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- Abstract

.

The population distributions of vibrationally excited
hydroven fluorade fram the reactions of atomice hydrogen, ’
oxyyen and, nitrogen with fluoroethylenes were found using
IR cheniluminesconce technigue. These populations were
corrccted for raﬂiativikand collisional relaxation and
the results are discussed. Furthermore, Berry's Model

a

was.applie& to the reaction of atomic hydrogen with vinyl
§
fluoride for calculation of the energy distribution,
followed by "Surprisal' analysis. y
A preliminary study of the visible chemiluminescence

from the reactions of atomic oxygen and nitrogén with

the fluoroethylenes was also carried out.
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1.1 seperal.

?

The basic step in chemical kinetics was the use by Hood

@

(1) of the empirical cguation

lomi &£ Bl T Cid

i
to explain the increase of the rate of a chemical reaction
by increasing the temperature. This relationship was later

expressed By Van't Hoff and Arrhenius in the form

-

k = Ae Texp 7RI £2]

The idea was cxtended by Arrhenius (2) and was successfully
épplied by haim to the data relative to a 1ar§$ number og'
reactions and thu;, the equation is gencrally referred to
as the Arrheniu® law. The nreexponential or freguency fac-

o

tor A and the activation energy E are practically indepen-
dent of temperature. !
Trautz and Lewis (3) identified A with a collision
number which they calculated by using a simple collision
theory where the molecules were treated as structureless /
spheres. Eyring 14) and Evans witg Polanyi (5) trecated the
collisions ina more satisfactory way by taking into account

the structurés of the reacting molecules and the manner in

which the reacting molecules come together on collision.

-

t
o
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These theories assune an activated complex antermediate,

0
3

which 1% an tho proecess of pansing over the top of the
potential-energy barricr, It is assumed that the concen-
tratiens of Lhese activated complexes ran be caleulated

on the basis of equ}]ibrimm thooryv. A plot of cnerygy as a

.

rfunction of tho various interatonmic distances in the acti-

' ]

vated complextyives the so called potential energy sur-
faces on which tho reactions take placo.

The experimental activation cnergy is calculated from

the change of the rate constant with teomperature. Theore-
tically the activation energy can be calculated from the

£
potential energy surfaces or other classical and semi-

a

classical treatments. The pure guantum-wechanical methods
are slowly becoming sufficiently refined so that a reliable

activation energy can be calcuylated for the very simplest

A

]
of reactions, but the calculations are not cncouraging

<
for more complex reactions.

-

The equilibrium hypoth%§is is valid for reactions

4

. [
having substantial activation energies and which are there-

fore slow. However, it is useless for very fast reactions.
Therefore, noncguilibrium theories have also been-deve-

L

loped. A sccond recasen for doveloping such theories was

that, during recent years, there has been increasing inter-

est in the so called "fine structure" or "detailed rates"

« o

8
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of chemical reactions. These theories have provided valu-

1

able information on the precise way in which reactive colli-

sions ‘occur, and about the way in which the encray released

in'a reaction i distributed among the products. An expe-
¢

rimental study of encerqy distributions combined with a

dynamical treatment for a variecty of hypothetical potential- -

°
o

energy surfaces can lead to valuable conclusions-about the
actual shapes of potential-enerqgy surfaces.

-

. Special "tdehniques providing information about the

) details of reaction'ggccesses are necessary in order to ”
draw conclusions about the general form of the potential-
encrgy surfaces. The most important of these are chemi- .
lumiqgscence studies and moleéglar~be?m investigat;ons.
The flash photolysis technique has also been emploved to
measure the rates of formation éf specific vibrational
quantum states (6,7).

When the pon-equilibrium theories are explicitly

related to potential-energy surfaces, the subject is

K *
conveniently referred to as molecular dynamics.



1.2 Disequilibrium in the Products of a Chemical Reaction.

'4

.

In disequilibraum there is non~Boltzmann enerqy dis-
tribution in several degrees of freedom. Under these cir-

. cumstances, 1t ¢cases to be possible to describe the ener-

R 0

gy distrabution over electronic, vibrational or rotational

.

states by using characteristic téemperatures. The only me-

©

thod of characterising the enerqgy distrabution is by giving
the vibrational poﬁulations in the various vibrational
levels of each electronic state, as well as the rotational
populations of each vibrational level. The large majority
of elementary chemical®reactions proceed by the lowest

potential surface, which connects the electronic ground

states of the reactants with the electronic ground states

oty

of the products. In such cases, a significant proportion

r
13

-

. of the energy released in the reaction appears as vibra-
: tional-rotational excitation of the newly formed bopd,

giving rise to infrared-chemiluminescence. If the reaction

T

releases sufficient energy to produce products in electro-
2

o s

nically excited states, it becpmes necessary to consider
. the forces that are present as the system proceeds across

more than one potential-energy hypersurface. Electro-

nically excited states will not be discussed since the

main interest of thais work was IR chemiluminescencs.
) .

- v

~
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However, clectronically cxcited species were observed in

- the reactions of atomic oxygen and active nitrogen with

fluoroethylencs.

d I3

1.3 Classical Dynamics. .

¢ m
© \

1.3.1 Dynmmical Models. 7
' ? . o»
J

‘ .

A purely quantum-mechanical treatment of dynamical

()
)

calculations is too complicated, Thus, most calculations
hayg been made largely on the basis of classical mechanics
by imposing quantum donditions for the initial state.
Since the pure classpeal treatment neglects quangizat;on,
it does not account for the exastence of the zero-point
energy level and quantum-mechanical tunneling through the
barrier. Recently, Karplus and coworkers (8,9) have made
classical and quantum-mechanical calculations for the
sa&e potential-energy surface of the H+Hy system:

Their results, indicate a small but significant tunneling
effect but on the whole 1t appears that quantum-mechanical
tunneling i1s not of great importance excep£ perhaps for
light atoms at low temperatures. More recently, Schatz,

Bowmann and Kuppermann {10) presented exact quantum, quasi-

classical and semiclassical reaction probabilities for

P 3
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. l+a 1+b l+c

the collinear reaction [37] and they compared the results

obtained from these methods.

&

F + Dy ——»FD + D/ [3]

In a dynamical study, the first step is the calcu~-
lation of the potential~energy surface. Usually, the po-
tential~energy hypersurface used.in connection with IR

chemiluminescence experiments is the extended LEPS (London,

¥

Eyring.PQ%anyi and Sato) equation [4] (11). .

Q4 Qy

) J.
Ulry 0 ,03) = — + % 1 +

+ -

o

. 3 LI HI . Ty Ty
(1+c)?  (1+a) (14b)  (1+b) (1+c) * (l4c) (1+a)

L]

X

The coordinates 1y ,xr, and r; refer to AB, BC and AC

" A .

internuclear separation qf the reaction [5] respectively.

ot -

A e BC-—-—PAQ.ntBHC "“"‘b’AB -+ c E5]

Q and J§ are the Coulombic and exchange integrals which
were obtained from the Morse function for the pair of
atoms, and from the repulsive analogue of the Morse function

proposed by Sato {11)..The constants a,b and c¢ are adjust-

able parameters. The parameters in the function are adjusted
&

*

B X Y

e v

AN



oy

w\ - B -

v
to give a rcasonable classical barrier height when com-

»

Apax@a”wiﬁh the activation energy E_ -
The second step in a dynamical study is to formulate
the classical Hamiltonian for the system. The classical

Hamiltonian for the three-particle system is
II:"T(p1o"‘rP‘) +U(q1v”*'q’) EBJ‘.

where T and U are kinetic and potential energies, p and

g, are momenta and positions. For the three atoms moving
»

in three daimensions, 1 =9. If the motion of the center-of-

mass i1s eliminated, 1=6. There are consequently twelve

equations of motion

Mdp =q ,  IHAq, = -p, I .

Integration of the Hamilﬁon‘s equations subject to a

‘ete set of initial conditions, leads to the collision -
trajectories, i.e., to a description of the motion of

the system over the surface. In order for the results of <L
the calculations to have statistical siqnlficancg, it yé

necessary to choose a representative group of initial

dynamical variabfes and initial orientation parameters

of the collision partners by the use of an averaging pro-

cedure. The one most commonly used i1s the Monte Carlo

procedure (12,13). Two techniques employed to transform
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the random numbers generated in the computer to random

" variables with the desired distribufion are: the "“inversion"

method, and the "rejection" method (12). Details of how

the Monte Carlo weighting procedure is applied are gléen

by Blais and Bunker (14). A comprehensive description of

LY

the method is also given by Laidler (15).

A number of useful dynamical models are employed in

il
4

trajectory calculations (16).
a) The impulsive model (IMP) assumes an instantaneous

\4

release of force in B«C [57, and derives the outcome from

conservation of momentum.
b) The constant force model (CONST.F) assumes a
/
release of force from B+C of finite duration, forcing

A«+-+B [5], which can be initially under tension, into

oscillation.

¢) The simple harmonic force model (SHF) resembles
CONST.F but with a linearly decaying force in "B-C.

d) The direct interaction with product repulsion !
(DIPR) assumes that a generalized force produces a known
total impulse between atoms A and C.

e) The FOTO model describes the reactive event as
forced oscillation in a tightening oscillator taking into

account the fact that in the second half of a chemical

reaction, the B-C repulsion is forcing oscillation into °

[y
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an oscillator, thus, increasing its characteristic frequen-

cy and decreasing its equilibrium separation.

4

1.3.2 Vibrational-Rotational BExcitation -~ Methods of

~—
Determining Population Distrilkution.

-

1.3.2.1 IR Chemiluminescence.

A. IR Chemiluminescence Technigue.

]

!

The earliest evidence of vibrational disequilibrium

among the products of exothermic reactions comes from

sodium flame experiments of Polanyi (17)
Ll

H

,x+Na2'-——-—a-Nax» + Na

Na + XM -~ NaX| + M

B

fs]
[9]

The method used to determine the vibrational energy in

the product molecule was the indirect method (18)

i.e.,

by observation of emission from atoms which had been

excited by collision with newly formed products.

L
€«
¢

NaX! + Na ——= NaX + Na¥

" Na¥ —e——»-Na +_ hv

The interest in this observation was revived

[10]
[11]

later ”

&

=

ﬁaxﬁ«
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by ;&e disdovery that highly vibrating hydroxyl radicals
were Formed in the rcaction of I + 0y {19}).

~ o

¢

~ In following years the investigation of the proeducts

of the reactions O i 04, Cl # Oy, Br + O3, O + NOa,,

N
t

0 + Cl0, by kinetic absorption spectroscopy revenled a
- +

high inftial’ concentration of wvibrationally excited product

rl

molecules (20,21)., -
0 Cashion and pPolanyf (22) direcctly observedifor the

Lirst time the infragﬁg emission of the vibrationally ex-

! a
2

cited product HCL' formed in the room-temperature gas-

~

phase reaction

o
¥

I + Cly —— ucll + ¢ [127]

.
Y -

At that time, they realized the potential of the method -
in elucidating details of reaction dynamics.

© The next year (23), they managed to calculate the

&

vibrational distribution of HC1' in the same reaction

and produced the first publication on the energy distri-

q

bution among the products of atomic reactions (18).
After that, they formulated the theory of IR chemi-
’G‘

luminescence (24); In parallel, a study of the energy

» distribution among the products was initiated. A simple

K

valence bond resonance descraiption of the activated com-

plex in exothermic reaétions of the type [57

T
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coupled with oxpermimental and theoretical evaidence con-
cerning the officiency of transfer of vibrational energy
:ﬁuring 2 collaision, led to the incorrcet prediction that-
alrost all of the heat of reaction shouldrbe contained
in vibration of the bond being éormed from the rcaction
[123. The error was due to the fact that this was true
only ;:;“%he reaction with alkali metals and to the poor
exéerimental technigues available at that time.

Better results.were obtained by improving the ex—
perimental method known as stationary;state "flow method”
{(25). This method was used for seven years for infrared
chemiluminescence experiments in conjunction with calcu-~
lations of the extent of relaxation (24,26). It employs
a reaction cell of 1agﬁg volume and a large pumping speed.
The light is collectedjby a multireflection mirror system
(Fig. la). For reactloﬁs wath low chemical yields, the
"single~window flow method" is used. In this method (27)
the observation is along the line-of-flow with the conse-
guence that the emissiqn is stronger. However, it gives a
mean distribution which is approximately egqual to the ini-~
tial population since the flow is rapid (Fig. 1lb).

The study gained more interest, when, from prelimi-

nayy results for the reaction

B
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in crossed Maxwellian molecular beams (28), it was shown
that it would be possible to caleculate the recoil encrgy

of the IIBr Qreduetuﬁrgm its angulay distrjbution. By
subtracring the recoil encrgy from the total energy avail-
able, a value could bhe obtained for the total internmal .
energy, rotationmal and vibrational, of KBr (29). This
discovery made the crossed beam methmq complementary to
the IR chemiluminescence method since it was possible, in
principle, to obtain the detailed rates for formation of
rotational-vibrational states from IR chemiluminescence.

By using the f£low method, it was found (30) that the

exothermic reaction {127 proceeds with greatest probabi-
4
H+ Cl, ———>ICl + Cl . [12] \

i

lity to form excited HCl: in lower vibrational states.

This result ran counter to the general expectation that
reactions: A % BC would proceed most rapidly into the
highest accessible vibrakional states of AB! [}5]. For

the same reaction [127] in 1-2 Torr pressure range, .

Findlay and Polanyi (31) found appioximately the same sta-~

3

tionary-state vibrational distribution as at reduced pres-~

sure of 107° Torr but they found a higher rotational

2
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temperature of 1300£100 b, ¥he sam~ stationary-siate vi-

brational population would suaggest that collision deace

o

Livation was not of maryor irportance. In oxder to account

E@rlthc high translational-rotatlional Leﬁperature in tho
aboence of substantial vabralional Jdehebivarion, it was
necessary to suppose that the greater port of the cnergy
liberated by the reaction [127] went directly into trans-

lational and rotatlional motion gf the products (31). They

were also ablé to detar?ine the population of the v=0
V

i

L] D 2
vibrational level by self absorption measurements (32).

In connection with the experiments in IR chomilumines-

7

cence, trajectory calculations-were performed for the de-
termihation of the energy distribution in the products.
Two kinds of surfaces were recognized ain the beginming:
the attractive one (Fig. 2a) on which the energy of the
reaction is released as A approaches B [5] and the re-

pul&hve surface (Fig. 2b) when the energy 1s released as

0

the products separate. For a given mass combination, the

»

éfficiencx of conversioﬁ of the reaction exothermicity into
vibration in the newly formed bond, increases ag the sur-
face becomes increasingly attractive (11, 14, 33). The
reaction [14] is a reacticdn of this type and 90% of

1ts exothermicity is released as internal energy of the

products (34).

\

2%
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n a repulsive surface, the ocnergy is released as the
products rocoll. Thorefore, only a part of the onergy is
released as vibrational cnergy {11, 33, 35). In addation
te the attractive ané tho repulsive types of encorgy ro-
lease, a third type of onergy release, called mixed energy
release, has been distinguished (11, 33, 35). The term
mixed energy reolease indicates that a portion of the ener-
gy of reaction is relegsea while the products are sepa-
rating but the” reagents are still attracting one another.
This category of encrgy release was introduced to take
cognizance of tHe fact that AB-C repulsion, evidenced
by the tendency of the prod@cts to separate, 1s more effec-
tively convgited into vibration of AB if the A—B bond

is under tension, since there is less tendency for A to
A+ BC—AB + C 5]

recoil along with B, yielding translation of AB as a
whole. The mixed energy release has two components, the
"late-attractive® and the "early-repulsive" energy release
{(33). The combination of masses involved in the reactive
encounter has a profound effect on the energy release. On

a repulsive hypersurface, when the attaching atom is

.
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1light then, the energy released as vibration is very small
and this is called "light-atom anomaly" (11, 33). The sim~
plest explanation is that the light atom approaches faster,
and allows correspondingly less time for the BC bﬁnd to
extend.,

Tn 1967 Polanyi and coworkers devéloped two new expe-
rimental methods for IR chemiluminescence measurements.
These are the "measured relaxation” method and the
"arrested relaxation" method.

The measured relaxation (MR) is capable of finding de~
tailed rates of formation in various vibrational levelé;
kv , accurately (36,37). Several observation windows are
placed at known intervals along the line of flow. Provaded
that the observation windows are situated at distances cor-
responding to times during which relaxation is moderate, a
graphical extrapolation back to zero time will yield fairly °
good values for the relataive initial values of kv. The same
method was also used by Jonathan and coworkers (38,39{. A
very detailed numerical analysis has been made by Pacey
and Polanyi (37) of the reaction [12] ‘taking into account

the combined effects of reaction, diffusion, flow, radia-

tion and, collisional deactivation.

H + Cl,~———» HCl + Cl [127]
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The method of arrested relaxation (AR) (38) makes
use of molecular flow rather than streaming flow. Two
uncollimated molecular beams of reagents meet in the cen-
ter of a vessel which has a background pressure of 10“4~
10~7 Torr. A multiple-reflection Welsh cell increases the
collection efficicncy of’ IR radiation (Fig. 1d). The
IR emission from the vibrayionally excited product is
monitored by either conventional grating spectroscopy
or by Fourier tr;nsform spectroscopy (40) . Reaction occurs
in the dense crossing region of the two beéamg. The pro-
ducts are scattered out of this region after no more than
a few collisions and are trapped by the cold wall (20-40
©OK) which surrounds the reaction zong or thfough the ori-
fice to a large diffusion pump. The combination of mole-
cular flow plus rapid "pumping" reduces relaxation to an
insignificant amount, Therefore, not only vibrational but
also the rotational distribution is largely unrelaxed.
The steady-state distributlén then vields k(v,J) and
consequently k(v,J,7). This method was also employed by
éetser and coworkers (41, 42). Both methods give exgel—
lent results and have stimulated many classical trajectory
studies.
There are two distinguishable lines along whach clas-

sical trajectory studies are developing. One line has to do

o

L
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with studies of model potential eneorgy surfaces to asce;-
tain the effect of systematic variations in their major
features. The other line of development has been con-
cerned with ohtaining potentaial enerqgy surfaces that
are to a greater*or lessor degree, successful in repro-
ducing the reoaction dynamics of systems studied expe—~
rimentally. .
“ A parameter of interest in terms of the molecular
mechanics of IR chemilumihescence was found to be the
anqulaw disfrxb;tion of the newly formed reaction pro-
ducts. The scattering is termed "forward" if the mole-
cular product is ejected along the continuation of the
direction of approach of the attacking atom. It turns
out that the "attractive" and "repulsive" criteria

)
correlate quite strongly wﬁZh scattering angles; attrac-~

“

tive interagction favors forward scattering, repulsive

:
interaction favors backward scattering (43, 44). As for
product enecrqy distributiogs, the angular distribution
on a repulsive surface is affected by the mass combi-
nation; the light-atom anomaly gives ;1se to more back~
ward scattering than does mixed energy release (43).

A special feature of the attractive surface is a

tendency for "indirect" (or,"complex") encounters to take

place. A trajectory is called indirect if the separation

v o
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between the products, once it has started to increase,
subsequently decreoases (43, 45). This frequently has the
) consequence that the force between the products, having
begun to diminish in absolute magnitude, exhibits a sec-
ondary peak. This is termed a "secondary encounter” (43).
Secondary encounters can be either “clouting" (if the
secondary peak in the force is positive) or, "clutéhing".
*  The effect of ;eéondary encounters is to reduce vibra-
tional excitation. Such encounters are rare on repulsive
’surfaces. The exceptions are reactions with a high
Adegree of mixed cnergy release, since they tend to chan-
nel the repulsion quite efficiently into internal excita-
tion of the products. ,
In related families of exchange reactions, there is
evidence of a strong correlation between height and loca-
tion of the barrier. The barrier moves to successively
later positions along the reaction coordinate with in-
> creasing barrier height (18, 46, 47, 4B). In general, the
slope of the downhill region of the potential energy
- surface is not as important a characteristic as its loca-
tion.
The effect of rYeagents having energy in excess of
that needed!to cross the barrier was also examined. In

,

thermoneutral reactions, translational energy in the

X

Ay

E
PeAgeezon <
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reagent is vastly more effective than vibrational energy
1n~pr0mot1nq a reaction with an early barrier. If, how-
ever, the crest of the barrier is displaced into the exit
valley, then vihration in the ?ond under attack is vastly
more effective than is reagent translation energy in pro-
ducing reactidn (46). Enhanced collision energy gives rise
to a small decrease in the computed mean product viﬁ;a-
tional excitation, a small increase in mean product rota-
Fional excitation and a large increase in product trans-
lational excitation on a highly repulsive hypérsurface
(49, 50). Addational reagent vibrational energy is chan-
nelled principally into additional preduct vi?orati%n (50) .
The rgle of rotation in reaction dynamics i1s less
understood than that of translation and vibration. There

are two sources of rotational excitation in product

AB of reaction [5] : . x

A+ BC——>AB + Ce [5]

-—

i) reagent orbital angular momentum L 'and

i1) repulsion between the products.

The first of these factors will be prominent when A and

B are heavy atoms while C 1s a light atom. The reagent
orbital angular momentum of A with respect to BC is then

almost entirely momentum of A about B. The second factor

e . =
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w1ll be siynificant if three requirements are fulfilled:
substantial rcpulsive cnerqy release, reaction through a
bent 1ntermediate/and significant mass for the ejected
atom C (51).

The reactions studied by IR chemiluminescence can

be categorized in the following five classafications.

i) Three Center Exchange Reactions.

a

A + BC ———— AB + C [5]

Since this reaction is the simplest one, it has re-
ceived the most attention. The efficiency of conversion
of the available energy into vibration tends éo be lower
for repulsive surfaces and even lower for reactions in-

volving hydrogen as the attacking atom, due to the so-

called "light atom anomaly" on a repulsive surface (11, 33).

The H+Br, reaction is more efficient in converting
the available energy into vibration than is H+C12 (36)
since the energy barrier is lower for H+Br, (early bar-
rier). The reaction H+F, occupies a special place.in the

HtX, (X is Halogen) family in that the repulsive energy

release 1s restricted to the period when the fluorine atoms
L

are at close range (52).
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i1) Four-Center Exchange Reactions. .

- A+ BCD ———= AB + CD [15]

v

The reaction H+03} (40) is extremely efficient in

converting available energy into vibration in ¢he new bond,

and shows no cvidence of the light-atom anomaly. The sur-

face 1s therefore likely to be an attractive one, For

a reaction of this type, it seems that the available ener- °

gy efficiently enters in the new bond without perturbing
’ *»

the old one (40, 53). The four-center exchange reaction

o

of the type 0

AB + CD

AC’+ BD “[iB]
# Y

. a

has been studied theoretically on potential energy hyper-

surfaces which favor collinear reaction (54) or coplanar

)

rectanqular réaction (5§).

[}

1i1) Daissociation of Polyatomic Molecules.

AB! 4+ se [17]

Polyatomic

In the 'case of CIISCF3 dissocration (27), the

"excess" energy of the RRKM (Ramsperger, Rice, Kassel and

Marcus) theory could not account for the vibrational ex-
B

citation in the mrt (v=4) level, but the specific chan-

]

° (f

ey
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nelling of the cnex BV LE08Y = B
Cj & "}Yt A4\ Mg s3od I:GaGt,

o
was required. E, is the critical encrgy for elimination
of HF. The same was found for photoelaimination of IHC1
from chloroethylenes agting as chemical lasers (56).
Furthermore, Bogan and Setser (57) found that only part
of the localized onergy is availab%e for internal excit-

ation when the reaction ylelds resonance stabilized ra- -

dicals.
iv) Atom + Polyatomic Molecule.
The common reaction of this type is

P + RH — HF' + R [18]

©

The most interesting question here is what fraction of the
o -

available energy becomes internal excitation in the poly-
atomic fragment R. The obscrvations for these reactions
are (a) the constanqakcf the fraction of energy released

as vibratiaonal energy of HF i((f\,}), for a series of pri-
mary‘hydroca;bons (41, 42, 58) with the same °D°(H-@),

o
but With significantly different numbers of internal degrees

4

f freedom, (b) the simllafity of {£,> for the CH,, S:‘LH4

and ‘GeH4 series ({59), (c) the similarity of the HF'fyi—

°

brational energy distribution from reactions with CHy, SiH4

aga GeII4 to that from the HCl, HBr and HF reactions,

-
-
o
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respoctively (88).

v) More Complox Syskems,

i
The study of reactions with wvibrationally excited

triatomic products are particularly difficult since the
excited triatomic molecule is rapidly relaxed (60). In

addition, it was found that for the reactions
L

-

‘N0 + 0y ———= NOy + O . [197] :
NO + 0 ——e—— NO» [20]

a significant frac?ion of the traiatomic product is formed

o
«

in an cloctronically excited state (61).
Studies have béen made of IR chemiluminescence from //
more complicated systems for whaich the elementary step
cannot be so- easily identified. These reactions are the
reéctlons of atomic oxygen with acetylene (62), carbon

suboxide and cyanoacetyiene {(61) in which cases, the vi-

.

v

brationally excited diatomic product is co’.

a5 ma BF
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B. Technigues Emploving Chomical lasers.

s e

Chemical lasers are chomiluminescont procosses
which take place in a laser cavity. Whon tho population
of the wvabrationally excicod specics reaches a threshold,
stimulated emission is obtained mainly an tue laser
caviby.

Chomical lasing was prodicted by Pélanyi (63) in 1961
and was achieved experimentally for the first time by
Kasper and Pimentel in 1964 (64). Since then, a large number
of chemical laser systems have been found and examined
but the main interests have been the threshold concen-
tration and the power of the laser. We are interested only
in the methods which can give information on population
distributions and consequently the ehergy distributions
in products of chemical reactions. The methods employed
in this specialized chemiluminescence tech£ique to obtain
vibrational population dlstributioﬁs are described in the

’

following paragraphs.

i) Simple Laser Method.

This method (65, 66) makes use of the gain eguation
for a chemical laser given by Patel (67). The relative

gain gyu(J) of the P, (J) tramnsition v->(v-1), (J-1)=-J

el
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) ?
a(J) = (const) TN _q KTyTy

217
N =BT (J-1) i «Bpumg T (T+1)
[Nv_1BvQ}‘P T, PO KTq

0

in which N, is the population of the vth vibrational sta-
te, By is the inertia constaét of the vth vibrational sta-
te, Ty 1s the translational Llemperatpre, Tz is the rotat-
ional temperature and k is Boltzmann's constant. Expc;i~
mentally, it is assumed that (a) +the rotational tempe-
rature is a Boltzmann temperature, Tg, which is well de-
fined and equal to the thermal temperature when a suffi-
cient excesg of inert gas is present and (b) neither
laser emission nor collisional deactivation contributes

to the change of the gain. Therefore, the gain depends
only on the rotational temperature. These observations

and the time needed to transfer maximum gain from one
transition to the next provide estimates of the fine
rate-constant ratios %./k,,_; . The method estimates only
the ratioc of the two'vibrational levels with the haghest
gain. The problem is to estimate reliably the rotational
temperature, Tg, from the heat release and the question

is to what extent the laser emission is itself responsible

for a change in the gain with time. Lin and Green (6?. 68,
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69, 70) usc o aimilar approach Lo estimate limits for the
ingiial wvibhrational population.

L]

1i)  Zogual Gain Tomporatvurce Techniguo, ,

Thios mekthod (71) represents an improvoment in acou-
-

-y
racy over the provious one. The ritational toemperature

18 always assumed Lo be cqual te the translational tem-

2
e
=

1 heating, whach is always under con-

perature, By extorin
trol, Lhe rotational tempeFature of the gas mixture is
increased until conditions are obtarned for which two vi-

brational-rotational \transitions initipte laser pulses si-

¥

rultaneously with the Xgme gain. Under these conditions,

the two transitions P, (Thand p_{J+1) Have equal gain.

Thus, s;nce'the rotataional tekperatur ié'known, equation
[21] can be used to equate &(J) and «(J+1) and to give
an expression for the ratio N,/Ny., for the first tran-

sition to reach laser threshold.

Ny _ Byet1 JeXp[=BywqJ(J+1) /kTR] - (J+1) expL-By—q (T+1) (T+2) /kTgl

N, q B, Jexp[-B,J(J-1)/kTg]~ (7+1) expl-BJ (J+1) /KTl

£22]

By using different pressures for the gas mixture, a plot
of N,/N,_, versus pressure is obtained and the extrapo-
lateg'ratios N,/N,_, include corrections for collisional

vibrational deactivation, so they can be equated to the



detalled rabr consiant ratios  dy/Ke.y. Reproducibility
is a problom near ogqual gain btemperaturoe, TLg’ whoro
slight variations in physical conditions may have a large
effect. Thercfore, an improvement of the method (72) ine

troduces the relative intencity difference 4(J,0+1).

This is delined by .

A(J,T+l) = (IJMTJ41)K(EJ%IJ"1) L3l

1g the poak intensity of PV(J) at first laser
/‘

where, IJ

emission. For T = ch‘ d is cqual to Op fcz'E?<Teq ’
ad0 with Lim d = 41 and, for TH>T ., d<0 with
<@ o

%}g’d = -1, Thus, the plot of d{J,J+1) versus T, which
is a straight line, gives acéurately Teq for d = 0.
This method also improves the equation [227] by including
vibrational-rotational interaction and frequency factors
that were ignored earlier. The equal-gain temperature
technigque permits direct measurement of the fine rate

constant ratio kv/k for the wv-v-1 transition that

T
displays haighest gain. In order to extend the technique
to other’fine rate constant ratios, two versions of this

method were developed: the tandem equal gain laser and

the grating equal gain methods.

®

N
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i1i)  Tondom Pgqual-coin Moluod.

Tho pessible use of Lwo punping veactions in bhe same
optical cavity, o "tandom" laser, was proposed by Tablas
and Pimentel (73). One roacticon, the "driver", must have
enough gain in the v--v-1 ftranscition’to cause it to
réaéﬁ“thresholﬁ fivct cvon though the other reaction the
vslave", would rcach thro®held f£irst in some other trane-
sition or, perhaps, would not reach threshold at .all
(Fig. 3b). Two aindepoendent bandom équal—gaxn temperature
measuroments are regquirdd to fix the slove rate constant
ratio. This can be achieved by adjusting the pressure of

the gas mixtures. When the transitions P (J) and Py (J+1)

have egual gain, we can write
@ (T) F aga) = ¢ (FHl) + O (T+1) (247

The subscript p refers to the driver, s to the slave.

By further pressure adjustment, we can achieve equal-

gain for P,(J+1l) and Py (J+2). Then,
o (TH1) 4 ¢ (T41) = f‘;J+2) + o (J42) [25]

From these two relations,(NV/Nv_1) can be determined when

'

the ratio (NV/NV_1) is known by using the simple equal-

gain technique.

™

o
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slave driver \

grating’

grating
TN A A, @
slave driver o

.

Fig. 3. Cavities of chemical lasers employed for vibrational
population distributions

<4 (a) Chemical Maser
Equal-Jain tcmperature method

(b) Tandem equal-gain temperature method
(c) Grating equal-gain temperature method
Grating-selected laser emission method

(d) Zecro-gain temperature method (Grating-Tandem
arrangment )

L e
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Another vworsion of Lhe "tandem" laser (74) uses the
"driver" laser ab ils equal-yoain temperacvure and changes
the temperaturoe of the slave reaction until the egual—
gain condition ic rostored. 5o, in that casc we regquire
only a single tandem egual-gain tomperature measurement
and mitigyate the uncertainty. For improvement, eguatio
£2271 is eplaboratod to include oxplicitly the J depon-
dence of the pressure broadening effect. Thus, finally

14
the ecqual-ygain expression becomes

L

Ny By—g X1 coxp Fya (7)), kToq ~0xp Fyey (I+1) /kTeg

N X OXp EV(J-l)/ch,q -QXP FV(J)/kTeq [26]
-

v-1i BV

3

J/{(J+1)

it

where, X

the ratio of the Ierman-Wallis factors due to

i

]
" vibration - rotation interaction and, .
E;(Jﬁ is the rotational cnergy of the Jth state.
Tﬁe pressure dependence is embodied in jj, which is equal

to I{J)/1(J+1). The quantity H{(J) is a factor which, if

multiplied by the géin of a Dogpler-broadened Aline, gives

the gain resulting from the conbined pregSure and Doppler-

broadening effect.
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iv)  graling Dgual-dain Mebhod.

This method (75) replacos one ond mirror by a curved
reflectance graling (Plg. 3o). Thus, there is a wavelength
for which che losses are smallest and thais varies with the
oricntation of the grating. By using a second mirror at
the focal pmiﬁt of the grating with focal length the same
as that of che grating, there is a range of wavelengths
for which the cavit& is egually well aligned. An iris
aporture conpletes tho system. By changing the orient-
ation of the yrating any btwo adjacent transitions can be

obsecrved simultancously. They also have equal losses so

that one can scarch for conditions which give egqual-gains.

v) Zoro-Gain Tomporabturc Mothod.

The grating equal-gain method is more flexible than
the tandem method but the optical cavity losses tend to be
large because of thg use of the bracketing technique. So,
only those ratios can be mecasured for which some relatively

high gain transitions reach laser threshold. The tandem

1

technique, on the other hand, i1s limited by the availabi-~

-

lity of a suitable driver but it has much less loss. The

"zero-gain temperature” method combines the other two

!

{
methods. If the ratio N /N__, is below unity, the gain




et

2

for P-branch transitions 18 Q monimum for some value of
+he rotational cuantum pumber J and 1t gecroeases as J do~

creasas, beconing negative 1f J is sufficiently low. Fox

above unity, we have the opposite for some

.

R-branch transition. The irempoerature ab which the,gain of

ratios NV’N

+he kransition passcg from positive to negative, the
vpero-gain temperature® (T;), results in the “zero-gain”
aquation.

Ny Dyt LM - +
- Bv }.p\ [ By (JF1) Byyq O (T 1)]} [271

whore the upper signs apply to 2 Pyt L(T-1)>T]
transition and the lower signs to an Ry, oo 1[J-—s--(a’—l)]
Experimentally, this zero-gain temperature can be
determined (73) with a grating-tandem arrangement (Fig. 3d).
1f the "slave" furnishes positive gain for the transition
under study, the time to rhreshold is reduced relative to
+hat of the driver alone. If the "slave" reaction has ne-
gative gain, the opposite situation occurs. By varying
the "slave" rcaction temperature, the cero-gain tempera-
fure can be determined. The accuracy of the zero-gain
technique is only 1imited by the reproducibility of the
time to reach threshold foxr the "drive" reaction. This

method is very useful for the determination of low.

N | -
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population inversion reactions which are not able to

t
o

achicve lascr throshold alone in a lascr cavaty (76).
A

vi) Grating-Selected Laser Emission.

The optical gonfiguration of the laser cavity is the
autacalllmétion (Littrow configuration (77)) (Fig. 3¢},
where a plane diffraction grating is used as one element
of the optircal cavity. The diffraction grating restricts
oscallation to a single vibraticnal-rotational tran§ition,,
thereby allowing all transiktions withunet positive gain

to lase by tumning (56), whach does not happen in a free

running laser.

1.3.2.2 Molecular Beam Spectroscopy.
o
This is a metﬁ?d complementary to éhemiluminescence
(16) . It has been used to determine the angular distribu-
tion and translational energy distribution. To a limited
extent, and for a limited range of reactions, final-state

selection of angles (including polarization of the molec-

ular angular momentum with respect to the velocity of the

L
©

attacking atom) and energies (translational, vibrational
and rotational) have been achieved.
Attempts have also been made to determine the effect

on reaction cross-section and product energy distraibution



U

of wvariation in reagent translation, vibration and rota-
tion. The recont coxtension of the molecular beam method
to reactions other than those of alkali metal atoms
represents a major advance (78). State-to-state reaction
rates were reported by Zare and coworkers (79) for the

reaction [287.

Da + OF({v=0,1) ————=Baf (v=0-12} ¢ H RGEN!

©

A combined method of laser-induced fludroscence (scction
1.3.2.4) and molecular beam spectroscopy under single-

collision conditions was used.

1.3.2.3 Time Resolved Gain Specﬁfogcopv.

a

This method uses a laser acting on rotational-
vibrational transition of molecules formed in the chem-
ical reaction (80). By passing the laser beam through the
reaction cell, the evolution of amplification coeffécients
for radiation corresponding to the center of transitions
between two levels from initiation ofnthe reaction can g

be studied. The amplification coefficient ¢ is defined by

3

o = (1/0)1n(I,/E) [29]

o r

[N .
-

w¥here, I, and I, are transmitted and aincident intensities
L
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[

respectléely, and f is the path length.

For a transition begwecen levels v" and v', o is

4

related to the Njn and N.i populations by the compli-

cated cquation ) .

L3

L,
d 8rlef M Y jvstpe pvitg
a = ‘r‘ A 3’
Ruwn  3KT (2':rRT>’ |R¥™ 12 g (@)

J1 N Bb+1eXP{-2;BV+"(J+1ﬂ

[30]

S
~NVBV exp[— %%J(J+1)] g

From the evolution of amplification coefficients, relax-

ation rates can also be studied,

1.3.2.4 TLaser-Induced Fluorescence Method,

v

The 1asar~in§p¢ed fluorescence method 1s a recent and
powerful addition to the tocls available for measuring
product encrgy distribution and is based on electronic
fluorescence spectroscopy (81). In this méﬁhod, the wave-—
length og a tunable narrow-band light source (laser) is
changed until it coincides with a molecularﬁgﬂsorption
line. The molecule makes a transition to an excited elec-

tronic state which is detected by observing the subse-

quent light emission of the molecule. The principal detex-

@ «
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minations f£rdém the fluorecscence gpoctra are the valuces

s

k] % L3 » 8 1 L3
. of vibrational band intensitics, 15w, which are related
“

A%
v

to the vibrational populations N_. While individual xro-

v
tational lines are not cbserved, it ig still possible

% to éstimate the rotational discribution of some vibra-
- &
tional levels from the envelope of the wibrational |

band.

1.4 ~ Berry Model: Golden Rule Calculations.

@ o

%z

While the dynamical models described above are ex-

tfemely useful for simple molecules, it is impossible to

! .

- apply them to polyatomic systems because the number of

.

. ™
parameters increases quite rapidly. Therefore, some simpler

modgls for dissociation processes of polyatomic molecules
have been developed. Ali;these semiclassical (82) gnd
gquantum mechanical models of dissociation of polyatomic

o molecules (83, 84) make a series of assumptions known

collectively as tlhe quasidiatomic’ assumption. The fimal

t

stabke’ reaction coordinate {i.e., dissociation) 18 as-

S

sumed 1in these models to be a normal mode of vibration

in the initial electrXonic .staté of the polyatomic mole-
. S

o

cule. Furthermore, this noxmal mode is taken to be.a

pure bond vaibration, and ﬁﬂ% remaining vaibrations are

S

N 2
£
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assumcd to bo wnchanged. Inteoractions due co the rocoil

of the fragments s the only mechanism taken to lead to

( [

changes in the distribution of the laktter. For example, in
\ 4 [#)
the case of the photodigsociation of a linear triafg
n

moiecule, the dissociation is rogavded as due ton
absorption into the localized bond that breaks. The re-
maining diatomic E£ragment is assumed to have the same
structure as in the initial state of the triatomic mo-
lecule. If the triatomic molecule is initaally in its

~

ground vaibrational state, then, uponkabsorption of the
photon, the diatomic fragment would be oniy in its ground
vibrational state. The only means of vibrationally ex-
citing the fragment is via the interactions that occur
qbetween the fragments due to their recoil.

Some theories incorpogate an incoherent distribu-
tion of diatomic wvibrational states after photon absor-
ption &mt, the basic guasidiatomic model is still retained
(85, 86, 87). In most molecules, the reaction coordinate,
a bond vibration, is not a normal coordinate of the
initial electronic stéte of the molecule (88); it is ;ﬁ
linear combination of normal modes. In addition, for most

cases, the remaining diatomic vibraticﬁ does not have

the same structure as in the initial polyatomic molecule.

Turthermore, the stipulation that the final fragment,

- »
-

>y
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de@., the remaining bond, is identical bodore and after
the rocoil scoms 2 gevore restriotion,

The Berry Model (36, 89, 90) 1is similar to the models
uscd to calculate the vabravional prebabilitres for photo-
wonization of a diatomic wmolucule (88). Tt is discussed
here an more derail gince it has b@gn_uséd in the present
work. s

Berry has developéd a very simplificd model to cal-

culate the wibrational probability of a diatomic product

of a chomical reaction (89).

A+ BC - ABCT -+ ABl:C .
> gt [313
AR® 4+ U
=0 .

In this model, the diatomic specics is suddenly stripped

of the rest of the molecule. at the transition state. One

is left with an undressed diatomic oscillator in v"=0 ’
vibrational state. The bond length of this oscillator

is determined by the nature of the potential surface and

the dynamics of the reaction. Berry treats this bond

s

length, r:, as a parameter to be used to fit the observed
vibrational populations. The transition probabilities from
the undressed diatomic oscillator in its lowest vibra-

tional level to the final vibrational levels of the ob-

L
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soerved spoetroseopic stale of the preluct dratomic wmole-
cule may be waleulated by uwoing Fermi'o Jdolden Rule for

resonant docay
» 4 Y Jde 32
> sl [32]

The probability of vibrational level v' is prorortional
to the annck—CondenrfacLor betweon this level and the
v'=0 level of {lhe undressed oscillator, multiplied by the
density of rotatlonal and translational states of the two~
body systom treating © [31] as an atom.

Since the model is o localized one, in a 18calized
picture, only a portion of EB(51i5d)  is partitioned
into evolving degrees-~of-frecdom which couple efficlently
to the final AB vibrational ceoordinate. Localized cnergies

&

available to products may be caleulated f£rom the relation
B(f051EY) = By - AHLaaa + 3RT [33]

for polyatomic systems(57). In the above eguation, E,

is the activation eneryy for molecular elimination of

AB , AH the heat of reaction and the 3RT factor
react

corresponds to the relative translat%?nal cnergy plus

the rotational energy of the polyatomic reagent as being

available to AB.

The Berry model concludes that an initial highly

5%
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displaced crocsed product oncillalor fovors high popula-

~

Lion inversien due to large Franck-Condon factors for overe
lap of the initial state with high v' stabes of the wn-
dressed wndisplaced oceillator. The non-clasclical rogion
overlap dominates in chis high displacomenc limit. An

initlal weakly-displaced oseillator fovors low v' Iinal

States due to large integrand cancellation an overlap ince-

grals for high v' states in the classical roglon. In

3

both limits or ain intermediate cases, the amount of pro-
ductk structural change which occurs as conorgy is released,
determines product vibronic state distributions. The model

approach identifices vibronic reaction surprisals(scction

[

1.6) as the logarithme of Franck-Condon factors for ini-

+1al and final oscillator gtates.

Tf ¢ in cquation [347] is polyatomic, a complication

arises. Since any polyatomic system has a large density of

>

states, we must assume that partial relaxation of AB occurs,
Berry simulates this situation numerically by solving the

master equation with rate constants

L 4
= @XpP ("“M‘\q 'Vz) .E34j

g >

»

where n is an empirical coupling constant, the so-called
"intercontinuum coupling constant" (56) between the dis-

crete set of vibrational levels of AB and the dense levels



of the € froment in Bomy's poded Zor dnterecont inuum
coupling (56Y. This part of the model shows how the avall-
able eneoxgy becomes distrilmioed over the internal degrees
of fyecdom cn account of coupling of the vibrations of

AR to modes of the polyatomic {ragmeont, Thoe xate constant
of Rerry's Rodel ic o opocanl case of the ocnoryy gap "law®
(10).
. T = AT }:é:lp) exp (= aAR, ) [35]

“\*1 >, > Vo Yy eV

The {fivst factor is o prm»e%p@nentiai factor and will be
ignorea becagse the time scale is arbitrary; the time for
relaxatlon is measured in half-lives of the highest high-
ly populated level. Berry uses the third factor as his
model for intercontinuum coupling (56). On th% basis of .
a surprisal synthesis,c% for AB is enpected to be inde-
pendent of temperature up to 6000 “K (10). Above this
temperature, ¢ is proportional to T=' (10) (Surprisals
are discussed in the Section 1.6). The sccond factor is
the a priori rate constant, which would be obtained if

the rate was determined by the derfsity of states of E@e
final vibrational state of the product. This factor has
been derived by Rubinson and Steinfeld and by Proccacia

and Levine (91); its value increases with temperature .

(91) . In Berry's Model, the temperature dependence of
P

LS
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the o rrior! ralo coactant wauoce bo sloanlaced Dy changing

3

-

e L7 hao nlroady Ueoom oboorvod thak 1he valvo af o Jovw
Jeactivatlon ol covbon wonoside by dnord gasen is a [one

cbion of the lnort gas {01},

-

Dorry has coscabiichod Fhat Eldo nedel oueocoosinl iy

-

eontal viprational peopulablons in cimple (930)

=
|23
e
[8]
¥
5
H
5
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and polvatowic owocoms (56). Im the particenlar case of

F i Iy e IF 10 [36]

the bond Iength of IF  predacted by the Borny  Model,

1.61 A (89), is in good agreoment with Lthe saddlo-point
value on an LEPS surface, 1.71 A (92), or an ab initio
surface, 1.53 A (93). The bond leongh predicted by the
BEBDO mctnod , 1.60 A (94), is in good agreement with
the Berry° Model but the valuc calculated by the method
of Javitsas, 1.2 (95), is shorter than all these.
Blscewere, Berry has shown that reasonable values for

bond lengths may be derived from thas model (90). Some

theoretical support for the model may be adduced (73).
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A vory slmplificd gsvabist Lol model avcuming com-

'~

plote randomination of oporgy amonget all anternnl modes

of the intrmedicte io froguently vood with the dynamacal,

models. In Lhic typo of model, the Tecaliced crorgy is
randomdy dastributed amoncot intornal modes of the wntermo-
diate. The total encrgy level oum, SP(B), of a molecule

with ¢ vibrational modas and ¥ actiye internal rotations
at energy § can be cvaluated according bo the approxima-

3

tion of Whitten and rabinovitch (96)

. ) sFu/2
I'{L1ir/2) (B+an_ )" ™
r'a

Sp(E) = C i [37]
I'(1+x/218) I hy,
-3

Although the "Random Statistical Model" succeeds in

explaining the mechanism of extrusion of carbon monoxide

&

from oxygen adducts of allehe by using a loose dynamieal

i

model and of methylacetylene by using a tught model (97),
it fails to predict the vibrational probabililies of hy-
drogen fluoride formed by climination fyrom chemically

excited CH,CF, (27).

373
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1.6 The Taforang jon

Bornstelin anl Tovine (98) have pioncered tho appli-
cation of an wnformation~theorekic approach to ihe under-
ctanding of Jcthiled data regarding the dynamics of mole-
cular cncounters. Thoy charncterice the cnergy disposal
by the statement ghac clomontary encergic reactlions are
usually highly specific in their mode of energy release
(99, 100) and they have provided espressions for the
extont of specificity of a prucess in torms of its deQi—
ation from the statistical expectation. The key”to the
approach is the concepr of the “"surprisal", the devia-
tion from the statistical eupectation. Iaving decided
upon the a priori distribution P°(v), we can evaluate

the surprisal of the obscrved population from the rela-

tion - +

T(f ) = ~1n [P(£f )/P°(f )] C38]
v v v

ES

where Ev is the fraction of available energy partitioned
into the vibrational level v of the products and P(fv)
the experimental probability. A plot of the vibrational

surprisal vs. fv can reveal thé\txends in the "deviation

from expectation" as a function of the degree of vibra-

»
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I - . oo e -
vional omedtacion of JLhoe product. While P(E,) has an
entirely diiforent character from PY(T ), the surpricals
v :

f many reactions chow linecar dopendence on (99, 100).
v

X3

3

In those coages, the probabllity may be onpressoed as

1

¢ > P 5 & CL? > A g
P(E) = P7UL Youp (-1 £ )renp(d ) [39]

whore exp(&u)plays thie role of a partition function and

i

'Agl the role of o tomperature-like parameter. Population

inversion corresponds to a negative value of Av. Iin a

¥
1

linear case, a given value of 3 is sufficient to charac-
Vl

terize the entire £ dependence of P(fv) and the gain in
chemical lascrs. Formerly, an ill-defined "wvibrational

¥
temperature®, Tvib had been used for this purpose. The

drawback here was that different T were needed for

-

vib
cach v state. Bogan and Setser (57) have takeh dgdvantage
of the linecar naturc of the surpraisal plots to estimate
the relative population of HF (v=0) for the abstraction
of hydrogen from polyatomic molecules by F atoms.
Although linear su;prisals are ;ound for many reac-
tions, this i1s not a completely general finding. In

nonlinear cases, it is assumed that the surprisal can be

represented by a series of £,

+

2.
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The cocfficlimnts AJ can be deotemmined by Fitting Lhe
cruataon (400 to the experimental distribubion.

The surprisal is a meacure of thoe aoviatign of a par-
ticular population from the a priori one. The nAgativa of

the value of the-surprisal is known as the cntropy of the -

2l
K

distribution (91, 93, 101, 102). In the thermodynamic
approach, the koy is the "entropy deficiency" (98, 99, 103).

This is defined as the non-negative gquantity

58 (ViR ogo (vID) g (VD) _psp (2 ) 1nletr,) /20 (2,)]
M " [41]

go (vilb)

. G
Hexre, is the value when D=P .

Bernstein and Levine proposed as a test of the theo-
ry that the branching ratio T for the reaction F + HD
v gl HF /DF )
would be linked to the surprisals. Polanyi and coworkers

found an excellent agreement with the experimentally mea- ;

: /
s
f

sured branching ratio (104). ,

Recently, the information-theorectic approach was ap-

a

plied to the analysis of state-to-state rotational enegéy

¢

transfer- cross-sections. Linear surprisals plots were found

which facilitated the interxpretation of the results (105).
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REACTIONS OF

ATOMIC IIYDROGEN WITH VINYL, FLUORIDE,

1, l-DIFLUOROETHYLENE, TRIFLUOROETHYLENE AND,

—

TETRAFLUOROETHYLENE,
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2.1.1 Seonexal. /’*\\*

The\reactimns of atomic hydrogen with fluorocarbons

©

have received only summary attention. Chadwell and Titani

{106), using the discharge tube method at room tempera~-
ture, found no reaction of hydrogen atoms with methyl
fluoride. ILater, Dacey and Ilodgins (107) investigated

the mé)cury photosensitized reactions of mixtures of *

3

tetrafluoromethane and hydrogen molecules but again no y

evidence was found for the occurrence of a reactaion.

. /
Clark and Tedder (108, 109, 110), studied a series of (

free radical substitutions in aliphatic compounds. The
found that the first step in the redctions of hydrcgeg/
atoms with“bromotrichloromethanc and fluorotrichloro-

A

methane was the abstraction of a halogen atom. The re-

sulting trihalomethyl radical added H to form a vibra-

tionally excit olecule, which eather stabilized or,
decomposed LAy elimination of HX. If fluorocarbons were
the reactant species, the elimination of HF always oc-
curred in preferfguce to stabilization.

Scott End Jennings (111), studied the products
‘Formed by the addition of hydrogen atoms to C,H3F,

1,1-ColiyF, and, CoHF, using the mercury photosensitization

method. Hydrogen atoms have been shown to add largely or,

X
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B o
exclusively to cthe less fluorinated carbon of theue {luo-

“

roethylenecs. In an early investigation, Allen, Melville

and Robb (112) obtained a collision-afficiency of

.3x10™%

for the reaction of atomic hydrogen with tetrafluoro-

ethylene. )

3
<

More recently, Penzhorn and Sandoval {113}, studicd

the addition and abstraction reactions of thermal hydro-

i

gen atoms with flforinated cthylenes using het hydrogen

atoms produced from the photolysis of HBr. They found thac

. 1

the relative rates of addition for CoH,:Collgl:l, 1-ChHqFos

CQHF3:C2F4 are 1:0.785:1.451:1.649:1.69 2 According

to these ratios, the reaction of tetrafluoroethylens with
¥
1.69 times faster than the' reaction of
. ]
ethylene wath hydrogen acoms. However, Robb at. al. (112)

hydrogen atoms 1

found that the reaction of hydrogen atows with tetrafluo-

- &

roethy%%ne was about 25 times slowver than the 'reaction

with ethylene. They used heterogeneous removal of atomic

hydrogen on molybdenum oxide to provide compétition with

A

the fast gas-phase rempoval of atomic hydrogen by unsaéu—
rated compéunds (112).
Jones and coworkers (114} studied the products formed

in the reaction of 5tomic hydrogen with tetrafluoroethylene

. . .. .
~ﬁ%aand later 1nvesgagated the kinetics of the same reaction

©

(115) .+,They also studied the products formed in the react-
L P

L)
[N

0
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long ofF arcwic hydrogon with C?HqF and 1,EEC2HQFQ
using vhe Wood's dioccharge aethod of producing hydrogon
atoms (116, 1i7). The deterainarion of the reaction mo-

chanicm was complicatad by the lavge numbor of preducoo
Zormed. Tho éalculaai@n os Lhe rabo conskances and beoting
o4 the mechanioms wae §ccamplished by numworical integr:a
taon of the simuliaoncous difforential cquacions for cach

~

gpesics lnvolvoed in the roacetions. .

Thoy give (116, 117), at 1.2 torr, the rale constant

valuos (cm3 molocule™t s“l} . )
C?Hél‘;‘: ;‘: '
I 4 CoiaF > Cairh B ocom,r. 4.5 x107H
- - [a2]
B CgﬁdF-ancqngyia > Colly + sk :33ﬁ9231@-]l
) [a3]
o+ 1 1,1-CoHgrzs 21,1 : 107
H 4+ ,1"“CZHEFE - ? "‘CQI‘E‘B - Ly "'CZHBFZ 1.3 .;10
Ce C447
4 ©w o ~ 1
He + 1,1-CH.FPs = 1,1-C,H,FE* » C H.F 4+ IFI 3.98x10 1L
) 2H3%3 274" 273
o7 [45]
M
1. P C_H Tk C,H T '
He + C21i3l"‘ 5 41", ~ C,H, [42']
. e 1 ;} i
I 4 CoH,Fer Cofl % - C 11, + IF [43 ]

t

Excited IF' is predicted from reactions [43], [45]

and [43'7]. The available enéfgy from the excthermlc;ty

v
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fo thoce rractions fo ar least "0 Feat mol (117) which

~io enough to excite the hypdrogen fluoride Lo Jhie cdghth
N

vibrational loveol,

The TR chomiluoninosconce Lrom Fhe reaction of atomie
hydrogon with™ fluorine has boen studiced (quive oxtonsively
{39, 52.‘118, 119) ., The reacrion has also bheen studied hy
ahemiéal las%r fochnj&uos {120Y ., The reactions of atomic
hydrogen with more complicate !l inorganic compounds have
alLbo been seudied such as II'OF, by chomiluminescence (121)

and  IHCLIE  and H4C1F3 by chemical lasors (122). However,

there is no such work tor reactions of fluorocarbons with

atomic hydrogon. | .

2 @

An attompt to study the reactions of atomic hydrogen
with organic fluorc-compounds by chemiluminescence is
presented in the present work. In particular, the reactions

o

of atomic hydrogen with vinyl Eiuoride, 1,l-difluoroethylene,
trifluoroethylene and tetrafluoroethylene have been exam-
ined by IR chemiluminescence using the "singlc window f£low

, hethod"i The method is discussed in Fhe introduction and

more details arc given in the experimental Chapter.

a A

22.1.2 Préilminary Study’bf the Reactions.

)

.
3

. The reaction of atomic hydrogen with tetrafluoroethyl-

v

3 -
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ene was examined wnitially. The cxperimontal conditions wore
variced unkil an emiosion corzosponding o P P{3) v'ol =vh=(
was obforvod. Tho wogion oo 2 1o 3 1w of thoe vabraktionals
rotati@nai spectrum of IIF was scanned and Lhe emiosion was
posielively fdentified as due vo vibrationnlly cxeited HF .
Afker the firot speclzum hiad been obtained, some
tosts wore made ko ageertain whother the omission was rodl-
1y the result of thé roackion of atomic hydrogen with thoe
fiuorocethylene using vinyl fluoride as the reactant. Thus,
one run was performed without the reactant, C2H3F, and no
emission wags obscrved. A run using hydrogen fluoride in-
stead of the reactant also gave no emission which assured
us that we did not have emission from cncrgy transfer
processes. A run in which the reactant CpH3IF' was present,
‘with the microwave discharge operating on}y on pure ingrh
gas (no hydrogen), showed no emission, indicating that no '
reactant was flowing upstream into the discharge. During
a regular run, the position of the discharge was moved

Y

some distance (approximately 60 cm) from the reaction zone.

"

The emission, in this case remained strong which proved

~

that it.resulted from the reaction of dtomic hydrogen with
the fluoroethylene and not from reaction of excited mole-

cular or atomic hydrogen. Metastable electronic levels

of hydrogen atoms pr molecular hydrogen cannotsurvive

7

e

»

ot

1
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1y

Thic aloo applics to vibrationally omalbed molecular hydro-

o

"

gen which is rapidl® deaclivabed in dhe preosence of I atoms

(123).

2.1,3 Tuporincnenl Data.

in Pigures 4-7 the sample Qmigsion gpceera of theo
reactions of atomic hydrogen withfthe fluovocthylones
are prescented. In coch case the gpecbyum represonts omdo-
sion from tche bands 1-0,2-1 and 3-2, at a preosurce of
1.07‘mmﬂg and flow rates of malucul?r hvdrogen 16 pmol/s,
Argon 258 mmol/s and fluoroethylene (FE) 207 umol/s.

After obtaining similar spectra for cach compound
and sct of conditions, the data analysis began by assign-
ing the vibrational-rotabtional lines to each spectrum.
The lines were casily identified hy comparison with the
published vibrational-rotational frequency values (124,
125). The area of the peaks representing each line were
obtained by two methods. The heights of the non-overlapped
peaks were ;onVerEed to peak area by multiplication by the
half—widéh of the peaks. For paxtlally)pverlapped peaks,

_equivalent triangles were used for the estimation of the

e

area. The errors on measured areas were less than 2% for

.
® * =

. o ° N
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tho averaupy nealn and abhont 70 for the very suall poaks.
The arcas obtainnd by those mothueds are presented in

*

Appondices B1-86. The sy. 01" was uced as unit area. The
et T
relacive aneensibiog Longe of the vibrational-rolational
Lineo are propordional te those arens. Tho sonsitivity of
thoe deotector and grating is Jdifferenl at various wave-
lengths, thus the onperimental values were corrocted by
alibrating the detectlion cystem with o black-body at

v

617

4

|
2}1.4 Caleulation of the Relative Stationary-Siate
|

v

Rotational Populations. '

i $ 1

The relative intensity Iv"?" , divided by the tran-
A¥

sition probability av'd! , 7ives the relative vibrational-

VIIJ'H
rotational population ( 126, 127) .
Tvade  IV.Ta(20041)

Norgr © g0 v

4
T [} JSJ\MV"J"

2 [46]

A

where, N, g is the relatave populatrion of the vibrational-
rotational level v', J°',
‘ Q 1s the wvibrational quantum number,
, J is the rotational quantum number, .



| W

r
[
w3

Ce 1o the Froguency of the vibrational-rotational

io J' ILopr the R branch
55 1|

viJ"ﬂ
M

Ml it e
T

16 Y1 for cvhe P hianch and,
g, tho vibrationnl matris colowmonk.

The double prime refers to the lower staco.

\ . vid
Tha vibrational aatris olement, M ... » <caleculated
T

L

according to Ierman and Wallis (126), is a function of , "

Lthe vibrational-gotational Jovel

2

M

l AT I
AT

vila v ’
R } 2 ) ra7l

i
"J“

-

vt . . . \
wherea, Rv.. is the wvibrational matyiz clement for the

harmonic oscillator and,

. vl

T (m) is the vibration-rotation interaction.
The TH(m), Fo(m), M- U., and 1> 7 Jeulated as
he Tplmd, 7, ), 0, gu’ Bnd Hy o, were fzﬂa culated as

follows (126) :

<

Svpe

() =140 ym [ L+37 { 1+55/27 “~13/120+ -1/80) [a8]
~m(0y-3v/80-3by%2/40) ]

() =1-46ym{14 67 (1+5b/2y5-13b /120y *~1,/80)

=0

[a9]

~m(0y=3v/86-3by=/40) ]



.
Y. R

¥

1 7 1 o
M% gu‘g QMlJI 201 ) 11=-20ymL+15hy /2 +3y=~Bhy <7204

b
43y Y (m-1) /404 3y (m-1) /807 }

’ N 3
My g;ﬁ(ml/m”){1~26wm[l+l§by°%6ym239Y“/46%

[s1]

b

+3by “(m=1) /4013y (m~2) /881}

whorea,
Jgr o1 for the R branch
o=y
émﬂ" For the P branch [52]
g - [
v = EBe/mG [53]
o = l/Yri [54]
I
. b = =y (l+o_/3vB,) /2 557

3

N

Values ysed for the «r 9, U My, By and W, are given

el

1

in Tah}e Al. Prom the calculated values of the vibra-

tional matrix elements and the vibration-rotation inter-

[

’ . 3 ‘ 1
action, the values of the transition moment ’RX" were

¥

caleculated for v=1 and v=2 vibrational levels as shown in

Table 1. . ’



1

pn

Table 1

B

Tranoition Moments for HE.

[

Transition Calculatoed
Moment (Debye) Ref. 128

nl .104 .105

0

2 AY
Ry _.148

2 1 1 492
Rl/RO 1.423 1.438
RB 1

2% ,e 1.792
R,/ Ré 2.106

For the same sequence, the vibration-rotation inter-

action is purely a function of m (128) (m is given by

equation [527]), which can be seen from the calculated

values of Fé (m) and Fg (m), Table 2. From the approxi-
4,32

mation F3—~F2 1

] [] *
the matrix elements Mg g"(m) and Mg g"(m) were calcu-

. 4 , 1 3,1
~F and the values R3 /RD and R2 /RO,

lated. Using these values, the relatave populétion of

-

the rotational levels with respect to the N
vizl,T'=2

were calculated according to eguation [46] and the

results are shown graphically in Figures 8-11.

(48



Tablo 2

Vibration~Robkation Interaction Factors for I,
Transition rs w
P(l{ . 1.05' 1.05
. Q P{2) 1.10 1.10
P(é) ] ' 1.15 1.14
P (4) T 1.20 ‘ 1.19
P(5) ) 1.25 1.24
P(6) 1.31 1.30
. L ?(7) 1.36 1.35 -
4 p(8) 1.42 1.41
: ) P(9) 1.48 -
R(0) .954 .956
: R(1) 910 .913
R(2) .867 - .871
R(3) .826 .831 g
R(4) .786 .793
i R(5) .748
R(6) .712
’ ’ \ R(7) .677 )

L]
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The rototional lovels ace alose bogothor, thoroforoe),
b " ¥

a wvery omall mmbor of colligiens io suflicient Lo give

o Doltowann ogquilibrawa. Thus, dhoere 15 a vory f[ast coline

ation bobwoon rotational lowvels {(the rolasmedion of the

-

translational lovels ig coven faster) and tho Roltomann

distribptié% between rotational levels applices (129).

-
2

-

LN = (204D pxp(mJ'(f'+l}th/kTer) [56]
Ied R . ‘A
s Substituiing in Eéﬁjw, rearranging, and taking logarithms, .

wo have ‘ : *

u
4

- 1
-

' S IJI 4 IJI 2 N
- In (I:;MJ-H/.Q)JSJ]M“,{.uJu] ) L] —’E'%’IC (J' (\T‘ +;‘.) )/kTI’Q’t EB’?]

.
©

2 3
The logarithmic; quantity on the left hand side of the
ﬁ,‘ e - o
equation [57] plotted against J'(J'+1) should vield a

e ‘
v

* straight line with slope equal to ~;th/]¢.‘3‘.‘r

v

ok* The constants

h, ¢ and, %k have their usual meaning, Table Al. 7

¥ ‘ N
e

sRotational Boltzmann plotfs for the three fundamental

<
5 ,

: bands for the reactiéns of atomic hydrogen with vinyl
R o w : '5 to 1]
, fluoride, 1,l~difluoroethylene, trifluordcethylenc and

° W

tetrdfluorocthylene arce given in %igunes T2~15. Rotational
temperatures are taken from the slopes of the lines using

@

<, N Il
the Ycast squares method. The average rotational tempe-

® Ll

o

- ratures are givgﬁfin\Taple 3. ‘ .
. S

: . W
’ g

' N 5

%8

\
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Table 3

e

Avorage Rotalional Temporaiures for the Peactions of I

*

Abcas with Pluoroethvlones.

Vibratioﬁal iR
iy - Standard EBrror
Tavel rot d or:
1 346 1 4
2 343 i T4
) 3 . 381 1 19

7 pa

- Q

IS

-
- £y

The difference between the three rotational temperatures

is very small and close to the temperature found experi-

o -
. U -

mentaily for the reactions using a thermocouple (bath-

. st .

temperature 330-360 ©K). This suggeéts:the presence of

PO

2 rotatipnal-translational Boltzmann equilibrium. There-

[N
4

fore, assuming that there is no deviation from the Boltzmann
equilibrium, the rotational Boltzmann plots (Figures 12<15)

* were used- to flnd%thé relative population of the overlgpped

peaks by equatidné [56, 571. .

- v

“\

<«
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2.1.5 Calenddolion 0f the Delativo Stalionary-gtate

Vibrational Populoations.

-

The relative ctavionary-stale population in the various

vibrational levels can be calculated by two methods. One
method involves summing the intenoities of all, the lines

arising from the same vibraticnal upper state :

J

*v-‘ . ‘zl“ ]
° IV“ T; %xvu g . E58]
whereupon )
' i o 2
! v, vt vt k
N, Iv"/(mv"Av") [59]

1

7' L) * »
llere, w;" can be taken as the band origin frequency

1

[

(mo)v" and, .
. ! v',3 v'i 2 .
_jAvll o (mv“) l Rvnl Esoj

t4

as the transition moment for the forbidden transiticn be-

tween the rotationless states v',J*= 0 »—v"ﬁ’“mo.

-

The second method, which is used when high resolution

-

is available, as in the present work, gives the relative

&

vibrational pgpulation From the general exprcssion

LT 4 via'2
Nvm §NV.J. [+ §’(2Jl+1)13"gu /({L)J-’ SJIMV"J"I ) >

%



&

which reguives a knowledge of tho individual rotational

2 l’ 4 L] ‘ V'J’ Q‘ °
line inlongitics Iv“J"‘ *

-

Using the sccond methed [61] "values were gbtained

for the stationary-state populatigns XN

exprossed rela-
. btive to Ny and are listed in Tables 4-9.
If Doltzmann distribution among vibrational levels

was obrtained for OF, thon, from the relation
N, = (N/0) exp(~GQ(v)hc(kTvib) [62]

where, N 1s the total population of hydrogen fluoride in

all levels (including v=0) and Go(v) is the energy of

e

level v relative to the zeroth level., A plot of log(Nl/ )
¥

against G (v) - Go(l) will yield a straight line of slope

0.625/T The Wor WoXor8Rd w ¥ were calculated and

AJ -

vib*

from them the volues of Go(v) for v=1,2 and 3 were cal-

culated according to Helzberg (129) and are presented in

e

Table 10.
G (V) = w v-w_% Vit v v [63]
o o oo oo
L )
Wy = me-wexe+3meye/4 [64]
WK, = mexe—Bmeye/Z [65]
Uo¥o = Ye¥e . [661



Table %

~

Stationarv-State Rolative Vabrational Population nab

e Total Prossure 1.07 mmiiy,
Ho flow rate 16 pmol/s Fp* £low rate 207 pmol/s
Ar fn 1 258 ]

Fluoro~ . Experincntal Calculated Initial
CoHgF 1. LI355,003  .020%.001  .19%i.01 .0424.003
Tyot . 361i4d 3824 31717
Tyib 2724 2728 3328 3361

1,1-CoHpFn 1.  .131%,003 .019%.001 .19%,01 .040%.003

Trot 38947  369L5 334123
Toib 2684 2692 3265 3304
CpHP3 1. .1571,004' ,019%.001 ,24%.01 .041%.003
Trot 362E5 34819 306%17 ‘
Tyib 2946 2692 3792 3332

n .
CoFy 1. .1152.002- .013i.op1 .17£,01  .027%,002
Trot - 363%4  343%9 354156
Tyib 2522 2457 3053 2942

* FE = Fluoroethylene

/
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Table 5

0

Stationary-State Rnlative Vibrational Populotion at

Total Preossure 0.83 mmilg.

s T W i Aty i el e s R W i Vet G M I B Tonnd Sl St (R D s S KX R e S S o Wkl i W e Wkt ek St TR h S O Y Y8 i el Tl AR e wnTE v

I, flov rate 16 umol/s

FE* flow rate 207 dmol/s

2'3..?‘: (3] " 258 5]

Fluoro- Expeorimental Calculated Initaal
othylene Ny /Nj No/N1 N3,/Ny, Ro/Ry Ra/R1

o . )
ColigF 1. LG66E.004  .0241,001  ,244,01  .049%.004
Trat: 347:5 356110 374%4
Toib 7 3037 2861 3801 3528
1,1-CsHglFq L. L171E,003  .023%,001  .25%.01  .047%,004
Trot 34914 35916 332%11
Toib 3089 2829 3920 3485

-
CoHF3 *1.  .226%.006 .026%.001 .35L.02 .0561.004
Trot 32616 32216 345319 v
Tvib 3668 2924 5241 3699
CoFy 1. .157%£.005 .016%£.001 *.23%.01 .032%,003
?rot 34646 31519 339428 .
Tyib 2946 2580 3731 3103
* FPE = Fluoroethylene
b

i

'r
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Tahble 6

Stationarv~State Relative Vibrational Population at

Total Presoure .65 mmiio.

o ekt o et S nd W B I et o v SR W e S e s S A SRS B e Lo That S B fhach S el Sl D s U G P (e T S W ol o ) Y

H, flow rate
Ai 1 u

6 1ol s
29 ©

oo - - .

FE* flow rate 207 imolrs

Fluoro- Ixperamental Calculated Initial
ethylene  Ny/Ny . N,p/Ny Ny /Ny R,/R, RB/Rl
CoH,F 1. .165+.005 .024+.001 .25&.01 .054%,004

& & 500%
T ot 36146 35110 500475
Toib 3027 2861 3890 3660
¢
Trot © 3494 377423 43839
Toib 3099 2829 4153 3619
CoHF 4 1.  .200£.004 . .021%.001 .33%.02 .049%.004

Trot 32583 347%9 483146
Tyip 3389 2762 4959 3550
C,oF,4 1.  .154%,005 .014%*.000 .25%.01 .031%, 003
Trot 35446 - 355110 364124
Tyib 2916 2500 3888 3078

* FE = Fluoroethylene

Y
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Tahle 7

Siarionarv-State Relakive Vibrational Population at
»

Folal Prosoure .63 o,

1, {low rate 6 -aol’s FO* flow rabte 207 mwol-'s

A‘f. 1 1 2{‘ u
Fl0ro- wperamental Caleulated Initial
uthylune NI 'Vl l\?a Nl NB ’Nl R2 ”Rl RS v,’I‘{l
CqHBF 1. L1024, 010 .0234.002  (31#,02 .052+.004
Trot 353786 34871508 203153 .
Tiril 3305 2329 4609 3615

'

]

1,1-C 1,F., 1. L2001.004  L020E.001L .32F,02  L060%.005

Trot 34545  363%3 120453
Toib 3349 2994 4772 3784
c Ir, ki. .215%.007 .020£.001 .36%.02 .047+.004
Trot 34334 347#11 39843
Teib 3549 2728 5364 3481
CFy " 1. .171%.006 .027+.001 .28%.02 .03§+.003

o) 3 b
Trot 31617 2998
Toib 3109 2619 4234 3258
* FE = Fluoroethylene - "

»

[
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Stationasv-state Polative Yibraticnal Population  at

Pur s Sy tertehiy

Toral Prosoure .13 mrlls.,

s Jlow race 13 pploo ¥ Slow race 20 .mol s

Aw " 3 17 " . “n
I'luoro- Tamat fenial Calculatod Initial
othylenc Nl’ Ny N, Ny 1‘3 "Ny 92 le Ry /Rl .
gl T LI722,008  (037£.002 L25£.02  .083+.007
Trot Savi3 327310 4534x124
Toi 3999 3238 3965 4395
1,1-C,ILF, 1. (181,009 .0252.003 .29%.02  .060+.005
Trot 330%14 334511 410£137

15 - y -
Toith 3191 2893 4446 3798
ColF3 1. .138%.006 .0281.004 .30+.02 .0683%.005
~nt L
oot 320%7 33719 319485
: L?vlb 3264 2984 4581 3973
CoFy 1.  .157+.011 .028%.002 .23%.01 .068%.005
¥

Trot °  346E15 36133 37435
Toib ’ 2946 3014 3764 3972

*¥ FE = Fluorovethylenec



Taislo 8 s

Stabionayv-dtate Pelative Vibrational Porulation at

")
Total Droaoure (60 mmilg.

ilo flow rawe Ib ool s TE* flow rate 281 rol s

HE’ ] 3] a1y I3
TIluorg.- Tonersrontal Caleilatodl Initial
cthylene Xy Ny Na Ny N3Ny RyPy | Rqa/Rq

»
Collgl 1. weaDE.A07  J0345.003 .33£.,02° L0741,006
Tyot 34945 330710 206170
Tyib 360S 7 3136 4870 20849
-
Trok o 352420 320121 3962118
Tvib 3901 3128 5841 4094
CollF'y 1. .2641.011 .026%*.002 ,44+.03 .059+.005
Tyrot 334110 319110 337156
T

Teib 4096 2924 6672 3776
CoFy 1. .170-&.0(33 .041%.002 .26+.01 .035%.003
Tyot 32748 32448 815%443
Toin ) 3q78 2619 4018 3186

* FE = Fluoroethylene

g . wee
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The valoes Jor ¢

2y
&2 LR

>

-t

A Y |

e

arc given in Table Al.

T

L ]
Table %0

moray o Ff rvho Vibrasi-nal 1nvels Relative to the Zeroth
e

Y s

e

Lovel.
v SQEY} o em™ “a®o em™! “o¥a em™t
- 49%9.689 88.652 Dﬂ932
1 3961.969 ) )
2 7752,226 ™ :
3 11376.363 h

Figure 16 shows such a plot for the ‘reaction of atomic

hvdrogen with vinyl fluoride at total pressure 0.63 mmHg.

e

-

The straight lines follow from the Boltzmann equation [627.

S

The relative population after collisional relaxation were

caleculated using equation [61]

and those before collasional

relaxation were derived from the general eguation [67].

The vibrational temperatures are given in Tables 4-9.

« The dastribution deviates from Boltzmann in the sense that

L

»

the population falls off towards hagher vibrational levels

-

{27}, except for the results at pressure 1.07 mmHg.

”
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’a)| O After collisional relaxationX
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@
b) A Before collisiona?} relaxationl

¥

* Values taken from Table 7.
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2.1, Tatilatyon of the Delat yve Rates of Formation R

*
e o 74
1 -

.

P

»

' frem the Stwadymﬁtaiggtppulatlgns N, .

1 T

N *

5

Ay
The valurs of N, , obtained experiventally, are the

N

rolataye cwatidnary ctate wmibraticnal wijpulat.ouns laring

I3

the *1mu of cheorvation 4 msY. Binee the radiative 1ife-

N

timeds ol vibrationally ex*%te& hydrogen fluoride are re-—
A

latively whort corpared with the observation time
flifevimes: 4.0 ms for v=1l, 2.6 ms for v=2, 1.9 s for
\

& -
v=2 (41}), th2 rethod outlined by Charters and Polanyi

-

{26} has beon used o calculate the relative detailed

.
ratoe of rhemical reaction, Rv’ into eachr vibrational
* Y

1)

"quenching” at the walls and '

T = The residence time in:'the reaction cell.

v -
I3
’

level,
* - v
® R, = { A + 2P, 4oPk $*~1)N -{ + ZP V)
= “r,uat Yv,u v, 07 v Aw,va w,vhw
[67]
(] ¢ .
where w .v »u.
‘A, = Einstein transition probability.
r
P, , = Gas phase collisional transition probability
’ 4 4
Z = Number of gas-collisions per second - .
P;'0 = The collision transition probability for
]

——
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The first four terms in the aguation grve the total

rate of transfer of HF cuil of the level v: the re-

P oy
2

maining two terms aive the rate of transfer into v with
the exception of dircet chemical formation. The diffe-

- \J
ronce donotes the rate of 'chomical formatzon into level

o o ' MA\ ? .

v. ‘
! f ]
The first anl fafth terms in eguataon [677] aqave .

+he total rate of radiational ftransfer out of and into

v

level v. The second and sixth terms give the total rates

of collisional transfer ovt of and into level v. The

¥

third term gives the transfer out of %evel‘v, Jdue to
wall relaxation. The fourth term gives the transfer out

of level v due to physical removal. -

¢

A ; . . .
Absolute values of the Einstein coefficients, given
L]

in Table 11, were calculated from the relative values with

o

respect to A, ., given by Cashion (128). The absolute

Einstein transition prébability, A; g, was calculated

from the equation [687]. éccardinggto‘Cashion (128).

= #
» \
»

. A] .—‘64'{'4?\_)3 Rv"{z
AV” , Vn“" 3h it i

®a

— [ 1§
= 3.1366x10" x> ia’j‘,;z : Les]

w

2 -

where, s is the band origin in em™t and Ré in debye

]

unit.

PR

- a



Table 11 -
v :
Dinstoin Tranzitaion Probabilities of Hydrogen Fluoride,

3 L4

¢ . ) q
_/// Value relative Lo Absoluta Value :
Al,@ {ref 128) g=t"
Y - - e
: 2140 1.00 “ ?15 t 4
Ay 4 1.81 ° - 389 T g ,
' ’
A, 0\\\%? 0.0632 13.6 ¥ .3 ’
-y
Ay 4 2.45 527 + 10.
." H ?
. +
a Ag’l "0.177 ’ 38.1 1t .8
ES
A3 0.00460 (V/J .99 F .p2
( A, 5 2.93 630 f 12
& *e » R
fﬁ - * »
A, 0.330 . » .71 % 1. -
L ‘4‘,«
~
w + ,
A4‘1 0.0178 3.?3 + .07
. 'A4 0 0.000407 .0875 * 0016
» ) ) \

P ——

A

)

it o e

=
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The collision deactlvat1unxprcbab11it1es ware calcou-

lated usinu the Landau theory (130). -

L69]

e =

" iP, 5 . for a-j =1
1,7 /

0 for i-3 # 1 ,

values {or Pl,ﬂ were taken from Green and Hancock {131).

. Table 12

Collision Deactivation Probabilities of HF,

Collisional Deactivation
Partner Probabality (131)
" P, _{vib-vib) H 1.7%10™3
Fy,0 VibmV2 ' 2 - ;o
‘ -5
Plloiv1b~rot,trans) . H2 - Tx10
-5
pleg(vib~trans) Ar 1x10
P. _{vib-trans) He 5x10™°
1,0
g

L3

The relation {67] for the different wvibrational

states thﬁs becomes.

-+

. a

=
Ry 1(A3,2+A3,1+A3,O)+3[?1,0(Ar~HF)ZAr—HF
1}N3 g70]

*(?1,0(Hz-HF)+P1,o(H2-HF))ZHZ-H§]+T

[



- 9} -

_ v-v |
Ry = 3(Az,1+A2,Q)*2[P1,o(Ar—ﬁ?)ZAr-HF+(P1,0(H2-HF) +
@ ]
VX t - - ""l
Py, 0,1y P, omed t N
° [
1A, oNa+3[P, +(py ¥ *
1%3,2 1,0 (Az-uF) “Ar-urt (P10 (1, -HF)
[
. "“r, t
Pl,O(H —HF})ZHQ—Hé]N3}
V""V -
r By = fAl,ﬂ*[?l;o(Ar-HF)ZAr-HF*(Pl,a(ﬁz—np +
v-r,t =1
Py O(H —HF))ZHZ~Hﬁ]+ TNy
[72]

‘3A3,1N3*A2,1N2+2E?1,0(Ar-HF)ZAr-HF +

V-7 v-r,t

+P +P )2 N
i&Q(Hz—HF) 1,0 (H,-HF) HZ—HE] 2}

™~
] .
The number of collisions per second, were taken from

Hirschfelder, Curtiss and Bird (132).

5 ]
Zp = /2pa™an kT or, \ [73]
]
7.2 )
z = 6,24x10°d ‘Ql Ta 74
HF ® M-HP PM /T [ ]
where, d = (dM+dHF)/2 = The collisional diameter Wwn 5

‘ // v
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\ i a
p. = The partial pressure of the gas shich collides

4 M ¥
" with the HF. .
T = Temperature in degrees K and,
o)
1. = Reduced mass in atomic mass units. .

s

’ The following collision diameters (in gb were used: .
L ] -

¥

d =2.6 (123).

o IE‘

=2.5, qH2=2.9, dp,=3.4 and dy_

The possibility of vibrational exchange between HF
molecules can be neglected since, for the low concentra-

tions present in these experiment;, the number of HF-HF

collisions per molecule.in the residence time’fs less than
unity. Simiiarly, the deactivation of Hﬁfdue to collisions

*with hydrogen atoms is négligible since‘the coljisional de-

activation of HF by atomic hydrogen is very small (133)

and the concentration of atomic hy;rogen is very small. rﬁﬁgéb

~

, { The collisional deactivation of vibrationally excited

S O Welpg. o

"HF from other radicals and fluoroethylenes was not ta¥en

i

into account since the reactidﬁé are too complicated and

there are no literature values for collisional deéctivation
‘ by fluorocethylenes. By increasing the floq rate of hydrogen
§ up to 36 mmol/s, the em;ssion'reaches a maximuam an? then
decreases rapidly. On the other hand, even for a very large
increase of the flow rate of the fluoroethylené, up, to

300 imol/s the emission reaches a maximum and does not de-

crease. Experimentally, this shows that the deactivation

A

N e e e b—— A< 2w % VR ET e oo RS o . sl P
"

¢

3

p

'

1
)



s b

e

.

"
£

<y - bt . 2
.
N \ .« 93 - :
¢ ]

'
b
“

, <

to the fluoroethylene is muqh smaller than ‘that due to hydrogen

(the wvibrational levels of H, are in resonance With those of HF).
—J L]
* & .
Vibrational populations R,+ » assuming a(:kall deactivation

L3
W

probability by fluoroethylenes {equal to that of argon are re-
.‘ \

»

ported in AppendixE).’In the same Appendix, vibrational popula--

tions are reported using a high value for deactivation of HF b§

fluorcethelenes (equai o that of Czﬁ@). - s

3

Since HF reacts readily with silica, 1t scems reasonable

to assume that vxbratloﬂally excited HF molecules which diffused

»

to the wall were removed there by reaction, or at least completely

deactaivated, so that the observed'steady;state distribution was

not distorted by the wall relaxation (27). The effect of the

[

wall removal on the importance of collisional relaxatidn is si— -
s\% ) ~"’S' w

milar to the &ffegt of physical removal. As the result of this

excited molecules suffer fewer collisions with other molecules

and atoms; hence, the effect of collisional d%gctivation becdomes

”

smaller. ‘ ' . ‘. ) ,

The residence ®ime 7 was calculated according to Appendix C. (;

3

Using the equations [70, 71 and 72], the relative initial
vibrational distributions were calculated and these values, Rys o

are given in Tables 4-9The vibrational temperatures correspond-

ing to the inaitial populations are also given in these Tables.

4 i
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2.1.7 Berry Model Applied to the Elimination of IIF from

the Reaction of II Atoms kwith, vinvl luoride.

N

¢

-
¥

According to Teng and Jones, activated l-£fluoroéthane

is produced by successive addition of atomic hydrogen to

L4

vinyl fluoride (117). The Berry model was applied to the
caleulation of the probability vector for HF ! eliminated

from fluoroethche. For comparison, the model was also ap-
{
plied to the elimination of HF: from 1,1,l=trifluoro-~

ethanq {(27) . In both reactions 1,2-elimination occurs

q

(135).

.o . . FE
The model allowed determination of values of Yo and

4]
'

& which gave calculated probability ratios in good agree~-

ment with experimental values cxcept at the threshold

Ve e ®

vi=4 (Table 13). The Berry model ais known to give poor re-

sults for threshold values (89).

¢ J

The "localized" available ehergies (136, 137) were

-

calculated from the relation [33] and are given in Table

8

13. Ea are taken from ref 115,

6]

a ~- ré‘éct"’}" 3RT E333

The distribution of this energy E(495%1:8%9) (Fig. 17) over
the quantum levels of the products was determined by the

dynamics of the chemical reactaion.
A

—
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* .
Tt was nocessany to onolliy e dreosecd HF oseil- .
Iator's proporeres in oradr bo caleulate wibronaice overlap

sntogrdls. Tn ordor o calculate those propertics, somi-

fcal rulos weore used (138). Thoe internuclear disiance

©
=
Pl
e
5]

L] o \
and the disscoravion onexyy Zor Lhs drosscd oscillator OF

2

wore found in terms of the bond oxder n using Pauling’s

1

rule ‘ p

i

F o p o -
¥y = v, - 0.26 Infn) 9 [75]
and Johmsten’s rule .
n” = pnf | [767]
e e .

!

vhere, Ty and De are respectively the spectroscopic

~

winternuclear distance and dissocaation ﬁnergy for Wr and

Gad = .
Yos b, the corvesponding terms for the dressed HF, n

o

is the bond order and p the bond incex (138). The value

{p=0.966) found from the re-evaluation of the BEBC method

by Jordan and Kaufmann (141l) was used for the bond index p. ¢

Badger's rulc was used to relate the dressed oscil-
. 0

lator force constants kz to their bond lengths x: via

empilrical constants {a and b).

k, = exp| (a-r,)/b] [7?1

1

a and b were calculated from the least squares f£it

-

7y
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of choe om

¥

ation [77] weing the values of Table 1i.

LY

.

» Table 14

Constant Values Ffor tho @aleulation of the Empirical

Constants of Badger's Rule,

Diatomic To Yo kexlﬁ'ﬁ Raduced
Molecule K em—1 dvnes,/cm mass ref
[]
Be-H 1.236 2366.9 1.114648 0.92358 140
Be-H 1.297 2058.5 . 0.817024  0.90673 "
C-H 1.31202 2859.1 1.4994406 0.93002 w

H—F’, 0.9168  4139.04  2.268011  0.9572Z5 124

H-T.i 1.5953 1405.4 0.025497 0.88151 140

o-H 0.9706  3735.21  2.053581 0.94838  *
Thus,
*‘ Rl
In(x*/10%) = -3,34065 r% + 5.269464 [787
o . £ #* .
where, r, in A and ke in dynes/cm.

At the bottom of the potential curve, a diatomic
oscillator is essentially harmonic. Thus, the relation
of the force constant k, to the fundamental frequency By

and to the roduced mass u is given by

™I

ke = 4ﬂ2w 02n [79]

®

where ¢ is the speed of light.

(

.
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The eqguation [79] was used to caloculate the force con-

stant, x,, of the spectroscopic staie from ‘o and to find

1

F
the fiindamendal frequency,.,, of the dressed oscillator

# L E
I from the value of xu. i

To a first order approximation, the vibrational ener-—
#

.

gy is grven by (129), /

t - sl _ 1,42 !
\\Lvmb = (vl w ~(vH) Cagxg [s0]

and the vibrational wavefunctions are the eigenfunctions
of the Schroedinger equation if the potential eneryy of

the diatomic molecule follows a Morse curve. Thoe Morse

v
’

curves may be constructed analytically (127, 141) using

>

spectroscopic data (Fig. 18 and 19). Morse waﬁéfunctions‘

were adopted in the present work as follows (56): 5,
_ 0y 52 ]
sy (r) = Agexp(-2/2)2"°F_(z) [81
where 1 , L
A, = DAL (sv) (x4v-1) = o (x41) T T{x) } 2 [827
Fv(z):Z{(—-l)'(‘,')z’ /T (x+1) (x42) -~ « (x+i) J} [83] ‘
=0
% = k-2v-1 [ea] |
z =k expl-£({r-r,)] [857]
k = 4De/we {86]
5 = (ky/2D,) 877 )
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The evaluation of the relative transition rates be-
tween the discrete state and various final states 1is

possible via Fermi's Golden Rule (142)

- ' ' ‘2h s
L = (2B £ %) [88]

\ ]
where, the matrix elements are taken to be proportional
-~

to the vibronic overlap integrals for initlal and final

-

g " ,
oscillator states {131) and Lfls the number of final

states with wavefunctions Ve

L <fIH'l1> « vt lv'=0> [89]

Thus, finally

P, = . , T Sy
\ v HFQPbageJ,v'=O*HF,v' | v' (HF)
-

- {201}

The proportionality constant 1nc1ud‘! the electronic
3
matrix clement which 1s the same for all these transi-

i .

tions 1in this approximation. The first factor in equa- i

2
) v,edrifo_,

tion [90] 15 a Franck-Condon factor (143) between the
lowest vibrational level of the dressed HF® and the final

vibrational level of the product HF. The second factqr

o » 1s @ statistical weighting factor. p 18 the num-
v' »

Al

ber of rotational and translational states of the products

for the quantum number v'.

It may be shown (90) that

e o e e ke s o

v




‘s

e TR - (B -E,_o) ™2 - [o1]

v
.

Ev' 1s the vibrational energy for the v' vibrational

level, m 1s the nmumber of translational degrees of free-
dom less 3 which follows from the Dirichlet integral (144).
Fiyg. 20 shows Franck-~Condon factor arrays for HF
dressed—undressgd oscillator couplings parameterized as
a function of dressed oscillator bond order for E(4°5%:8%0)=
53.7 Kcal/mol. If the initial dressed oscillator is highly
displaced, Franck-Condon factors favor highly excited
product wvibronic states (56). In Table 15 the values of

f»‘ are given

»

x

fl':(E

v V|~Evr=0)/E(f‘~“oi"$§¢;g [92]

/

where Ev' 1s the vibrational energy of the vibrational
level v'. ’

The distraibution of available energy over the inter-
nal degrees of freedom of the olefin 1s taken into account
in the Berry Model by assuming that undressed HF " 1s par-
tirally relaxed by the olefin. The rate constants for the

relaxation are given in the Berry Model for intercontinuum

eoupling as (56) .
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Table 15
/’

Normalized Initial - and Final Probabigltles Calculated from

©

Berrv's Model for the Reaction H + C2H3F.
|3 * Vaibrational level
CG | mmig 0 1 2 3 2 5
< -
£, 0. 0.2110/0.412 {0.604 |0.786 |0.958
PZ 0.%5@5 0.279410.1797]0.0995]/0.0396!0.0034
Ari0.15|F.C.F. 0. 0.0007j0.0085]0.0561|0.2406{0.6940
P {(t=0. )| 0.0005/0.0102 0.076810.2879|0.4982{0.1263
P (1=4.50)] 0.771310.1674]0.0465(0.0138(0.0034:0.0003

HeTD.GZ F.C.F. 0.0113{0.0758(0.2088(0.3069,0.2628(0.1343
P (t=0. )| 0.0417{0.1999/0.358910.2946 0.1005/0.0044

P (1=2.95)|0.6423/0.2522|0.0847(0.0187{0.0020,0.0033

Ar |0.63|F.C.F. 0.0002,0.003810.0281 0.1176‘0.3110}0.5392
P (1=0. .)|{0.0026{0.0322|0,1549(0.3644[0.3871;0.0588

P (1=6.05)|0.8471{0.1123|0.0344|0.0058 0.0064 0,0000

£

Ar {1.07{F,C,F. 0. 0.000510.006210.0471{0.2263|0.7198
P (Tﬁp [ 0.0020/0.02640.1379/0.3536|0.4114 0'0688
4 P (1=6.35)|0.9059|0.0756[Q.0148{0.0832|0.0005|0.0000

F.C.F. Normalized Franck-Condon Factor.
CG Carrier gas.
AY

£, Vibrational fraction of the available energy.

P A priori probability.

T 15 the time during relaxation by intercontinuum
- 'S =
coupling.

L e = wnc -
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The final probability vectors, after relaxation from inter-
co;%inuum coupling, are given in Table 15. Calculated va-
lues of o are given in Table 13 (56).
The fraction of energy which 1s trapped in the vi-

brational levels of HFT can be calculated from the equa-

tion [ 93]
<f 1> = Z:Pv‘fv‘ [93]

These values are also given in Table 13.

Fiqures 21 and 22 show the relaxation of tﬁe un-
dre;sed oscillator HFT., The initial populations ;t time
zero are calcplated from [90] wusing E(§5571:599)=53.7 r
Kcal/mol.‘The relaxed probabilities are calculated by )
solving the initial value problem with rate constants
given by [34]. The relaxation proceeds until calculated
probability ratios agree the experaimental values cor-
rected for deactivation according to equation [67].

The time scale for }elaxatlon 1s given 1in units of the

half-life of v=3. The results from the application of

Berry Model are given 1in Table 13.
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othes proha’bility vectors after relanation and fos all

the iwarraal probability voctors before relaracion by
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The values for initial and fanal surpraisals acse given

in Table 16, The values of moments and the standaxd

n o same Table. A copresentative
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deviations age given
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with argon pressure egual to 1.07 moilr i1s shoun in Fig.
23. In no casc was a linear surprisal plct poedaicted.
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grindua ll rrow vinyl fluoride wo tetraflworcethylenc,

The dafference Letweon the total cnergies of the encr- ,
gdizod moelecules and the localized enargies‘ms very small

for the roactions of £5ll3F and 1,1-CollhFs ; the éogmar
inereases slightly while the latter decreases slightlyv.

u

according to Teng and Jones (1186, 1175 thé rate of addi- .
Exon o the second I and the rate of decompasm£ioﬂ of the

g
energirzed molecule is the same for ChlzF and 1,1-C,lizF..
For these reasons, it is probable that the relative initial
population foxr v=2 (Ry/R;) 1s approxima%ely the same
for the reactions of atomic hydrogen with wvinyl f£luoride
and 1, l-difluoroethylene.

Bgcause the localized availoble energy for 1,1,2,2-
tetrafluorcethane is similar to that for fluoroethane
(Table 17), we would expect similar population ratios
for the reactions of atomic hydrogen with vinyl fluoride
and tetrailuoroethyleng. H;wever, we observed that those

for the reaction of atomic hydrogen with tetrafluoroethy-

lene were considerably lower (Tables 4-9).
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gas i3 wecd. Hoyeyer, in this o', 1t was found thab the

as Lhe inert cas vas half the eﬁission intensity “hen Lx
vas uscd {Tables B4 aﬁd B6Y. ¢n the other hand, the ro-
tics éS/Rl and szﬁi, woere larger for He than for Ar.
Sincc  thais differcnce cannotebe due to a change in me-
chanisr or té the collisional deactivation of IIF , 1t
.

must he duc to the history of the Energzzeﬂ.wolocaia bo-
fore 1t cecomposes to give IHF..

Tra ratio of the collisicn freguencices ZI /7

Io-7 Ae-n

for helium and argon with the energized moleocule vary

.

from 5 to & depending on the mass and diameter of the

cnergized molecule formed from the reaction (Takle 17).
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conztant of a uniroleowliar decomposition accordaing fo

the DRI cheory s giwven as a funchtion of tha tobknl oneor-
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gy, 5, of the "ohergizod" nclccule
.‘)_l ) S
A = {1 -~ Eax’E) Les]

“horce o 48 Ehae nudsor of active rodas vhich rayv he sralleor
or coual o che number of intcrnal degrees of freedonm (13).

3 1

Saince the rate constant, k(E), depsnds on the total cneor-

gv, S, 2% 18 smaller for the cas2 where o is uscl as
(44 ¥
inerc¢ gas ilhan for Ar at the same prossurs and thorefox:

the cherical vaield and tho emission intcensity must be
less vvhen He ie used.
Even though the cmission intensity s lower for He

the population ratio Rz/Rl is hidhor for IHe. The lovor

erizsion Intensity has just been enplained using semi-

.
1

wwGaliz s

¢lassical arguments. The distraibution of E(:8% 50
over the vibrational levels can be coxplained by means of
the theories described in the introduction (1.3-1.5).
Poclanyi has shown that the random statistical modcl

+ ~ . ({section 1.5) cannot quantaitatively account for the

values of the relative vibrational populations of IiF.
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froccicmal onar oy Jisponel In tho vabration of
Found to hav: e lovest value Lefore relamnition v antor-
ecentznuwy coupling vhon lc 13 vsed as carrie: gas (Table
13). This agress with the predicticn of loer oncass oner-

.

gy "mith Tio buecause of a2 highor collasicn Zraguency of the

snerorzed wolezula. Remarﬁa%ly. the 3eorxv
thakt £ ¥ for hylirowen fluworide aftcs relamation Ly intaes
centinuun coupling is the hichest wath EFo (Tasie 13).
This is because the time for intercontinuur coupliny 1in
che case ©f heliun at pressure A2 rawils 1s less than the
cerrespmndlng(tlms for argon at any pressure. This em-
plains the highest relatyve populations of HF  math Ic
as carsier gqas.

Usany Zorry Model, a bond order of n=.13 va=s {ownd.
This ag-oe2s with medels of the actavated complex -‘hich

\J

best fat the cbserved kinetics of unimolecular elimina-

tieons of PPK1 treatments (147, 143, 149). In the RRKI

! - v e o fa— I -
model, the formation of the C€=C double bHond¢ is taken

3

e
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to be alpos. complete, vhile the IIF Lond oolor is ounl::

n=,1 to .2 of a single bond. In this case the availablo
enecgy is inefficaiently channelled inteo WP  vibration.

if, on the other hand, the avairlablae bnexgy hecomes trong-
laticnal energy of the products, this suggests thhc the
energy is released along the coordinate of seperation of
Lydrogen fluorlde from the reég of the molecule rather
than beiné released during the ?ppfoach of H to F. This

is analogous ko the “repuls{ve“ type of energy-rcoleasco

in exchange recaccions .

N -
-

A+ DC—=AB + C « © [5]

The eanergy-release 1s cermed "repulsive" vhen i1t occurs

as the products separate and tends to belless efficient

.

in channeling reaction energy into product vibration (11).

I3

+ [ad -
This is due to the fact that the forces on A and B arce not

a

sufficiently different t‘kproﬁuca anternal motion. Thore-

fore, in the repulsive type of energy-rel.ase, the avail-
, A 5 ?
able cenergy is disposced in translation and rouvation. Since

’
v

rotationally excited HY was not observed, then an cnccgy
b

.

release on a repulsive surface must dispose most of the

hd S
available energy, in translation. However, 1f the available

e .

[

éner%g became only translational enorgy, the separation of

+

'theqﬁydfogEQ fluoride from the rest of the molecule would



w Wt

®

.
be  too sapwd For wntercoat nuam oomplong.

e
©
"
e
-
e
“d
Jad
T B3
Q
e

Mnoallecansure is yngt tho onergy of J
may be deposizited wn vabracion of the C=—€ Dbon!, This
suggaste o~ wype of "attractive" vnongv-solonsa, in v
che change in C=C hand longth correeponds to the co-
crdinate of descent on the potential ocnorgl hypoosurface

in the course of forming a double bond.

wWhen argon 1s usced as inert gas, for hydrogen Flno-~

fot

ride oliminacion from both 1,1, l-traiflucroachansg and

”

fluorcerhane, the application of Derry Model gives appro-

xaimately the samejlnternuclear distance for tho dressad

a -

2 kY
oscillator HF7 at all pressures (Table 13). aAlso, the
fractional energy disposed an tho dressed oscillator is

approximately the same (<f,,>=.65 at .63 mmilg and -f

o=

'J'

.67 at 1.07-um¥g for CH CﬁﬂF and <f,> =.64 for C§56F3

3

at pressure .35-.55 mmily wath Axr as inert gas) (Table

13). This indicates a samilarity in the hyvdrogen £luoride
. o

elimination from the activated comple:r of the two com-

pounds. This 1s in agrecwent with the results of Rirk,
Setser and Holmes who have proven that 1,2-climination
1s the exclusive path for clinfination of IIF from fluoro-

ethane (135) as it must be for 1,1,1l-krifluorcothanc. //

P |
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REACTIONS OF ACTIVE NITROGEN WITH VINYI. FIHUORIDE,

1,1~-DIFLUCROETIYLEND

AND,

TRIFLUOROETHYLEWE.,
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The seaction o acclve nitrogen =ith hwdrocasbons
ne subidece of manv gbudice. Coneraliy, suvch ro-
actions show vozy complen faatures.

Strute (150) found that pany ocgenic commpounds intro-
duced into a steoom of active niitrogen produced brilliant
glows in the region downstreaw from the point of miming.
winkler et al {151) studicd the products formed by the re-
of active nicrogen with organic compounds and Zound
that most organic substances yvield HCM as the major pro-
duct. The electronic, vibrational and rocational inten-
sity distribution in che CN dbands of the reoaction £lames

'

(152). EBmission Ffrom CII and

{J

was studicd bv Broida et a

NH were also obsecved although thev were relatively weali.
The C, Swan bands werc also present. .
The outstanding feavure of these recaccaion systems
-
18 the simrlarity of the reactions wsith different hy-
drocarbons. The reason for this behavior i1s chat all
hydrocarbons are degraded to nearlv the samc simple

radicals by reaction with active nitrogen. Because of

this similarity, Safrany classified them into three

@

e

@
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. R
Ihenoos, dloncs nnd allwnes,

itk Jhe cneeptirn oF acclylone.

Groovp TI. Qooctions with allanes anld ovr ! gifancs,

.

Grouny TIT. Reacelons vah swborance . denorad ag "promalovs”

(152), thac s acocylone, HCN and (C).,. -y

The only ragjoer JifTerence botvoen groues T and IT

i Jwe the woactrons with alanos aro mch oloer ab

rooa Lowpersature (131, 15L-188). Group 1TT 1 distinguished

from groups 1 and IT by strong crission fron Yhe Cll-xaed

Toy

band syston in whinish reaction £

Pt

amMes .
Jetive nitroyen is producced Ly an elegtric or wicro~

vave discharge in molecular nitrogen oxr mintures of N,

wvith Ar or ile. The mein active snocies presenkt ars atemic

hJ -
nrtrogyen in the ground state 7{78), molecular NQ(A3S£)
and vzbraticnally excated wmolecular nitrogen. Othor metva-
. 2 .y - s 3
stable specles N(°D), N(“P) and molecular N, in B( ng),
3 B gl - .

B{ Au), B'{ Lu) and a* { Eu) stavaes forued in the discharge,

are less important duc to thelr short life time (134).

The reactions of active nitrogen wich most ¢f the hydro-

caxbozf and their derivatives have been stadied by many

VOrKers.

Winkler and coworkers have suggested’addition
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oF Lho porrvion oooacliwy nxbropen corkh o Dylone (90},
- e b L u 1 g 7T i
o, ~ i e [Tl P el o 57
oy 2 «
S fcrr renetion, of el e nltroora snukh haterarions

-

have been studiced. Jenanings ob al (153) photoorapiacd Lhe

¥

opoctra of DMomes profnrcd by ankroduling CH, or CILCT
il N

inco a orroma 6F ackivo nilrocen. Winklos nnd covortons

(150, 161) slalixl vonozronn of rakive o trogen with 2hlo-
L
-~

rocarbons. Thoy cugyestaed the following mochanaizn for the

reactrion of ackive nitrogen with vinyl tbhloride {161)

CLLCHCL -+ N > [N-CHACHET] - UCL + N.C I, [97]
'

NeC L, -3 - N, G [937]

o WeC I, > UICN [oo7]

Jones and coworkers (162) have proposed ¢he following
prirary stens for the reaction of atowic naitrogeon vith
il

telrachloroethylone

w

w(*s) v c,on, > [Hecyel,] Products [1007

- A + :«+ . A ~ )
T, (27, R CCL, - W (XTI )+ CCLE . [1o1]

w s

Regarding the reactions with fluorocarbons, Johnson

»

pett
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st TR oy 1007 hmees 1yt o 1 Bhe e arTnr e T
:
- 1 T Py, M = - %t
G, T oml ey e Lie reder ron o e werara o rith

teod rof Ity ooihrien o Thoy choore st obhexnt Lirinonooaeie Trom
N N T “ " . g » , 3 .
crof e A T, Ty, e AT L Ay ane € {ingli, Tusa

3 i
Ll =) - - - fy ey . w ooy
and 1930 nm) . Ceeuntl Lbato and oobkaoiablb ¢ (U, DY vore

.
-

- - A * £ - N
Aolesen. and swelicd via roconnnooe Slno conoonoens,

Jumns and eovorkaers 064, 165) ewadicd thoe ooaslionns
o achtivoe nitrogon vith pairfluorccarhons, o Lo -vona jon
ol acriive alcroocn ~ith tetralluoroachrrioene, tho ol lownng

-

'y - ” it IV .
nain coops have Leoon proposod by Mochavan anwd Jones {(10d).

’

o, W o= CF_ ' 4 CF [ 1c2
?, 2 ! L 2 i CT‘E Llc ]
&
=1 Al day T e TOEYNT 1 %)
LT BCN ¢ CF, [1037
OF N e PO 4T [104"
2 M|

CF 4 2 e FCN + T [1057
CF o+ N - FCN -+ 2F 1067
4+ FCN - (chv{_r)n Polvmer [1077]

So far, no reactions of active nitrogen with par-
tially fluorinated ethylenc have been studied. In the
presont work, the flames of the reactions of active ni-

trogen wath vinyl fluoride, 1,l-dirfluorocthylene and
-y
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Jeecrvre mitre e vas peoduood by microwave JroahQogne
(2150 ) ‘noa S0 minbture of niuroagon and amdoen. o Lao
sttt or e vicdble erdosicn, thoe botal progsurz in che
soazbion oono vas 1.2 rmilp, Vhen a cmall apoeunt of Llvo-
rocehylene wae introducod anco the actatve niltrogen atroeaw,

the nic.ocon alftorgloy was guenchad zonplotels and a racie

=}

coloured crmisnicon waco producad. Thron rones appearad i
the f£lame. The fS1rot zone, c¢lose to the Tluorcethylonc
inlet 7jot, had a bright pink glow. The second zoac had a
A

chort Tength and a weak pinkish-vhite glow. The thred
zone had a bright blue amigsion. By increasing the £luo-
voaethylens flow, the first zone retained roughly the sawme
ocioe, colour and Intensity but the coldur of the third
zone chanaged from 2 bhright blue Lo a bright pinkich-white

colovr giving it the same appcarance as the socond zZone.

b «

o~

The spectra of these flames are presdnted in Fig. 23.

By decrecasing the flow rate of the fluorecthylene
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1.2 @ Bousch an? Lomb concave ¢rating cphaserograpb. Tho

crmpooure time vas wwo hours. The crposed fuln was duve-

Joped in omactly the came -y cach vivw in ordes thatl dhe

-
i

nand intoncities could be ccovage’, Tho vienlew dogradod

" - wop '%" -
gion (07,7 - 277} and are the sccuences _v=0 and -1, ro-

spzenavaly, Thase bands were oboorved Lo be quate parturbed

e

the vhotogranhs becauot Lho invoncrty of sore rocational

lanns wero tach stronger than the others. It is vupossible
Jagm e B YL - - s P 5 N o
tc say vhether the €, Svan bands wvere present or not,

i

-

causoe of Lbheo omis
Iy

o4

ic

o]

of the CH red syscon in the region
of 5000-0400 A. The 0-0 band from CI orission (AT, . 2-7)

vqas also present in the spectra, In gencral, the CI radical
1s formod in hydreocarbon flames wuprortcd by active nitro-

gen as a product of the reaction (166)

C, + UH——>CIl* + CN [108]

The emission in the infra-red reogion in the range

2-3 microns was studied by using the same system az was

»!
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creasing thoe flow race of Iluorecthyl: e, the intensi.y of

the hyvdrogen Iluoridc cmizslon was incrcascd and rcachod 2

maraimim. This maximum intensity is wery -veat Jor Lo’ niuvro

gen Slov rates. Therefore, o haigh nicrogon Jlor rote and

w

a largecs slii wadch had to bo used fnx qwantitat;xeimea~ :

suroronts. “the iOtul cssure in thr conccion zone was 4.47
wwilky, measured with an oll ranonewsr. Undzy these condi-

'

tions, I was introduced in the achkive nitrzojon shroon.
He crissaion .as obsesvced. Thas laclk of omicsion nroves chat
we do not have IIF cmissaion duc to cn=xay transisr from ac-

tive nitrogen. The IR emission spectra of the wibrationally

L
nrerted hydrogen flupride are presentéﬁ in Fig. 26, 27 and
23. The data vere treatred in the sane way as for the reac-—
ticng of atomic hvidrogen with the fluoroethylenes (section
2.1Y. The areas ropresenting the' intensity of the rotva-
tional lines arc given in Table B7.

in the reactlons of aciive nitrogen with vinyl f£luc-
ride and 1,1-difluorocthylene emission frem only v=1l and

v=2 17as observed, while with trifluorcethylene, an extrome-

1y weall criassion from v=3 was cbserved.

e !
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Relative scaclonary-¢ .ace cotadlonnl popvlacrons vere
caleulaced and ploteed againsc valves of J' aa Fig. 29, 30
and 31. Prow tho rotatlional Doltorann ploce {(Pig. 32, 33

' %
and 34}, the rotaraicnal teouwporarures wore caloulatad e

«
N u

thoatwe vibrational levels. These values are givean Toale
18 and ave close uo the ;eaction zone temperaturse, Jd0-360
Ox, as measured with a chermocouple.

From the sum of the rocalbional populacions over all
rotational levels o a vaibracional state, the euperimental
stationary-state relative vibrational popﬁlatlons were cal-
culated. The same collisional model for relaxation was usced
as 1n the reactions of hydrogen atoms with the flvoroethy-
lenes. The collisional deactivacion prohability Pl,O(HF~N2)2
<1.8x10“5 for deactivation of vibracionally ex§}ted hydro-
gen fluoride (v=1) by molecular nitrogen is given Ly Green
and Hancock (131). The cocrected vibrational populations
and v1£ratlona1 temperatures are also given in Table 18.

A dark yellow-brown polymer of .type (CBFBN)n has been
found for the reaction of active nitrogen with C2F4 (164).

3

On the other hand, a white polymer is formed from the rc-

"y

action of active nitrogen with ethylene (153). Similarly,

during the reactions of active nitrogen with partially £luo-

- [

rinated ethvlenes polymers were formed on the walls of the

reaction cell. A whitish-yellow polyner was formed from the

o 4

-
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Pig. 29. The relative rotational peopulation of HF from the

reaction of acrive nitrogen with C2H3F.

[

N2 flow, rate 518 ymol/s FE flow rate 45 . mol/s

Ar " " 640 " Total Pressure 4.47 muilg



rotational pocunlacion.

elative

S

™

i

L Ve |

o e 127 =

3 4 5 6 - 7 8 9 J¢

B -

i
0 1

Fig. 30. The relative rotational population of HF from the

reaction of active nibrogen with l,1~C2H2F2. \“W

N, flow rate 518 imol/s FE flow rate 45 umol/s

?

Ar u " 640 " Total Pressure 4.47 mmHg
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Fig. 31. The relative rotational population of IIF Ixoa the

reaction of active nitrogen with CZHFB‘
flow rate 518 pmol/s FE flow rate 45 pmol/s

" " 640 " Total Pressure 4.47 mmilg
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cuirrtone ons aorelad cue undor the cane goadeslons as
whinog i ch Jlvovoocrrionns. Tho wiolac 77 Loads oo chio

seactron weore obocrve! eo boe perwuucbed and a whibe poly-

mee s dopnsgtend on Lthe wnlls oFfF tho ruagtron coll
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Sihen, 1eom Bhio oboorvarion of choe wicible calosion,

£

<

zho goeond and dhr-l conen of Lhe cobckion ropicen hove o

vhitich aoloves, Lhhs do an andication thae foown Lhe [izoct

Hoep of Jhe renwddlen ag acolvionic producs 1o fovaed vhrch
undosgooes 0 sccondnry redccion valh e ar'm’:fzf'm tuzgen.,
amobthne indieatron supporbting this 1s the oo 0111atvun of
Lhe Sawve. The rate of reaglion of actlvc niceogen "rich
acewylonse e waall ond dncreoacos very ranidly vhen Bhe
”Uncenﬁ:WLloﬂ of acceylenc bOC“%ﬂ; largor than a cogstaln
valne (153). The stationary-sialo coacentszacion oo rho
accetyleonic dorivative increases and vheon o coctain con-
centration is reachad, the acctylenie degsivabive reactks
rapidly with aetive nitrogen as a result of whuich its .

o

concentcration decrcases to gave an oscillatory cifect.
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around 50 eadmol vhich lo sulficicnb o produce mbra-

4

ontercod hydrogon Jlvoride, Tne ot chae Wi

T
I

tonalls
N

o

relative nonulation of che v 2 wibracional level 15 appro-

E

Y

mimately the samoe Jor all reaccions, is in accond wath the

3

mechaulom, since che availlable onergy is distmbuced fisot
in the coaplen and Dinally the hydrogen flucride io elima-
natced wilth approsianiely the came probabality of oircnca-
baonn in oach cagn. -

A secondary mechanism is the one proposed by Jones
and covorlzrre{164) for the reaction of active nitroTen /
vith tetzafiuorocthylene (cquations [102-107]). This
wechanism 15 more irportant for the reactions of .,l-ﬁi;
fluoroechylrne and trafluorocthyicne clince the CO==
bond cnergy drops wilth increasing degrece of flucrination
from 171 I'cal/mol in 02H4 to 70 Real/mol in C,F, (167).
Both s+ and ¢ bond chergires are lowered (1683) so that the

increaszing degrée of fluoraination malns ithe deconposition
f -

»

*
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¢ malleare a more Lilalds peocpost . Binre Lhe ralleals
roacs goon was. it and Jashkaor, ohe VLsé%?u antonaosuy Tor
Lel=Coilalg and Calilf, ic cuprouad to be sironger and thio
argreos -ith the present eoperincnial resulbs, In wddation,
thic Uragmentacion inereaces the nunciopary-scace concon-
tration ol fluorine atoms, ospeciallwy for trailluerocchy-
lone. In chio casce, the very owall cnission of the tran-
gition P [=3-+7=2) choerved in Jhe reaccion of active ~
nitrogen with triflucorcethvlene way e due to hydrogen
abstraction Efom”triéluoroethyl%ng by Jluorine avoms.

The fact that cthe stronyg cmission for 1,1-CyllFy
and Colify is due to radicals 1s Further supported by
the observation that the émis5ion from tie vinyl {luoride
becones very strong when a small amount o onygon is mizzed
with the nitrogen (Fig. 95 )7=In thzs case, & larger nun-
ber of frec radicals 1s presenc from the rcaction of O
atows with vinyl Zluoride.

éez%urbatipna of the CIT violelk bands wore oboorved
only in flames of hydrocarbons supported by ¥ at lov pros-
sures (169-172). They were cansed jointly (169) by
(a) a chemical properiy of the flame: the highly prefe-
rential Formation of CN in the A®I levels as compared to
?5* levels and, () a physical property of the CN mola-

B

cule 1tself: Lhe long radiative lifetime of the AL
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2.3.1 General. ]

or

The reactions of atomic onygen with halocthvlconos

A

have long been recognized as imporcant steps an che thos-

mal and photochemical cembustion mechanisams and as o

route to a.better undersctanding of the mechanism of che

®
reactions of acomic oxygen with olefins. Recently, these

'
- L3

reactions received great attention, espcocially clic reac-
tions of oxygen atoms with flvocrocthylenecs, since chey

proceed via the formation of extremely cnergy-rich ad-

-~

ducts which are- capable of decomposing or undergoing La-
prd internal rearrangements giving potential chemical :

lasers (173). ;

o 4
. »

The reaction of oxygen atoms with olefins has been .
Dy »
studie%ﬁ@x%ensively (174-179) . By photolysis of nitrogen

dioxide at different wavelengths, 1t was possible to pro-

L]

duce atomic oxygen in either its g{ound electronic state,

0 (3P), or in itépfirsb excited state, 0 (D), so that the

comparative chemical behavior could be investigated (181).

Jarvie and Cvetanovic (182) have also compared the results

B

\
obtained by a discharge Elow technagque with those cbtained
%

Wby the photolysig technique. .

v

In+1970, Cvetanovic (183) proposed a general scheme

3 )
»
4

I\
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Tor the veooelion of awcalc cumposa “aith an oo Mia. 'n Jho

faree oRop, vhe oyoun Qtuw addae co one gide of the doubla

vond, profeceanially ab fhio leon cubstlionted eodbon acom: .

-y bl SRRy
3 h ¥ Y. Y
0 ("P) 4 Lmg e 0]
.~ i .
oq,-‘?-s :.}4 'z\ \uug "]4
N [0
o ., e
R -
S ™ ° H
N N j‘*{? Lhe
& e
Tn Ry

-

This invormadiace was ioraliseld as o ecripler biradienl,
wn which c¢he electrons necd not %o complocely localizad.
This eneited

surce to an cxclied cpozide [lllmj, vhich may be stabili-

triplot Diradical may (1) wndesgn ring clo-

zad or may fragmeni, (Li) reorrange to an exmeited carbonvl

-

compound [lllb], which may also boe scabilized or fragment

or, (iii) undergo pressurc independent Ifragmentation [lllcj

R& e :
Pl [111a]
R -O R2 ' R? 7
Yt T R C—C—R, [111b]
b N 3 1 it
Ry Ra Ry
r 3 ryd ?

Pressure andependent - [1llc]]
fragmentation

.

The product yield from reactions [1lla, 1llb] will de~

pend upon the total pressure, while chat resulting from

R
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Jho dhrveos doce wusiLion o Tho dans oo ondinlo Hrenidead

ond teons-I-lutoace Scheos ond Wiein (103) postulaield a

difforene nodel of nowadls o

Y

tho vmrgon acem ¢n fhe olo-

Zin. Rathor than approaching Lhe dovble bomd in the planc
§ o

the 7 clectrons ond beoonlng localrszou on onc cashbon

OF
awon, the ounvgeon ccaa apneonchos in che planc of che nolo-

cule, brcowes Looselw bound co both cavbeon atoma, aad in-

.

cracts wich the adjaconi hrdvogen atows:

2
¥

N Gt o
o c=c] e T ¢Lg 112
. er e . aulh -
ﬂ3b ng MSL Cn3
1 Poisi H CH .
3 ;
o r \C::CQ - C 0 ¢ trans [113]
' HgC‘ i3 IEEC %

. ~—

PR

Arguments bascd on product analysis do not support coanclu-

sively one methanism o¢ the other s%nce each, with a few

additional assumptions, has been able to account for all

of the obsecrvations. A serious failing of the Sc@cernxleln
- 1

mechanism is that it predfcés that reaction is more favor-

able at unsubstituted olefinic carbon atoms, contrary to

obgsarvacion.

The reactions of atomic oxygen with perfluorcalkencs

<A
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LinpTe meohand ca vos noo ! 2o amploin che peoduets (I05-107) .

&

.
R U R S [1147
oTaTa 2 2
.
P x -
\Lg L b .
L, o= =ear,0 4 ocum o [115a]
2 P L [
T X 7F 7
,
o€
o - L=
o
" T
r e N ‘fq 1’/’ 4 v ik o a‘} 10
G-l 0w, CR¥O 1350
/ ! i ‘“"\7 «

whooco XH,Y = Dy, Cl.

Since Lhon, diZfcevent moebhodo howvo boea uwsed o dog-

che seactions of omrvgeon aceoms

cermine the robe constcanbto iy

»

wvith {fluoroethyleones (188-191). From chese scwdics, it boe
came obvious that chis simple mechanism [115] is the only
onc for the fluorocthylenes of che cype Cr,CEY (X, Y o= T,
Cl and Br). Por other fluoroethylancs, the evidonce supposts
a mechanism which involves che production of an aldehyde
and a carbene in the inatial step (192). In the reaction

of acomic oxygen with cthylence, however, coasiderable evi-
dence indicatces that the initial step producéé a formyl

and methyl radical. The observation of CO as a major reac-

tion product in the C H.F systom (189) indicates that thas

2

reaction also prodvces a formyl radical.

Recently, Gutman and coworkers tried to rdencify

“a

Tl
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o LeacGdta o oo, Trony The sodaranan o7 deomil
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cronsad gol enponiwonts

{1673Y . They give ehe gonoso\ schend ot Pige 35 Joo e

roodtinnn. Whic wohome 2o the coeposice 07 who 130 aedhil-

niomo fos Ghe onidotion of cthylene ond Letroallvoroehklnr-

B

Ione by nyohen adoms. The reagolioa o wotyadlvosocchvle

ac with acoaic oorgon proceoads cnclucively Ly dazosl

e bond aleavage | 114 1, Tha roacbion of ooyvgon Jbomd
3 V')

"

wieh echyleae provoeds by two vouwcs. [L16a 15 Jho pelne

cipal roubc involving inbteraal I atom migeatlon ia che

0-C,li, adduct followed by decomposition into wwo {rce

+

radictils whercas, [116b] is a sccondary dovee in which

'3

hydeogen is cluminated from the excived adducts (L9%).

v

. __wCl, + CIO [116a]
0 + Cym, —=[Coi,

o= T ClLFC=0 + H, [Lich]

o

Recently, Lin and coworkers (173) obtained chemical
hydrogen fluoride lasecr cmission from the reaction of O
3 . . . s x .
("P) atoms with vinvl fluoride. This is the only study of

IR chemiluminescence froa the reactions of atomic oxyyen

with fluorcethylones.

In the present work, we have sipdicd the IR chemilu-

minescence of the reactions of atomic omygen with CoHyT,

l,lmczﬂzﬁz and C2HF3. Vibrational population distribu-
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Lica, moro Do i boen L Lol ifTng, A oproliatnde e pur e
o7 Thio voaa o ey ton roaviting Troo oF s it (e
{ el
('1ital opogtos an alog wido,
Ll >
2.3.2 Doanlis, .
I . . oy e
wheny the Cluorocthyloacs (8.7LF, 1,1-0 11,7, and Q.0U7.)
.;, “ E PAr T £ 2

wore dntrodneod ineo on ompgon deein steeda, vindbic (hoe
wi Tumineoscepee arumtuiod we Jhe molocules €I, Cq, TP
:

was obsopved, Soveoral a Titionat bawds wiolch hovo nob ot
bheon 1dentitio? wore aloo  hoceved. Atomio Onvgol WS pro-
) h

duceod by mwerowave discharge in molecular onvgon using e

appacatus dousarihed in the BEupocimeontal Soction. Tho col-

.
)

ouc of the Llame cuamqo@, depending upon che £luorocihy-
lone uced. A speclroaraphic investlgation showoed thot the
strongest banda resulted Lrow the CH radical., With C UIF,
the i (AA=%2L) and (B 3~-X ) bhands arce the strong ones.

»

With 1,1-C I F_, Lhav beeome woaker. With CJIF, the

4 &3 0

[

(774 -x?1) band becomes even weakers whilo tlic  (B57--X7)

.
can barely be scon. The same intensity change 16 obsarverl

s

for the €, Swan bands (A“ﬁ”wxahu). For C,I,F, all the
piA -
scquences  Av=l, 0, -1 are guite strong, vhorcas, foxr the

L, 1-C P, only the sequences Av=l and 0 can be scen. In

contrast, the-cmission of ICF is weak in all reactions.
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3
cO tanne ALTHOro oG, Ll Tone »7 Jho Clowee of Pyif}
y
vith O phoan o elworend oo Do apecn. Thoe Llown ol 10
Collate oo Dlues oo and the Linme oi Gyl Qpponro

a w1 <o “r ol

Gy and . aze woll Imovn amd vwoee

firet obocorvacioa of his radical in cwjasinn. Mogsos and
rave s (109) havro observed Lhe absorplion opoctimm of

)

the P Ceoce cadrcal in the Llash pholelvoils of dibyomo-
S1uoromethane, I0TDe,,, ond have analyzpd the cotalrcanl
oetructure of che wibrational bands 000-000 ond 010-000.
Thoe speetra ol Al Mames ace givea an Pilg. 36. Those
spactra arce reproduced from filng obtained wilbh a 1.5 n
Bausch and Toab spectrograph. The spoeccrum of the flame
of the reaction of atemic osygen wath ethylone is also
grven. Bach spectrum was photoyraphed under tho same con-
ditaons (Table 7R) with P4 {ilm (ASA 400). Two_hours

.

in ~och case to gllow i1clative comparison of the intensi-

o

Lres. The intensity of the unidentificd bhands is strongor

expooure time and the came dovelopiayg procedurce*were used

for the reaction wikth C.HF

Mo and woalker for tho regction
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6307

5915

= 786

Hep

= 4929

= 4704

CH 4315

6030

5165

4737

4314
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wAlh CLlIaTe Rl conoreo? ban 'l Qe aleey in fapie 19,
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N

cal oz chepllvvinorconos van of onryd o Lo rodge

vions of onrgon Aweeas with Pluorocthylencs due wo wibid

"

tionalle cuzeyee? rpdrogon Jlvoside, wWho flow vocos of o
sonelants wose od justed wo onvinizo the eonditions for

t
07 pmiocnion and 'n o ordoer to achicove enluoion from vibrae

ta&na1?y cmelee] . 30 L tmowvn (106) that the wea~tion
of abonle omppm wich chileroothylones glvos wvibravionally
cugltod QLY on? OO . Ussrowvor, nm caiocion rew vibroe
bwUﬂjlqj onaiend 201 yns oboorved under anv condi cions in
vha roaceaons of acomie omygon will Fluotoothylonos.

'

we did the same tooks as in the reactions of atomic
bydrogen and aivrogon to ascertain thalb the cneosion was
crom the prodecks of Fhe redcciong and not f£rom qngrgya
transfos processas, The onperamental conditions wvece the
came for all the reactions of atomic oxygen with thae Lluo-
roothylones Lo give comparable rosults: tmtalkprousurc

1.07 mmiiky, O, flow rate 532 ymol/e, 0 atom flow rate 22.6

wol/s, Lluorocthylene (FE) flow rate 29.2 ymol/s. The

A

flow i1ate ou O atoms vas determined by tibration with NO,.

*
0 4 NO,———= 0, + NO - {117

Reaction [117] is used for the chemilumincscence

"titration" of O atoms (197). In the titration a g&adu—
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Zable 19

Obsozvod Tmicsion sonds frowm Lhe Neaction of 0 Atoms with
Fluorocthvlencs., .
_ . ) Intemiiig
gigﬁ;igﬁég Vi mg;&;gonal 9 CEIZ:}F CBH?;“ 5 6221’5‘3
ner A AUe% MY 000-000 5796 VW u M
: . 010-000 * 5462 K W W
020-000 5182 v v W
G30-000 4929 W 7] W
0400600 3704 - o) Wi
o
foin }[u,‘x > E 00  ails  vs s M
izf:;" -~ %31 0~0 3888 S M -
¢,  afl-x, 0-1 5635 M, , - -
' 00 5165 8 M W
1-0 4737 8 | W W
? 6307 Wi W W
? 6030 Vi W
\ 57 5915 EW v W
o2 ) 5584 - EW W

S=Strong, M=Medium, W=Weak, V=Very and, E=Extrcmely
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ally inereasing flow of 0~ is fod into Lhe streoam of the
Y ¥ 2 { C

gas unders dnvestigablon. As a result of rcaction Ell?j,

the concentration. of atomic onvaen decreasces and that of

'

NO increases. The intensity of the chemiluminescconce,

[}

which 1s proportional tc the produce [OJ[X07), passes -

through a Jaximum. With a further increase in the flow of

s

NO,, the intensity of the chemiluminescende decreasaes
- b

“ 3

sharply. The end-point of the titration corresponds to
| v ©
the complete disappearance of the chemiluminescence in the
ki

P

tube. At this point the flou of N0, is coqual to the con-

a

centration of O atoms. .

N

The oxidation of trifluorcethvlene gaives the stron-

°

gest hydrogen fluoride emission while the reaction of

the vinyl fluoride gives the weakest.

n

The cmission spectra of the reactions of atomic omy-
gen vith  ChllL,F, -1,1-CoH,F, and C,HI, ard given in Figures

37, 30 and 39. As can be seen, emission from the vibra-

tional levels.v=l, 2, 3 and 4 is observed from the reac-

tions of trifluoroethylene and 1,l-difluorowthylene, .

In oxder to calculate rotational peopulations, the

same procedurc was followed as with hydrogen. The area of

v

the peaks representing the transition intensities are gi-

ven in Table B8. The relavive’stationarv-state population

L4

of the rotational levels with respect to .N L0
vi=l, J'=2 .

- -
-
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“rero ealorlaced according vo cgeacion [467) and the roculbs

er oy i a 5 -
arce ghovn graphically in Piguves {40, 41,40,

an!J )
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[46]

Fhe values obvained Jor the yelatave populibtions of

v=d are poor gince
]
is ilcw and most of

sencibivivy of Lhe

the anteonsity of Lhe v'=4--v"=3 bhand

great.er than 3 microns.

®

e
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Rotational Bolismann plots Forf cthe threce fundamental

-

bands are reproduced in Figures 43,144, 45. Table 20

.
.

lists rotational temperatures taken

8

{ J N
lines an their linear rcgiomn.

A

t

'S

wom the slope of the

The stationary-state populations werc calculated

from the equation [61].

4
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o
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5
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¢ [617]

For the vibrational lével, v=4, the stationary-state

o
8 H

vibrationalhpopulation vas estimated from the roka#ional

4

populatidn as being approximately one sixth of th

°

o, &

a

tiow of the vgﬁrational level v=3.

i

& popula~

L4

s

9

Vibrational Boltzmann temperatures were calculated

-

from.the relation [62].
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Thoe stationary-atabe vibralwonal populacions and wvis

hrotvoual Doltowann comporabnroes are given in Tablo 20,

In oxder wo caleunlote Lhe infuial popntavious, ho

m

oame solamotaon notdnly wich masver cguabtion Lu?ﬂ, \#iats!

uzod as«in the case of atowlic hwdrogon. The probaoiis by

of eollisional doadliwation of Wydrogen {Tuoridic for Lhe

1

>
v'~1 . lovael by molecular omygon io olven Ly Groeu and

L]

-, n
Inncock (13 5 P = 8107,
anso (131) as L,Q(HF«@E) 12210
The calculated relabive jwitial vibratioma® Pl :

'
v

tions nf hydrogon fluoride are grvon in 'Tablo 21,

2.3.3 Discusgion. :

RSy

. 2

P >

Reeently, Lmstead, Lin and Woods observed HIF Tasor

b

emiscion from the recaction of atemic onygon with vinyl :

" fluoride and reported ovidondo that ’the laning” hydrorgen

-

fluoride was produced by Lhe initial reaction (173).

Thoy also proposed that Lhe vibrabtionally eoncited IR

L]

_ 1o produced from the exolthermic roaclion :

ColI, T+ O > [CIL PO > CILCOo b 1nr" \) 118} .
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177 =
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Lt a1 a etyong ponsitialaty that Lho Trrdrogen Tlhaoe

ridn s a nrimary product of the renctions of atcaic our-

gon with 1, l-drfluorocthylone and trifluorcethylonae oince, :
EN

the UIP' amiscion of these bvo vaachkions is wuch curonger

7 {

than {rom the reaction with vinyd Lluoride,
N

+

This is also supported by the fact that Lhe poerie

mop¥dl vibrational population for the v=2 vibralional los

vel For the reactions of tvifluocroethylone, and 1, Ledifino-

rocehylene, relative bo the vibrational lovel v=2 fog the

3

reaction of winyl fluoride, agrees with the relaclve total

o

rates of the reactions calculated from products analyois

{Tahle 21).

) B
.

_T_ilbl@ 21 3

4 - s
Comparionm of the Pelalive Vibrational Pepulation for

Tovel =2 to the Tobkal Rates of the Reaction of Atomic

Ozyaen VQJQLC?HBF, 1,1-Clt, and Coll o relative o CollF, .

"

TA - )
Pluorocthyl ene F2/71 Jonas k/kczn%f Gutman? YT
This work ct al Muin et al et al
C P 1. 1. WL L
1, 1-Cy T 0.71 0.52 0.83 0.76 )
- cIr, 1.28 1.39 - 2.02

a Corrected for radiational and collisional relazation.
b ref 191. ¢ rxef 190.d ref 168.
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utaan and acworhkers (169) have proponed Lhe schemo
n Scoklon 2.3,.1 for the rcdhctions of atomlic onygon
4

with luorocthyicnes. Lurthoergiore theoy assigned reactive
o

moudon Fox the reoctions yhich are in agrecment with the

Tut

¢

produces they devectad by using photoionization mass spoc-

"y
. tremotry. These routes and the.producks debected by

othrr worbeprs arc given in Table 22.

s 0 ¢ |

v . whe main ronbo

1 - N

v oI o ¥ + , 3 ¥ I
© 0 01,1 ILT, > [C 1, F 0 > C,IFO + HF 1197

secms to be responsible for the excited hydrogen £luori-
o e from the reaccion of 1,1-di1fluorocthylene with ato-

[

mic oxygen (Als= -43 Keal/mol). The CZHFO is formed from

. 1,2-climinacion from the oxygen adduckt.

ng ¥ o . -
<_ o > [ Qe C—F 4+ HI [1207
s / “, .

I i

{
. .
The gadical H—C—C-—F . further gives H—C=C—T ,
" .

which ic assumed to be an ungtable in?ermcdiate,oor,

ketene, whaieh reooults from migration of hydrogen atom.
: ' Gutman and coworkers (1%8) found CI', to be one of:
. the main pr@dgcts 9£ the reactién of atgmic oxygen with

trifluorocthylend. They suggested as the main route, the

reaction [1217] which is very exothermic

!
1

.
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’ Table 22 ’ '
‘ Productn Dotected Lrom bho Beaction Douben Assioned Loy
the Reacgtions of O Atome with "CoH,F, 1,1-CyH,F, and,
oy .
Reaction Produtis " Other .
Route N Dotected | Products \
by Guiman’
ot al : ;
 F " LCEO (COHT " on
cznzr \EHB CFO (CO+T?) u n
P CH, T+CHO CILF, CHO
b '
C2Z120+IIF ’ CE I?,O i
. y
C _{IrO+i1 C.LILF0
2 273
2 - z::xwoc,caza“, HCF®
1'1— r @
C2IIZF2 CEIFE-FC&O (QO;!*h) ] Cﬂﬁ‘z
C. PO -+HF ' C_HPO " v
2 2 G cd b
CF 50, C'p JGIL,0 /IICT
oy .
€ lIFy  CF,+CHFO (CO+IF) er, CIFO’
- (: ¢
CEIF+CF20 (CO»&-IT‘Z ) N CIilF ' CT 20 .
. _ R TId Finkd ‘
a Ref 168 ' .
e 4 F‘
b This-work. 3 L . ..
¢ Ref 190 - ) E
4 Ref'187 . “
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. e = 170 = ,
g « HooF o "
Q% Colify > O €, = JFs = CHFG (COHHF) 121l
r r . .
a
- {"II= -82.2 Keal rol) and can explain the obser-
- ~

vation of wibrationally oxelited pyviroson fTuoraxde in our

experiments. The fact ?hat wo did not sce vibrationally

1

#‘cxemteﬂ O is anttther indicataion that in four conter olim-

4

inatidns the cnergy i1s trapped by the newly rLormed bond

‘ 4 :

and 1s not able to perturh the already exigting bond as

discussed in the Introduction.

The sccond route (168) of this reaction (= -70 Kecal’
, v
mol) as

~

- [

) (
H_, OF
- iy‘ #®
, + 0>  C—C_ = CHF'+ CF0
F F =

’

ChF =CF

- A

Since ﬁhé reaction [122] has 70 Keal/mol exothermicaty,
thi% route can explain the observation of electronically
excited CHF (60.7 Kcal/mol are necded for electromic
excitation of CHF t6 the vibrational level 040).
Although a minor route in the reaction of atomic O

with vinyl fluoride gives as product HCF, there is not

(

» O. < *
: - her o © : 7 :
O+ CHj=CHF > CHy~CHF - CH)0 + CHF - [123]

sufficien{renérgy (Ag= =29 Kcal/mol) for electronmc

!
0

»
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s tation. "The situation i< similar in the veaction of

atomic mﬁ?ﬁon wth 131~&if1n0raethylonu. Ciie route is the

degorrarciion of the rajzeal‘prajuct of the reaction [120]
-

C0. The oﬁpcr routoe is the 1,0«climinabtion of

ur from the gIZL?ECIIQ an.l fumhg\)r ldvccm;ms.z.tmn of Lo

Lo I3 and

radical. ( The CHF,CHU is an intorsearate of a warn reute

£y [
11 0 Lo 0

N AN >
Pig—C o+ WP 4 C-C {ncz? + cc»] [124]
we I P

of the reoaction {168)). )

k3

Tha cofotheormicity of these rcactions ('H for L1 247

is -43 Kealsfmol) is not sufficient to explain the for-

i3

mation of clectronically eeaped ICT.

»
P &

There as no other simple rquie giving clectronically.

’

excited HCF¥ as a primary proc:luc;:. Electronically exgited

HCF* can boe \'\férmed as a secondary procuct of tho reaction
* -

J N

F 4 CH ~——»-IICE* . r125

i

{ = ~131 Kcal/mol). \s/) w
¥

“ Since, in all the reactions CH is present and the
stationary state concentration of ¥ should be larger for
trifluoroethylene than for vinyl fluoride, this agrees
with t{e observation that HCF* em;ssion is str:mger for

5

trifluoroethylene and weaker for ¥inyl fluoride. The =

LY
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on singe in oiudios of the Mlame inhibaiion (L) .

v

I
*
]
|
o
[
o
Fo

- e - PR S - "] o=y N SN I t - e 4 w
ohalecarbons, {luorocariont are used and I oze alway.s

I3

omidation of hydrcecarbens {193, 120},

" L] a * &3
Many reactions have eon proposol for the rformalicon

o

- " e . .
T 05210 Bat not all of them are e¥otheormic conoudh ©o give

trenically "exeated CII {268, 201). The woss probable

e
@
¥

1

one 18 tha reaction 1267 { = -92 fleal mold.

O A QI = CIF 4 0 Cia8d

There have been pany suggestions Lor the formation

of Ca* but usually these reactions arg very complicated
4, Y * A

H

since the hoeat of formation of C, is JH, = 199 Real rol

and around 70 Keal rol is required for electronic exeita-
tion . |
From the rotational Boltzmann plots (Fig. 44, 43),.
‘- [’it seems that for higher J', there is an excess of
rotators in the vibrational levels. This excess of rota-
tional population mfay be a residue of an ‘even larwor
excess present when HF ¢ was originally fornmed. The tem-
perature in the reaction zone was 340-360 K measured by
a themmocouple, the same as in the reaction of atomic

hydrogen an%)nitrogen. However, from the slope of the

rotational Boltzmann plots, the rotational temperature



ita v e

-t

AN

1s pach higher, avproxamately 700721400 Ct., The same has been

observeld for the react:on of atoric hydregen with chlorane

in the 1=2 34wy pregsure range and the oxplanation given

s

by Pelanyl was thab at highor prossure, a Aaryer arount

o o ]
2 energy onters divocitlr into tho rotakdgnal lovels (sece
- L

CIntroducticn). T

The rotational oxcitation fZavors a mixed tyne o

°

F4

1
enervy-rolease for the reactions o@atomic oxygen wikh

7

the Ffluorcethylenes on a repulsive surface.
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Jol.l Deackicn System ; E
vl bW A, Gk b - »
W ”\x—q./ )
, ,
..
’ {
The experirents were vorforred apn a fast {low vaconum °

) a1

syst. A4 diagram of the apparatus is j?pwn in Fig. 4,0 o 8

/ Hyliroten, oxvgen or, nitrogen were admitted te the

L 4
]

eystem throush line AL Hydrogen or, nitrogen was supplied

.
-

. ~—frem a cyvlinder and passed throuagh a Deoxo unat catalytic

-

ﬁ 1Y
purifier CP and a liquid nitrogen trap NA to remove Hp0 and .
C0p. In ihe case of oxygen, the liguid nitrogen’ trap was

replaced by a silica gel trap immersed an dry ice-acetono

~ v >
i

SaA. Tach gas was admitted to the reaction system through

an adjustable manostat MA containigg dibutyl phthalate.
The, level of the liquid conld be varied so that the gas .

was always kept at constant pressure despite fluctuations

v
.

L) =
in atmospheric pressure., A constant pressure was nocessary
: in order Lo maintain a constant gas flow rate. The 60 cm =~ o,
R » ,1)

height of the manostat could accomodate a change in atmo-

¢ "

spheric pressure of 40 mmig.. leaving the manostat,
the das entdred system FA through the stopcock S3.

This system consisted of a flésk KV of volume 1108.66 e

- S

¢c, a manometer PA and, a ficrometer needle valve VA. The

-
¢ L]
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. rotal volum, of the portion FA was 1293 cc, N
L4 . °° C
" Th~ as {lew rate, determined from the rate of.eva-

L LY

-uaren of syster FA, was controlled by the ricrometer

n * u'
nendle valve VA, Minally, the gas was direeted throagh

*
ancihor logu: 1 matroger trap LA and anko the ricrowaro
— . * '
iischares rorion M. -

o

@

3 L
. Tlow system 3, similar in all “especots to sysitemn A,
P l
was uscd to adm¥t an inert gas diluent. Arqgon or helium

y *

3 used with hydrogeh, while argon was used with nitrouen.

‘

W

a
Uglium passed through a‘liquld nitrogen trap NB,, while
. ® ra

N :

-

. argon passed through a silica gel-mglecular sieve/;rap

H

* R .

SB immersed in dry ice-aceteone hefore enterina  the

v

system throuch the manostat MB. The volume of “the sysﬁem "

I'B used for measuring the flow rate wa§~729.7 cc., '

' »
‘ o From! the measuring system FB, the inert gas passed

. throuch a liquid nitrogen trap LB and then mixed with the

» reactant. gas. The resulting mixture was activated'in a

microwave discharge M. T ‘

-
. +

v
- i '

. The microwave génerator in the case of hydrogen was

Ll
o ¥ N

a Burdick Corp. Milton Model No MW/200 with power output

-

¥

£ 200 watts. For nitrogen and oxygen a research type

< mpicrowave discharge generator KIVA model with an output K

- <of 100 watts was used. Of several cavities tried, the,

. 3

o vanson silver plated type was found to cause the\}east

\

°
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Yeturpans tr the detegtor olootronies. at first, pyres
L4

dlass wa e at theregaieon of the microwave Lischarae

> . . 3
but was later replaced by guartz to aveid pinholes zaused

~ b .oy g Ty - )
2 z‘; +h*”‘ a1 M‘};al :‘930 -
'

Th» handling system for the Ilucrocthyleones cuns.sted }
-

’

of a gold finser CF and three storage flasks cach having
]

a volue of 5 1, The flucroethylenes rntered system PC

- ¥
-

anl FC sirilar to FA and FB. Since the pressure in the

* -

storage {lasks decreased continously during a run, PC
acted as a\magmstaﬁ connected to system FC through a mi-
P

crometer nedd valve VC. By manipulating valve V¢, the .

x
o

oof
preceure in FC was kept copstant at 100 mmid.

’

The flcw rate of fluo hylene was adjusted by the

- ~

micremeter needle valve VD. The pressure in the system FC
d »
was determined accurately with an @il manometer O.

Another gas flow control system similar to system

LY

A but not shown in Fig. 46 was attached at S,3. This sys-

v

tem was used tp admit NO, to the. reaction vessel to allow

‘ 1}

.
’

titration of the oxygen atoms. The same system was used

q& v

* o admit IIF to the reaction cell for test reagtionb.

The pumping system shown in Figyke 4% congdsted of
y .

two parallel vacuum lines. Each lin ined a 10 mm

stopcock, Ss54, 8 and, a large liguid étrogen trap NT.

25
—t

lines led to a 2" diameter tube which was conhel-

4 >

s

PR




O . s TR i T

) >
. o
’

- 185 -

ted throuch a 3% diametey inlet to a llede]l 138s wWelch

pump {2000 1 pin) An auxidiary vacuum line PR parallel

¢ ~ a
2 w

tn ghe main vacuum line Jded te a mercury Jdiffusion pump

"

a
2

fo7 1 rin} which worked continuously to maintain a va-

1 L e

cuum in the systenm at all tires.

1

.2 Deaction Cell.

L

¢

The reaction cell wds of a Dewar type, constructed

¢

“as shown in Figureé 47 with calciuom fluoride windows.

it was prepared from pyrex tubing. The fluorocompound was

0 "
introduced either through four jets situated arcund the

u

reaction tube (A) or, through an inlet opposite to the
hydrogen inlet B. In the former case, the discharge was
about 15 cm away from the mixing regiqm;while in the latter,

the discharge was about 10 om away from the mixigg region.

-

Atoms produced in the microwave discarge entered the reac-

[
tion zone through a small orifice, C, 3 mm in diameter
_) t

’ &
which prevented back diffusion of the fluorogthylene to
the discharye region. The walls of the cell were pomsonéd

with con&ggfrated phosphoric acid to prevent recomhination
of the atoms. A Chromel-Alumel thermccouple, D, was used

for temperatg;e measurements and the EMF pfgduced was

measured by a DANA Model 5000 digital voltmeter.
e

ittt B

o
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~
A Mo-leol gamige was used for pressurs meoasurenonts at po-

.
N 1

sition B. "

3.1.3 Datogiion Svsten. .

( * »

L K} -

The IR omission from the reaction zone passed through

-

a caloium fluoride window, a chopper operating at 820 Hz
and into tho Model 218, 0.3 m Mac-Phetson monochromator

equippad with a 300 lines/mm grating blazed at 2 microns.

s

A 0.3 mm slit was used for the reaction of H atoms with
fluoroethylenéé, a 0.5 mm siit for the reaction of active .
nitrogen and & 0.28 mm slit for the reactloné of oxygen

L

atoms. The IR emission from the exit slit of the monochro-
. ~
mator was focused on the detector by means of the optical

+

(system shown in Fiéhre 48. An" Infrared Industraigs type B
dewar containing the detector could be sealed 1n\%pis sﬁgl
tem with Q-rings. A front surfacgigold mirror, focal dis-
tance 9.3 cm, was e%ﬁloyed in the system. The mirro; was'
mounted on an Abbe optical system to allow f?cu51ng of

the IR emission on the detector. The Abbe system was

mounted on a translational stage C so that the emission -

could be made to fill the detector.

A J

®

For these ekXperiments a dry ice-acetone cooled PbS

2

]

area (A). It was -
.

detector was used with a 0.005 cm

%a*

)

}

aihes
7 s
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operated with a lotal bias Vo%}a@e oZ 40 V and a load reo-

- -

sistor of 300 k.. e

M

[y

0

x
25

K\f Y
The signal frem the' devegtor was monitored by a

N

[y

phase sensitive PAR Model 128 lofk-in awplifier and fed

" ° A

®
inte a Beckhmann 10" recorder, *
. . . %

-

The entire optical path wvas flushed with dry nitro-

- i
u

gen purified in & molegular sisves E’silica gel trap

) S
and a liguid niﬁfogen trap. Another ligquid nitrogen trap

vas placed in the outlet and the ontlet tube vas immersed

©

in dabutyl phthalate for preventing air from getting

[

back into the system.

This assembly permitted spectral studies in a regaon
é
of 2.0-3.2 microns. In this’region, the fensitivity of
Q . :

» the system 1s non linear as a result og\the response of
@

>

the detector and the reflectiwvity of grating. A bléck-

body, described in Section 3.2, was therefore co)structed

+

for the calibration of the detection system. The
~

‘
-

«relative sensitiwvity of the detection system with respect

the @) {v'=T3>v"=0) transition is plotted vs the wave-
Y

P

length in Figure 49. .

R
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oppesite ond, allows space for wwe theoraccouples (D)

one, Sor teomperature measurcmonts and the "second for tem-

(3

peravure regulation. The thornccouples are Chromel-Alumel,

t
!

silver joined in a porcelain slug. The heating wire is

corlad areuﬁﬁ\fhe steel slug in antaiparallel confaiguration

to cancel self-induction vhenomena. The wire is inside por-
p ¢

celaine beads (E) and covered with heat resistant porce-

laine paste. In order to avoid radiation losses, it is

L4
~

wrapped in aluminum foil (F)}. A ste2l mirror (G) and a

pyrex first surface silver mirror prevent IZurther heat
losses. In front of the recesses there are asbestos buf-
fles (J).

A stainless steel round block (K) containing a i

il

diameter hole closes the black-body cavity and acts as

<
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Y

an exit foo the raliation. Yho insile surlozxe of the bleok

is polished vo rellest the radiation. .

ol s

the outshde surfaco of the bleok there is an alu-

-

[N

minum mantle (M) en which an aperture (X)) can bo abtache
in line with the amis of the blach-body cavity. Wa%er pas-
ses through the aluminua mantla in a ¢losed clreulation
system to keep the aperture at roon terperacure. The mantle

is constructed so as to f£it ecxactly into the chopper in

0y
' B

the sare manner as the reaction cell and such that thz oxit

Y

vort of the black-body laines up vith the entrance slit of

-

+
the moncchrouvator. The mancle ls necessary to prevent de-
tection of radiation other than that from the cavity of the

blac~cody. .

o
o

In operaticn, the steel cawiyv becomes quickly co-

o

]
vered with a layver of black oxide which has an emissivity
better than 0,99, The temperature of the blach-bedy can
- Py . .
be varied Zrom 400 to 1000 K. A block circuat dragram of
the black-kody controls is given in Figure 51.

™
A reference votential provided bv RP determines the

operalional temperaturz of the black-bedy. The actual
black body temperature is cecntinously monitored
with the thermocouple sensor. The voltage of the therno-

couple 1s amplified through prea&plifier {Al) and is fed

together with the reference woltage, set by the poten-
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! ¥
trerebor J1PY, to the difiorential anpliflicr (A2). The

~
£y

di Sforence o these twe voltages is anplified amd £l

to the bases of the power transaistors Q1 an% 02 which

¢

supply the current for the heater. The EMF produced Ly

the thermocouple in the black-~boldy is measurad by a DX

¢
Model 5000 Jdigital ﬁ;&tmeter and provided an accurate

¢ ]

indication of the black body temperature. °

'

\

3.3 « Phototransistor Device for FPlow Rate Measurcoronts.

3

This Jdevice was constructed to measure pressure chan-
ges in a nmercury manometer as a function of tire (dp/di).

It was constructed from a block of "TUFNOLY 6x4.5x2

o F

(cr) and could be fastened on a mercury manometer of 6 mm

o.d. Fiqure 57a shows a cross section cof the apparatus,

-

A is the 6 mm 0.d. mercury manomcter which was passed*
through the block as shown. *Seven holes (0.04" dfam.) were

drilied 0.5 cm apart in line with the mercury manometer

s
and crossing it at right angles. At one side of each-/hole

hole was a phototransistor (C) while the filament W of -

&

-~

a tungsten lamp (D) ﬁlaced at thc opposite side of the

block illuminated each hole. Each phototransistor was
v ' .

adjusted by the resistor (R) to give about 1 mV when ex-

posed to the 11ght; The output was connected to a 10 mV

o

8

sm
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reeor ler, As the pressure changed, the mercury closod or- .

»

cpencd the livht path and each time this occured tho sig-
nal on the recorder gave a step of 1 mv, Jdp/dt was thus :
obtained by racordiny those jurps on a strap chart ro-

corder as, the morcury level incroased.

2

-

3.+ Jhewicals. . -

The fluoroethylenes, obtained Erom,th%hlndlcated

¥, J,i C HEF cFr Erom Matheson Scient.

sources, C H 2r “ofy i )

3
Inc., CylF,y from/Columbia Organic Chemicals Inc., were

£

used without further purification.
N

Part of the 02F4 was prepared by thermal decomposi-yg™ W

tion of polytetrafluoroethylene. Specially prepared poly-~
tetrafluoroethylene " granules under the trade name '

"Chemfluor" were supplied by the Chemplast Inc. The de-
! 1 4

composition was performed in the apparatus shown in Fig.

53. It consisted of an oven (&) with a thermocouple (B),

‘

a storage bulb (C) with a cold finger (F), outlet of the

1

gas (D), .a manometer (E), a cold finger (I), a liguid

nitrogen trap {(LN) and the pumping system.

a

For the preparation of 5 1 of tetrafluoroethylene
I ,

under standard conditions, 50-60 g of "chemfluor" were

used. The "Chemfluor" was placed in the oven (A) and the

E4

~2
-



~ 198 -
¥

> N -
~ -
. .
- AP
.wmcu 30 uoljevavdoad oyl xoj sujvaeddy ¢ oanbrg
L
v ¢ - —Hu
5
z " ﬁm
. - q 15
o 1 dumng
rs 5S O
es S
nm ~
. AL IWAVIY \
. o 4 o
s 1S
o -
A + ) -
- - - 2 xFer RV S, > - T e el

e

g



e

B i

i

. 4
- 1909 -

system was pimpad down for about 15 hours. After this
peried, the oven was switched on. A variac was usoed as
a pownr supply set on a goltage to ygive approximately

450 °¢ inside the oven. When 'the teomperature in the oven

was arount 450 °C, the stopcock S, was closed and ligquid

nitrogen was used to condense the C5F, in the cold £i

ger {F)} of the gtorage bulb (C). The decomposition takes
. {
nlace slowly at a temperature of 450 ©c. After 12 hours,

;he oven was swiched off, and, the condensed 7 was

pumped on until constant pressure was achieved.

was distilled to the cold fingér‘(I) and trangfered

o

to the ﬁa;p experimental system. The last 1 ce liqui

Cot'y

volunme of Cq}?4 was discardad.
ran

lydrogen, helium, argon, oxygen and nitrogen were
¥

-

supplied by Union Carbide Ltd. Argon and oxygen were pu-

rified by passing through a gas purifier containing mole-

.

cular sieves at dry icé-acetone temperature and, further

by passing through a liquid nitrogen trap under low pres%

sure. Hydrogen was purified by passing throuth a Fisher

Scientific Co. Deoxo unit and a liquad nltrogeﬂ trap.
Helium and nitrogen were purified by passing through
ligquid nitrogen trap. Hydrogen fluoride and nitrogen

dioxide were supplied by Matheson. The hydrogen fluoride

3

was used without further purification for test reactions.



R . Bt ad T 3 e g

e

]

*™
i
il

- 200 - °

L]

Nitrogen diozide used for determination of © atoms flow i

rate was purified by bulb ‘to bulb distillation.

3.5 IExperimental Procedure.

"\
For the reactions with hydrogen atoms, a run with the

reagent 1.1-C H F_ was performed under the same conditions

2

(flow rate of 1,1-CoH,F., 207 imol/s, H, flow rate 16
2¥2=2 .

2
imol,/s, Ar Elow rate 258 imol/s, total pressure ain the
reaction cell 1.07 mmig), before each run in order to
¢heclk the apparatus and the discharge. Corrections were '
made”to the position of microwave discharge to obtain
reproducible intensities. The water absorption was checked
at the same taime. ¢ '
‘rhe experimental proc':edqre for a run was as follows: .
The optical path was flus?ed with nitrogen (dried by pas—

sing through a silica gel anpd molecular sieves trap at

L)

liguid nitrogen temperature) fo; about 30 hours. Effifz)
this time, the‘sysgém was pumped down by the merchry dif-
fusion: pump. Aft%; flushing, the large vacuum pgpp was

switched on and after ten minutes the system was switched

to the main vacuum line. At thas time the pressure in the:

vacuum system was approximately 0.2 microns.

1



-

Ivdrogon, oxyacn or nitrogon and anert gas were ntro-

£

duced through the discharge tube by adjusting the manoscats Y
1
MA and MB to the proper position. The discharge was opera-

« s
T "f‘,‘t
w

ted for about 30 rinutes’in order to oblain o constant

)

“ . AJ »
production of atems. The detector dewar was filled with

dry ice ~ acetone and all the electrical components were

switched on and.allowed to warm up for 30 minutes. The

4

micrometer necdle valve (V0) was adjusted to the desired

L
flow rate of fluorcethylene and then the micrometer needle

el
valve (Vd; was adjusted to give to system (FC) a constant

¥

pressure of '100 mmHg measured exactly with the o1l mano-

+

mater (5). The needle valve (V@) w?s adjusted ;gntlnuously;
éurlng the experiments in ordef to keep the pressure ‘ >
in FC gonstant. The detector dewar was filled with dry k
ice and recording of the spectrum was begun.

At the end of a run the exact flow rate of the fluo- ’ -

. 4 3

roethylene was d?termiped experimentally. Upon completion
of the run, th; apparatus was pumped dd%n, Flushed a few
times with the ffhoroethylene to be useg next %nd pumped
down again. . ‘ ZL,j .

After one hour of pumping the detector dewar was
flllgd again. The needie valve (VO) was adjusted until .

the flow rate of the next fluoroethylyneffg;ctant was )

the same as that of the previous reactant and a new run

A3

<&



o

—— A)
was started, °, .

. The flow rate of the gases was measured using the

-

phototransistor device described in Section 3.3. The pres- é}

3

sure of the gas, was adjusted to be the same as that at . .

which the:IR chemiluminescence experdinfent was run. The

phototransigtor device was placed at the lower part of

.
N

the corresponding manometer in such a way that the second
hole from the bottom of the device coincided with the

level of' the mercury. At this position the signal on the .

0

recorder was 6 mV. Then, the pressure was increased

until the signal’on the recorder became 7 mV at which . v

.- .voltage all phototransistors were activated. The proper

¢ %

T . '
'dgchart velocity was‘chosen and[;he gas was allowed to flow .

o
B

a &

into the reaction cell. As thé gas flowed the pressure.

decreased and the mercury covered the holes one by one, ’

, r

a process which decreased the signal by 1 mV each time.

. EBach hole corresponded to a known pressure therefore, =
gach step’of?the signal gave the pressure at the corre-
sponding time given from the chart paper speed. Thus, a ’
plot of pressuré vs time «could be drawn gnd the slbga at
the 6 mV stgnal gave the dp/dt ratio under the egperi-
mental conditions. Assﬁming i1deal gas Behaviour,|the flow

rate is given by the equation

'

v

A
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Table

Phyvsical and 8neot

Al

roscopic Consktants.

Boltzmann Const.

Planck's "

Gas "

- 1
8.3143x107 erg mol T KT

N Avogadro,s Number J 6.02255%10%° gram mol
c Speed of Light 2.99831010 cn/s
Ml First Derivacive of Dipole 1.6K1@—1D oS’ {(125)
Moment of HF.
& for HF 1.18 . "
B, noow 20.9560 cm t (124)
v\ n [ 4139 . 04 w k1
e . ‘
ae 3] n 0. 7g58 11 1
B- _1 ) H] 19.788(’ 1) W
BV:‘? i1 H] 19 . 035 tH 12
B - " 113 18 - 299 1t i
=3 .
wexe " L1 * 90 - 05 1 1
mey.e , u 0.932 u [
- o ]
r e Internuclear Distance 9.168x10.? <m "
/ v Ll
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TABLI A

Heat of Formacvicn of Sceme Molecules and Radicals.

Compound ’Hf* Ref Compound 21" nef
négHBF - S . 52,002 Al
1,1-C,l1,F ~78.6 " o (°»)  s59.55 v

C I, -111.9 v N (&s) 11:.97 "
c,r, ~155.5 HF 61.8 n

C, 1T -60.05 " CHD ~2.9 A3
1,1-CoH, T, ~114.3 v crr 30. "
1,1,2-c253?3 ~154.1 A2  Cro ~41. "
1,1,1-q2H3%3 -176. AL cuF, ~70.2 n
1,1,2;2-C %, 20ale Ao, CH,F -5.6 "
CHBCOF -104.9 Al CH3 24.8 "

CH, CFO © ~39.72 " cr, 112.4 " .
CH4C=0 -4.5 cH, 92.07 * \
CHz=C=0 . -14.6 " ez, ~43.5 n
CHFO -90. A3 cH - 142. -
com, . . ~152.7 CF 61. "
CH,0 ~27.7- " co -26.42 n

Al. J.L.Franklin et al; N.S.R.D.S-NBS 25(1969).

A2, S.¥W.Benson; "Thermochemical Kinetics™. -
John Wiley & Sons Inc., (1968).

A3. D.R.Stull and H.Prophet; "JANAF Thermochemical Tables®

5
y

* an Keal/mol at 25 e.
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PANTE L1
LAl AL

Areas Doprosenting intonnliztos of Roloallonal Linos for tho
{Prossure 1.07 mnils).

Reaction ol II ¢ Plucror.thylona.

Filewy Raltos:s 119 18 rmol me Ar 2BD uee? Toy BW 207 vwaol s
Roe. Line CQEIS” Czﬁz}?z CQE”F:} L‘E?a;: "5 Brros
{1y (1--0}- 1510 1602 2018 1677 3
(2} (1 0} 2630 2512 5243 2565 2
p(3) (1 0} 2952 2850 77 2597 2
p{2) {1 0) 2156 2509 33243 2171 3
»{5) (1 0} 1419 1551 2104 1807 N
p{s) (1 O} 83a 395 1139 781 o
2{7) {1 0O} 373 397 635 345 3
rP{oY (1 0O} 117 171 183 141 5
R{D) {1 0) 1300 1300 1775 1335 5
n{1) {1 0) 1336 1705 2265 1733 &
r{2) (1 0) 1618 1773 1796 1117 1
R(2)} (1 0) 1232 1156 1111 1110 2
rR{4) (1 Q) £99 B83 876 6l4 3
R{5} (1 0) 325 443 431 362 3
r{6} (1 0) 126 195 157 124 5
R{7) {1 0} 12 34 45 39 7
{1} {2-1) 279 320 493 a7 5
2{2) (2 1) 585 584 917 491 4
P{3) (2 1) 695 615 1032 527 3
P{4) (2 1) 569 539 866 433 q -
P{5) {2 1) 356 366 591 324 3
(&) (2 1) 211 210 301 143 s
B(7) (2 1) 93 90 12 67 6
P{8) (2 1) 38 - - - 8
R(1) (2 1) 391 438 606 335 7
R(2) {2 1) 368 391 582 277 7
{3} (2 1) 235 300 361 238 8
R{4) (2 1) 205 175 200 109 8
P{2) (3-2) 127 138 182 85 5
P(3) {3 2) 116 104 143 64 5
P(4) (3 2) 87 93 108 60 - 6
»(5) (3 2) 65 64 68 43 3]
P(6) (3 2) 26 30 34 - 8
R{(2) (3 2) 81 80 g2 45 8

* Vibrational Transition {v'-v").
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Arecas Pepresonting Tnkencliles of Iwtational Lines for vhe
Peaction of I « Plrozoethyilene. {Pressure .83 maily).
Tlew Patnoe 0 16 ~mol 7oe N 255 1pol P o207 saaol/s
Rot. Line CoHAF CoHpFa QDIIFs ¢ora 75 Ercor
g
P{1} (1--0)}* 1202 1307 1228 1062 3
(2) 2097 2153 2127 17¥5 2
(3} 2262 2430 233€ 1773 2
P4} 1957 1945 174 13946 3
P{5) 1179 1277 1146 713 )
p{(6) €87 Go3 G616 ~ 163 3
p(7)} 293 263 222 183 3
p(a) 113 114 99 82 5
R(0) 1037 1116 1004 832 5
R(1) 1212 1425 131 1058 4
R(2) 1197 1207 1188 537 4
R(3) 788 309 319 713 2
R{4) 449 468 366 356 3
R{5) 187 213 159 146 3
n(e) 72 85 419 53 5
R(7) 23 a5 - 22 7
P(1) (2-1) 344 342 152 Q\Q 5
P(2) 578 610 838 215 4
P(3) 618 657 542 445 3
p({d) 517 547 621 387 J
B(5) 354 376 453 269 3
P(6) 194 195 . 203 136 4
2(7) 28 87 85 51 <
P(8) - - - 11 8
R(1) 380 387 501 291 7
R(2) 310 366 482 - 263 7
R(3) 231 252 298 142 8
R(4) 135 7z 161 79 8
PULY (3=2) ~ - - - - -
P{2) - 118 107 58 5
P(3%— 105 108 109 57 5
p(4) . 87 84 82 46 1)
P(5) \\ 59 54 55 X 6
P(6) C O 31 28 29 - 8
63 84 - 32 8

R{2) ™ 68
£

w

* Vibrational Transaition

{(vis v").
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Areoac Popreoonbing Invonnition of Zototacnal Lines for Jho
Poaetion of I < Fluoroetlylons. (Procoure .05 nmbig).
Flow fatoas: 317 16 smolrgy Ay 20 apnT 'ge B D37 mnl ‘g

Rot. Lrne C T C P, O, IR, C,F, 75 Brror
P{1) (1--0) 1379 1271 . 1061 1421 4
P2} 2020 2325 1340 2760 2
i3 2040 as21 2105 3242 2
B (1) 134 2051 1677 2961 3
P (5} 1165 1154 922 1411 4
»(6) §72 603 495 925 4
P{7) 204 308 202 a16 3
P(8) : 110 119 - 131 5
oo . 953 1133 gng 1239 5
»{1) 1318 1514 1239 1662 4
R{2) 1160 1387 /,1033 1402 4
R{3) 310 a3i_—" 689 986 2
R{1) 66 502 347 530 3
R(5) 191 228 153 255 3
R{6) . 107 75 53 100 5
RE7) - 29 14 33 7
P(1) (2-1) - 317 350 302 5
P(2) G08 730 622 757 2
P(3) . 664 716 654 717 3
P(4) 466 677 519 682 4
B({5) 370 454 343 4418 3
P(6) 132 242 185 220 4
P(7) 3 102 93 105 6
P(8) - - - 34 8
R(0) ’ 226 197 - 283 8
R(1) 370 ¢ - 105 365 7
R(2) 343 432 360 384 7
R(3) 205 230 225 256 3
R{4) 129 159 130 157 8
R(5) 5.4 - 68 56 3
R(6) 25 - - 34 8
P(1) (3+>2) 37 45 39 . - 8
P{2) - - ‘- 76 5
P(3) 87 106 76 60 5
P(4) 77 80 57 42 &
P(5) 55 63 - . - 6
R{0) 42 ' 49 24 - 8
R(1) - - - 39 g *
R(2) 84 80 52 - 8
R(3) 3 53 - 55 3
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TALLE W
Sreas Poprocontin Imbonsit s of Deotatinal Tines for the
Peactirn of 31 DDwreothwlone. (Procsoure 03 mIhy) .

Tlory Doben: T2 16 'mol oy Ar 239 Cwnlesy ¥BI07 ol

'o%t. Line CllF CallnFrn  CollF, CqFy 7S Brrox
2{1) (1--0 piis! 1017 1141 779 4
vy . 1313 1749 1918 242 2
i 1539 1933 2190 1314 2
D{2) 1255 1622 1716 . 1026 3
P{3), 745 1001 1063 613 3
P{s) 150 580 596, 313 4
27 205 248 219 123 3
P(3) 75 #38 a7 33 B
n{0) ST 8GH 970 624 5
r{1) 309 1164 1244 g1 4
R(2) 763 1004 1060 719 4
n{3) 557 6o9 731 285 2
R () 207 347 397 205" 3
R(5) 139 157 165 101 3
R(6) - 64 69 32 5
n(7) - - 22 - 7
P{(1Y (2-1) 218 320 346 193 5
p{2) 407 570 730 360 4
p{3) \ 149 620 769 352 3
P(4) 331 545 601 274 7 4
P({5) 252 340 404 160 3
P(6) 127 199 225 72 4
»7) 54 an 100 - 6
P{3) - - 37 - 8
R{0) - - - - -
R(L) 256, 372 481 247 8
R(2) 045 352 412 229 7
R(3) 396 231 271 142 7
R{4) 109 151 161 80 8"
R(3) ' - - 52 23 8
P(1) (3-2) - - 35 13 8
2(2) - - - - -
B(3) 62 85 87 23 5
P (4) 61 76 59 - 6
P(5) 26 52 38 - . 6
R(0) 36 - 37 14 8
R(2) _ 56 67 64 33 8
R(3) - - 43 29 8

4
-y
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TABLE RS 7
2 2

aroas Vewrowntin: ntennitins of Potational Dines for the
Tpaction of I 4 Fluoroothylene. {Pressure (150 mrilg).
Moy Patess 1013 molfsg: Ar 17 imol 9 P 20 imol.’s

Pot. Line Calinat’ CollsFq oIl Col'y " Brror
P1Y {10} 215 aua 371 371 4
() 390 875 60D 672 2
P(3) 412 o479 534 756 2
i) 362 310 549 605 E
P{3) 203 490 313 380 a4
P(6) 118 279 174 247 4
P{7) A2 124 74 116 3
P () 16 A - 43 5
(0) 201, 378 an7 304 5
R{1) 253 491 415 101 J
R{2) 216 7 263 337 356 4
R(3) 160 © 258 240 227 2
R{4) 73 131 106 152 3
R(5) 33 55 37 48 3
R(6) 19 17 13 14 5
P(1) (2~1) 44 115 89 75 5
P(2) 129 241 129 128 4 .
P(3) 132 277 221 221 3
P(4) 120 226 164 186 4
P(5) 76 147 112 123 3
(&) 33 79 56 63 4
7)Y 9 - 24 - 6
R(0) 39 - - - 3]
R(1) 82 169 131 102 7
R(2) 76 147 124 90 7
R(3) 43 85 68 50 . 3
R(1) 30% 59 48 44 8
R{5) 10 22 17 - 8
P(1) (3-2) 13 22 27 - 8
p(2) - - - - -
P(3) 29 42 33 40 5
p(4): 20 ©21 18 4 32 6
P(5) - - 13 22 6
R(0) - - - - -
R(1) - - - - -
R(2) 21 33 30 23 8
n(3) - 24 25 - g
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TABLL B

Arca., Doprosonting Intensitios of Rotational Linec for the
I'action of 11 + Muoroethylone. (Pressurn .H2 mrlly).
Plow Datos: 2 16 1mol/s: He 29 amol /sy FE 281 ol

»

Pok. Tine C, 1L, F G, CLIIE, cgpé *, Brror
DI1Y ({1 O) 372 . 450 5273 350 a4
() 623 7673 875 5806 2
P(3) 1065 B15 1425 619 2
p(4) . 875 695 B76 500 3
DI(5) 542 410 501 288 d
P(5) 196 a7n 280 143 4
PI7) 74 87 104 50 3
P(5) 38 80 49 24 5
R{0)Y 303 379 436 158 5
R(1 120 481 568 384 4
R{2) 371 424 464 275 4
R(3) 1245 276 304 204 o
R(4) 123 152 151 107 3
R(5) 64 62 % 60 50 3
R(6) 20 - 23 - 5
P(1) (2-1) 143 163 202 82 5
P(2) 311 302 418 158 4
P(3) 252 437 420 164 3
P{4) ) 188 342 351 143 4
P(5) ] 138 222 226 80 3
P{6) 64 43 118 40 "4
P{7) - 26 37 25 6
R(0) 81 61 104 54 8
R{1) 142 187 355 118 7
R{2) 139 158 212 94 7
R(3) 87 . 104 139 66 g8
R{4) ° 54 61 a 73 3 8
R(5) - 18, 20 ' 8
P(1) (3-2) . 18 28 26 11 8
P(2) - - - - -
P{3) 47 53 50 32 5
P(4) 49 .33 38 27 6
P(5) 19 - 17 - 6
R{0) 21 22 26 - 8
R(1) - - - - -
R{2) 43 44 27 - 8
R(3) ~ - 32 - 8




P
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TABLI BT

Arnas teprroonting Intensibtios of Rotational Tdnes for the
Deoaction of W or Pluoronthwvlene. (Pressure 4,47 mully).
FPlow Pates: N2 810 meldsor dr 640 molds: PR A4S amol/s

Pol. Lineo Call-F CollnFn ColiF g 8 Brror
D1} (1~»0)=" 0% ’ a3 610 4
() 617 7733 1,064 2
2({3) 729 853 1228 2
P {1 5973 677 976 3
p{s5) 336 457 653 4
P{A ain 257 384 4
p(7 77 107 216 3
P(3) - - - 79 5
R{0) 33 341 544 5
n{1) 455 477 740 4
(2 420 461 649 4
R(3 303 328 490 2
r(4) 167 185 257 3
R{5 65 © 113 121 3
p{1) (2-1) - - 93 5
p(2 121 169 252 4
P(3) 137 209 327 3
P(4) v 120 180 298 4
P(5) 83 112 191 3
P{G) - - 116. 4
R{0) - - 53 8
R(1D) 116 129 145 7
(2 95 113 153 7
R{3) - - 110 8
R(4) 24 - 57 8

*

* Vibrational Transition'(vi>wv").



TARLE B3

« Arons Deprocenting Intensitics of Rotaticnal Lines for the
DeagLion of O 4 Iluorcethylene. (Pressurc 1.08 mmig).
Flov Tatas: 02 532 amolSs: 0 122.6 mol/s: FE 29.2 umol/s

Pot. Dino ColL,F Colly Ty ColiF & °5 Brror
{1} (1-0) 1019 670 1573 4
P(2) 1695 1117 2877 2
P{3) 2179 1359 3666 2
P(4) 2131 1398 3840 3
P{5) 1876 1110 3471 4
P(B) , 1421 360 2558 4
P(7) 1019 610 o 1913 3
»(3) 603 369 1340 5
p(9) 412 236 985 6
P{10) 193 111 542 8
R(0) 859 567 1539 5
R(1) 1436 300 2351 4
R(2) 1611 1016 2811 4
R(3) 1436 830 260 2
R{4) 1131 664 2008 3
R{5) 801" 463 1451 3
R(6) 487 205 a35 5
R{7) 278 . 159 605 .7
R(8) 126 81 349 8
P(1) (2-1) 189 109 501 ¢ 5
P{2) 424 223 883 4
P(3) 519 246 1144 3.
P(4) 529 261 1047 4~
P(5) 481 230 1167 3
P(6) 364 178 962 4
p(7) - 243 119 629 6
P(8) '239 - 655 8
P(9) 117 - 337 9
R(0) 185 110 375 8
RrR(1) 359 168 679 7
R(2) 369 196 872 7
R(3) . 323 167 686 8
R{4) 280 135 672 8
R(5) 199 100 504 9
R(6) 128 70 407 9

cont.
- .

~h



Pot. Tine ¢ ChliaF Cnllnfa ColiFg 55 Brror
P{1) (3->2) - 30 107 5
P (3) 138 68 297 6
D {41) 130 68 266 6
2(5) 90 - 237 g
P (5) 61 - 184 9
r{0) 24 - 100 9
r(2) 88 - 155 9
R(3) 103 - 250 9
p(3) (4--3) - 21 46 10
P(4) - 23 50 10
P(5) - 50 10
P(6) - - 43 10
L



- 229 -

ADPPENDIX ©

Calculacion of the Resideonce Tiwe in the Peackion Cell.

-

The residence time was calculated from the eguation

T = bfv

[128]

]
vhere, v = linear velccity of the gases in the reaction

!

coll

b

il

the calculated length of flame.

°

The linear velocity was found assuming ideal behaviour

of the gases. That is,

pV = nRT

ory since

av/dt = s(dl/dt)

[y

where,s 1s the cross section of the reaction cell

and, U the leﬁgth,

RT
as/at = (dn/dt) ——
Ps

and,

N

¢ Vo= (§& =’ EE .Ez
. dt ot sp

p p

<

YSn/Bt)p 1s the flow rate at constant pressure.

i
3

[129]

[130]

[131]

[132]

.-




.,

The longth of the flome b was found from the inverse
square law of photometrv. The ‘baatxon cell has two inlets
(A and B of Fig.4 { for the reactant flvorcethylenes.
Assuming that the flame is approximately of the same iﬁten—
sity and shape when the fluoroethylene is introduced from
erther inlet, a &ylindrical light source with length b
and measured diimeter a=1.8 cm is produced. The detector
is on the axis of the cylainder at a distance ¢ (7.6 cm
from the front window). The illuminance E of the detector
is given by tﬂe equation

s T
(c + b)2

=
It

[133]

which 1s the inverse square law for such a source with
¢ +b > a .(CLlC2). In [133], I is the intensity of
the source. Thus, if the distance between the two inlets

b

A and B is known, d=4.3 cm, Then !

F) b

n/E = (c+d+b) 2/ (c+b) 2 , (1347

where, EA' EB are the intensities measured by the detec-
tor when the&inlets A, B respectivily are used.
Setting Ep/Ep = p equation [134] becomes

»

2
p(7.64b)% = (11.94b)2 [135]



g

o,
.

o - i 2
(p-1)B2 + 2({7.6p-11.9)b + (7.67p-11.9%) = 0 [136] .

Since the paramecer p:EB/EA can be determined experimen-

tally the flame length, b, can bhe calculated from squa-
- &

cion [136]. )

The flame lengths were found to be betveen 14-16 cm

.
1 o

B '

for the reactiens of fluorcethylenes witrh hydrogen atoms,

14-17 cm with oxygen atoms and, 15-17 cm with active
: .

k)

nitrogen.
) ’

.

3 Al »

Cl. J.Valasek; . "Introduction to Theoretical and Experimen-

0

“wtal Optics", John Wiley and Somns, Inc., N.Y. (1949).

1)

C2. H,P.Greenspan, D.J. Benney; "Calculus an Introduction

to Applied Mathematics'. McGraw-Hill, Inc., N.¥. (1973).
i¢]
' « - ‘_‘ a Is
. ] -
/ )
. £
! Fid a4 ,
, ) >
~ ©
b ‘ﬂ °
. R ,
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ADPEN™ (X D

Trrors Calenlation.

¢]

The srrors of the arcas are given in Appendix, i o

o

”

and they vere caleculated frem the accuracy of the readings
of the areas. -

The random exror of the points of the votational
lines plots vas cailculated from the error propagation

applied to che gquantity 1In ¥

s

whc—:-re, v 4 v
Y= Tguge/058 5T s “ [137]

The error of the Izné 15 the error of the

"

measured area, i.e. 3-8%, S_ is an integer, the error

of the freguency, @y, 1s negligible and the error of F
igs less than 1% (FJ 1s the rotation~vibration interaction).

The error of 1nY is A(InY) N

t ’
A{InY) = (JIn¥/IY) Y = MY) /Y [138]

where ~

M) = Y\/(>x(I)/I)2~=~(’A(l”"J)/}s‘J.)‘2 [139]

therefore , from [1387] and [139]]

AM1nY) =\/<Mx>/1)2+uw3)/zvg)‘°‘ [140]

This error was Ffound to be small and is given

t ®
»



ty

approzarately frtem the sice of che points on he gravhs,

oy

inee che rocationnil towperokyra is affectol froa the
bah temperabture ihercefore, chere is o condom acrror due
o chanyos of the rcoaction bhath temperature during a

‘\

s

run for vhich the eguacion [[137]] cannot acccunt.

1

1]

Thus, the error of the slope f£rom the lincar least

31

sgquares f£it is more suitable to give the crror of the
rotational temwperacure. *°
The intercept and the slope of the linear leoast

sguares methed are given by (D1)

[141]

int = Intercept =

i
[142]
A
The standard error of the intercept and slope is cal-

culated using the formula

1

¢ o

s w3 2y, -bx, ~int) ®
. SE(int) = [143]
(n-z)(nzx%-(xxi)z)

s

SR (h) = 5 —
V(n—Z)(nle-(le)z)

)

rotational population is

. The error of the
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IR} 3

Thevefore, the error of tho vibrational pepulation is

it

E-Nd e 5’"
-'fve)"'~“’(j\q’\

w

SIE [128]

-...tu

-

Since only radlation relamarion and the physizal zo-
moval of the enciced hydrogen {luoride aflecct the inicial

poprlations under thesc enperimental conditions, Lhe

-

x

errocs of the initial pmﬁnWatlgna,A(h ), {2) and  A(RA),

viere caleulated from the cguations: <&

WRy) =

J{ _‘“‘2"““‘".2}2 { 3 ﬂz} it
= P \J Ny ola x) - PR
" Av,umv Av,uﬁ“v P/ TV { o, T w v v” [147]

where, w-1 = v = wtl and I = A{x) x
The error of Al,G was found from the error
propagation of the equation [687]

-
MBy o) =8y o 20 (&y o) [1487]

and for the Av,'vn Erom

=l el
A (AV' ,V") = AV' ,V"‘!(AV' , " (I‘Ql)-i'Al,U

¥

The error of Rl o is  1%%.
r
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The arror ol Jha

s

rosideoron Liso in

v, was 7%, ealeulaved Dvom orror nropasacion. Tt

hovever, cl.on ags 1007 2o accoonl Zor vthoe none-lino

nonT gog

[
£

floiwr in thoe reonchlon coll,

t
¢

D1, J0W.0Mellor: "Higheor Mathomatics For Students of
Chomistry and Physics", Dover Publications,Inc.

Jth Bdition.

’4
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N o

Moredroh apd Smich and, Socowndine For Collisional

Nonceivabion by FPluoroo. wwloneg

.

N i

*Decently, more accurace values Lor che Binstein
cocfficients ol IF Dhave beon roported (x%§.ﬁi) (Table B1)

whaich differ signidicantly from the valves derived by

>

Caghion (128) (Table 11) uscd in the body of the thesis.

o

Accordingly, we calculated the values of population

ratios using the more vecent values. The population ratios
so derived {(Table E2) agrec with the valves previously

§
derived for the reactions with hvdcogen acoms (Table 4-9)

!

within experimental crror excepnt for the values Rﬁ/Rl

and R,/R, for the weactions of O atoms with crifluoroethy-
B 4
lene and 1,l-diflucroecthylena (Table B3). Using these va-

§

lues wve found a population inversion between the vibra-

~
-

cional levels v=3 and 4 in ithe 1att§r two reactions.

.

Otherwise the discussion and conclusions in the body of
the thesis are wnaltered by the new Binstein coefflci§f§§.
For consistency the new Binstein coefficients are used-

’

throughout the Tables B2 and E3. .

B )



B o = = B s

o] w g
il s
A0 ek

Zingcrin Cooslieionio o 7 diyon jn dof Wl

v 0 3 Z 3
rJI
e
1 109,32
2 23.93 3ol
’
o - -
3 1.223 5.0 L0601
o " -
‘*}: @b@dlt)") “;. 091») ..LS";’Q -L ‘“3-‘“'1{‘003

Up co thds point tho collicional deactavaticn ol P
Ly Llvoroctiylones has heon noglected. Qualitatively it
was observed, in the wanner described on page 92 for com-
paring deactivation by hydrogen and fluorocethylenc, that

che deaccivatbtion due to fluorocthylenes is about the same
. R
as argon.
*
In Table E2 population ratios derived by using de-

a

activation probability of HF by fluoroethylenes sgual to

that of Ar are recorded. These results are equal to the

results neglecting deactivation by fluoroethylene within

experimental error. Therefdre it appears that neglect of

|

collisional deactivation by the fiuoroethylenes does not
effect the results. If, however, the probability of de-

activation by fluorcethylenes is taken to be equal to

)
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sag it )

che ormpes hacndad? deacclvacion probnbilivy by ovhylonc
frol B2) vhe popuinbicon rallos ase Inwrcuged signdfi-
cagel aldhovgh Jho somo Lronds are observed. Howovon
thore o an indepoendenc reoasor Jor belioving that Lhese
popvilalions are narcalistleally hidh, The wibralional
populations of D produce’ by olimination from 1,1,1-

frafluoronchylene  (27) are sinilar te the values dezived

neglocking c¢he deactivalion of UF by Jluoroothylonns.

El. R.E.Mercdith and F.G.Smith;

J. Quant. Spectrosc. Radiat. Transfor. 13, 89, (1973).

E2, K.G.Anlauf, P,H,Dawson and J.A.lHerman; -
/

4

J. Chem. Phys. 58, 5354 (1973).

e
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Calonlnued Mibrational Populabioncs twr the Reactilons of

I Anan witn Plaoroethvilenes Unine Biastelin Coorfwcionds

iseon e Morodibh oand Sgdoh, °
D : a ) b ¢
il -
“2/1:1 R’B‘ﬁ'ﬂi‘wnﬁ v’RZ By Ty Rai’ﬁl R3,fzn:,1
1.07 Ar 19 .04l |19 041 .7 067
.33 " L2400 L0477 | .24 048 .54 .077
Fof 65 .25 .053 | .25 .054 | .73 100
0| g3 .30 051 , .31 ,053 .90+ .10l
L15 o .25 .087 | .25 .087 .33 097
620 lle 33 .071 | .33 072 | 1.08 .158
1.07 Ar .19 .039 | .19  .040 .45 .063
o .83 .25 .045 | .25  .045 .56 .075
S| .65 .27 .082 | .27 .053 | .79 .099
3. .63 m .32 .058 | .32 .059 .97 .118
) 15 v .29 ' 059 | .29  .059 .38 .067
.62 He .39 071 | .39 072 | 1.44 .179
B continued

L

a De&ctivation by fluoroethylene (FE) is neglected.

. -5
b Assumed deactivation probability by FE 1x10 .

o] 1t ~ It [14 " . " 1‘8}{10_3 .

&
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o Table 0

]

Catonlatedd Wibracional Popnlat:~us for the dcactions of

I Aboas wikh Fluoronuavione., Uning Binckein Coofllicionts

< yiven by Meredlth and Smikth.

P AN S T
ey RSN B AT O
1.07 Ar .24 .040 | .24 040 | .61 .069
.83 v .35 .084 | .35 .054 | .01 .100
o 55 .33 .04% | .33 .050 | 1.08 .103
» .
i% .63 .36 046 | .36 .047 | 1.20 .10l
.15 o .30 .067 | .30 L0867 | .40 .077
62 Ie 43,057 | .44 053 | 1.82  .160
1.07 Ar 17 .026 | .17 .026, | 239 o041
| .83 v .23 .031 | .23 .031 | .51  .050
65 .25 .031 | .25 .032 | .es  .055
f| .63 .28 .037 | .28 .038 | .79  .070
7 .15 24 068 | .24 ".0e8 | .32 .o78
.62 Ile JES .034 | .26 .035 | .73 .066

1]

¢

a Deactivation by [fluoroethylene (FE) 1s neglected.

b Assumed deactivation probability by FEBE

o "

" "

@310”5.

1.8%x107°2.
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