+++, |k~ Sl

i.e. J =K+ } (for a doublet state),
The energy separation of the rotational levels is much larger than
the separation of the sub-levels .corresponding to J = K + i and

J=K-

Nl

The selection rules which apply in Hund's case (b) for a

22 - 22 transition are
“ AK ='i1
AJ = 0, #1.

Since AK = 0 is forbidden for L—3I transifions, the P and R branches
are sflit into three components corresponaing to AJ = 0, 1. However
for'AJ = 0 # AK, the intensitypdecréases dramatically with increasing
K and normally only doublet P and doubiet ﬁ branches may be observed
under high resolution. Under low resolution, the doublets are
unresolved and the speétrum corresponds to that of a 12 - lZ transition.

Due to the relative changes in the vibrational energies of the
BZZ and XZZ states with increasing vibrational quantum number, the band
heads of the CN violet sequences turn back on themselves. In fact, a
plot of v" against band head wavenuﬁber is approximately par;Bolic for

a given sequence. The wavenumbers of vibrational transitions are

given by the following expression}
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v=Ey + o' Av - x! (Av)2 - (w" - '+ 2w x'" Av) V"
o oo o o oo

2

- [ R 1] [
(Qo x| = o (3.01)

X" [}
o) v
where Voo is the wavenumber of the (0,0) band of the system, Av is
the change in vibrational quantum number, and the terms 0y and

w X are as follows
o o v

- + . . + * 0 00 .
C Xe 0.75 0, Yo (3.02)

€
i

€
"
[

w x =15w y + **°° (3.03)
e e e’e

If the linear term in v" in eqqation 3.01 isfémall and of opposite
sign to the quadratic term, then a reversal of band order can take
place in a sequence. |

For the Av = O sequence of the CN violef system, the separation
of the band heads decreases withﬁincreasing v'" from the (0,0) band
head at 388.34 nm to the (4,4) band head at 385.09 mnm.  Near the
apex of the pérabola mentioned above, the (5,5) to (10,10) bands
are headless.°? As v" is increased still further, band heads may
again be observed at longer wavelengths and in fact, the (11,11)
to (18,18) band‘ssz’83 have Beeﬂuobserved at longer wavelengths than
~the (0,0) band. " These bands are called the "tail" bands and may be
obgerved under blue flame conditions in active.nitrogen76 .

'The wavenumbers gf tﬁe rotational lines of a vibrational ﬂénd
‘may be obtained from the following equation1

v=v + (B + Bhm+ (8] - BOn’ (3.04)
where v, is the wavenumber of the band Qrigin, B& énd Bs are the
rotational constants for a given vibratiénal level and m is an
integer (R branch for positive m, P branch for negative m).

From equation 3.04, it may be observed that if the linear
term in m is of opposi;e sign to the term in m2, the rotational

lines can turn back on themselves and form a band head. A graphic

illustration of this phenomenon in the form of a Fortrat parabola

-

is given by Herzberg1 .
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The bana heads of the CN (0,0) to (4,4) bands occur in the
P branch and are shaded to the violet, i.e. B; > Bs. The tail
'bands however,.at higher v have the band head in the R branch and
are shaded tqward the red i.e. B¢\_< Bs. |

Fig. 3.01 shows the emission spectrum obtained for the CN
resonance lamp under normal operatiﬁg conditions. A Bausch 5nd Lomb
1.5 m spectrograph with a siit width of 10 um ‘was used to photégraph
this‘spectrum.. A blue filter (ROB10), which gave good transmission
in the spectral region of inﬁerest, was placed between the resdhance
lamp and the entrance slit. .The spectrum obtained will be discussed
in more detail sﬁortly.

CN EMISSION SPECTRA

Spectra of the CN violet system given by Pearse and éaydoﬁ76 and
Herzberg l‘are useful illustrations of the spectroscopic features dis-
cussed in the previous section. - The sources of the;e spectra were not
specified,and so the discussion will be limited to more recent studies
of the viclet emiésion from CN radicals in active nitrogen flames, as

this is particularly relevant to this work.

Vibrational Distributions

The emissions from CN radicals, produced in the reactions of

- active nitrogen with traces of carbonaceous materials have been

16,5364

" studied by several researchers. Both the CN red emission

2 . .. 2
from the A"l state and the CN violet emission from the B'I state were
observed. Three distinct vibrational population distributions Pi,

Pé, and Pé have been observed61 for the CN violet bands.

The Pi distribution is charactertistic of CN (B?Z) produced

54,61

in flames containing cyanogen derivatives, RCN, arid in this case,

54,61 i
v' g 15, In halogenated hydrocarbon flames, ’ the Pé distribution
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predominates and CN (B r) is produced mainly with v' = 0. The P1

and Pé distributions are observed for active nitrogen flames at low
total pressure, whereas at pressufes greater than & 1.3 x 102'Nm"2,
‘the‘Pé distribution predominates, gdrrespbnding—to the blue flame
condition.60 In the Pé diétribution, the populations of the
vibrational levels increase frém v' = 0 to a maximum at about v; =7
and then decrease again for higher values of v'.

Although the Pi distribution was originally thought to aris§
frombﬁhe excitation of previously formed CN radicals by energy transfer
from N2 (A3Z+) metastable molecules,ss’SBOre recent studies have éhown
that energy transfer occurs almost exclusively from high vibrational
levels of ground state N2 (X'E;) moiecules.es’quhe Pé distribution
however is believed to arise from near resonant cbllision induced
intersystem crossingse’eofrom the CH (AZH, v' = 10) level to CN
(Bzz; v' = 0). The Pé distribution is thought to occur by a
similar process60 but for higher vibrational levels of the AZH
staté; produced by a different chemical mechanism.

The CN resonance lamp used in this study was similar to that
used by Boden and Thrush-,i6 aithough their total pressure.of'

®_150 Nm—2 was slightly less. Fig. 3.01 shows the emission from
the CN lamp used for this work for a toﬁal pressure of ¢ 270 quz
of 17 CH&' in nitrogen. The wavelengths.of the band heads are
given in appendix II.A.

The visible emission from the CN resonance lamp was characteristic
éf the blue flame condition60 but the tail banas of the violet systeﬁ,
which should accompany the blue flame,-ﬁere not significantly.developed.
Hence the vibrational distributibn»obtained corresponds to the Pi and
Pé distributions obtained in previous work.

The intensities of the bands of the Av = 0 sequence were adequately
suitable for this study of CN (XZZ) radicals and decreased with increasing

V.



63

Rotational Distributions

The rotational energy distributiogvof the CN (BZZ) fadicals pro-
dﬁced in the resonance 1amp used in this work is likely to be close to
a Boltzmann distribution. . Although the radicals @ere produced by
chemical reaction and were excited by energy fransfer processes, and
not purely by thermal excitation, rotational relaxation is likely to
be raéid leading to near equilibrium between rotational and translationai
modes.

Evanson and Broid'ei?l+  studied rotational relaxation of CN (BZZ, v! = 0)-
in active nitrogeﬁ, and observed changes in rotational quantum number
varying from 1 to 10 (contrary to the optical selection‘rule, AK = #1).

Change of rotational state was observed to occur-at nearly every collision

A rotational lifetime of 1.2 x 10"7 s was
2 2

for CN'(BZZ) in He and NZ'

calculated for a total pressure of 1.33 x 10 Nm © for CN (BZE, v'A= o,
K= 4).

For this present study, at twice the pressure, the rotational life-
time would be about the same as the radiative lifetime of 6 X 10_8 $
determined by Luk and Bersohn,66 in the absence of collisional quenching.
Hence the rotational energy distribution of the CN (Bzf) radicals should
be approximately Boltzmann-like and the rotational and translational
temperatures should be nearly equal. -

A method of determining the rotational temperature of an excitead

electronic state of a diatomic molecule is given by Herzberg1 and

involves measuring the relative emission intensities of each rotational

line. The intensity of a given rotational line is as follows,
| " 2C v '
1 = TS exp (-heB'K'(K' + 1)/kT) (3.05)
em Qr K

The terms in the above expression are



v wavenumber of the transition.

SK ~rotational line strength.
Qr rotational partition function of excited state.
B' rotational constant of excited state.

K' rotational quantum number
c a constant
em

h, ¢, k and T have their conventional meaﬁings.

4 . Y ot .

A plot of 1n (Iem/SK v ') against K'(K' + 1) should be a straight
line for a thermal rotational distributionjand the rotational temperature
may be calculated from the gradient which equals hecB'/kT.

The above method was used by Bulewicz et a1.8'5 to determine the

rotational temperature of CN (BZE) radicals produced in combustion
pr&cesses. Similar methods were used by Iwai et‘al.e2 and Cody et al, 86
to determine the rétational temperatures of CN'(Xzz) radicals.

An attempt was made to determine the rotational temperature of the
CN_(BZZ) radicals produced in the resonance lamp used in this work.
However, overlap of the CN (0,0) rotational lines by emission from some
other species in the discharge prevented the assignation of a meaningful
rotational temperature to the CN szzz_radicals. This was particularly
obvious from the densitometer trace of the CN (0,0) band,given in appendix

 II.B,where a line is observed at the band'origin where there should be a

gap.

Aélfhe CN resonance lamp used in this work was §ery similar to that
‘used by Boden and ThrUSh,_l6 the rotationél and translational temperatures
of CN~(B22) should be siﬁilar to their values i.e. 1700 K and 1200 K
respectively. The band énvelope for the CN violet Av = O sequence,emitted
by the resonance lamp and sﬁown in fig. 2.03,agrees well with the band
envelopes calculated by Tokue et al.87 for rota;ional temperatures

between 1000 and 2000 K. The rotational intensity diétribution given

in appendix II.B for the (0,0) band is similar to the high temperature

-
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spectrum given by Cody et a1.86, which corresponds to a rotational
temperature of Az14OOK; Hence a rotational temperature around 1500 K
is reasonable for the CN (BZZ) radicals produced in the resonance lamp.

ABSORPTION BY CN RADICALS

For CN radicals produced by photolysié of cyanogen in the reaction
vessel, complete rotational relaxation 86 of the CN (XZZ) radicals will
have taken place by the time the photomultiplier detector has recové}ed
from the photolysis flash i.e. for delay times in excess of 900 us. As
" will be discussed in chapter 4, almost complete vibrational relaxation
has also taken place by this time. Hence the energy distribution
throughout the observed decay of the CN radicals will be entirely
Boltzmann. |

Although the intensity of the vibrational bands is sufficient for

absorption experiments, a problem arose due to the mismatch of rotational
temperatures of the radicals in the resonance lamp and the radicals pro-
duced in the reaction ves;el i.e. the observed ébsorption was less than
that expecfed had the rotational temperatures been equal, |
‘ To overcome this problem, CN (XZE, v'"" = 0) radical absorption was
‘monitored at a wavelength';f 388.1 nm corresponding to the maximum absorption
of the (0,0) band and not at 388.3 nm which corresponds to the maximum
emission intensity of the resonance lamp. ~

As thé.rotational temperature of the CN emission 1ampvwas high
( ~ 1500 K), heating the reaction vessel in a thermostatically controlled‘
ovén wouid havéAréduced the rotational mismatcﬂ. Thg system worked well
enough without recourse to this measure,which wbuld gertainly have giyén
rise to other broblems.

-Iﬁ was not necessary to know the absolute concentrations éf CN

radicals in the reaction vessel to determine kinetic data, relative con-

centrations were sufficient. The Beer-Lambert law provides an easy
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method of relating transmitted light intensity to the concentration of
an absorber, and a modified version of this relationship was adopted for
this study.

The Beer-Lambert Law

For most chemical systems, the following empirical relationship,
known as the Beer-LamBert Law was found to apply for incident intensity
Io’ transmitted intensity It (at delay time t), absorber thickness 1,
and absorber concentration c.

I/I = exp (-a cl) . (3.06)
The term o 1s the natural exﬁinction coefficient, the units of which
must be compatible with those of c and 1.

Hoﬁever, there is a restriction 6ﬁ the applicability of quation
3.06 to a given absorption system, namely that the rénge of wavelengths
to which I refers 'is small ccmpared to the width of the absbrption band
i.e. 0 is constant over this range. The term (ﬁ is a measure of the
probability that quantum - molecule interaction will lead to absorption
of the quantum, and strictly speaking, the incident light should be

monochromatic. >

Lo

For atomic emission ggurces; self reversal of the emitted lines
can alter the line shape °8 and equation 3.06 no longer strictly applies.
This problem should not be of impdrtance for the emission from CN’molecules
in the resoﬁance lamp, as the “intensity is distributed throughout all
the rotational lines and is not concentrated into one line as is the case
for atoms. |
As mentioned above, the emitted line should be nafrow compéred with
.the aBsorption line. Several types of bféadening, applicable to both
emission and absorption may occur in the type of system under investigation.

They are natural broadening, Doppler broadening, and pressure broadening

which can be sub-divided into Lorentz and Holtsmark broadening. These
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phenomena are all digcussed by Mitchell‘énd Zeménsky'sg who deal with
a more fundamental approach to the absorption of resonancevradiation.

| . In this study, the CN resonance lamp iS‘essentiélly a line'eﬁitter
.aﬁdbhence the resolution of the monochromator will not affect the
absorption. The absorption is however affected by the relative line
shapes of the emitting and absorbing lines. For the CN resonance lamp,
the emitted lines will be broader than the absorbing lines maihly due
to depler Broadening16 . Hence the equation 3.06 wili not strictly
apply in this case.

The mismatch.of rotational temperatures of the emitting and absorbing
species can lead to some lines being absorbed extensively while the absorption
of other lines is small or zero. This again deviates from the ideal sitﬁation
fér which equation 3.06 was intended. 5

To accommodate the deviations from ideal line shaﬁes and mismatch of

rotational temperature, a modified form of the Beer-Lambert Law may be used,

which introduces the\ﬁempiricaljw coefficient, Y , which can have values

o

petween zero and one. _
In (I/I,) = alc)' ~(3.07)
The Y coefficient may be determi;ed empirically by varying the concen-—
tration of absorber or by varying the length of absorbgr. vThe latter
method was used in this study. ' | -
‘If 1n (Io/It) is monitored as a function of time fof a given initial
absorber concentration for two values of 1, say 1 =L and 1 = L/2, then the

following equations describe the decay of the absorber,

_[m (1,/1,)] = a(eL)Y - (3.08)

A . 4

.[-ln (Io/Itﬂ = a(cL/2)Y (3.09)
in (I /I ) . :

(X L

[ln (:.[O/It-):l L/2



68

Hence a plot qf [}n (Io/It):]L against [in (Io/It) _, for a range of

"L/2°

values of t, has a gradient of 2Y  for the decay of the absorber. If
instead of 1 = L/2, the value of 1 = L/3 was used, then a gradieht of

would be obtained.

The reaction vessel length was varied by using inserts, allowing
values of 1 = L, 2 L/3, L/2, L/3 to be obtained. A diagram of the
reaction vessel used in this mode is given in»fig. 2.04B. Care was
taken to obtain a good vacuum each time a different insert was placed
in the reaction vessel.

The flash lamp was freshly filled and flashed about ten times to
‘ensure reproducible emission. The flash lamp was not refilled through-
out a series of experimenfs to determine Y , as this would have given-an'
alteration in the spectral output, as was oBserved in preliminary experi-
ments. |

Three separate determinafions of Y were carried‘out. iFor each, a
large volume of helium/c&énogen mixture,>500': 1, was prepared and allowed
to mix thoroughly, so that this standard mixture, at a total pressure of
1.33 x 104 Nm—_2 could be used for tﬁe two path lengths used in eacﬁ deter-—
mination. The removal of CN (Xzf, v'"' = 0) radicals was monitored for
each pair of 1 values at 388.1 mm corrésponding to the (0,0) P branch.

Fig. 3.02 sﬁows the values of [}n (Io/Iti] values obtained for
each pair of 1 values used to determine Y . Eaih point is the average
of 5 experiments and the uncertainties are the standard errors. As the
uncertainties in each point are almost the same, most of the.error bars
have been'omitted from the graphs for clarity.

Table 3.01 gives the Y values obtained from the gradients of the
graphs ip fig. 3.02, together with the average rate coefficients for the
removal of CN radicals. The average value of y was 0.57 + 0.03 and

this value will be used throughout this research.
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Tgble 3.01

v Values and Rate Coefficients

4

Path lengths

Path lengths

Path lengths

L L/3

L |L/3

L L/2

Beer~Lambert

Coefficient y

0.60+0,02

0.54+0.03

10.58+0.03

Average Rate

Coefficient -

L16+21 | L7142k

419+21 | L10+20

419+21 | ‘Lh5+23

0/
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The average rate coefficients are in excellent agreement for
all vélues of path length 1, and indicate that for a rebrodudible
photolysis flash, the CN decay.profiles should be reproducible.

For pseudo first order kinetics, the observed rate
coefficient, Kops? must be divided by Y .fo give the correct

rate coefficient. However, throughout this thesis instead of

correcting the values of ko for each experiment, it was more

bs

convenient to correct the rate constants obtained i.e.
k=k'/Y (3.11)

where k is the actual rate constant and k' is the observed rate
constant (caiculated_from the gradient of a plot of kobs against
reacﬁant éoncentration). For convenience, the uncertainties in
the values of the ra£é constants k, quoted in subsequent chapters,
do not contain a contribution from the uncertainty in Y.
The above treatment is based on the assumption that y

is constant over the range of CN concentrations studied, and this
appears to be valid, as £he graphs in fig. 3.02 are éood straight

lines.

Absolute CN Concentrations

An absolute determination of absorber éoﬁéentrations is
possible by equating the experimeﬁtally measured frectional
absorption of a resonance line with the theorétical.equivalent.
Such a determination is not essentisl for the study of pseudo
- first order kinetics, but it is useful to have some idea of the
conceﬁtrations of the species under observation.

3

Paul and Dalby’ >, Ivai et al.°? and Boden and Thrush'®

have all calculated the absolute CN concenﬁratipns produced in

-
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theif experiments on CN radical reactions. The methéds used
were essentially the same, but as the resonance ébsorption study
bf Boden and Thrush was similar to this work, on}y their method
will be discussed in detail.
‘The method they used was based on the work §f Ladenburg
and Reiche Which is described by Mitchell and Zemansk&89
It applies strictly for:-
a. small absorptions at the centre of a resonance
line under éonditions where ébsorption at the
edges of fhe line f"negligible.
b. conditions where line shape isvdetermined
purely by Doppler broadening i.e. in the
absence of all other tyées of broadening
~or when they are negligible.
This method was thérefore applicable to the work of Boden
. and Thrush 16 where absorptions were. g<h?% and where Doppler
broadening was about'thfge orders of magnitude greater‘than
the natural line width.i
For simplicity, the absorption of resonance radiation by
& single rotational line will be described initially. Under the
conditions described above, the fractional absorption
coefficient, Aa’ for & single rotationél liné is given by the

following expression89 —

k1 (k 1)2 o -1 1)
A = O U 2 - (3.12)

* ¢l+u2 2!Vl+2a2 n!Vl+n0L2

The terms in the above equation are as follows,
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ko (cﬁfl) is the maximum absorption.coefficient for
pure Doppler broadening.

1 (cm) path length of the absorption cell.

n is a positive integér.

o is the ratio of the emission line width to the
absorption line width. It is'equal to the
square root of the ratio of the absolute
Itémperatures of the emittiﬁg and absorbing
radicals for a resonance lamp with a thin

emitting layer.

The background leading up to the derivation of_equation 3.12 gbove
is given in appendix II.C.

'In the notation of Boden a;nd Thrush'®, k_ for a single
rotational line of the CN(B2Z—X22) (0,0) band is given by the

following expression

1

[1n2 5» . NAX? quO’SK'eXP'(fK(K+l)/QR)

K = [— (3.13)
0,K L bow ot by, Qy Qp
The terms of the above expression are:- .
N concentration of absorber (molecule cmf3).
A wavelength absorbed (cm). .
q0,0 Franck—-Condon factor for the transitimfo
' SK rotational line strength. N
T ~ radiative lifetime of the excitea state (s).
Ava Doppler width of the absorbing liﬁe.
Qy vibrational partition function
QR rotational partition function
K ' qﬁantum number of total angular momentum,apart

from spin.
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CHAPTER 4



' 'CHAPTER 4

" 'PRELIMINARY EXPERIMENTS

Removal of CN Radicals in Cyanogen/Helium Mixtures

"INTRODUCTION

- The photolysis of cyanogen/helium mixtures was chosen as the
source of CN radicals for the reasons given in chapter 2. It is
therefore important to characterise fully‘tﬁe removal of CN. in such
mixtures to obtain optimum conditions for observing CN radical decay
in the presence of reactants.

The following possible pathways have begn.considéred for the
removal of CN(X?Z, v' = n):-

1. Removal of CN by diffusion to the walls of the reaction

. .vessel, |
2. . Vibrational relaxation of CN(XZZ, v"' = n) to CN(XZZ, v" = n-1).
3. Recombination of CN radicals by the third order process
CN+CN+M —> C,N, + M (1.18)
4. Removal of CN by the EﬁiraAorder reaction |
CN + CéNz +M —> CyN, + M - " (4.01)
5. Reaction of CN radicals with impurities.

By assessing the contribution of each of the above processes
under various conditions, it should be possible to choose conditions
where removalef CN radicals,in the presence of reactant moiecules,
occurs predominantly by reaction with these molecules. This should-

_ enable rate constants.to be determined accurately.

It is also .essential that removal of CN radicals is pseudo first

order, as this simplifies the calculation of kinetic data. 1In
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parpi;ular, since the aim of this work is to study the reﬁoval of
CN(XZZ, v" = 0) in fhe absence of feeding by‘vibrétional relaxation,
care must be taken in finding a suitable system to do this.

A discuésion_of the vibrational distributions produced in
previous flash photolysis studies, foilowed by a detailed account of
the theoretical and experimental aspects of the removal processes.
listed earlier, will now be given. |

CN VIBRATIONAL DISTRIBUTIONS

Previous Work

Although Paul and Dalby 13produced CN(XZZ) radicals by photo-

lysis of C and cyanogen chloride, they give no indication of the

M2
CN vibrational distributions producéd. ‘Basco et al.}® and Basco 14
produced vibrationally excited CN(XZZ) with v"" < 6 by photolysis of
cyanogen, cyanogen bromide and cyanogen iodid; in a.quartz vessel
at a flash energy of 1600 J. They observed the excited radicals
Spectroscopically via the Av = 0,% 1 and -2 sequences of the
CN(BZZ-XZE) system. The absofptions of v'' = 5 and 6 could not be
separéted and in fact §ver1apped the tail of v" = 4. Transient
population inversions Wéré ob;érved which relaxed rapidly as the
intensity of the photolysis flash decayed.

Engleman92 photolysed BrCN in a twenty fold excess of heligﬁ

4 Nm~2

at total pressures of 1.3 x 102 - 1.3 x 10 in a quartz vessel.
. He observed CN(XZZ) with v" € 7 in absorption via the Av = O and +1
. sequences. Mixtures of BrCN and He, NZ’ COZ’ Xe, etc. were also

- studied at a higher total pressure of 8 x 104 I\]m”2

. . For heliunm,
a strong population inversion was produced between v" = 3 and v" = 2,

and this is yet to be explained. For He, N, and CO2 the (0,0) band

of the CN violet system was strong,with the (1,1) band weak or absent.
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No higher vibrational bands were observed for these diluents.

Schacke et al.21 photolysed cyaﬁogén in a Suprasil vessel
~(x >165 nm).using flash energies between 20 and 4000 J.  They
observed CN(XZZ) radicals in excited vibrétional levels uprto.
v" = 7, which was energetically possible in the primary phoéo-
cheﬁical step for A > 165 nm.

West and Berry67 §tudied both electfonic‘and vibrational
laser emissions of CN radicals produced by the photodissociation
and_predissociation of a variety of RCN precursors including
cyanogen., The following mechanism, involving near resonant

collision induced intersystem crossing, explained most of their

observations including the preferential popuiation of CN(XZZ,V”=4).

RCN-'+ hy — R + CN(AZHi, primarily v' = 0) (4.02)
CN(A2Hi, v = 0) + M—> CN(XZ):, v' = 4 primarily) + M ’ (4.03)
Laser action was observed for the following transitions, the v" = 4 >
v" = 3 transition being the first to reach threshold.
2 ] 2 :' " ° | E »
S CN(XTZ, V") —> CN(X“I, v" - 1) + hv, v" = 5,4,3,2 (4.04)
Population of CN(XZZ, v'"' = 5) was thought to occur via near resonant

intersystem crossing ffom CN(AZH, vl = 1),

Jackson and Codyg? in their laser induced fluorescence study of the
fragments produced on photodissociation of cyanogen, found evidence tov
support the above mechanism for the production of fﬁé CN vibrational
enefgy distfibutions. | |

The collision induced intersystem crossing mechanism supercedes
the oéticél pumping mechanism,suggested by Basco et al.}? and given by

Pollack94 to explain the vibrational energy distributions obtained in

his CN photochemical laser studies.



This Work

Experiments were carried out to determine ﬁhe extent of
vibrational excitation of ‘the CN(XZZ) radicals produced in this
photolysis study of cyanogen/helium mixtures.

A mixture containing a partialvpre;sure of 26.7 Nm_2 of
cyanogen, made up to a total pressure of 1.33 x 104 Nmm2 with helium,
was photolysed in the quartz reaction vessel.at a flash enefgy of
125 J. The absorpfions at time t = O (found by extrapolation). are
given for seﬁéral wavelengths ih table.4.01 along with the corres-
ponding absorption bands.®

Table 4.01

'CN(BZZ +'X22) Absorptions

Wavelength/mn | Bands observed | % PeorPLion
388.10 (0,0) P 89
386.96 (0,0) R + (1,1) P 54 IR
385.70 (1,1) R + (Z,é) P trace*
385.00 (2.’,’2)_'-;3 + (3,3) P none
© 384.32 (3,3) R + (4,4) P ~ none

'*#difficult to extrapolate to t = O accurately _
This indicates that there is very little vibrationally excited

CN present after the photomultiplier has recovered  from the photolysisv

flash i.e. after v 900 us. It is possiBle that sybstantial populations

" of CN(XZZ, v > 0) were produced iﬁitially, but if this was the case,

decay was véry rapid. No absorption by CN(XZZ, v" > 1) was obsefved

at delay times } 900 us. Only a trace absorption was observed

at 385.70 nﬁ corresponding to the (1,1) R + (2,2) P branches. This

was assumed to be due entirely to v" = 1 since no absorption corres-

ponding to the (2,2) R branch was observed.

-



79

Af?er,due cqnsideraﬁiqn of ?he uncertain?ies involved, aﬁ
upper'iimit of P(v" = 1) < 5% Qf P(v"' = 0) at time t = 0 ﬁas
detefmined,éssuming no hiéhéf levels wére populated initially
(P(v" = 1) and P(v" = 0) are the populations of levels v = 1 and
v" = 0 respectively). Hencé thé decay of thé'absorption signal.at
386.96 ﬁm, corresponding to the (Q,O) R + (1,1) P branches should
' approximate ﬁell to the decay of.thé (O;O) P branch at 388.10 nm.

This system was therefore ide;l for studying the'rém0val of
CN(XEZ, v" = 0) in the absence of vibratipnally excited CN, sincé
by the time the CN (0,0) absorr ion decayed to <25% (so that y \
remains constant throughout the decay), no trace of the CN (1,1)

R f'(2,2) P branches was observed. Hénce it was possible to study

the remoyai of CN(X2Z, v"' = 0) in thé absence of vibrationally excited
species for the above experimental conditions.

DIFFUSION

As diffusion to the walls of a reacfion vessel can be the
principal pathway for removal of transient species at low pressures,
it is essential to determine a sﬁitable working pressure above which
diffusion is negligible compared to ofher collisional processes.

For radical concentrations Cp and Cy at times t = O and t = ¢,
Mitchell and Zemansky89 gave the following equation for removal of
radicals by diffusion. |

C, = Cy exp (-Bt) - ('h.OS)

The rate coefficient B (s—l), given in the abové equation, has been
derivéd for diffusion in a cylindrical vessel by the equation

B8 = D(n°/1% + 5.81/x°) : (4.06)

where D is the diffusion coefficient (cm? s-l), 1 is the length of

the reaction vessel (em), and r is its radius (em).
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The rate C9§fficient for removal of CN fadicals by diffusion
in a helium/cyanogen mixture may be calculated from equation 4.06
if the value of D is known; To simplify the calculations, the
system was.considered_to'be a binary mixture of CN radicals in a
large excess of helium, since the cyanogen partial pressures used
‘in this work were low.

The diffﬁsion goefficient D for such a binary mixture may be
calculated frqm the following equation giQen by Hirschfelder, Curtiss
and Bird,g6 which was derived from the Chapman-Enskog theory of trans-

port phenomena.

'y .
\/T 0y +2,)/2 M) M

D = 0.0026280 5 (4.07)
po f
The symbols used in this equation are as follows:
D diffusion coefficient (cm2 s ~1) for diffusion of component
2 in excess of coﬁponent 1.
P total pressure (atm).
T absolute temperature (K).
.le* reduced temperaggre.ﬂ= kT/elz)
M1 and M2 molecular weights of gases 1 and 2
919 (X) and elzlk (K) are the molecular potential energy
parameters characteristic of a 1 - 2 interaction. )
Q@  integral used in the dgtermination of franspbrt coefficients

(s?e appendix III).
Althoﬁgh the above treatment applies striétly for a Lennard-Jones
intermolecular- potential, it wili suffice to give an estimate of the
diffusion éf CN in helium. The moleculaf potential energy paraﬁeters

for the CN - He interaction were taken to be equal to those for the
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Ny - He interac;ion as a rough approximatiqﬁ.

Thé values of all the parameters used to determine D and B are
given in Appendix III. At 1 atm preésure and 295 K, D and B were
calculated to be 069,“ en? s 71 and\li.Or._t{S»’..—l respectively.

D and henée B\are inversely proportional to total pressure, and
fig. 4.01 shows a plot of B agaihst total pressure for diffusion of
CN in helium. This plot is useful, in conjunction with the results
of the following experiments, in determining the relative contributions
for the removal of.CN radicals by diffusion and removal by other
collisional processes. |

The rate coefficient for removal of CN(X2

L, v'' = 0) was measured
experimentally for mixtures containing a fixed partial pressure of |
cyanogen (26.7 Nm_z). The total préssure, made up with helium, was
varied from 26.7 to 1.33 x 10* ¥o~2.  Both the (0,0) P and (0,0) R
branches of the CN(BZZ—XZZ) system were monitored, and a.plct 6f

fhe observed rate coefficients, L S against total preSéufe is given
in fig. 4.91, _

At total pressures o§;< 7 x 162 Nﬁ_z, good - agreement was obtained
bétween the caiculateduQalues“and experimental daté, showing that
diffusion‘dominates CN removal in this preséure region. For total
pressures > 7 X 102‘Nm—2, collision processes other than diffu§ion
dominate the removal of CN.

For this study of CN radical reactioms, a tofal pressure of
'1.33 X 104 Nm—z, corresponding to 32130,5—15 was considered high

enough for removal of CN by diffusion to be negligible. This total

pressure was in fact used for the majority of this study.
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VIBRATIONAL RELAXATION OF CN RADICALS

Thére is a lack of good experimental data on the vibrational
relaxation of CN radicals.. However, several theories of vibrational
relaxation of diatomic molecules.have been evolved, and some empifiéal
relationships have been derived for sbme cases, Vibrational relax- '
ation processes are discussed in reviews_by Moore 97, Anmm?s ‘and
Callearggand a usefui text covéring energy transfer processesa;has
been writteﬁ by Levine and Bernsteinloq |

It should be possible to obtain an estimate of the importance
of CN vibrational relaxation in the heiium/cyanogen mixtures used in
this'study.

Vibrational relaxation of CN(X;Z, v'") radicals may 6ccur by
several of the following inelastic collision processes.

1. = Transfer of CN Vibraticnalkenergy to translational energy

of helium atoms (V > T process).

2. Transfef oﬁ CN vibrafional energy to cyanogen molecules by

a. V o T process.

b. V = V process, where CN vibrational energy'is converted

to vibrational ehéfg§fof cyanogen. |
- 3.  Energy transfer to other CN radicals by
a. vV » T pfocess. |

b. Near resonant V = V exchange reactions.

| CN(v" = n) + CN(v'" = m) ——% CN(v" =n=-1) + CN(V" =m + 1) (4.08)
Iﬁ general, V » T processes are ineffiéient at " 300K, occuring
at the low velocity adiabatic limit. Near resonaﬁg V > V processes
hoﬁever will be orders of magnitude more efficient.100 There will be
some nominal energy release, Q, from these processes; If Q is
positive, the exoergicity is dissipated in rotational and trans-

lational modes, and if Q is negative, rotational and translational

energy are utilised to supply the endoergicity.
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Before diécussing further the possible-relaxation processes,
it is worthwhile to consider previous work on the vibrational
reiaxation of CN(XZZ) radicals.

" 'Previous Work

15 : | ) | :
Basco et al., 1in their flash photolysis study of CN, obtained

12

a rate constant of 1,7 x 10_ cm3 molecule -1 s -1 for vibrational

relaxation of CN(XZE, v'" = 4) by BrCN, under conditions where the

populations of levels with v" £ 5 were negligible. The removal

rate was found to obey the following equation. ‘
-d [ene" = &) 7de =k [Brew] [ene" = @) (4.09)
- However, k can include a contribution for removal of Cﬁ(v" = 4) by
‘ reaction with BrCN as well as relaxation i.e.
k=k (relaxatioh) + k(reacfion)' (4.10)
Hence the rate constant obtained may be regarded as an upper limit.
The disposal of“the vibrational energy was not considered.

2 . . . .
Schacke et al. ! gave the lifetimes of CN radicals in levels

up to v'" = 7 produced by photolysis of helium/cyanogen mixtures.

. - The values obtained are given in Table 4.02 along with the rate

constants for relaxation calcuiéted in two ways:-

a. assuming removal of CN(XZE, v'") took place exclusively by
V > T transfer to helium diluent i.e. in the absence of
feeding from higher v'" levels and in the absence of reaction -
with cyanogen.

-b. as in a. but for energy transfer to cyanogen, including both
V * Tand V >V frocesses i.e. the calculated rate constants
correspond to the total relaxation cross—sectibn.-

The values calculated by thé two methods aboye are entirely reasonable

- for the processes considered, and relaxation by both He and C,N, probably

takes place.



Table 4.02

Estimated Rate Consténts

| Lifetine Relaxation by He Relaxation by C,N,
Y r/lo;h s ¢ | x/107H . 8 /10712
pr/10 ‘molecﬁlé_l s_lv pr/10 at? ° cm3 mobll.ecule—:L s—l

1 6.7 2.6k4 - 1.51 , 3.52 1.1k

2 b2 1.66 2.2 2.21 1.82

3. 2.9 1.1k 3.5 1.53 2.6

L 2.1 0.83 k.9 1.11 3.6

s | 1.6 0.63 6.1 0.8k 4.8

6 i.l | 0.43 '9.3 0.58 6.9

T 0.8 0.32 13 0.Lk2. - 9.5

cQ
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The rate constant obtained for the removal of CN (V"‘= 4) by
ehefgy transfer to C2N2, based on the assgmptions given in b. above,
was 3.6 x 10 -12 cm3 molecule -1 s -1 which agrees within a factor of
n 2 with the value obtained by Basco et al.l® for relaxation of
CN(v" = 4) by BrCN.

This.may'bé'entireiy fortuitous, as the reactions competing with
relaxation, together with the expérimental conditions, radical
concentrations etc.,.are completely different for the two studies.
In the work of‘Basco et al, the exothermic reactioﬁ competing
with relaxation was .

| CN V+. BrCN —> C,N, + Br (4.11)
which is similar to the following reaction studie& byI01yne and
Crusé,IOIfor whiqh a rate constaﬁt of.(1.45 £ 0.20) x 10“11 cm3
molecule -1 s _l,was.obtained.

Cl + ClBr —>Cl, + Br . . (4.12)

.The rate constant for reaction 4.11 will be of similar magnitude

25, v = 4) in

to thaf for réaction 4,12, Hence for removal of CN(X

BxCN, feaction 4.11 should dominate i.e. k (reaction) >> k (relaxation).
Inlthe study by SchaéLe étial.{l an éddition‘reaction to an

unsaturated system, reéction 4.01, was the précess competing with

vibrational relaxation of CN(XZZ, v =-4). In this case, it i%

likely that CN could form a relatively long-lived gollisioﬁ ;omplex

with cyanogen, allowing the CN vibrational energy to be dissipated

<

throughout the internal modes of thebintermediate. The collision
complex may then dissociate to give vibrationally relaxed CN radicals,
or be deactivated by collisions to give C3N3 product.

The mechanism given below is similar to that for recombination

of halogen atomslozand will be discussed more fully later on in this

‘chapter.
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1

(# denotes excitation of internal modes).
L
—
ON + )Ny &= Cyly 4.13)
CN#+M—->CN-+M (4.14)
7373 373 : :

2 Nm—z) used by Schacke et

If, at the 16w total pressure (4.0 x 10
a1.2£ sfep 4.14 of this mechanism’is rate determining, several CN
radicals may be relaxed for every C3N3 product molecule formed i.e..
k (relaxation) $> k.(reaction).

Care mﬁst therefore be takern in interpreting experimental data
on the vibratidnal relaxation of CN radicals. It ié worthwhile to
consider calculated rate constants for vibrational relaxation of CN

radicals as an aid to assessing the validity of experimental values.

Empirical Calculations

It is relativély easy to estimateAthelextent of V->T relaxation
of CN radicals by CN -~ M collisions. The estimation of efficiencies
for v »V prgcesseé and ﬁeaf resonant vibratiénal energy exchange is

- much more difficult ana Willénly ﬁe'discussedbriefly; However, the fund-

amental transitions of cyanogen103 "and the energies of the CN(XZZ)
vibrational levels are giQ;n iﬁ appendix IV.A.

" The caléulation of V> T transfer from CN to the inert gas
helium was accomplished using the empirical equations given by

10uand Lifshitz}os which are based on the temp-

erature dependence relationship of Landau and Teller'®®. Details

[N

Millikan and White

of the calculations are given in appendix IV.B, Calculations
were also carried out for vibrational relaxation of NO by He to

check out the empirically determined rate constant with the value

‘ 107
determined experimentally by Stephemson .

A value of k1+0 = Z;O(dc 10-1‘7(‘cm3 molecule —13 -1 was obtained

“

for relaxétion of CN{v" = 1) - (v"' = 0) by collision with helium.
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Thiavie.abont a factor of 103‘1ees‘than the value calculated from Sy
the &;taﬂof Schacke et.al.?ll- | | B

The calculated rate constant for the relaaat1on of NO (v" = l) S
by He is w1th1n + 507 of the. exper1menta1 value obtalned by | :
',Stephenson.107 The value of kl calculated for the relaxatlon of
'”CN,g&iﬂe shcnld therefore be a reasonable approx1mat1on," This
indlcates that in the ncrk cf:Schacke_et al.?zllVihrational‘relaaation,-
was;dccuf:ing by‘proceaeeelwhich nete nnch motelefficient than‘Vf+.T>
transfer tc helium, eug;‘V.+:V ttansfer.tcvcyancgen-and near resonant_‘

vibrational energy exchange:of_CNhradicals.

It is essentlal that good experlmertal data are obtalned before
8 pnecise value may he quoted for kl»O for vibrational relaxation of
CN radicals. |
The V » ? transfer of CN vibrational energy to cyanogen,and near
resonant V + V exchange between CN_radicals (reaction 4.08) will be about
2 - L orders of magnitude more efficient than V - T transfer to helium.
Hence the V - V transfer anc exchange reactions will be the dominant
processes for vibrational relaxation of CN radicals. These processes
. may involve long range multipolar interactionezand as estimation of
their efficiencies is difficult, this will not be attemptcd here.
For‘the standard cyanogen/helium mixtures used in this work
(26.7 Nm 2 of cyanogen, total pressure 1.33 x qu Nm_e)vvibrational
relaxation of CN radicals is likely to be rapid, except fcr CN (v" = 1)
which occurs by V - T prccesses which are less efficient. At delay

times >900 us, no CN radicals with v" > 1 were observed experimentally

and only a trace of CN (v" = 1) was detected, indicating
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elmost complete relaxation.
Hence at delay times >900 ps removal of CN(X2Z,v"=O) was
unaffected by feeding from the v"=1 level.

RECOMBINATION "OF ' 'CN ' 'RADICALS

Significant recombination of CN radicals, to give cyanogén,
would give & deviation from the pseudo first ordér decay of CN
radicals. The mechanism, analogous to that‘for atomié
recombination is as foliows

k

CN + CN + M —ZXC5 C N, + M _ 11.18)

No deviation from pseudo first order decay was‘observed for
mixtures qonfaining 26.7 Nm~2 of cyanogen at total pressures
varying from 26.7 to l#xlOh Nmme.using helium diluent.

As a check for the absence of rgdical—radical processes, the
decay of CN was monitored for identical mixtures of cyanogen
diluted with helium over a range of flash energies. The observed
rate coefficients shoﬁedino dependence on flash energy over the
range 31—125 J. No depeﬁdence on flash energy was also observed
for the decay of CN radicals in the presence of reactant molecules.

15 32

Basco et al.”” obtained a value of krec = L. 7x10" cm6

molecule @ s 1 for reaction 1.18 with N, as third body. This
value agrees well with typical halogen atom recombination rate
constants, and‘indicates the halogen-like nature of CN radicals.
In ‘their pulse radiolysis study, Bullock and Co;>;>ex‘l'8 observed
a second order éomponentAin the pseudo first order decay of CN radicals

in 02N2/Ar mixtures at short delay times. The decay became fully first

order at longer delay times. This may be interpreted as & manifestation



of ﬁhe importance of CN recombination, occuring at high [@N] and
short delay times. |

The ihitiél CN concentrations moniféred by Basco et al%?
and Bullock and Cooper18 were > 6 x 10 14 molecule cm—3,
substantially greater than the value of ~n 8 x 1012 moleculq.
cm - given in chapter 2 for this work.

"Hence at the low CN concentrations usedvin this study,
the contribution of CN radical recombination to tﬁe ﬁet remova1 
of CN radicals should be low. In fact, the experiments described
earlier show no evidence of recombination under the conditions

studied.

REACTION OF CN WITH CYANOGEN

‘The following reaction was considered as a possibility for
the overall removal of CN radicals in cyanogen/helium mixtures

M = He). -

‘

CN.+ C )Ny + M —> C3Ng + M (4.01)

The determination of the third order rate constant for thisbreaction
was carried out as follows:
a. ForAa fixed total”pressu%e of 1.33 x 104 Nmf? (made up
with helium diluenF), the dependence of kobs’ the rate
2

coefficient for removal of CN(X“Z, v" = 0), on the partial

pressure of cyanogen was monitored and the results are
plotted in fig. 4.02. This yielded a second order rate
15 3 -1 -1

cm molecule s .

consténtT ka = (7.4 + 1.4) x 10
1-All the experimental'rate constants given in this chapter
- are the corrected values i.e. the Beer-~Lambert coefficient,

Y , has been taken into account.
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However, k = k' [ﬁe] where k' is the third order rate
a

constant for reaction 4.01. A value of k' = (2.3 £ C.4) x 10‘-33

cm6 molecule -2 s -1 was obtained by this method.

b. For a fixed partial pressure of cyanogen (26.7 Nm-z),vthe

total pressure was varied from (1.33 - 4.00)'x 104 Nm—2 by

addition of helium diluent. The observed rate coefficients,

kobs’ are plotted against total pressure in fig. 4.03 , and a-
17

second order fate constant kb'= (4.05 = 0.18) x 10~ cm3

-1 -1 ‘ . . oy
molecule s was determined. Since kb =k [C2N2] s
a value of k' = (6.2 £ 0.3) x 10_33 cm6 molecule -2 s -1

was obtained.

Clearly there is a discrepancy between the two values of kf
determinéd by the above methods. A consideration of other feasible
‘mechaqisms may resolve the problem.

 It is very probable that ﬁhe reaction of CN with cyanogen is
similar to halogen atom recombination!®?where there is a tfansition
from third to second order kinetics with increasing total pressﬁre%oa

The reaction mechanism may be explained as follows where

C,N 7 is a quasi-bound energy-rich collision comﬁlex.

373

CN + C.N —E+—1-»CN’E
Ny &=—= G304

(4.13)

k

# 2 " |
C3N3 + M —> C3N3 + M (4.14)

At low total pressures, reaction 4.14 is rate determining (3rd order
kinetics) but at higher pressures, the reaction.becomés less sensitive
' to [M] and reaction 4.13 is rate détermining (2n& of@er kinétics).

At intermediate pressures, CN decay would be by kinetics between

second and third order.
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It may be that for the above méchanism, the high preésure
second order limit is reached at pressuxes‘below 1.33 x 104 Nm~2,
in which case the variation of kobs with total pressure‘could be
due to trace impufities in the helium. The gradient of thé plot
in fig. 4.03 can in fact be accounted fof by an impurity level qf
~6 ppm of oxygen in the helium diluent. This could eiplain the
fact that the third orderlrate constant, determined by varying
the total pressure, Qas greater than the value obtained for a
fixed total pfessure. According to the mechanism described by
reactions 4.13 and 4.14, the reverse order should be expected for
the relative magnitudes of the two third order rate constants.

A further complication arises from the fact that the pressure
broadening of CN rotational lines will increase over the range
(1.33'— 4.00) x 10[+ Nm-~2 for fig. 4.03. This means that the
Beer-Lambert coefficient y will change also, and this was not
accounted for.in the above determinations. Hence the results

" obtained by varying total pressure may not be quantitatively
meaningful.

The most precise rés;it éhat can be given for these experi-

" ments is that for the second order high pressure regime, a rate
1

constant of (7.4 + 1.4) x 100 > cm3 molecule -1 s -1 was obtained

-

for reaction 4.01 in excess helium for a total pressure of -

1.33 x 10[+ Nm_z. This corresponds to a third order rate constant

33

of (2.3 + 0.4) x 10 cm6 molecule K s _; for the same total

pressure with helium as third body, which is a reasonable value
for this type of process,
The bimolecular rate constant given above is much smaller

than the rate constants summarised in chapter 1, for the reactions

of CN radicals with molecules like 02, CH4, NH3 etc.. Hence for
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Table 4.03

‘Rate Constants for Reactiom 4.0l

(second order limit)

Rate Constant
3 -1 -1 ' -2 -2

k/em” molecule ~ s T/K . PczNg/Nm Ptotal/Nm Ref.

3.5x10 1 301 (0.13-7.5) x10% (6.13-7.5)x10% 13

3.0x10 12 687 0.13-3.1 (2.0 -6.7)x10° 16

n10” 300 1.4 -3.5 (0.9 -1.6)x10° 24

4.9x10 L? 300 (2.72-5.00)x10° n10° 18
(7.h41.4)x107L2 295 (0.13-2.67)x10° 1.33x10" this
' work

QL
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_the rate constants for removal of CN(XZZ, v" - 0) will therefore
be lower than those expected in the absence of feeding from the
v'" = 1 level.
The rate constant for.the second order regime of reaction
~4.01, obtained in this work for the removal of CN(XZZ, v'' = 0)
in the absence of.feeding by vibrational relaxation of CN(X z, v" =,1);

is therefore faster than the previous values at , 300 K.

" 'REACTION OF CN WITH IMPURITIES

An indication of the cqntribution of impurities to the rate
‘coefficients for removal of CN radicals may be obtained from a
consideration of the intercepts of the éraphs plotted in figs.
' 4.02 and 4.03.

The intercept in fig. 4.02 corresponds to the sum of all the
removal processes in the absence of cyanogeﬁ.

intercept = B + Zikici | L (4.15)

where B is the diffusion rate coefficient and k; is the bimolecular
rate constant for reaction of CN with impurity i, c; being the
concentrafion of‘impurityﬁi. The most likely impurity was
oxygen,but it was not possiblé‘to separate the contributions

of the various removal processes quantitatively, thus they will not
be discussed further. _
| In fig. 4.03, extrapolation to zero pressure gives an inter-
cept corrésponding to removal of CN in the absence of helium
including reaction with C2N2 and impurities. Howgyer, the actual
situation encountered at low helium pressures corresponds to the

low pressure region of fig. 4.0l where diffusion is the dominant

removal process for CN radicals.
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In figs. 4.02 and 4.03, the rate coefficients for a mixture

containing 26.7 Nm—2 of cyanogen at a total pressure of 1.33 x 104

=2 , . '
Nm ~ do not agree. This was due to different amounts of trace

impurities in the two sets of experiments.

‘REACTION PRODUCTS

The C3N3 produced in thg reaction of CN'with cyanogen may
diffuse to the reaction vessel walls, and react heterogeneously
as suggested by Bodeﬁ and Thrush16 or homogeneously, to fbrm
1arger‘polymer.molecu1es by combination with other CnNn units.,
In this work, a brown film characteristic of paracyanogen,was
‘observed on the reaction vessel walls after extensive use of
the system to photolyse cyanogen mixtures. The deposits were
removed using a solution of 47 HF.

Hogness and Ts’ailo?found similar deposits in their experi-
ments on the photolysis of cyanogen. They determined the quantum

yield of C N2 photolysis to be 3, which is consistent with the

2
formation of C3N3 as a precursor to the formation of the brown

110

paracyanogen deposits. Safrany and Jaster” "~ “analysed the brown

deposits produced in theiriéloéisystem; and obtained a C : N.
ratio of 1.25 : 1 for cyanogen flames.

Hence the brown film observed as a product in this study of
CN radicals is likely to be.paracyanogen, as observed in previo;;
work.
CONCLUSTIONS

The work of this chapter provided a good basis‘for the
.planning of future experiments Qitﬂ gas mixtures containing

cyanogen, helium and reactant. The basic mixture of cyanogen

and helium chosen for these experiments was a partial pressure



of 26.7 Nm-—2 of cyanogen and total pressure of 1.33 x 104 Nmnz.

In the presence of sufficient reactant, removal of

CN(XZZ, v" = 0) should occur predominantly by collision with

reactant molecules, allowing the determination of accurate rate

constants for the reactions of CN(XZZ, v" = 0) in the absence of

feeding from the v'" =1 level.
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CHAPTER 5

REACTIONS"OF"CN(X225'v"=O)'WITH'SMALL‘MOLECUIES

CONTAINING O, N, C AND S ATOMS

INTRODUCTION

The reaction of CN with molecular oxygén has already been
extensively studied. However, the rﬁte constant determined here
is strictly for the reaction of CN(X22, v"=0) in the absence of
vibrational feeding processes,and it will be useful to compare
this result with thosé obtained previously.

Reaction of CN with molecules like CO, NO and COs» which
are.present in combustion processes, should provide useful kinetic
data to aid”the understanding of reactions in flamés. The reactious
of CN radicals with OCS éﬁd NQO, which are isoelectronic with 002,
were studied iﬁkan attempt to understand the relative réactivities
of these isoelectronic molecules.

In the gas mixtures gsed for this work, the partial pressure
of cyanogen (26.7 Nm 2) and the total pressure (1.33x10" Nm 2,
helium diluent) were kept constant and the reactant partial pressures
were varied. For the NO and CO reactions, the total pressure was also
varied for a fi#ed partial pressure of reactant.

The AH® values given in this chapter were calculated for a
temperature of 298 K using the data given in.the JANAF tableslll,

The value of AHOF(NCO) = 154+14 kJ mol ™ determined by Okebell?

was used along with the value of AHF(CN) = 1418 kJ mol—l determined

L
in this work (see Chapter 6).



- 'RESULTS

1., ~Reaction with O,
From the plot of observed rate coefficfents, kobs’ against
partial pressure of oxygen (fig. 5.01), the rate constant for

the removal of CN(XQX, v"=0) by reaction with molecular oxygen

(reaction 1.20) was calculated to be (1.85ip.h0)x10“ll o’ molecule-l'

snl at 265 K. This value is about a factor of 2 greater than the
previous room temperature values which are reviewed in Chapter 1
and summarised in Table 5.01.

1

3p) . A0 = -1k, -
CN + 0, =+ NCO + 0(7p), Miyog = 14.0 kJ mol

(1.20)

Two explanations for this situation were considered. The first
is that, aﬂ the delay times studied in this work, and under the
experimental conditions chosen, the decay of CN(X?Z) exclusively in
level v"=0 was monitored in the absence of feeding by vibrational
relaxation. Previous work involved shorter dela& times under conditions
where vibrationally excited CN radicals were preéent and the net removal
of CN(X2Z,V"=O) could be reduced by feeding, resulting in slower rate
constants.

The second explanation considered was that oxyéen atoms, produced
by reaction 1.20, could react with the CN precursor, cyanogén, prodﬁcing
more CN radicals. Thus reaction 5.01 would have given a reduction in the

net rate of removal of CN radicals, which depended on the actual

compositions of the gas mixtures used in the studies listed in table 5.01.

T All the rate constants given in this chapter are the corrected values

i.e. the Beer-Lambert coefficient, y, has been taken into account.
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Table 5.01

this work

(1.85+0.40)x10"

Rate Constants for Reaction with Oxygen
Investigator T/X Ptotal/Nm~2 Rate Cogstant | Ref.
k/cm3 molecule-l s-l

Paul and Delby 295" not specified 9.1x10 12 13

Basco 2957 (2.67-4.00)x10" >T.6x10" 12 14

Boden and Thrush 687 2.0x10° (7.3 +3.3) x10 12 16
. Buliock and Cooper 303 107 (1.123:_0.03);:10'll 18

Bullock and Cooper 377 "10° (1.0540.0k)x10 % 18

Schacke et al. 298 NS 3102 1.0x10" % 21

295 1.33x10" H -

Room temperature assumed to be 295 ¥

£01
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© 220 kJ mol © (5.01)

3
o(-p) + C2N > NCQ + CN AH298

2 .

25

Reaction 5.01 is however endothermic, and Morrow gnd McGrath
have shown that it is not significant at room temperature. Hence
this explanation may be discounted in favour of the former explanation

~ given earlier.

2. Catalysed recombingtion of CN radicals

Two sets of experiments were carried out to investigate the
reactions of CN radicals with the molecules CO and NO. The~details
of these expefiments are as follows ﬁhere for simplicity, XO is used
to represent either CO cr NO:-

a. The feaction mixtures contained a fixed partial

pressure of cyanogén (26.7 Nmnz). Tﬁe rate

~ coefficients, k for removal of CN(X?Z,V"=O)

obs?

are plotted against XO partial pressure in figs.

5.02 gnd S;Cé,fo;>NO and CO respectively. Good

straight lines were obtained in both cases. Th¢
 second order rate constants, ka’ are given in

table 5.02 along with the third order rate constants

ka'. Assuming the reaction to be third order, ka' =

' ka/[He]._

‘Table '5.02

Rate constants for reaction of CN with X0

X0 k k'
a =)
/cm3 m.olecule_l s--l /cm6 molecule.—2 st
NO (5.2839.27)x10"12 (l.6li0.08)x10_30»
co (9.86+0.78)x10 (3.0140.21) 510732

~
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b. The total pressures of the gas mixtures were varied by
adjusting the amount of excess helium added to a Tixed
partial pressure of X0 (see table 5.03) and a fixed

2). The

partial pressure of cyanogen (26.7.Nm—
observed rate coefficlents for the rembval of
CN(X2Z,§"=O) under these conditions are plotted
against total pressure in figs;é.oh and 5.05 for
'NO and CO respectively (upper traces). |
The lower traces on these graphs éorrespond to
" control experiments where no XO was added to the
helium/cyanogen mixtures. By calculating the réte
constants from the difference between the lower ang
upper traces i.e. from a plot of Akobs against total
pfessure,‘any effects from impurities in the helium
- diluent were eliminated.
Table 5.03 gives the second order rate constanté,

kb’ for this method together with the third order

rate constant, k', where k' o= kb/Emj .

Table 5.03

Rate constents for reaction of CN with XO

-2 , ,
X0 | Py,/Nm ky 4 oal k' Y
/cm3 molecule ~ s /em molecule T s
NO 1.56 (2.08+0. Sl)xlO_l6 (5.43+1. 33)x10" %
co | Lh.k (1.6240.19)x1072° (1.49+40.17)x10 2

The observed results may be interpreted as Y0 catalysed

recombination of CN radicals, similar to the catalysed recombination

~

1
of halogen atoms observed by Clark et al. 13 and Van den Bergh and
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Troelos. Reaction of CN with XO is thought to occur by the following
mechanism given by Clark et al.ll3 for the recombination of Cl atoms
in thebpresence of CO and NO.
. Ky
CN + X0 + M  ——— OXCN + M (5.02)
- o koax
Kox : :
CN + OXCN. — C,N, + XO (5.03)

The molecule XO therefore acts as a chaperone by forming an
intérmediate with the CN radical. It is therefore worthwhile to
consider the properties of thes- intermediates.

The existence of NOCN, a blue-green gas, was discovered by
Norrish end Smith33 in their photoly51s study of C /NO mixtures.
The molecule was later 1dent1f1ed mass spectrometrlcally by Galvin

and Pritchard34, and spectroscopic evidence3 ’

suggests a bent
planar structure with the atoms. arranged ON-CN.

The halogen analogues, YNO, are well characterised (Y=halogen)
and may be.prepared readily in the laboratory114. However, the
corresponding YCO moleculéé are much less stable and have been
prepared and studied using matrix isolation techniqueslls’llg
Nevertheless, it is likely that the molecule OC-CN ié produced as
e transient species in this photochemical study (c.f. C1CO in Cl
atom recombination113). |

From the bond energies given in table 5.0&, the bondAenergy

D(0C-CN) should be less than D(C1-CO).
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Bond Energies

Bond Bond Energy Ref.

| /3 mol T
D(C1-CO) 26 113, 117
D(c1-N0) | 159 - | 118
D(I-NO) 96+13 108
D(NC-NO) 120.5+11.5 119

There.is a discreﬁancy between the third order rate
constants, ka' and kb', calculatéd by the two methods described
earlier and given in tables 5.02 and 5.03. This wili be'discusséd
later. More important is the fact that the third order rate
constants obtained for NO catalysed CN recombination are larger
than those for CO catalysed recombination.

This is a direct consequence of the stronger bond strength
of the ON—CN bond compareq to the OC-CN bond. For NO catalysed
recombination, the équilibfium reaction 5.02 is well over to the
right, and if rgaction 5.03 is rapid, the decay of.CN radicals will

-

obey the following equation.

-d’[c'le]; /at = 2y [on] [wof [me] | (5.04)

For the CO case, equilibrium lies more to_ﬁhe‘left for

‘ reaction 5.02, and depending on the relative importance of
reaction 5.03 and the reverse reaction of 5.02, then the following
two extremes are possible (where K is the équilibrium constant for

reaction 5.02).

~a[o] /at 2k . [en] [co] [re] (5.05)

-afo] /e = 2Kk, [CN] 2 [co] -  (5.06)

-
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In this work; the decay of CN will occur by kinetics which are
intermediate between the two extremes described by equations 5.05
and 5.06. Analysis éf such behaviour is very complex198:113 and

. no merked deviation from pseudo first order decay was observed.
Hence the decay of CN in the presence of CO is assumed to be
described by equation 5.05.

N

In this sﬁudy, at a tptal preésure of 1.33x10 Nm—z, reaction
5.02 should be in the third order regime,which occurs at total
pressures of less than oné etmosphere for NO cafalysed rgcombination
of iodiné atomslog. As the total pressure is increased, the decay
of CN becomes less sensitive to nelium pressure until at the high
pressure limit (1000 atm. for I atom recombinationlog), the decay
becomes second order and independent of helium pressure.

Hence thé rate constants kb"are less than the corresponding
ka' values due.to a slight deviation from third order beha?iour‘
as the helium pressure was‘increased. The value of 0.5 ka' is
therefore the best approximation to the low pressure limiting
value of k X that can Bé given for this work. These limiting

1

values are given in table 5.05. They are in good agreement with

Table 5.05 . : -

Low Pressure Rate Constants

XO | low pressure limit

6 -2 -1
klx/cm molecule s

NO (8.0+0.4)x10 %

33

Cco (1..5+0.1)x10
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113 for the catalysed

recombination of Cl atoms, and with value of 3.3}{10-31 cm6

molecule 2 s-l obtained by Basco and Norrish3? for reaction

the values obtained by Clark et al.

1.35 with nitrogen as third body.

CN + NO + (M) —> ONCN + (M) (i.35)

BIEN

A negative activation energy of -10+k kJ mol-l was estimated

for the removal of CN radicals in the presence of NO using the -

velue of k, = (5.2840.27)x10 % cn molecule ™ s™% (295 k)

obtained in this work, along with the velue of (5.0+3.3)x10 1>

cm3 molecule'-l st obtained by Boden and Thrush16 at 687 K.
Negative activation energies have been observed as a characteristic

113

of similar catalysed recombination reactions However, the

validity of the estimated activation energy must be questicned as

other mechanisms may dominate at higher temperatures.

3. Reaction with CO., N.O and 0OCS

In the study of éN(X?Z).;adicals rescting with the
isoelectronic molecules COZ’ 0CS and N20, it is important to
consider the possibility and consequence of photolysis of these
reactantslzo. Secondary reactions of pfimary products from/ﬁhdtolysis
of thesé reactaﬁts could also be important.

For the molecule COQ, no photolysis‘can occur at the
wavelengfhs transmitted by the walls of the quartz reaction vessellzo.
The obseérved rate coefficienfs for removal of CN(X22,V"=O) are‘

plotted against the partial pressure of carbon dioxide in

fig. 5.0€.

CN + CO, —> NCO + €O , AH® = +19.7 kJ molt (5.07)
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The rate constant for the above reaction was calculated to be

(6.&8Ip.82)x10m15'cm3 mlecule T st at 295 K. More realistically
however, due to the possibility of trace impurities in the CO;, an

15 3 1. -1

cm” molecule — s - is given for this raté

upper limit of 7.3x10°
constant at 295 K. It is not surprising that the'raté constant for
reaction 5.07 is low considering thé high bond stréngth of thé Cc=0
bond in carbon dioxidé81 (531 kJ mol ).

As the upper limit for thé rate constant for ﬁhé CN + CO2,,

reaction is small and the reaction is slightly endothermic

(AH°298 = 419.7 kJ mol 1), a study of the effect of vibrational -

excitation of CN on this reaction would be interesting. It would
also be possible to study the effect of vibrational excitation of

the CO2 molecule 6n this reaction.

The flash photolysis of CN,/He/OCS mixtures is much more

2N2
: . ' . . ) 121 .

complicated, as photolysis of OCS will occur. Black et al. give
the absorption spectrum of OCS,which has an absorption maximum at
n223.7 nm, and this absorption corresponds to the foilowing primary
products.

i

ocs(Yzt) + m —>co(trt) + S(lDz) ) (5.08)

-

The secondary reaction of S(lDz) with OCS is rapidlez-and leads to the

formation of 82 molecules. Deactivation of S(1D2) is also rapid.

s('p,) + oos(tst) —> co(*rt) + sz(ia_lAg) - (5.09)

+ : ’ '
S(1D2) +ocs(trt)y — ocs + S(3PJ) . (5.10)
The reaction of CN(X22,V"=O) with OCS is thought to occur as

follows,

CN + 0CS —>3 SCN + CO ' (5.11)
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However, inﬁerference of Svatqm reactiqns makes the‘determination
of,quantitativély méahiﬁgful resﬁlts difficult. Not only ﬁill
S(lD) atoms rémove ch; but théj may also réact with cyanogén to
produce SCN and more CN radicals; . |

Tablé'5.06 gives‘thé avéraéé OBservea‘raté COéfficiénts for
the removal of CN(XQZ,V"=O) radicals‘producéd in thé photolysis of

C,N,, /He /0CS mixtures.

" Tgble 5.06

"Rate'Coefficients'fo;‘OCS'Reaction

POCS'/lO“2 Nm™ 2 Average No. of Results
-1
LINIWE . averaged
0 A 660+120 L
6.67 1070+260 b
13.3 13504360 | - L

The reaction of CN with OCS was one of the fastest reacfions
studied in this work. In order to observe the CN decay for such a
fast reaction, the amount of reagent present must be limited by the
dead time of the photomultiplier detector.. Hence only low partial
\pressures of 0CS could be used (see table 5.065; In view of this
iimitatioﬁ, which'couid cause deviations from pseudo first order decay

~kinetics, a lower limit of NleO—ll-_cm3 moZI_ecuZLe_l S 1 is given for the

rate constant 6f reaction 5.11.

Spectroscopic evidence for the production of SCN by the reaction

of CN with OCS hes recently been obtained by Addison et al.lsl, who
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 give a lower limit of 306.k kJ'molfl‘for the C-S bond strength of SCN.
By measuring the rate constant ratio for the reactions of CN + OCS

end CN + 02H6’ they found evidence to support the value of .

11 3 -1

k > 5x10 "~ cm molecule T s™% obtained in this work at 295 K.

The photclysis of C2N2/He/N2O mixﬁures, at waveiengths _
corresponding to the continuous absorption band of N0, vhich has
a maximum at 180 nm, can lead to the following primary photochemical

120
process .

N0 + hv —> N, + o(*p) ’ (5.12)

The following secondary reactions have approximately the same

rate constants which are close to the collision limitl23—l2p.

o(ip) + N,0 —> N, + 0, | (5.13)

0(*D) + N,0 —> 2N0 | | (5.1k)

Hence, for the delay times monitored in this work (>900 us), all the
0(1D2) will have reacted beforehand. Therefore the decay of
'CN(X?Z,V"=O) is monitored for removal by N,0 and removal by the

products of reactions 5.13 and 5.14.

-

However, N,O is a weak absorber in the spectral region above

2

the quartz cut»offleo, and since the observed rate coefficient, kob s

s
aid not- change with flash energy, negligiﬁle O2 resulted from the
vhotolysis of N20. | B

Hence CN radicals are removed exclusively by réaction Wifh N0
molecules. The following two reactions wefe coﬁsidered, but as reaction

5.16 is substantially endothermic, reaction 5.15 is expected to

predominate at 300 K.
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o . -1 '
CN + NZQ' —> NCO # Nz.' AHY = =345 kJ mol (5.15)
CN + NZO —> ©NCN + NO AHC = +20.8 kJ mol”vl ’ (5Q16)

The observed rate coefficients are plotted against partial
pressure of NZO.in fig. 5.06; giving an upper limit of 3.7}(10".16

-1 = o ’ ‘
cm3 molecule ~ s 1 for the rate constant of this reaction.

Addendum

For the- decay of CN radicals in a large excess. of CO2 and N20
a possible alternative mechanism is that the molecules CO2 and N20

"act as chaperones in the recombination of CN radicals.
:Although it is difficult to distinguish between pseudo fifst
i'and second order kinetics, an attempt to . do this,‘for the decay sf CN
in_CO2 and NZO’ showéd\significant curﬁatufe of the*seccnd order ' .
plots, 1n‘contrast to linear first order plots. ﬁsnce ths kinetics
were first order with respect to CN, and the maJor channel for
removal was most probably the abstraction reaction to form NCO.in
both cases. |
Analysis of the reaction products would clarify the situation,
andiindicate_the relative contributions cf the two nechanisms for

the removal of CN‘radicals.
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“CHAPTER 6

REACTIONS WITH H.O, HCl AND HCN

?

INTRODUCTION

None of the rate'constants‘given in this chapter has been
4 measured'previously,wifh the exception of that for the reaction
of CN with H20,for which only an estimate has been obtained13.
The rate constants for the reactions of CN with H,0 and HCN are
of use in the modelling of combustion processes where these

mqlecules are known to bé present.

The reactions of CN(X?Z,V"¥O) with the fully deuterated
equivalents of H20 and HCl were also studied to determipe the

_extent of the isotope effect.

.The values of AH‘which follow were calculated‘for 298 K
using the thermochemi cal data given in the JANAF tableslll. The
value of AHOf(HNCO) = 23.1+43.2 kJ mol.-l which was used in one
of the calculations was aetermined by Okabellz. Later in this
chapter, the value of AH°;295(CN) = 417.6+1.3 kJ mol T is

derived from experimental data and this value has been used in the

AH calculations given in this thesis. -

RESULTS - AND DISCUSSION

1.  Reaction with H,0 &nd DO

Care was taken in handling H,0 and D,0.in the vacuum line to.
avoid problems of condeﬁsation since the vapour préssure of H20 is
only 2.64x103 Nm © at 295 K.

The observed rate coefficients for the removal of CN(X22,

v"'=0) by reaction with H,0 and D,0 are plotted against the partial
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preséures of these molecules in fig. 6.01. The rate constants+

determined for the reactions of CN with HQO and D20 vere

3 13 3

and (1.67+0.13)x10 ~~ cm molecule T s

(1.71+0.09)x10 +

respectively. These values are in good agreement and no
, .
isotope effect was measurable.

The following products may be obtained for the reaction

-

of CN with H,O. '

1

CN + H,0 —> NCO +H,, AHC = -21.4 kJ mol (6.01)
—» HCN +OH, AH® = -1.2 kJ mo_1'l (6.02)
—> HNCO + H , AH® = —54.,3 kJ mol—l (6.03)

- As product analysis was not carried out, and since the activation.
energies for the reactions are not known, it is not possible to
specify which of these pathways predominates. However, reaction
6.03 may be considered unlikely if it occurs by a four centre
mechanism, and reaction 6.01, ﬁhere two O-H bonds are bfoken,
seems unlikely as an elementary reaction. Hence it is possible
that the 1east-thermodyn§mically favoured reaction, reaction 6.02,

is favoured kinetically..

2. Reactions with HC1l and DCl ~

The rate coefficients for the removel of CN(X22,V"=O) by
HC1 and DC1 are plotted against the partiasl pressures of these

molecules in fig. 6.02. The rate constants were calculated to be
>

(h.h:;f2)xlo_l and (S.TiQ.T)XlO—lS em> molecule * s % respectively
The rate constants given in this chapter are the corrected
values, i.e. the Beer-Lambert coefficient, Y, has been taken

-into account.
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for the reaction of CN with HCl and DCl. Hence within the experimental
uncertainties, no isotope effect was égain observed.

- For the HCl experiments, ordinary cylinder helium was ﬁsed
and thié is)reflected in the large intercept in fig. 6.02 ca;;ed by
impurities. Pure helium (<1 ppm 0,) was used for the DCl experiments
for which the'usual intercepf value was.obtained.

The following reaction products were considered for the

CN + HC1l reaction.

ON + HCl—> HCN + c1 , AH° ~69.1 kI mol Y (6.04)

298

(o}

' -1
298 +30.6 kJ mol (6.05)

—>CICN + H ., AH

As reaction 6.05 is substantially exothermic, reaction 6.04 will
predominate. This is in line with the following analogous halogen

atom reactions studied by Kompa and Wannerlz6 and Bergmann and Moore127.

o 1

F +HCL —> HF + Cl , AH® = -138 kJ mol (6.06)
Cl + HBr —> HCL + Br , AHC = =65 kJ mol * (6.07)
CL+HI —> HCL + 1 ., oH® = -133 ki mol ™! (6.08) |

These reactions are effectively H atom exchangé reactions and the
"rate constant determinéé/foflreacﬁion 6.64 is much smaller than
the values given for reactions 6.06 to 6.08 at 295 K.-

It therefore appears that the exchange reaction, 6.04, is

much less efficient than the analogous halogen atom reactions,

for which significant isotope effects have been observed127.

3.> Reaction with HCN : —

The rate constant for the removal of CN(XZZ,V"=0) by reaction

14 -1

with HCN was calculated to be (7.67ip.35)x10- cm3 mc_)lecule—1 s
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from the plot of the observed rate coefficients against partial pressure

of HCN given in fig. 6.01.

. =1
CN + HCN —> C.N,. + H, AH® = -25.7 kJ mol (6.09)

272

24 .
The above reaction is reversible and Duann et al.  obtalned a rate

3 -1

constant of (8.613.O)x10-16 cm3 molecule ' s™1 for the reverse

process. '
‘It was therefore possible to calculate AG298 from the
equilibrium.constant-of reaction 6.09. Hence,using the thermochemical
‘data given in‘the JANAF fable51£1 a value of AHof295(CN) = 417.6+1.3
kJ mél—l was obtained. This is in excellent agreement with some of

16,80,128

the more recent values‘given in the literature
L S .
would therefore appear that the value of 435 kJ mol ~ given in the
JANAF tables requires revision.
Addendum - - : . -
An isotope effect was observed by Bullock and Cooper 19 for the

re;ctlons of CN with CH4_§nd CD4’ where a rate constapt ratio, kH/kD

of v2 was obtained. The absence of an isotope effect, as found in .

the work of this chapter, is unusual., However, a fortuitous cancel-

" lation of the terms in the expressions for kH and kD (activated complex

theory), at a‘particular temperature, can lead to kH/kD = 1, indicating
an apparent absence of an isotope effect.-

The absence of an isotope effect may also point to the molecules

HZO’ D20; HC1 and DC1 acting as efficient chaperones for the recombin-

ation of CN radicals (c.f. similar reactions in Chapter 5). Departure

from pseudo first order kinetics was looked for but was rot detected.

e St
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" 'CHAPTER T

" 'REACTIONS WITH H,, CH, ~'AND CH

?

INTRODUCTION

The reactions of cyanide radicals with molecular hydrogen
and small saturated hydrocarbons are of interest in the study of
combustion procésses. These-reactiqns can be ciassed as hydrogen
atom abstraction reactions, analogous to halogen atom reactions
with saturated hydrocarbons.

In this work, the rate cons.ants given are strictly for the
removal of CN(X2Z,V"=O) in the absence of feediné by vibrational
relaxation. All the values quoted are the cprrectéd values i.e.
the Beer Iaﬁbert coefficient, vy = 0.57, has been taken into
account.

- The AH values given in-this chaéter were calculated for 298 K
120

from the thermochemical data given by Calvert and Pitts and the

: 111 o | 1.
JANAF tebles . The value of AHC (CN) = 418 kJ mol l, given

fo08

in this thesis, was used in the celculations.

RESULTS AND DISCUSSION

1.  Reaction of CN(¥°%,v"=0) with H,

The reaction of CN radicals with molecular hydrdgen was
stﬁdied at a fotal pressure of l.33xth Nu 2 for both helium
and argon diluents, and at a total pressure of l.27xlO3 Nm.'_2
for helium diluent. The obser&ed rate coefficients for thése
three sets of experiments are plotted against the partial pressure

of hydrogen in fig. 7.0L. The rate constants for these experiments,

corresponding to the following reaction, are given in table T7.01.
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Table T.01

Rate Constants for Reaction with H2

Investigator T/K Ptotal/Nm_z Rate Constant Ref.
X /cm> molecule"l st

~ b 2 L -13

Boden and Thrush 687 2.0 x10 <3.3x10 16
295 2.0 x10° <)4,9x10_1h ¥

Schacke et al. 295 7.7 x10° (1.1710.39)x10”1h 22-

This work 295 1.27x10° (3.97io.hl)x10“lh -

(He diluent) o

This wo;k 295 1.33}(10)4 . (3.60_‘!‘_0.18)}(10_1)4 =

(He diluent) '

This work 295 1;33x10h '(3.7319.17)x10-1h _

(Ar. diluent)

ot

29 kJ mol.l given by Hartel end Polanyi27

calculated from the limit given by Boden and Thrus

h16

using the activation energy of -

L2



128

CN + H, —> HCN + H

5 , AH® = -64.5 KJ mo1 T (1.26)

| The rate constants obtﬁined at both high and low total pressures
using helium diluent are in excellent agreement. So also are the rate
constants for both‘argén and helium diluents at‘l.33xlOA Nm.—2 total |
preséure. These results.cdnfirm that feeding of the CN(XZZ,V"=O)
lével by vibratiqnal relaxation is uniﬁportant-under the experimental
- conditions chosen for this work. Had feeding been impbrtant, the
rate consfénts for removal of CN would have been different for the
two diluents, argdn end helium, which have different vibrational
relaxatidn efficiencies.

~ Previously determined rate constants for rééction 1.26 are
also given in table 7.0l. The results obtained here agree well with
the upper limit proposed by Boden and Thrushl6 but are about a factor
ofvthree greater than the value given by Wolfrum and coworkers??”23
It is likely that feeding ;f the CN(X2E,V"=O) level was occurring
at the short delay times observed by Wolfrum .aﬁd coworkérs,
especially since their Fystem allowed photolysis by shorter
wavelength radiationikl >'i65 nm) than the quartz vessel used in
this study. This would allow relatively more vibrationally excited

CN radicals to be produced in their system, leading to a significant

increase in the feeding of lower vibrational levels by relaxstion.

2. Reaction of CN(X°Z,v"=0) with CHy,

The reaction of CN radicals with methane was studied &t two

L

total pressures, 1.33x10° and 1.2"{x103 Nm_2, using helium diluent.

' The observed rate coefficients are plotted against methane partial

pressure in fig. 7.02. Table 7.02 gives the rate constants obtained,

together with previous values.

k28 :

CN + CH, —> HCN + CH, AH® = -61.9 kJ mol

1 (1.28)

-
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Table T7.02

Rate Constants for Reaction with Methane

Investigator : T/K Ptotal/Nm—2 ‘, Rate Constant Ref.
| | k/cm3 molecule_l s-l
Boden and Thrush | 687 - 2.0 x10° <l.2x107%? 16
295 2.0 x10° a.7xa0713 t
Bullock and Cooper 300 o a10? (7.&0:9.16)x10_13 _ 19
- Schacke et al. 295 6.0 x10° 2.8x10 13 22
This work 295 1.27x10° (3.21#0.23)x10 2 -
This work 295 1.33x1.0" (1.49+0.31)x10 2 -

T calculated from the limit given by Boden and Thrush16 using the activation energy of

8.3 kJ mol_-l given by Bullock and Cooperlg.

0€1
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The rate consﬁ;nts thained at high and loﬁ total pressure
differ by a factor of N2, They wére calculated on the assumption
that the Beer-Lambert éoefficient, Y, was the same at both
pressures. The broadening of the CN absorption lines increaseéJwith
pressure and as the value of Y = 0.57 used in this work 'was determined

for l.33xlOh Nm,h2 total pressure, the high pressure rate constant of

(l.h9:p.3l)xlo_l? cm> molecule T s—l‘will‘be the more exact value.

The:results obtained in this work are again faster than the
values obtained in previous studies which are given in table T.02.
The same explanation, given for the reaction of CN with molecular

hydrogen, is offered here for the methane results i.e. feeding of

the CN(XQZ,V"=O) level was importent in previous studies.

3.. Reaction of'CN(X225V"=O)'with C e

The observed rate coefficients for the following reaction of

CN with ethane are plotted against ethane partial pressure in

fig. T7.02 for a total pressure of l.33xth Nm—z.
k3l o o -1
CN + 02H6 —> HCN +_,cE,H5 , A = -88.2 kJ mol (1.31)

The rate constant obtained is given in table T.03 along with previous
values. | : : : : -
Again the results obtained in this work are consistently-

higher than those obtained by other workers for the reasons given

in the previous two sections.

L. Geriersl Discussion

The reactions of CN with H,, CH) and CoHg and the halogen-like

2’

behaviour of the CN radicals have been discussed by previous workers

and their conclusions are reviewed in chapter 1.



Teble T7.03

Rete Constants for Reaction with Ethane

. -2

Investigator T/K. Ptotal/Nm Rate Constant | Ref.
k/cmd molecule gt

: _ .5 o~ -11

Bullock and Cooper 300 - ¢ ~10 (2.41%0.17)x10 19

Schacke et el. 295 5.9 x10° 1.2x10711 22

This work 295 N (h.57:p.59)xlo'll -

1.33x10

(4%}
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Table Tth gives an indicaﬁiqn of the relative activation
energieé for the abstraction of H atoms from H,, CH) and 02H6
by'F: Cl and CN radicals. Tﬁe activation energies for the CN
reactions range between the values for the corresponding

Cl and F atom reactions.

Table 7.0k

-

Activation Energies (kJ mol—l)

Reactant Radical Ref.
c1 CN F

H, 22.9 7.2 | 31
29 27

22.2 22

CH), 16 5.0 31
12.1 22

8.3 19

C He B h_.‘3 - 1.2 | 31

‘A : <1.6 19

The rate consﬁant ratio, k3l/k28’ for the ethane and /me’gha.ne
reactions, has been calculated by several researchers and the
valuesvobtained are summarised in table T.05. These ratios are
all in good agreement except for the value of Goy et al. 30
“which is low. This may be aﬁtributed to sec@ndary processes

occurring in their steady state photolysis experiments, which

were not important in pulsed systems.
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" 'Table T7.05 -

" ‘Rate Constant Ratio

Investigators k3l/k28_ Ref.

Goy et al. 2k . 4 30

Bullock and Cooper 37.5° 17

Schacke et al. C.o32.h ‘ 22

This work 30.7 -
'CONCLUSIONS

The rate constants obtained in this work are greater than
previous values. In this work, the removal of CN(X22,V"=O) was
studied in the absence of ﬁigher vibrational levels. In previous
wérk however, the feéding éf the CN(X22,V"=O) level by vibrational
relaxation may have caused a reduction in the rate constants for

-

the net removal of CN(X22,V"=O) radicals.
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CHAPTER 8

"REACTION"OF"CN(X2Z;v"=I)'WITH H,

INTRODUCTION

A briéf‘summary of the work done on thé regctioné of &ibrationally :
excited CN(X2£) radicals was given in chapter i. Two.confiicting
reports. have been given on the effect of‘vibratiqnal excitation on
the reaction of CN(X22,V"=n) with molecular oxygén, which is 14.0
kJ mo.l-l exothermic for a Boltzmann distribution of vibrational
levels at_298 K. Bullock and Cooper18‘ found that the rate constants
increased with n, whereas Schacke et al.21 observed a decreaée.

When the experimental uncertaintiés are taken into account,
neither of the above trends is particularly convincing, especially
sincé_no ailowances were made for the effects of vibrational
relaxation.

It would have been useful to resolve the situation for this
reaction,buf the signal to noise ratio of the decay signal of
CN(X22,V"21) would have bgen’too low to obtain meaﬁingful results
for this fast reaction.

Hence the reaction of CN radicals with molecular hydrogen
was Chgsen to study the effect of CN vibrational energy Qn/
reaction rates, as moderate décay rates and good signal to noise
ratios were obtainable.

However, before discussing the results.and implications
of these experiments, it is necessary to describe thé production
of CN(X22,V"=1), and tﬁe determination_of the relative population

of the v"=1 and v"=0 levels.
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' 'Prq‘ductio'ri of CT\T(X?Z ,vi'=1)

| The_Spectrosilvand not thé quartz.reéction veséel was used in
this work to increase the initial population of CN(X22) radicals in
the v"=1 level relative to the v"=0 level, for a flash energy of -
125 J. The ratio of the initial populations, P(v"=1)/P(v"=0), will

be referred to as RO.

For helium/cysnogen mixtures containing a fixed partial

pressure of cyanogen (26.7 Nm*z), the total pressure was varied

between 1.33x102 and l.33xlOh Nm~2, and the maximum value for'RO

was estimated to occur at a total pressure of 2.67x103 Nm °.

Hence this total pressure was ch.sen for this present work.

For a mixture containing 26.7 Nm_2 of cyanogen at a total

2

pressure of 2.67x10° Nm~ , the absorption by CN(XZZ,V"=O) at

388.1 nm was initially saturated for the Spectroéil vessel. This -
had no effect on the measured kinetics since the data used
corresponded to absorptions of <25%. Howevef, it did make the

determination of RO impossible for this mixture.

To overcome thislﬁroblem, R. was determined for cyanogen/
r a

0]

helium mixtures at the samé total pressure but containing less

cyanogen. The values of Ry

obtained are given in table 8.01 aloag
with the cyanogen pressures. From these identical results;‘it is

reasonable to assume that RO for a cyanogen partial pressure of

26.7 Nm 2 will be the same i.e. R6250ﬂ0§;} Details of the

- calculation of the R, values are given in appendix V.., &i:.

T —— - L. B _‘,—".‘."‘x’. .
- gt Tl gl el R (:"’..—’-‘3
R N - ~ et T e S
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Table 8.01

Relative Vibrational Population at time t=0

Optical Density

: *

Cyanogen (arbitrary units) R = P(v'"=1)

-2 388.1 nm |  386.8 mm 0 " P(v=0)
Pressure/Nm : :
v' =0 v"' =0 and 1 : o

3.33 - 8l1.5 54.6 0.09% 0.02

6.67 151 102 0.1040.02

13.3 99.5 67.4 0.10%0.02

* see Appendix

-

Although the value of RO determined here 1is only approximate, it

is significantly greater than the value R

\Y

for the quartz vessel.

RESULTS

. Reaction of CN(X°I,v"=1) with H,

To monitor the reaction of CN(X223V"=1) with moleculer hydrogen,

0

<0.05, estimated in chapter 4

the time dependence of the CN absorption at 385.7 nm was observed. This

wavelength corresponds po the overlap of the (1,1) R branch and the
(2,2) P branch of the CN viblet'system95. No vibrational levels with

v">1 were detected, so the absorption signal at 385.7 nm was strictly

—

due to CN(XZZ_,V"=1).

The CéNQ/He/H2 mixtufes used to study the rem@val of
CN(X2Z,V"=1) in the presence of molebular_hydrogen contained a
fixed pa;?ial pressure of C,N, (26.7 Nm;g) af.a>fixed total
pressure of 2.67x102 Nm—g. A p;ot of the Qbservgd rate coefficients
| against hfdrogen partial pressuré'is given in.figf 8.01. The rate

constant’ obtained for the removal of CN(XEZ,V"=1) was (6.80+0.45)x10"

cm3 molecule

1.

i.e. the Beer-Lambert coefficient, y, has been taken into account.

1

)

-1 -

~ .

-

1k

A1l the rate constants given in this chapter are the corrected values
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' Reaction of CN(X°r;v''=0) with H,

LES

This.sériés of experiménts was carriéd oﬁt to detérmine the
rete constent for the removal of CN(ng;v"=O) in the preséncé of
H2 for the Spectrosil QesSel; It will bé of intérest to compare
thé Valué obfainéd'with thé'raté COnstaqté given in chapter T
for thé Quarti vésSél.'

The réaction mixtﬁres weré idénticél to those déscribéd in
the'prévious éection, and the décay of thé'CN.(O;O) P branch at
388.1 nm was monitoréd. Thé obsérvéd rété coéfficiénts aré

plotted against the partial pr.ssure of molecular hydrcgen in

fig. 8.01. A rate constant of (h.29:_0.ll)x10"lufcm3 molecule T st

was calculated from the gradient‘of this plot. This agrees well
14 -1

with the value of (3.60+0.18)x10 cm> molecule T s T obtained
using the quartz reaction vessel (chapter T).
DISCUSSION

The following féaétions must be considered when interpreting

the results obtained in this work.

cN(v"=0) + H, —> HCN +H ‘ (8.01)
CN(v"=1) + H, —> HCN +H | (8.02)
N(v'=1) +M  —> CN(v"=0) +M (8.03)

The net removal.of CN(v“=l) contalns a contfibution from reactions
8.02 and 8.03. The removal of CN(v'"=0) occurs by reaction 8;01
and CN(v"=0) is produced by reaction 8.03. Any vibrational
relaxation, by collision of CN(v"=1) with cyanogen and helium,
would contribute equalily to ali thé observed raté coéfficients'

for the range of hydrogen pressures given in fig. 8.01, and
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would‘not_théréfOré'affect thé méasﬁred'raté constants for CN
removal.-

The'méasﬁréd'rate éonstant fof thé'nét rémoval.of
CN(Xez,v"=l)'may howevér'contain contributions from both
relaxation by H2; as wéll as réaction Qith Hyo It is thérefore
only possiblé to givé an ﬁppér limit for thé ratio of ﬁhé rate
éonstants for rémoval of CN(v"=1) aﬁd CN(v"=0) by réaction with
Hy. This ratio, kv"=l/kv"=0 was calculated to be 1.7 from the
rate constants determined in this chaptér.

The contribution of relaxation by H, to #hé rate constént
for the removal of CN(v'"=1) may be Quité substantial. Ho&ever,
since the initial population of the v'"=1 lgvél was 6nly1096 of
that4of the v"=0 level, the contributiop by feeding to the decay
of CN(v"=0) will fall within the uncertainty in the rate coefficient
for CN(v'"=0) removal, and should thereforé.be negligible. In
fact, the rate constant for the removal of CN(v"=O)}in the
bresence of H2, obtained?in this chapter, agrees well with the

value obtained under conditions where the population of. excited
vibrational levels was zero.(chapter 7). g
Vibrational relaxation of CN(v"=l) by-‘H2 is likely to occur
by vibrational to rotational energy transfer (V-R), similar to -
'vibrational relaxation of CO by H2, which has been discussed by
Sharma and Kernlsz. The following equations show the energy °

mismatch in the two systems, AEqR, for no change in rctational

energy of CO or CN.

Co(v'"=1) + H, (j=2) —> CO(v"=0) + H, (j=6) + 88 cm =  (8.0k)

ON(v"=1) + Hp (j=2) —> CN(v"=0) + H, (j=6) - 12 ecu™>  (8.05)
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- The energy mismatch in the CN case is small, and providing the
long rangé mﬁltipolar intéractions bétWéen'H2 gnd CN aré
favourable;'énérgy transfér'(V4R) froﬁ CN to Hé is likély to bé
véry éfficiént.

By répéating the'éxpériménts in tpis-cﬁaptér'usiﬁg ortho
and para hydrogen; it may be pOSSiblé to detéctfa.changé in thé '
overall rate constant for the removal of CN(v'"=1)'} If so, the '
relative contributions of félaxatiOn-and reaction may bé '
quantitativély detérminéd;

The intercept in fig. 8.01 is greater'for'thé'rembval of
CN(XQZ,V"=1) than for removal of CN(X22,V"=O). This suggésts that
vibrationgl.excitation of CN radicals may increase the éfficiéncy
of their reaction with cyanogen molecules and with>impurities'iﬁ
the miﬁtures. Alternatively, relaxation effects may bé important .

It is not however possible to quantitatively separate these

contributions using the present data.

-t
-
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' 'CHAPTER 9

- 'CN'RADICALS IN FLAMES

The work presented in this chapter was carried out
at Thornton Research Centre, Shell Research Ltd.,
under the supervision of Dr. C. Morley of the

Combustion Division. .

INTRODUCTION

In the study of combustion processes, apart from producing more
efficient burners and internal combustion engines, it is important to
‘consider the environmental aspects of exhaust gases from such processes.
Com@ustion of nitrogenous fuels, e.g. coal aﬁd.héavy fuel oils, is
known to produce nitric oxide which can, in some conditions, react to
form photochemicél smog .

Certain radicals130 e.g. CN, CH, NH and OH, which héve begn observed
spectroscopically in flames, are thoughtto participate in the kinetics
of the production and removal of NO in combustion processeé. It is
therefore of value to study the-elementary reactions of such radicals
in flames, and to determine thetextent to which specific radicals are
involved in the production of NO. This information could then be used
to devise a method of minimising NO production. g

The aim of the work carried out at Thornton Research Centre was to
gain more infgrmation about the role of CN radicals in the nitrogen
chemistry of flames,and to provide useful rate constants for c&mputer
modelling 6f:combustion processes. The technique of pulsed resonance
fluorescence, which had not ﬁreviously been used to study flames, was

chosen for this study of the burnt gas region of premixed, fuel-rich

ethylene flames.
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A brief description of flames and their nitrogen chemistry willl
‘now be given along with a resume of the expérimental technique used
"in this work. |
Flames
| Several good descriptions of flames and their chéracteristics are

131

available. In particular, texts by Gaydon and Wolfhard , Fenimore

and Fristrom and Westenberg133are useful. The spectroscopy of flames

is discussed in detail by Gaydon134 and Lewis and von Elbe135 .

132

The most useful flame for kinetic work is the flat premixed laminar

flame136 where the flow of gases is essentially unidifectional and
uniform across a horizontal section through the flame. Only in this
type of flame doe$ the vertical héight above the burner surface
cor;e3pond to the time of flow of gases from the burner. Hence
kinetic data may. be obtaiﬁed from time resolved cqncentration measure-
ments of the various species presént in the flame. This easy method
of time resolﬁtion is not applicable to conical laminar flames, turbu-

lent flames, and diffusion flames which, as a result, are of limited

value for kinetic experiments.

o

For the above reasons, a flat laminar flame was used in this work.

The various zones of this type of flame are illustrated in fig. 9.01.
The pre-reaction zone, reaction zone and post-reaction zone are common
to most flames. The secondary reaction zone is a diffusion flgmelana
is therefore useless for kinetic work. It occurs in fuelmrich flames
due to air entrainment.

Although it is difficult to define the ‘extent ;Enthe reaction
zone of a fléme, it is Aulofz cm thiék for a flat.laminar hydrogen
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flame =~ . The region of interest in this work is the post-reaction

zone which can extend for several centimetres making it mcre amenable
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to study..
The composition and temperature of a flame may be determined

experimentally by methods outlired by Gaydon and Wolfhard131 and

Fristrom and Westenb-efgm_3 .- Alternatively, the flame composition
and temperature may be calculated'from thermocheﬁicél data, provided
the premixed gas composition is known. This is a complicated pro-
cedure however, as éomposition and temperature are interdependent.

A model calculation of flame composition and temperature’is given

by Gaydon and Wolfhard131. The method is essentially an iterative

process based on the work of Damk&hler and E_dse137 . For the calcu-
lation, the flame is assumed to be adiabatigzand initially a flame
temperature is estiﬁated. Successive approximations are made till
the fiame temperature correlates with the thermochemical data for the
calculated compoéition at that témperature. It is also possible to
calculate equilibrium concentrations at temperatures below the
adiabatic temberature.

in most atmospheric flames, there is both vibrational and rotational
relaxation of the flame gases by the fimé they leave the reaction zone.

Hence temperature has a real meening in the region of interest in this

study i.e. Boltzmann energy distributions exist.

Flame Nitrogen Chemistry

-

Nitric oxide is produced in flames from two sources, namely
molecular nitrogen from air and from nitrogen compounds in the fuel.

The fixation of molecular nitrogen in flames has been studied

extensively and the accepted mechanism for lean or stoichiometric
fuel-air mixtures, originally suggested by Zeldovich , 1s given
below.

0+N, —> NO+N ' (9.01)

N+0, —> NO+0 ~(1.02)



146

An extension of this mechanism, including additional reactions for
fuel-rich fiames, is discussed in a review by Bowman.13q

For fuel-rich flames, the féllowing additional alternative
mechanisms were proposed by Fenimore138to explain the‘rapid pfoduction

of NO from molecular nitrogen in the reaction zone ('prompt NO').
, , promp

CH+ N, —> HCN + N (9.02)

2
C2 + N2 —> 2CN - ' (9.03)
Subsequent oxidation of HCN and CN, which are in fact 'equilibrated139 ,

leads to the férmation of NO (this wili be discussed shortly). The
" four centfe reaction of C2 with N2 is unlikely, and in fact reaction
9.02 was latef favoured by Hayhurst and McLéan140 in their survey of
the reactions of hydrocarbon fragments with N,.

The conversion of fuel nitrogen to nitric oxide has been a more
difficult problem to solve. Fenimore;41 showed that the relative
amounts of NO and N, produced from fuel nitrogen in fuel—rich‘flames
varied. In general, the yield of NO was greater for leanef, hotter
flames with low fuel ﬁitrogen concentrations.' 'To explain this,
Fenimore proﬁosed that a11_fue1 nitrogen species céuld form the
same intermediate I, whiéh‘couid react with a nitrogen—free radical
species R to give NO, or react with NO to givé N2. | Morley139 has
shown that for rich hydrocarbon flames, fuel nitrogen is convertgd
quantitatively to HCN, regardless of the nature of the nitrogen
compoupd. Thus HCN may be regarded as a precursor to the inter-

. : . 141
mediate I suggested by Fenimore .

Since HCN is produced from both atmospheric and fuel nitrogen in
fuel-rich flames, its subsequent oxidation is of interest, and a study
- of the processes involved may lead to the identification of intermediate

I. As mentioned above, HCN and CN are equilibrated in most flames by

the following reaction,

CN + H, === HCN + H : (1.26)
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which means that the removal of a CN radical is equivalent to the
removal of an HCN molecule. .

39 studied the decay of HCN in the burnt ges fegion of

Mbrleyl
fuel-rich hydrocarbon flames. He showed that the removal of HCN,
préduced'from fuel nitrogen in the reaction zone, is consistent

with the following rate determining step (2300 < T < 2560 k).
CN + OH —> NCO + H ' (9.04)

Rapid removal of NCO may then occur via the following reactions,

resulting in the formation of NH, species.

H+NCO —> NH +CO . (9.05)

H + CO ‘ 7 (9.06)

2 2

+ NCO —> NH
It is ﬁossiblé however thatlother mechanisms may aominaté for
the removal of CN at lower témperaturés. Hayneslh2 suggests that
at temperatures below 2300 K; thé removal of HCN by reaction with
OH radicals may be the dominant proceés, leading to the formation
of NHX species.
The final step in the oxidation of HCON is the conversion of
NHx to NO and N2. Nadler et a.l.lb'3 have shown that NHy species
(x = 1, 2, 3) can equilibrate by H atom transfer reactions. Thus

intermediate I may be regarded as a composite of all NH, species.

The conversion of NH_ to give both N, and NO may occur as follows.

NE +OH —> N +H_O ' (9.07)

N +0H —> NO +H i "(9.08)

NH, + NO —> N, + Hy0 - (9.09)

NH +NO —> N, + OH - (9.10)
_

N + NO N, +0 : (9.11)
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Resonance Fluorescence

The technique of resonance fluoréscence simply involves the
monitoring of fluorescence from an irradiated species, the wavélength
of the exciting radiation and emitted radiation Being ﬁhe same. One
of the first observations of this type of emiésion was for the mercury
atom 6(3P1) -—> 6(;30) line at 253.7 nm. Although a chénge in multi-
plicity occurs, the radiative lifetime of the excited state is shorfl
enough for the emission to be termed"fluorescence'.144

For the technique to be effective, it is essential that the molecule
studied does fluoresce, that the band system observed ié well character-
ised and that é-suitable exciting source is available.  The fluoresceﬁce
is usually monitored at right angles to the incident exciting radiation,
so that the fluorescence signal is observed against zero backgroﬁnd
signal.

‘The teéhnique of resonance fluorescence was used by Braﬁn and
Lenzi145 to study the reaction of hydrogen atoms with olefines. More
recently Brewer and Tellinghuisen146 and Strain et al.ll"7 have sfudied
jodine atom reactions using this teéhniéﬁe. A refinement, described by
Zare and coworkerslés’149 , isléhe use of a laser té excite the species
under observation. They used this system to study specific product
states of BaO, produced from the reaction of barium atoms with molecular
oxygen in a molecular beam experiment.

The major advantage of the above technique is that it is genérally
more sensitive than absorption. This is because the fluorescence
signal is measured against zero background,whereés éﬁé absorption
signal is observed as a smaliAdecreésé in a large baékground—signal.
Hence a better signal to noise ratio is exﬁected.

In this study of flames however, some the the advantage is lost

because spontaneous emission from the flame does provide a background
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signal, from which the fludrescence signal must be separated.
The use of a pulsed fluorescencé system was an attempt to com-
pensate for the reduced signal to noise ratio due to the spontaneous
emission, by increasing the fluorescence signal measured,relative to
the spontaneous emission signal. An integrator to dc just this is
described ih the experimental section.

"EXPERIMENTAL .

The layout of the pulsed resonance fluorescence éystem used in
this flame study is illustrated in fig. 9.02. It consists of a burner,
a flash lamp to excite the radicals in the flame, and at right angles

to it, a monochromator and photomultiplier to detect the fluorescence.

139

The burner ~~was a Meker type, made up of bundleé of capiliary

-

tubes (0.5 mm diam.). Flames of radius 10 or 20-mm could be produced
with a shield of inert gas to prevent air entrainment. A burner of
this design produces a-stable, flat laminar flame of uniform velocity
distribution écross the burner. To aid flame stability, the burner
was water cooled. The vertical height of the burner could be adjusted

accurately via a motor drive unit.

Out of three systems tested, the flow flash lamp shown in fig. 9.02

2

was chosen as the source of CN (B'Z —~X22) emission to excite the CN

radicals in the flames studied. Two other systems,namely a resonance

lamp similar to the one described in chapter 2,and a Garton lamp were
found to lack the required intensity.

The flow flash lamp consi;téd of a 1 m i.d. quartz capillary
tube, tungsten electrodes, gas inlet and outlet poi;;s, and a bulb
to dissipaté the pressure rise when~£he lamp was fired. The windows
were made from microscope slides which gave good transmission in the
spectrai region of interest. The working pressure of the lamp was

typically (1 - 7) x 10% w2,
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A micropulser (Xenén Corp. Model 368) with a 1 uF capacitor
éharged typically to 3 - 4 kV was used to power the lamp. Although
 its range was 3 - 60 pulses/s (maximum'enefgy/pulse ; 5J, maximum
power output = 300 W), a flash rate of 3 pulses/s was used because
pulsing became erratic.at higher rates. Tﬁe micropulser and flash
lamp circuit were connected to a different earthing system to that
used for the photomﬁltiplier and detection equipment. This eliminated
earth loops and electrical noise problems.

The’specffal output of the flash lamp was photographed on a
medium quartz spectograph,and fig. 9.03 shows a densitometer trace
of the emission from the lamp in the CN violét region. Several bands
are overlapped at the CN (B T —X Z) Ay = 0 sequence'-making it
impossible to state categorically whether or mnot CN bands were present.

Wavelength resolution of the fluorescence signal was achieved using
a Bauscﬁ and Lomb High Inﬁensity uv Gréting Monochromator. | The signal
was detected.én a photomultiplier (EMI 9698 QB) mounted on the exit slit
of the monochromator. The photomultiplier circuit was of conventional
design except that no anode load resistor was used. A stabiliséd power
supply (Farnell Instrumeﬁféth&a) was used to opérate the photcmultiplier
af 1450 V. | | |

The signal from the photomu1t1p11er was fed into a gated integrator.
The circuit for this device, shown in fig. 9.04 was designed ané bu11t
by Drf C. Morley (Thornton Research Centre). Before the operatlon of
the device is explained, it is necessary to.shéw the derivation of the
time interval for which the gate should be open. o

Becausé of strong collisional,qﬁenching in tﬁe flames studied in

this ﬁork, the decay half-life of CN fluorescence following an

infinitely short excitation pulse would only be ~5 ns. Hence the
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" The band heads of the CN(B2 2—_)(22) Av = O
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(00) and (4,4) band heads are labelled.

¥

FIG.9.03 DESITOMETER TRACE OF THE SPECTRAL
OUTPUT OF THE PULSED FLASH LAMP
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fluorescence decay follo&s ciosely the decay of the incident light from
the flash lamp (half-life ~3 us). A timg'interVal of 10 us is
therefore sufficient timerfor the gate to be open;

The operation of the gated integrator is illustratedvin fig. 9.05.
The gate was'triggered to open, at the beginning of an incident light
pulse, for a period of ~10 ﬁs. This occurred three times per second
corresponding to the pulse‘ré;e of the flash lamp. The electronic
circuit integrated the difference betwéeg the average current and the
current flowing during the period for which the gate was opened. The
result was displayed as a voltage on a digital voltmeter, the voltage
being prdportional to the fluore;cence signal.

In this work, fluorescence was monitored at heights of between
3 and ~30 mm above the burner surface. This was achieved by raising
and lowering the burner by the motor drive unit.

The lenses in the optical system were arranged to focus the
radiation from the flash lamp at points Qertically above the centre
of the burnef:and to focus the fluorescence onto the entrance slit of
the monochromator. An iri§'was used to cut down eicitation of the
outer regions of the flaﬁé and black card was arranged abqut the
apbaratus to minimise scattered light.

Extreme care was taken in the alignment of the apparatus. This
was checked regularly, as a small deviation.frém ideal conditions would
have drastically reduced the detected fluorescence.

All the flames used in this work were.bufned as close to blow off
as possible to minimise heat loss to the burner. | A‘shield of argon
was used fo prevént entrainmen; of air. The premixea gases were at room
temperature initially and combustion took place at.atmospheric pressure.

The characteristics of the flames studied in this work were available

from previous research carried cut at Thornton Research Centre,and are
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given in table 9.01. Tﬁé flow rates of the gases, used directly
from cylinders, were monitored on rotameters or capillary flow meters.

After a rough feasibility study, it was decided that OH resonance
fluorescence would be more intense than that prodﬁgéd from CN, and so
initially, the apparatus was.set to monitor tﬁis signal. Later,
attempts were made to monitor érlmarlly CN radicals and then NH
radicals. The wavelengths used to monitor each radical, OH, CN and
NH corresponded to a maximum in the thermal emissibn from the flame,
and also to aimaximum in the flash lamp output when the appropriate
gas mixture flowed through the lamp. The spectroscopic tramsitions
involved and the gas mixtures used to monitor each radical are given
in table 9.02.

RESULTS "AND DISCUSSION

With maximum aperture of the iris.and full slit height of the
monoéhromator entrance slit (slit height = glit width as the mono-
chromator was-on its side), OH fluorescence couid just be detected
in the absence of an argon sheild round the flame. The signal was
found ﬁo decrease if the argon shield was app11ed, suggesting that
a large proportion of the dH s1gna1 was from OH at the perlphery of
;he flame, formed by oxygen entrainment. Decreasing the iris
aperture and slit height, so that only the cenfre of the flame was
studied, decreased the observed fluorescence signal till it became
of the order df the noiée in the system.

No CN‘fluorescence was observed from any of the flames studied
without the addition of NO to the flame. Nitric.oxide was added by
replacing the argon in the premixed gases by 17 Nd in argon, thus
maintaining a stable flame. Alfhough the flow rate éf 17 NO in
" argon was increased from-zero to >31 cm3s-1, the maximum fluorescence

signal observed remained of the order of the noise in the system for

all combinations of aperture and monochromator slit height.
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Table 9.01

Flame Characteristics

Fleme Flame Velocity Burner Ratio of
Number Temp /cm sfl Ares Premixed Gases

‘ 2 _

/K [em cth. 0, : Ar

SAR 3 2526 2.3l+x103 0.71 14,1:20.6:47.5
SAR L 2401 1.22x103 | 0.71 14,1:20.6:60.0
SARL3 | 2525 | 1.17x10° | 0.71 7.2:16.7:80.0
fsareo | 2031 | 1.9 x10° | 2.6k 6.5:12.5:85.0

T'not at equilibrium at the adisbatic flame temperature

- .

L

Table 9.02 -

Spectroscopic Transitions and Flash

Lamp Mixtures

Radical Trensition | A/nm Flash Lamp Mixture
2012 ’ :
OH AEZXTT ~v311 Ar bubbled through H20
N BPE%C8 388 | Ar bubbled through MeCN
NH IS NS n336 | Ar bubbled through a

solution of NH; in Hzo
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Attempts to observe‘NH fluorescence from flames with and witﬁout
added NO were unsuccessful. Addition of NH3 instead of NO could ha§e
increased the chancés of observing NH by this technique..

Varying the flow rates and pressures of the gas mixtures in the
flash lamp gave no marked change in the amount of fiuofescence
observed,

As a result of the work carried out with the pulsed resonance
fluorescence apparatﬁs, it was clear that too few fluorescence
photons were being proauced,and that tﬁe détection system was -not
sensitive enough to give a good signal to noisé ratio. The reasons
for this are well worth considering and give rise to a solution to
the problem.

It is likely that all of the following factors contribute to
some degree to the lack of fluorescence.

1. The intensity of the incident exciting radiation was too low.

It is possible that pulsing the flash lamp could reduce the

overall light output in the bands of interest compared with a

continuous lamp, assuming the same average power is supplied to

each lamp. Increa;ing tﬁe flash energy gave erratip pulsing

and could not therefore be used to give an increase in intensity.
2. Mismatch of rotational temperatures of the radicals emitting

in the flash lamp and the radicals absorbing in the flame may

have been poor. This would lead to a low concentration of

" excited radicals in the flame, and a corresponding loss of
fluofescence intensity. -

3. As the flames were at atmospheric pressure, strong collisional



159

quenching would occur. The processes involved in the excitation
and de—excitation of radical X may be written as follows,

"assuming the absence of intramolecular radiationless processes.

: I
X+ hy —205 xx R (9.12)
A .
X%* ——> X + hv _ (9.13)
: k
X%+ M —3 5 X +M : (2.14)
Iabs is the intensity:of light absorbed and kq is the rate constant
for collisional quenching. The emitted light intensity Iem

(fluorescence) is then given by the following expression,where
A is the Einstein coefficient for spontaneous emission.
I = A Iabs
oA kq[M] . (9.15)
For;collisions with molecules other than inert gases, kq is large
(approaching the collision limit) for many excited states, and so
fluorescenée would be expected to be low in the atmospheric f{lames
studied. It 1is possible to study flames at pressures of less than
one atmosphere but thisais less convenient.
4, The pulse rate was rather slow and increasing it would have given

a better signal to noise ratio,but this caused erratic firing of

the lamp, Hence the flash rate was restricted to 3 pulses/s.

A solution to the problem is to use a dye laser to excite the
radicals in the flame. This would give an increase of seve;ai orders
of magnitude to the intensity of the fluorescence. Also, iﬁ may be
tuned to match the flame temﬁerature of the radicals'ﬁnder investigation,
" thus optimising the absbrption and hence fluorescence. The above

advantages, together with the increased pulse rate.obtainabie,should
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enable resonance fluorescence studies to be made of radicals in
atmospheric flames without recourse to reduced pressure systems.
It should also be possible to determine the rotational temperature
of radicals in the flames.

Work with a dye laser system is now in progress at Thronton
Research'Centre and several radicals have been studied using this

technique.
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" 'CHAPTER 10

- “SUMMARY ' 'AND ' " CONCLUSIONS

e

The techniqué of reébnancé absorption spéctroscopy'and ﬁhé use
of‘a coaxial réaCtion véSSél/flash laﬁp systém; havé,léd fo thé
sﬁccessfﬁl détermination:ofi new}kinétic data for thé réaCtions of

CN radicals.

In particular, sevéral~néw'rate constants havé‘beén determined
for the reactions of CN(X?Z,V"=O) radicals, and suggéstions have been
put forward in an sttempt to resolve the problem of conflicting |
literature values for previously measured rate constants.

"By ensuring that the CN(XQE,V"=O) level was studied in the
absence of‘higher vibrational- levels, this work gives reliable
rate constants for the reactions of CN(X22,V"=O), in the absence of
feeding by vibrational relaxation.. In previous work, feeding may have
been important, resﬁiéingiin slower rate qanstants than obtéined here.

The results of the new reactions studied in this work lend
support to the proposal that CN radical reactions are anaiogous
té‘the reactions of halogen atoms. Even the catalytic rec;mbination
of CN radicals bf NO and CO shows the pseudo halogern nature of the CN
radical. Both NO and CO catalysed fecombination of CN have been

explained by a mechanism analogous to that observed for catalysed
halogen atom recombinationsll3;
The measured rate constants were reasonable for such processes,

and a small negative activation energy (a characteristic of such

reactions) of -10+4 kJ mol T was estimated for the NO catalysed
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recombination. This activation energy was calculated from the rate

constants of (5;013-3)X10§13'cm3‘molchle?l Rt

2

~

at 68T X given by

-1

Boden and Thrush'®, and (5.2840.27)x107 12 cm> molecule & s+ &t

295 X givén in this work.

The reaCtion.of CN with OCS was extrémely fast (k > 5){10“ll
cm3 ﬁolécﬁiefl s“l)and was thought tb form SCN. Spéctroscopic
evidéncé,for this réaction product has récently’beén'obtained by
Addison ét al.lsl, who also'produced évidence to support the above
rate constant from a comparison of kinétic data for the CN + OCS
and CN + C2H6 reactions. -

CN radicéls were also observed to undérgo a hydrogen atom

exchange reaction with hydrogen chloride, forming the molecule

HCN, which may itself be regarded as a pseudo hydrogen halide.

CN + HCl —> HCN +C1. (6.04)

c.f. TF +HClL —> HF +Cl | (6.06)

The study of the formatioﬁ of cyanogen by the reaction of CN
with HCN was of particular interest, as it led to the determination

of the heat of formation of CN radicals (aH® (CN) = 418 kJ mol’l).

o95

In the light of more recent experimental values, this result supports
the need for a revision of the value quoted in thé JANAf tableslll.

The study of the effect of vibrational éxcitation, on the
‘efficiency of the reaction of CN(XQZ) rédicals,with molecular
hydrogen, yielded an upper limit_of kv"=l/kv"=01= 1.7. ihe rate
congtant, kv"¥l’ for the removal of CN(XQZ,V"=1) contains
contributions froh both reaction with H, and'relaxafion by H, (V-R).
It was not possible to assess the relative contributions of each

from the present data.
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The‘wqu carried out a? ?hqrn?qn Research Centre ﬁas
useful in détermining thé'limitations of thé'résonancé'
fluéréscénéé téchniqué used to stﬁdy.CN rédicals in flames.

This work indicated that a more intense source of exditing
~ radiation Was.éSSéntial,and in féét'§ dyé lasér‘systém'was latér

chosen and is now in operation at Thornton Research Centre.

"FUTURE"EXPERIMENTéT'AﬁDTTIMfR6§EMﬁNfé

| Before the rate éoﬂstaﬁts determined in this work can be
used in fleme modelling calculations, it is essential that
extensive temperature dependence work is carried out to obtain
the activation energies: This may be accomplished by using a
modified form of the.apparatus shown iﬁ fig.2.04, described by
150

Smith and Zellner ~ , designed for temperatures below 300 K.
For studies at much higher temperatures (2000-3000 K), it would
‘be necéssary to study CN radicals in flames or in shock tube

experiments. o

For further exéer{ments oh vibrationally excited CN(XZZ)
radicals, it would be advantageous to devélop the apparatus so
that faster decays could be monitored at shorter delay times.
This would allow the study of higher vibrational levels (v'">1).
. In addition, it would be possible to sort out the controversy
over fhe effect of vibrational excitation on the reaction of CN
| 17,21

with O

_e,for which conflicting reports exist
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APPENDIX I
MATERIALS
The gases used in this work may be divided into four categories

as follows:—

1. ges to £ill the flash lamp

2. . @lluent gases
3. gases used as precursors of CN radicals
L, reactant gases.

Whenever possible, the gases wer condensed and thoroughly degassed,

followed by vacuum distillation,. . =~ ~

[ S

A “"‘ fF¢::i:This operation was répeated at least three times,
and the 'middle cut' fraction fetained in each case.

In meny cases, slow vacuum distillation through traps at
higher teﬁperatures was also carried out. Ideally, the trap
temperature should be such that the vapour pressurew?f the gas
to be pﬁrified is about 130 Nm.—2 (1 Torr). This was not always
practicable however. Wheré this type of distillation was carried
out (at least 3 times), the temperatures éf the slush baths used to

cool the traps are given for each gas, and again the 'middle cut'

fraction was retained.

1. Flash Lamp Gas

Kr : B.0.C. X-grade (>99.99% pure), supplied in a 'break-seal'

bulb and used as received.

2. Diluent Gases

He

B.0.C. A-grade (>99.998% pure), passed through 2 liquid

nitrogen traps (TT X) to remove condensable materials.
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B.0.C. X-grade (>99.995% pure), used directly from

" cylinder.

B.O.C.lA—grade'(<l vpm 02, <l vpm N2, <5 vpm H2O certified

purity), passed through 2 traps at 77 K.

3. CN Precursors

CH,CN :

3

N2

B.D.H. specfroscopic grade (>99% pure), thoroughly degassed,
used only in & trial experimentf

Matheson Co. Inc; technical grade (>98.5% pure). This
was used for the bﬁlk of the experiments, although a
samplevprepafed by thevinofganic research depertment was
used initially; The gas was purified by at least 3
digﬁillations through a trap at 178 K (Toluene slush),

followgd by repeated condensing onto dry KOH pellets

‘to remove further impurities. One criterion for the

purity was a slow rate of removal of CN radicals in

cyanogen/helium mixtures.

-

L4, Reactant Gases

NO

co

Co,

B.0.C. commercial grade (>99.9% pure), dried by slow
passage through a frap at 195 K (a.cetone/CO2 bath).

Air Products Ltd. C.P. grade (>99% pure), distilled

3 times through a trap at liquid oxygen temperature (90 Xx).
Matheson Co. Inc. technical grade (>99% pure), passed
through 2 traps at 77 K to remove condensable materials.
solid (distillers), thoroughly degaséed and purified'by

5 distillations through a trap at 143 K (n-Pentane slush)-

to remove condensable materials.
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N,0 ¢ B.0.C. medical grade (>99% pure), vacuum distilled b times,

retaining 'middle cut' fraction.

0ocs : suppliéd by inorganic research department, purifiéd by
~distillation through a trap at 143 K (n~Pentané slush).
H, : B.0.C. commercial grade (>99.9% pure), dried by passage

through 2 traps at 77 K.
CHh :‘ Matheson Co. Inc. C.P.-grade (?99.0%>pure), thoroughly
degassed by a series of freeze-thaw cycles.
C,He : Matheson Co. Inc. C.P. gradé (>99.0% pure), thoroughly
degassed by a series of ffeéze-thaw cycles.
| HO doubleidistilled, thoroughly degassed.
D0 : B.O.C. Prochem (>99.0% pure), thoroughly degassed.
HC1 : supplied by inorganic research department, purified
by distillation through a trasp at 143 K (n-Pentane slush).
DC1 : sﬁpplied by inorgenic research department (> 91%
DC1, by IR), purified by distillation through a
trap at 143 X (n-Pentane slush).
HCN  : supplied by inorga;ic research department, purified by

© vacuum distillation from liquid nitrogen temperature (77 K).

-

Prior to the experiments with D20 and DCl, the vacuum line was
thoroughly deuterated with D20. This proce@ure_took.about 3 days.
| I would like to thank the inorganic research aepartment of
this university for supplying samples of the gas;s-mentioned'above.
In particular, I would like to thank William Dﬁncan for the samples

of cyanogen used in the initial experiments.
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 APPENDIX II

II.A BAND HEAD WAVELENGHTS

Table IX.01 gives the wavelengths of the.band heads of the
CN violet system, which are shown in fig. 3.01., As the emission.
from the CN lasmp contains a.contriiution from the N2 second
vpositi&e system, the wavelengths of the relevant band héads are
also giveﬁ below. The values»qpofed, both for CN and N2, are those

‘given by Pearse and Ga.ydon76

Table II.01

Band Head Wavelengths

Species Transition ' v',v" ~A/nm
CN P> %¥r | 0,0 388. 3k
| 1,1 387.14
2,2 386.19
3,3 | 385.47
Wb | 385.00
N, I ¢3n - 81 0,3 405.94
1,h 399.84
2,5 394,30
3,6 | 389.46
N7 | 385,79
0,2 | 380.49
1,3 375. 51
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II.B DENSITOMETER TRACE OF THE CN(0,0) RAND ' _

A densitometer trace of the CN(0,0) band emittéd by ihe
CN resonance iamp is given in fig, II.Ol and corresponds tovthe
relevant section-of the photogreph in fig. 3.01. The lines
observed are in fact unresolved doublets and have been numbered
by their m values using the wavenumbérs given by Herzberé!
The liﬁe dt the band origin does nct arise from the CN radicél but

is due to some other species present in the discharge lamp.

II.C DERIVATION OF EQUATION 3.12

For the method of Ladenburg and Reiche, it is convenient

89 for the frequency

" to use the following empirical expression
distribution of emitted radiation for a resonance lamp for which
the emitting layer thickness and gas pressure are not accurately

known.

E, = C.exp —(w/a)2 (II.Ol)

where w = 2vV1n2 (v—vo)/A\)a and Av_ is the Doppler width of the
_ ebsorption line.
The absorption coefficient, kv’ for small sbsorptions-at the -

centre of a line (kol n3) is given by -Mitchell and Zemansky89

k | = k_ exp (-w2) ﬁII.éé)



(1,1)
band head

(00)
band head

— P branch

e g fom | —= R branc-h———-l

position of
band origin:

FIGII.01 DENSITOMETER TRACE OF THE
CN(OO) BAND EMITTED BY THE CN
RESONANCE LAMP (SEE_FIG.3.01)

69T
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The fractional absorption is then given by the following expression

2
© w

2 | -k le
‘y e"(“/?) (l-e é ) ) dw

A = . (II.03)
[+ 3 L 2 . .
‘g e—(w/g) dw

00 .

-

On integratién, this simplifies to give the power series of
equation 3.12. A table of Aa values for different combinations
of kol and o is given by Mitcheil and Zemanskysg.

The fractional absorption Aa is also given by the following

expression, which is related to experimental measurements.

Aa =1 - (It/IO)' g (I1.04)

where It and IO are the transmitted and incident intensities.

Oscillator Strength

Knowing the oscillator strength, f, of a resonance line is
equivalent to knowing the radiative lifetimé, T, of the upper
. 89 ' - .
electronic state 9, and they are related by the following

expression,

—

2

fr = 1.51 (gz/gl)x (I1.05)

where g, and g, are the statistical weights of the upper and lower
electfonic states respectively, and A is the wavelength of the

radiastion.

II.D CALCULATION OF ABSOLUTE CN 'CONCENTRATION

For this calculation, the fractional absorption by CN

(X22,v"=O,K"=10) was assumed to be equivalent to the fractional
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ebsorption observed for a monochromator setting of 388.1 nm,
i.e. Aa=0'89 from table 4.01. This corresponds to the initial
CN concentration produced from the photolysis of 26.7 I\Im—2 of
cyanogen diluted to l.33x10LL I\Tm“2 using helium, at a flash
energy of 125 J.

Teking the translational temperatures of the radicals in
the resonance lamp and reaction vessel to be 1200 and 300 K.
respectively, a value of a=2 is oﬁtained._

Using equations 3.12 and 3.13, togethef with the table
of Aa values given by Mitchell and Zemanskysg, kO,Kl should be

greater then 4.5 for o=2. The terms given in table II.02 were

used to evaluate k end hence N from relationship k. ,1>L.5.
' 0,K 0,K
This yielded & lower limit of N>k.8x10%3 molecule em 3.
- Table 11.02
Term Value
A ) 388.11 nm
| .0 0.90861
-SK 9.975
T ‘ 60.8 ns B
QR : 108.3
QV - 0.1987
Ay, _ 5.893x10°° s+
K"(K"+l)/QR 1.0157
exp(—K"(K"+l)/QR) 0.3621
1 39.4 cm
a 2.00
Aa 0.89

' 1
t v, = 2(2RTln2/M)§vo/c o

-
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APPENDIX III

CALCULATION CF 'DIFFUSION"COEFFICIENT

The following values given by Hirschfelder, Curtiss and
Bird 7 were used in equations 4.06 and 4.07 to calculate the

diffusion coefficient for CN radicals in a large excess of helium.

Table ITI.O1

Parameters used in Equations 4.06 and 4.07

Ges e/k (k) | o (D M (a.m.u.)
He' 10.22 2.576 4,00
CN (ENQ) 91.5 3.681 26.0

From the above values, ElQ/k and oié were evaluated from the following

expressions.

k]

iz/k = (elez)ﬁ/k : (II1.01)

j‘:_O.S (°1 + 0,

€

HN

e ) (I11.02)

.12

The reduced temperature is defined as le

find the value of @ from tables of integrals, where

¥ = kT/e12 end is used to

(1,1)*

= %

(le*) : (111.03)

in the notation of Hirschfelder, Curtiss and Bird96.

As the reaction vessel length 1 is large (39.4 cm). and the

radius r is 1 cm, equstion L4.06 approximates to

B = 5.82D ' (II1.0k4)
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When the values given in table III.02 are substituted in equation

4.07, 2 value of D = 0691 ; cm2 s—l is obtained corresponding to

8 =402 s 1 for a total pressure of 1 atm.

Table ITI.O02

Values used in Equation 4.07

s
i~

Term , Value

T (K) 295

€107k (K) 30.58

T ¥ e 9.647

Q - 0.7hT1 |
1o (3) ' 3.129'“‘ "
O ag)/2un, | 01462
p (atm) 1.000 -~
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"APPENDIX "IV

VIBRATIONAL RELAXATION

IV.A FUNDAMENTAL TRANSITIONS OF CZEZ

The following transitions given by Herzberglo3 are for the

ground electronic state of C,Nys (Xli;)m

Table IV.Ol

Fundamental Transitions of CZNZ

- Wavenumber
Mode :
> -1
v/cm
12 symmetric stretch 2329.9 g
vy symmetric stretch 854.2
vy . | 2157.8
\)4 bend ' 507
v5 v _ 233.1

The CN vibrational energies, calculated from the following

equation are given in table IV.02

e, = (b, - b x,

(Iv.0ol)
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The velues of w, = 2068.705 en L and w X, = 13.1L44 cm_;, given by
Heererg{ weré used in the calculations.
" 'Table TV.02

Energy Levels of CN(XEZ,V")

Ae /cm.-_-l
n -1 v
v ev/cm .
(ev - ev—l)
0 1031.07
204k2. 4
1 3073.48
2016.1
2 5089.61 o
©1989.8
3 T0T9.45 :
1963.6
L 9043.01
. 1937.3
5 10980.27
= 1911.0
.6 12891.25
1884.7
7 14775.94
1858.4
8 16634.34
‘ 1832.1
9 18L66.45
: o 1805.8
.10 20272.28

IV.B VIBRATIONAL RELAXATION CALCULATIONS

Vibrational relaxation (V-T) of a diatomic molecule by an
inert gas atom may be considered as a collinear collision of
atom A with diatomic oscillator B—Cloo. Two limits exist for
this collision process, namely the spectator limit and £he
adigbatic limit. The spectator limit, where B équires a velocity
relative to C, occurs at high impact velocity when the duration of

the collision, tc, is less than the period of vibration, toe At

temperatures around 300 K, tc is usually greater than tv and the
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 situation corresponds to ?he low velocity adiabatic limit.v

In this work, therefore, energy transfer occurs &t the
adigbatic 1imit'and is felatively inefficient100 ‘compared to
the high velocity limit.

Exact calculations of the probébility of VT transfer are
imposéible.for most systems, as accurate A-~-BC potentials are not

 yet known. However, Millikan and Whitelo4

and Lifshit z105 have
obtained good agreement, to within +50% of the experimentel values,
for their empirical calculations of ky,o0 the bimolecular rate constant
for relaxation of v'=l to vf=0.

The equation used is gi?en below where P is the total pressure
(atm), T, is the collisional lifetime of level v (s}, T is the

absolute temperature (K) and p is the reduced mass of the colliding

species (a.m.u.).
pr, = exp[a(r0"3 - 0.015 > - 18.42] (Iv.02)

This equation was used-in this work to calculate PTv values for
relaxation (V+T) of CN radicals by He atoms where A is given by

the following expression

A = 1.16x10° o133 00 | | (Iv.03)
This introduces the characteristic temperature, 6, of the diatcmic

oscillator which may be calculated from the relevant spectroscbpic'

constants.

e‘ = 1.48 (wé—«Qmexe) - © (IV.Ok)

It should be emphasised that the above equations apply for
V+T transfer processes only and are not applicable to near

resonant V»V processes.
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The ca'.l‘cul‘ations. of Milliké.n and Whitievwere for vibrational
relaxation of the ground electronic states of CO, O2 and Né by
argon and helium, i.e. éinglet end triplet states. The rationale
behind the applicability of equation IV.02 to these molecules'wéé
that the repulsive exponentisl potential of the A # BC interaction
did not differ much from one system to another. .To assess ‘a more
general applicability to doubletvstates, fhe value of kl+0 for
NO(A?H) vas calculated for comparison Wi@h experimental data.
| The data used to calculate the kl+0
and'NO(Aeﬂ) are given in table IV.03 The spectroscopic constants

were those given by—ﬁerzbe;gl{

- ey [P

: -,
values for CN(X"x)

The value of k1+0 = 2,6 x_10-17~cm3 molecule'-ls-l, calculated

:for NO(v"él) in.helium‘at‘245‘K, is within * 50% of the experimental

value of 3.8 x 10—17 107

- the same temperature. - This suggests that equation IV.02 is valid for

V> T'relaxation of doublet states, as well as singlet and triplét

states.,

The value of k1+0 = 2.0x 10-17 cm3 molecule -18—1,'¢aléulated

for the vibrational relaxation of CN (v"=1) by helium at 295.K, should

therefore be a reasonable approximation.

3 -1 = .
cm molecule .13 1 obtained by Stephenson -for -

'



Date for Vibrational Relaxation Calculations

Table IV.03

T/K |w e/ em weXe'/ cm_l e/ cm_l u A Pt /10'&? : k /lo—lq
/a.m.u. atm s cm3 molecule—l s-l
MO | 245 |190k.03 | 13.97  [27775 | 3529« |62.8¢) €130 £ 2.6
or | a5 |aose.mos | as.aw | 3023 | BTy |IT0CHGT | T
\

8/1
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APPENDIX \'/

THE STUDY OF CN(X°:,v=1) : CALCULATION OF R,

For a helium/cyanogen mixture, 500:1, at a total pressure of
1.33::10'4 Nm_z, the ratio of the opt1ca1 den31ty (0.D.) for the (0 O)R
pranch‘at 386.8 nm to the 0.D. for the (0,0)P branch at 388.1 nm, at
time t=0, was found to be 0.57+£0.02. This determination was carrled out
using the quartz reaction vessel, for delay times when the concegtration
of CN(XZZ,V"al) was zero.

For the Spectrosil reaction vessel, the optical densities -at time t=0
are given in table 8.01 fo; the absorption of the (0,6)P branch at 388,1 nm,
and for the absorption due to the overlap of the (Q,O)R.and (1,1)P branches
at 386.8 nm. |

To obtain a value for RO; it ia‘necessary to calculate thé'relative
contributions of CN(v'=0) and CN(V"=1) to the 0.D. measured at 386.8 nm.

The 0.D. at 386.8 nm due to absorptipn by CN(v'=0) may be calculated from
the 0.D.-of the absorption by CN(V"?O) at 388.1 nm, using the ratio of
6.57%0.02 given above for the quartz vessel (from the relatlve absorptlon
coeff1c1ents calcilated by Schmatho,95 averaged over the Bllt w1dth of the
‘monochromator, this ratio was found to be 0. 44:&0 01 R

Hence for the data in the firgt row of tablg 8.01, the calculated O0.D.
it 386.8 mm due to CN(v"=0) is 81.5%0.57 = 46,5, The 0.D, at 386.8 nm due
to CN(v"=1) is therefore 54.6 = 46,5 = 8.1. |

The ratio of thg pqpulatibns of the_v“;l to the v"=0 levels, at time

t=0, is then obtained from the following expression,

0.D. at 386.8 nm due to v"sl _ o o _ g, BGM=D)
0.Db, at 386 8 nm due to v"=0 0 P(v''=0)

wvhere B is the ratio of the absorptlonAcqefficient for CN(v'"=1) at 386.8 nm
to that of CN(v'"=0) at 386.8 nm. According to the relative absorption

coefficients calculated by Sch_matjko,95 B has a value of 1.9+ 0.05.

¥ Use of this value would result in a larger'yélue of RO'
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Rearranging the above equation, and substituting the values

obtained from the data in the first row of table 8.01, the value of RO

is obtained as follows.

R = l-x 0.D. at 386.8 nm due to v'=1
o0 B~ 0.D, at 386.8 nm due to v'=0
1 8.1

Ry = 1.9 * 76.5

Taking into account the uncertainty in the ratio given in the first para-

= 0.09

graph (0.57%0.02), RO lies in the range 0.07 to O.ll. The two remaining

values of RO in table 8.01 were calculated in the same way.
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