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THE PRIMARY PHOTOCHEMICAL - PROCESS
IN HEXAFLUOROACETONE VAPOUR

ABSTRACT

The photochemical dissociation of hexafluoroacetone
vapour (HFA) bas been studied at room temperature using
five exciting wavelengths between 2500 and 3500 X, and
at -78°, using 3130 A excitation. The effect of the
presence of biacetyl during the photolysis has been in-
vestigated. ’

Complementary experiments on the visible emission
from HFA were performed, paying particular attention to
the quenching action of oxygen and biacetyl.

Plots of reciprocal quantum yield of carbon monoxide
versus HFA pressure have either a positive and constant,
or positive and decreasing slope, down to 1 mm pressure:
there is virtually no evidence that a weak (multistage)
collision mechanism is operative in deactivation of the
excited molecules,

A simple extension of classical unimolecular theory
is examined, in order to account for observed photo-
dissociation rate constants, kg(A, T). The model
shows that Arrhenius plots of k9 (T) at constant wave~
length will not, in general, be linear, but that
upper and lower 1limits for the critical (activation)
energy, may still be obtained. For HFA, this energy
is placed between 5.7 and 8.6 kcals/mole. Agreement
in order-of-magnitude is found between calculated and
observed values of k2(T), only if it is assumed that
a fraction (rather more than half) of the normal modes
participate in intramolecular energy exchange. This
fraction has to be increased with decreasing wave-
length to explain the observed kZ()t) values. The
inadequacy of a classical treatment of the system is
recognized. '

The .emission spectrum of HFA consists of both
fluorescence and phosphorescence. Small concentra-
tions of biacetyl quench phosphorescence and triplet
dissociation. The phosphorescence to fluorescence
ratio is 2.77 at 25%and 9.95 at -78°, while the total
emission yield increases by a factory of 16.7 on de-
creasing the temperature over this range. From a
study of biacetyl emission, direct and sensitized by



HFA, it is shown that nearly 50% of HFA molecules
excitgd with 3130 A, eventually reach the triplet state
at 25 . The phosphorescence yield of HFA at -78%was
estimated to be 0.51.

At relatively high pressures, dissociation yields
are apparently greater when less energetic excitation is
used. Various modifications to the intersystem crossing
mechanism -are discussed to account for this, but no
definite conclusion can be reached.
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ABSTRACT

The photochemical dissociation of hexafluoroacetone
vapour (HFA) has been studied at room temperature using
five exciting wavelengths between 2500 and 3500 R, and at
-78°, using 3130 R excitation. The effect of the presence

of biacetyl during the photolysis has been investigated.'

Complementary experiments on the visible emission
from HFA were performed, paying particular attention to the

quenching action of oxygen and biacetyl.

Plots of reciprocal guantum yield of carbon monoxide
versus HFA pressure have either a positive and constant, or
positive and decreasing slope, downvto 1 mm pressure: there
is virtually no evidence that a weak (multistage) collision
mechanism is operative in deactivation of the excited

molecules.

A simple extension of classical unimolecular theory
is examined, in order to account for observed photo-
dissociation rate constants, kE(A., T). The model shows
that Arrhenius plots of kz(T) at constant wavelength
will not, in general, be linear, but that upper and lower
limits for the critical (activation) energy, may still be

obtained. For HFA, this energy is placed between 5.7 and
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8.6 kcals/mole. Agreement in order-of-magnitude is found
between calculated and observed valuesvof k> (T), only

if it is assumed that a fraction (rather more than half)
of the normal modes parficipate in intramolecular energy
exchange. This fraction has to be increased with de-
creasing wavelength to explain the observed k2()\) values.
The inadequacy of a cléssical treatment of the system is

recognized.

The emission spectrum of HFA consists of both
fluorescence and phosphorescence. Small concentrations
of biacetyl quench phosphorescence and triplet dissociation.
The phosphorescence to fluorescence ratio 1s 2.77 at 250
and 9.95 at -78°, while the total emission yield increases
by a factor of 16.7 on decreasing the temperature over this'
range. From a study of biacetyl emission, direct and
sensitized by HFA, it is shown that nearly 50% of HFA
molecules excited with 3130 X,’eventually reach the triplet
state at 250. The phosphorescence yield of HFA at -780

was estimated to be 0.51.

At relatively high pressures, dissociation yields
are apparently greater when less energetic excitation is
used. Various modifications to the intersystem crossing
mechanism are discussed to account for this, but no

definite conclusion can be reached.
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INTRODUCTION

From the large amount of work which has been carried
out on the photochemical behaviour of ketones in the gas-
phase, it is apparent that the absorption of light by such
molecules can give rise to a system of considerable kinetic
complexity. The Primary Process of the electronically.excited
molecules embodies, by definition, all those events which
result in eventual dissociation or return to the ground state.
The latter reactions may include loss of vibrational energy
by collision; intersystem crossing between varioué electronic
states; re-emission of radiant energy; radiationless return
to the ground state (internal conversion), and energy transfer

to other molecules.

The overall picture 1s further complicated, because
the radicals or molecules formed from a primary dissociation
may react amongst themselves, or with the parent ketone, to
glve a diversity of final products. Unless a complete account
can be given of these Secondary reactions, the magnitudes and
often even the nature, of reactions constituting the primary
proéess, are largely obscured. Thus it is with acetone, where
as many as eight pfoducts have been recognised; and except
under‘well chosen conditions, estimates of the primary
quantum yield of dissoclation are subject to large uncertain-

ties.




In only a few cases are the secondary reactions simple
enough to make it practicable to study the primary process
in detail. Notable amongst these are the perfluoro-aiiphatic

ketones, ketene, and diazomethane.

A General Scheme for the Primary Process

It is customary to illustrate the course of events in
a photo-excited molecule by meané of the Jablonski diagram
(Fig. 1). Historically, the scheme discussed here has
evolved from the early'fluorescence experiments of Sterﬁ and
Volmer (1), modified in the light of more recent spectro-
scopic knowledge, and as extensive data became available.

There have been several recent reviews (2,3,4).

The first absorption band of ketones, which generally
has a maximum‘around 2800 X, results from excitation of ohe
of the non-bonding electrons of the carbonyl oxygen into an
antibonding T orbital. The excited singlet state so
préduced is referred to, by photochemists, as ("“*) .
Description of the electronic states is often abbreviated
to S, (ground); Sq» Sz,- ....... (excited singlets); Ty, To,

.e...(excited triplets).

m
Reaction 1. The act of absorption produces a speciles lA R

where part of the excitation energy appears as excess
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vibrational energy, of which the index m is a measure. The
integrated absorption coefficient is related to the natural
(radiative) lifetime, T, , of a molecule in S1. An

approximate expression is

'CN_’_O:t
o

Emax.
T, is generally between 10 9-10"( seconds, but the
actual lifetime may be shorter, depending on the rate of

subsequent reactions of 1a.

Reaction 2. The stationary-state concentration of excited
species is so small, that they are essentially surrounded
by a heat bath of unexcitéd molecules. The excess vibra-
tional energy is rapidly dissipated by collision: 1t has
generally been assumed that one collision suffices to reduce

the excited . (YA™) molecule to low vibrational levels.

1

Igmpn A°

+ A

One may then consider all other primary reactions as

1p0,

taking place from either or both of two species, lam op
Kinetic data, at any rate are often consistent with this

oversimplification.

Reaction 3. Both 1A™ and 14° could be involved in dissocia-

tion from Sy, but in most cases there is evidence that only



T

1pm need be considered. For example, at high concentrations,
where collisional deactivation is almost complete, the pri-
mary quantum yield for dissociation ¢S may approach zero.

Further discussion of the dissociation will be deferred until

we consider reaction 9.

Reaction 4. The allowed transition Sy — Sg may or may not

be accompanied by emission of radiation. The radiationless
process - internal conversion - is visualized as involving
crossiﬁg to high vibrational levels of Sy, followed by rapid
collisional stabilization. This first-order process competes
with reaction 3, so that if ¢> is found to approach unity

at low concentrations, one need not consider internal con-
version from 'A™. The reaction 14934 can be considered
kinetically with fluorescence: it has to be included to

account for the very low fluorescence yields usually found.

The internal conversion process is not at all well
understood. If indeed it does involve the intermediate
formation of grbund state molecules with a great excess of
vibrational energy, then there would exist the possibility
of rapid decompesition of these with an activation energy
Quite different from that for reaction 3. The alternatives
have to be borne in mind, even though kinetic data may not

facilitate a distinction.
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Reactlon 5 is a fluorescent emission. Resonance fluorescence

in ketones has not been observed (YA™—3 A + hv ). The evi-
dence is that emission comes from <+A®, and often the
absorption and emission bands have a mirror image relation-
ship, with a small region of overlap that allows the 0-0
band to be placed. The fluorescence lifetime is about 10"6

seconds, and the yields often relatively insensitive to the

presence of oxygen, and to temperature.

Reactions 6, 7 and 8. Besides fluorescence there may be
another emisslion band, characterized by a much longer life-
time, énd lying at longer wavelengths. It is now well
established that this emission - phosphorescence - arises
by a transition from a metastable triplet state, T;, with

a lower energy than Sj;. The energy difference originates
from differenée in electron interaction in the two states.
Transitions involving change of multiplicity are strongly
forbidden, hence a triplet molecule (3A) has a much longer

lifetime: generally around 10™3 seconds, in these systems.

Little is known about the relative positions of
potential energy curves representing singlet and triplet
states, for even the simpleét ketones: the intersystem
crossing reaction 6 must be 1soenergetic and satisfy the
Franck-Condon principle. It would be followed by collisional

deactivation:
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igm vy 3xa Ay 30
10— 3n A 30

An important point is that the rate of singlet-triplet
transitions is greatly affected by the presence of para-
magnetic molecules such as oxygen. In a photochemical
study, this may show itseif either as an enhancement of the
rate of reaction 6, and therefore a decrease in the fluore-
scence yields, or enhancement of‘the radiationless transi-
tion 8, and a decrease in both phosphorescence and triplet
‘dissociation. In a number of simple ketones the latter
effect (phosphorescence quenching) appears to be more
important: . thus the short-lived blue emission from biacetyl
is apparently unaffected by added oxygen, whereas the long-
lived green emission is completely quenched (2). Dissocia-
tion in the oxygen-perturbed systems is diffiﬁul? to study
experimentally because of the complexity of photqfox;datibn

products.

Reaction 9. The triplet molecule, 3Ao, may be long-lived

enough to be re-energized by collision and dissocilate.
This is analagous fo thermal dissociation, and there are

important differences between reactions 3 and 9.

In the first place, if mqnochromatic radiation is
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used for excltation, the 1Am molecules dissociate from a
narrow range of high vibrational levels, and not from an
equilibrium disposition. Indeed in the simple model being
considered, any move towards thermal equilibration by
collision will, ipso factQ preclude dissociation. The
range of total vibrational energy of LTAM will depend
upon the spectral purity of the. exciting wavelength, and
the distribution of thermal energy in the ground state.
This last factor gives rise to a temperature dependence for
- reaction 3, but much smaller than that for thehthermal-like
reaction 9. On the other hand k3 will show an increase
with increasing excitation energy, whereas k9 should be

wavelength-independent.

Ariother point is that reaction 9 could be pressure
dependent in accordance with the ideas of thermal unimolécukn’

reactions, although no such effect has so far been observed.

There have been few attempts to account quantitatively
for the variation of the photodissociation constant (reaction
3) with wavelength and temperature, mainly because unam-

biguous data over a wide range hawe not been available.
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-Previous Work on Hexafluoroacetone.

The photochemical behaviour of hexafluoroacetone (HFA)
was first investigated by Steacie and his co-workers (5,6,7).
They carried out extensive photolysis using 313Q £ mono-
chromatic radiation, and a few experiments with 2640 %. The

fluorescence behaviour was studied at a number of wavelengths.

Carbon monoxide, and perfluoroethane, CEF6’ were the
only productslformed up to 25000, in equal proportions to
within the experimental error. The quantum yield of carbon
monoxide <¥Co was independent of light intensity, and at
27° decreased from‘near unity at the lowest ketone concén—
trations (7 mm), to around .07 at 100 mm. Above 200°, 4&0
was unity, almost independent of pressure. At a given
temperature, @Qo was greater at the shorteér wavelength,
whatever the ketone concentration. The general form of the

results 1is shown in Fig. 2.

The fluorescence band, with a maximum around 4200 8
was found to be unaffected in spectral distribution by
pressure, temperature, ext¢iting wavelength, or the presence
of oxygen. ‘Relative fluorescence yields (Q) increased with
increasing wavelength, tending at higher concentrations to
converge to the same value for all wavelengths (Fig. 3).
The decrease of Q with increase in temperatuﬁe was most

marked at high concentrations (Fig. 4).
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It was fairly clear that @00 was equal to the
primary dissociation yield of HFA (@). No hexafluorobiacetyl
was formed, and the overall simplicity of products ruled
out attack on HFA by any intermediate radical. This is in
sharp contrast to acetone, and one of the few cases where
direct equation of a.- measured product yield to the primary
yield can be made with reasonable certainty under all condi-

tions.

The mechanism proposed included many of the reactions

outlined in the previous section*

A + h—) 1am I,
1asm 3 Dissociation (2)
A+ 1a™ 3y 1p% 4 (3)
1p0 3 34 (4)
10 —5 A+ v (5)
1p0 5 (6)
30° —— Dissociation (8)
38° —3a (9)

It was necessary to include the two modes of
dissociation, since plots of V& V8. [A] did not show the
linearity which would be consistent with k),=0. That is,
¥ The reactions here are re-numbered for convenience.

This new numbering is adhered to throughout the remainder
of the thesis.
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including only reactions 2, 3, 5 and 6, and making theusual
stationary state assumptions:

k3 (4]
K

1/¢ =1 + (1.1)

2

The primary yield at high concentrations would then

1

tend to zero, with all AT species being collisionally

deaqtivated before having time to dissociate.

With the full mechanism, however,

k kklikg[A]
(y¥ 2 Jklkg

= +

k2+k3[A] (k4+k5+k6)(k8+k9)(k2+k3[A])

(1.2)

The limiting high concentration yield_is now non-zero, since

1Ao molecules are able to cross and

the stabilized
dissociate from the triplet state. The first term in equa-
tion 1.2 represents dissociation from the singlet state;

the second, triplet dissociation.

A note on nomenclature is perhaps required. It will be
frequently necessary to refer to the primary quantum yield
for a particular reaction. Thus ¢2 is the yield for
singlet dissociation, ¢y 1s the yield of formation of
triplet molecules, and so on. In this nomenclature, even
though reaction 8, say, were perfectly efficient in the‘
sense that all triplet molecules decomposed, ¢8 need.not

necessarily be unity.
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Superscripted 4) and ¢ indicate limiting values at

extreme concentrations, of ¢>(unscripted),the total primary
dissociation yield. @Q is a relative fluorescence yield, |

proportional to the absolute yield ¢5.

Rearranging equation 1.2, and putting

khkg

¥ = 1.
i (ku+k5+k6) (kg+kg) -3 )
1{2/1{3 + [a] (1.%)

gives %@ = N
2/k3 + ¢ [4)

The experimental data fitted equations of the form
of expression 1.&, with 1/¢ ‘being linear at low pressures
and curving off at large [A] to an upper limit. Values for

¢y?and k3/k2 were obtained using the alternative form
(equation 1.5), from linéar plots of ¢/(1-¢) vs. %/UQ:

¢ et K
- o (1.5)
1-¢ 1-¢ ky(ad(1-67 ) S
09 ; o (o]
¢ decreased from unity at 219 to about .04 at 25,

with 3130 % excitation. At the shorter wavelength, with

data much less extensive, no unequivocal parameters could

be given.

[»]
Because the low concentration limit,(? , was close

to unity under most conditions, it was not necessary to
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include internal conversion from TA™.

While the direct dissociation of 1Am showed only
a small temperature dependence, the second mode was greatly
enhanced by temperature. From the photolysis data alone
it was possible that the speciles le were themselves
dissociating. If this were the case, then at high con-
centrations, fluorescence and dissociation from 1A° would
be competing reactions, and the change in apparent activa-
tion energies of <bm and dn should be complementary.
This was not the case: the negative temperature coefficient
of Q°° was about 1 kcal/mole, constant between 250 and
200°, while that of ¢ changed from 11 kcal/mole at 25°, to
1.5 kcal/mole at 200°. Thus it was postulated that this
second mode of dissocilation occurred from another electronic
state, which by analogy with acetone would probably be the
low-1lying triplet state, even though no oxygen-quenched

emission was found.

By assuming a collision diameter of 6.0 R for the
HFA molecule, and that reaction 3 took place at every en-
counter, values for k2 were obtained at various tempera-
tures. The Arrhenius plot of these was linear, corfespbnd-
‘ing to an activation energy of 5.7 kcal/mole. However the

significance of this assignment was regarded as doubtful,
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for dissociation from the non-equilibrium ensemble.

What radicals are formed as a result of the primary
dissociation remained a matter of some doubt. Gordon (8)
has reported a thorough search for more products, in which
he found that a perfluoroether is formed at elevated -tempera-
tures:-
CFB\\\ CE.
CF3. + CF3COCF3-—$ cp QOCF3 —3 (CF3)3C-O-CF

3 3

Fortunately this secondary reaction does not affect the
carbon monoxide ylield as a measure of the primary dissocia-

tion yield.

Tucker and Whittle (9) have shown that the presence
of bromine during photolysis gives >CFBCOBr, and almost no
CO. This could mean that CFSCO- is an intermediate, but
can equally well be interpreted in terms of attack on ex-
cited HFA by Brz. Such behaviour is shown in the photo-
oxidation (10), where ﬁfa,z is much greater than 4500

under the same conditions in the absence of oxygen.

If CFECO. radicals do play a part, then one might
expect CF3COCOCF3 (HFBA) to be formed. A search for this

product in particular has not been made, since it has only
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recently been prepared (11). A noteworthy point is that
HFBA itself apparently photolyses in the gas phase, to give
only C,Fg and CO in the ratio 1:2, but no HFA (12).

Related Studies

(i) Stepwise Deactivation: Ketene.

Ketene is another of the ketones whose overall
photochemistry is simple enough for the primary process to
be investigated in some detail. Briéfly, it has been
established that the quantum yield of carbon monoxide is
equalvto twice the primary dissociation yield. The reaction
scheme 1s somewhat simpler than for HFA, with no evidence
for the participafion of a triplet state. Plots of ‘1/¢
vs. concentration are linear up to the highest pressures
studied. Reaction 5 (page 5) may not occur, aé no fluore-

scence has been observed.

Connelly and Porter (13) considered the effect on ¢
if more than one collision were required for complete
deactivation. They assumed that a constant amount of vib-

rational energy was removed per collision from 1Mn,

the
excited ketene molecule initially produced, and that each
partially deactivated species (*MJ) could dissociate, until

a certain vibrational level (m) was reached, when the
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Fig. 2. Quantum yields of carbon monoxide in the photolysis
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molecule could no longer dissociate:

ko[ M - k. [ml k
M T N T SN R LN W
\ n ,n—l |
ke\ ~kL2 /k2
Products

Indices m, n and J are measures of vibrational energy in

deactivation

units of the energy lost per collision.

Application of steady-state assumptions for all in-

termediate specles gave the equation:

, 1
g -1 I] | —— @.6)

i=m+1 =
[M]

Where aj = k:g/k . Expression 1.6 compares with the single-
3

stage deactivation relationship, equation 1.1, above.

To construct theoretical curves in accordance with
equation 1.6 required further assumptions that the form of

k% was given by a Rice-Kassel-Ramsberger (14,15,16) type of

e \5
K3 =\)<1.— — (1.7)

expression:
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6m and €i are vibrational energies associated with states
m and i (i.e. €, is the activation energy). VvV is a
frequency factor, and S 1is the number of non-degenerate
vibrational modes of the molecule. Definitions of VYV and
S, and the values to be assigned, vary from author to author,

but the form of equation 1.7 is common.

Plotting 1/g vs. [M] then gave curves which were comr
cave upwards at low pressures, and became linear at higher
pressures (Fig. 5). Values for QJ% and S were reasonably

assumed.

If triplet participation were included, then the

modified expression was

n
o 1
g = 1-(1-¢ )ﬂ o (1.8)
m+1 =
03

with 1/@ vs.[M] now sigmoid in shape (Fig. 6).

Precise measurements were subsequently made on the
primary dissociation yield of ketene in lower pressure re-
gions (17). These did not,however,reveal any curvature in
1/¢ vs.[M]. From this it was tentatively concluded that not
more than about three collisions were required to deactivate

the molecule.
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The work of Wilson, Noble and Lee (18) dealt essen-
tially with this same idealized model, and considered whether
fluorescence measurements would be helpful in iﬁvestigating
the collision process. Similar conclusions were reached,
namely that precise data at low pressures would be required

to distinguish between a strong and a weak process.

(ii) The Vibrational Temperature Concept.

A somewhat different approach to the problem of
collisional deactivation has been taken by Boudart and his
collaborators (19,20). Observations on the increase of
relative fluorescence yields of f3—naphthy1amine in the
presence of foreign gases, led to values for the éverage
amount of energy transferred from the fluorescent molecule
by collision. For example, using exciting wavelength of
2652 %, the excess vibrational energy, OAE, of B-naphthylamine

was about 10,000 cm™l: of this, it was calculated that 7O
1

em * were lost per collision with Hy, 550 em ' with CO,, and

2’
1240 cm ' with CeH
5712
Derivation of these values pivoted around the hypothesis

that AE could be related to a vibrational temperature:

AE

T"“? _ - (1.9)

vib



- 20 -

S~

Fig. 5. Calculated
uantum yields using
3a strong collisions,
b weak collisions.
(Porter and
Connelly).

M

Fig. 6. Calculated quantum yields including triplet
dissociation, for a weak collision model
(Porter and Connelly). :
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with AE = h(va -V ). (1.10)

0

T 1is the ambient temperature, Cvib the vibrational heat

capacity, Vg ; the exciting frequency, and V the height

o
of the lowest vibrational levels of the electronically

excited molecule above the ground state.

The deactivation mechanism resembled the ketene case
considered above, with an excited 1Mj molecule being
cascaded down the vibrational scale by collisions with a
foreign molecule X. The competing unimolecular processes

at each stage were fluorescence and internal conversion:

AM*"'
hv n Xk, [X] 1 1 0 K¢
M a_yly G R S . Mj ...... Y
/ l N \\\\\9
k X Kk k K
¥ R £ £y £ o
M Mrhv m* MLV |
inactive

Associated with each intermediate ~MJ was a vib-
rational temperature Tgib and a lifetime ’Ej. Thesé two
parameters were-related by a smooth curve obtained from
quenching data at a number of wavelengths. Loss of vibra-
tional energy would increase the lifetime of an excited
molecule and account for the enhancement of relative
fluorescence yield, Q, with increasing amounts of inert gas.

The scheme gave an explicit but complicated relationship:
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Q = (T, ks, [x]) (1.11)
which reduced to

dQ ‘( n-1 n
= K, (T ~T )~ .
alxl 3 ) (2.12)

n n
Tvib and hence | were evaluated using equations 1.9 and
1.10, so that observations of the initial slope of @ vs[X]
plots allowed an estimate to be made of E, the energy

lost per collision:
_ n - mi~l1
E Cyib (Tyib = Tyip)-

The use of the vibrational temperature concept in this
way has provoked some comment (20). By definition, a
temperature is assigned to a group of molecules in a canoni-
cal ensemble (i.e. thermally equilibrated). Such a
distribution is itself the result of continual collisional
encounters, so there is some doubt about the validity of
applying equation 1.9 to molecules which have still to

undergo intermolecular energy relaxation by collision.

Rapid intramolecular energy redistribution (which
may make 1t allowable to define some sort of internal
"temperature" of the vibrators within a molecule), is quite
a distinct problem, and closely allied to the rate of

spontaneous dissociation.



_23_
(11i) Excitation by Non-Photochemical Technigques.

It has been poésible to study the kinetics of complex
molecules with a large excess of vibrational energy using
methods of excitation other than irradiation in the néar
ultraviolet region. Mass spectrometry has been used to
investigate the unimolecular dissééiation of molecule-ions
produced either by photo-ionization (21) or electron impact
(22). Much attention has been given, for example, to the

photoionization of alkanes.

hvy

+
C,H — C,Hs ———) fragmentation
276 " 1000 % 2"

Unlike the photochemical case, concentrations are

2

small enough ( ~/ 10 © mm) for the competing collisional

process to play no important part.

Such studies were largely stimulated by the quasi-
equilibrium theory (23), broadly analogous to the transition-
state theory in conventional kinetics. The vibrational
energy (E to E+DE) of the molecule-ion is poStulated to
be rapidly randomized amongst the various degfees of freedom,
by numerous radiationless transitions between a large number
of potential surfaces (electronic states). If the ion con-

sists of N 1loosely coupled harmonic oscillators, frequency
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V,, and the activated complex N-1 oscillators, Vj ; then

specific rate constant for dissociation is

N

N-1
_(E —eo) 9 N-1
k(E) ( - ﬂ v/ ij (1.13)
i=1 |
3=1

Here €, 1s the potential energy of the activated complex -
the activation energy. The quasi-equilibrium theory also
led to a more detailed expression taking into account internal

rotations.

Equation 1.13 is formally analogous to the RKR (page
17) and Slater (2U4) expressions, but whereas these started
with the premise that dissociation was from a thermally-
equlilibrated population, the guasi-equilibrium théory_assumes~
an initlal microcanonical ensemble. It is noteworthy that
such similar forms for k{E) have resulted from considering

completely different models.

The original form of the quasi-equilibrium théory
1érgely failed to account for the observed rate constants,
especially at low excitation energies, unless an arbitrary
fraction of the total number of oscillators be employed.

This has been taken to mean that complete randomization of
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of the excess energy does not occur. (Apparent non-
participation of every normal mode is of course a familiar

problem in many thermal dissociations).

A more recent treatment (25) has shown that some of
the difficulties are resolved if the unimolecular formulation

of Marcus is used (26,27).

Rabinovitch and his collaborators have done extensive
investigations on both decomposition and collisiqnal stabiliza-~
tion of radicals and molecules, produced by chemical reaction
with a large excess of vibrational energy (28,29,49). Thus
the sec. butyl radical formed by addition of a hydrogen atom
to cis-butene has h5 kcal/mole of excess energy. Subsequent
competition between dissociation (D) and stabilization (s)
of the hot radicals was studied by measuring the relative
amounts of products formed by the two reactions. The theo;e-

tical expression for the observed dissociation constant, ka

| x (E)
> Jkmes T
k, = W.- = ) (1.14)

a S w__ T(E)AE
J/?(E)+u>

where W 1is the second-order constant for stabilization.

was

f(E) 1s the calculated energy distribution function for the
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excited radicals. The model predicted that an increase in

k at low pressures would be evident if energy was lost by

a
a weak, rather than a strong, collision_process. No such
increase was observed down to .005 mm pressure, and it was
concluded that deactiﬁation occurred in large steps of at
least 11 kcal/mole per collision. Rate constants, and their
energy dependence, were calculated according to the Marcus
theory, using a quantum statistical formulation for f(E).

Such calculations have generally given a very fair measure

of agreement with observed values in such systems.

The hypotheses and results of work done in these re-
lated fields bear closely on the problems involved in under-

standing photochemical dissociation.

(iv) Transfer of Electronic Energy.

The transfer of electronic energy from one excited
ketone (or aromatic hydrocarbon) to a second is now a well-
established phenomenon. One example taken at random, 1is the
sensitization of biacetyl (short-lived) fluorescence by
benzene, in oxygenated cyclohexane solution (30).

3130 8 A,
CeHe - (C6H6) —_— (Acz) +  CcHg
\* \’

C6H6 + hv A02 + hv
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The benzene fluorescence is sharply quenched in the presence
of even a small amount of biacetyl. Oxygen is necessary in
this case to quench any triplet species: the long lived

phosphorescence from triplet biacetyl would completely mask

the fluorescence.

Inter-triplet energy transfer is also common and has
been reported for many donor-acceptor pairs over a wide
variety of conditions. The energetic requirement is that
the acceptor triplet state be lower than that of the donor.
Biacetyl i1s freqﬁeqtly used as an acceptor, chiefly because
of the high yield of emission from its triplet state, observ-.
able even in solution, and also because biacetyl itself does
not absorb appreciably at the most convenient mercury line
(3130 f). Flash photolysis techniques have enabled energy
transfer to be studied by measuring the triplet absorption
spectrum of both donor and acceptor, even in the absence of

emission.

The value of this phenomenon to studies of the primary
process in gases is considerable, for in principle it allows
one to investigate either triplet or singlet reactions selec-
tively. Hitherto there have been few attempts to measure
primafy dissociation yields under such conditions, but there

are a number of instances where change in emission yields of
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a doﬁer ketone have been observed in the presence of biacetyl.
An important point in a given case is whether singlet-singlet
or triplet-~triplet transfer 1s the major reaction. This can
be decided, for example, by measuring relative yields of
emission from a constant concentration of donor, with in-
creasing concentrations of biacetyl. In the case of triplet-
triplet interaction only,'the donor yield decreases up to a
certain concentration of biacetyl and then remains constant
when only singlet-emission remains. This is the case for
acetone-biacetyl (32,33), and 3-pentanone—biacetyl (34).
Where ne inter-triplet exchange is observed (e.g. in
2-pentanone-biacetyl (35)), it is doubtful whether the
triplet state plays any appreciable part in the primary

process of the donor molecules.

The Purpose of this Investigation

Although the ketene exberiments described above had
not revealed evidence for a multistage deactivation process,
the situation with HFA was more promising, because the. data
of Ayscough and Steacie showed that 1/¢ vs[A] plots extra-
polated back to well below unity at zero pressure, at both
wavelengths studied. It was therefore decided to make more
precise measurements of the primary quantum yield at lower

pressures, and hence detect ahy curvature in these plots,
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from which details of the collisional process could be
elucidated. This would require drastic assumptions about
the competing rate of decomposition, on the basis of existing

unimolecular theories.

On the other hand, if it were found that complete
deactivation -apparently occurred at every collision, then
by using a number of different exciting wavelengths, an
attempt could be made to correlate the observed rate con-
stants, kz()\,T), and assign an activation energy. Further-
more the simplicity of the products might allow complémentary
studies to be made of both dissociation and sensitized

emission, from HFA-biacetyl mixtures under suitable conditions.

It was felt that evidence for triplet state partici-
pation in the photolysis of HFA would be more convincing
if phosphorescence were to beﬂobserved. This'might be re-
cognized by working at low temperatures (e.g. -780), where
thermal dissociation of the triplet state should be'completely

suppressed.
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EXPERIMENTAL ARRANGEMENT AND PROCEDURE

Materials.

Starting materials and products were manipulated in
a conventional all-glass vacuum system, evacuated by a
standard oll pump and a single-stage mercury diffusion pump.

Stopcocks were greased with Apiezon L.

Hexafluoroacetone hydrate, supplied by Merck (Canada),
was'dehydrated in vacuo, by passing it through phosphorus.
pentoxide: unchanged hydrate was condensed out by two dry-
ice traps, and the ketone collected in a liquid nitrogen '
trap. The hydrate was re-circulated a number of times.‘

The IR spectrum of a sample of the ketone thus prepared
showed no band in the —OH region. It was stored in a
blackened 5-litre bulb, and samples used were outgassed by
two trap-to-trap distillations and then pumping on the ketone
at -196° for one hour. With larger samples (i.e. for a

run at higher pressure), reproducible results could only be
obtained by outgassing for about one hour in a LeRoy-Ward
still (36) at -125°: the ketone being subsequently collected
at -110°. TLater in the work, HFA gas supplied in a cylinder
by Allied Chemicals became available: this was subjected

to a similar LeRoy-Ward fractionation before irradiation,

and gave essentially the same results.
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Eastman-Kodak biacetyl was fractionally distilled on

the vacuum line and a middle fraction taken for use.'

Oxygen was prepared by heating AR potassium perman-

ganate and used without further purification.

Initial pressures of reactants were measured with a
mercury manometer. For pressures of HFA below 1 cm Hg a
pump-0il manometer proved reliable, and did not appear to

absorb the gas.

Optical Arrangement.

For photolyses at wavelengths shorter than 2850 R
a mercury-argon compact arc was employed (Hanovia D517-A).
At longer wavelengths the B.T.H. Type ME-D medium pressure
mercury lamp was satisfactory. The output from both of
these lamps underwent rapid fluctuations of up to 5%,
about a mean value, but was approximately constant over
the period of a run: since simultaneous actinometry was
always performed, this was a matter of convenience rather

than necessity.

The particular source in use was focussed by a quartz
lens on to the entrance slit (1 mm) of a diffraction grating
monochromator (previously constructed in this laboratory).
The divergent iight emergent from‘the exit slit (1 mm)

was focussed to a parallel beam 1 cm in diameter, which
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passed through a Corning 9863 glass filter, along the axis
of the reaction cell, and on to the actinometer, without
touching any of the side walls (Fig. 7). In this way no
light was lost by edge effects. Since the quantum yield
measured was intensity independent, steady-state assumptions

were not violated by light not filling the cell(37).

The spectral characteristics of the hmonochromatic"
radiation used in photolysis were ascertained using a
second (Bausch and Lomb) grating monochromator, placed at
the exit slit of the first. Emergent light from this
analyser fell on to an RCA 935 photocell in conjunction
with a 2OOO/QV recorder. The line shapes are summarized
in Fig. §. The half-widths could only be bettered at the
expense of considerable intensity, and this 1ast factor
determined the practicability of quantitative photolysis

under most conditions.

Reaction Cells.

Cylindrical reaction vessels were of pyrex, with
guartz windows whose transmission properties at various
wavelengths had been measured before attachment to the cell
with 'Araldite' resin cement. Four cells, each fitted with
a side-arm for condensation, were constructed, with dimensims

4 and 122 cms length (2 cms diameter); 1U4 and 46 cms length
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(4 cms diameter). The 4 cm cell was T-shaped with a third

guartz window through which emission could be recorded.

For runs at room temperature, these cells were.simply
blackened on the outside and used without further thermo-
statting. The earlier work (5) on HFA had shown that the
quantum yield was not very sensitive to the T 1.50 tempera-
ture variations which occurred in the room. For work at
-780, after seﬁeral unsuccessful attempts to use a flow
system for cooling, the reaction cell (Fig.'Y), with eva-
cuated guard tubes on either end, was enclosed in an aluminium
casing insulated by a 1 cm layer of paraffin wax and 2 cms
of "Polyfoam" foam plastic. The casing could be filled with
pulverized dry-ice, which was frequently stirred and topped
up during the course of a run to ensure continued thermal
contact with the cell walls. The resin cement with which

the cell windows were affixed remained efficient at this

temperature.

Gas Analysis.

The contents of the reaction cell at the end of a run
were allowed to flow through two successive traps at ~196°
(1iquid N2). These condensed out CZF6 and unchanged HFA,

and carbon monoxide was measured as the only non-condensable
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product, on a calibrated McLeod-Toepler gauge. One re-
evaporation of the condensed products was necessary to
release occluded CO. In one run the non-condensable product
was dosed into the silica-gel column of a Perkin-Elmer 104
gas chromatograph. The CO peak was identified as constitut-

ing more than 99% of the product.

Actinometry.

The potassium ferrioxalate actinometer of Hatchard
and Parker (38) was used for all quantitative runs. The
quartz actinometer cell, diameter 4 cm, depth 1 cm, was
placed immediately behind the reaction vessel. Optical
densities of exposed and developed solutions were deter-
mined on a previously calibrated Unicam 500 spectrophoto-
meter, at 510 qp . The usual blank correction was made
with unexposed solution, and significant mis-matching of

spectrophotometer cells was also taken into account.

Measurement of Absorption Coefficients.

Before commencing photolysis at a particular wave-
length, the absorption of the ketone at that‘wavelength was
measured, over the range of pressures to be studied, using
the photocell and recorder. HFA could be almost instantan-
eously frozen down in the side-arm of the cell, so that suc-

cessive recorder readings Ii(cell full), It(cell empty) were
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made rapidly enough to minimise errors due to fluctuation of
lamp intensity. A mean of several such determinations was

taken at each pressure.

Where the absorption of the gas in the cell to be
used for photolysis was greater than about 7%, this could
be accurately determined by the method described. For
_ smallér absorptions - generally at gas pressures below
10 mm - a longer cell was used, and a Lamberts-Law extra-
polation invoked for subsequent quantum yield determinations.

The validity of this is discussed below (pagegl ).

Reflection Corrections.

If all reflection and absorption by reaction vessel
and actinometer cell windows i$: neglected, there is intro-
duced an error of about 20% in an experimental quantum
yield. Corrections must be made with great care to eliminate

this effect (39).

For a quartz window, the fraction ol of a beam,
reflected at each interface, can be calculated from the
refractive index for any wavelength. The theoretical trans-
mission may then be compared with the experimentally detef-
mined transmission to see 1if P , the fraction of a beam

absorbed by a window is appreciably non-zero.



For the full correction, we have to find the total
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light absorbed (Ia), knowing both the total light trans-

mitted into the actinometer solution (Fig. 10), and § ,

the fraction absorbed by HFA during a single passage of

the beam.
Xt o ,?( dﬂvvsé of\—\/"“
PL P'
I, <
\\\\
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Fig. 10.

Reflection at quartz windows.
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Thus, using the value of ol appropriate to 3130 &,

the correct relationship is

1.17 % Iy
I, = I;+I tIgtIotIg = —

a 3 = [1 + 0.14(1-% )] (2.1)

It was found,.that vF. and Fl only had appreciable
values ( ~1.5%) at the shortest wavelength, 2652 2. This
was allowed for by a further small correction in equation

2.1.

Fluorescence Spectroscopy.

Fig. 8 shows the arrangement used for observing
emission spectra. With the lamp-monochromator combination
used in photolysis, it was difficult to obtain a suitably
steady exciting intensity: this was overcome by using the
more compact Bausch and Lomb grating monochromator with an
Osram HB200 medium pressure source, which could be moved

much closer to the cell.

Approximately parallel incident radiation passed
through the cell, whose T-arm faced the entrance slit of a
Hilger £/4.4 D285 spectrometer, with glass optics. Fluore-
scent light emergent from the spectrometer fell on to an
RCA 7265 photomultiplier tube. Emission spectra could be

recorded from 7000 - 3800 8 by means of an automatic scan
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which took about six minutes. (Hence the need for a steady
exciting intensity over this time). The spectrometer slit

widths were kept constant at 750/~ for all spectra.

When it was desired to make quantitative comparisons
of total emission (e.g. before and after adding oxygen),
the cell was not moved in between scans. Corrections were
applied for variation in spectral response of both photocell
and photomultiplier. Allowance was also made for variation
in the disperSioﬁ of the D285 spectrometer over the wave-
lengths recorded. The manufacturers specifications were

used in considering these corrections.

A photographic method, using Kodak 103F plates and a
small Hilger f/8 D182 spectrometer gave essentlally the same

spectra.
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Spectral characteristics of the wavelengths used for
photolysis. Relative intensities have no significance.



..)41..
RESULTS

Absorption.

Table 1 lists the mean molar absorption coefficients,
found by measuring the percent‘transmission over a range of
pressures, by the method described above. In general, unless
the absorption coefficient € is truly constant over the
spectral width of the exciting radiation, neither Beer's nor
Lambert's Laws can be expected to hold exactly (37). A
structured absorption spectrum in the region of excitation

could lead to quite marked deviatlons.

Fig. 12 shows the first absorption band of HFA.
The apparent lack of structure could indicate either a true
continuum, or a superposition of many vibration-rotation
lines. The former is perhaps unlikely, since it carries
the implication of direct transition to a repulsive upper
state, in which case the quantum yield would most likely

be independent of exciting wavelength.

However, for pressures below 10 mm no deviations from
Beer's Law were observed at any wavelength. We may thus
reasonably assume that Lambert's Law will also hold for this
pressure range. On this basis, the fractional absorptions,
K , under photolysis conditions at low pressures were

calculated, from values at similar pressures, but measured
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in a longer cell.

In an intermediate pressure range, where measurements
could be made at several path lengths, Lambert's Law was
indeed found to hold. In fact, at 3340, 3130 and 2652 R;
Beer's Law was also obeyed up to the highest pressures
studied. Small high-pressure deviations at 3020 and 2804 R
did not introduce any error, since the absorption was

measured directly, rather than by extrapolation.

These points are illustrated by a typical case,
(Fig. 11) where the absorption of 1 cm length of gas has
been calculated from values obtained using cells of various

'1ength.

Photolysis at 25°.

The exposure time for a run at room temperature
varied from 15 minutes to 27 hours, and was generally
around 2 hours. At low absorptions, this time was determined
by the minimum amount of CO which could be measured on the
McLeod gauge ( ~0.8 x 10™[ moles). At high absorptions,
the smallest amount of transmitted radiation which could be
recorded with a developed actinometer solution determined
the exposure time. In all runs, less than 2% of the HFA

was decomposed.
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The parameters measured in each run could be easily

combined to give %(0:

Optical Density BIt - __Eguation 2.1 \Ia Einsteins
Actinometer . 4 absorbed
Einsteins
transmitted
2 \ _*
PV ecm® ——> x moles CO ? 4%0— — (moles/

I, Einstein)
McLeod gauge

The results are presented in Tables 2, 3, 5, 6, and 7.

Low Temperature Photolysis.

A measured pressure of HFA was_dosed into the low
temperature cell before it was cooled. After adding the
dry-ice, the gas was allowed to cool 20-30 minutes before
exposure. About 4 hours irradiation then gave a minimum
amount of CO. The analysis involved transferring the cell
contents at -780 to liquid nitrogen traps through connecting

tubing at room temperature.

It was noted that a thermocouple, suspended at the
axis of the cooled cell registered only -60° eventually,
even when the cell was filled with air. This may have been
due to heat conduction along the thermocouple wires, but
uncertainty in the exact temperature during the runs must

be borne in mind as a possiblé source of error.
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Table 4 shows the CO ylelds at this temperature: the
range of concentration is limited by the S.V.P. of HFA at

-78° (about 30 mm).

Photolysis of HFA-biacetyl mixtures.

Measured samples of HFA and biacetyl were outgassed
and dosed into the reaction cell separately. Bilacetyl
pressures were arbitrary between 0.2 - 0.4 mm, and 15
minutes allowed for mixing before exposure. The presence
of a trace of biacetyl dld not affect the absorption of
HFA, while the absorption of .biacetyl itself was negligible
for HFA pressures above 3 mm (3130 ) and 10 mm (3030 R).

Table 8 lists the quantum yields.

Reliability of the Photolysis Data.

Experimental quantum yields are notoriously prone

to large random and systematic errors.

Chief sources of ranaom error were in measuring
optical density, and in reading manometers and the McLeod
gauge. In the method used here, temperature fluctuations
would also constitute a random error, but absorption

measurements, taken from a smoothed curve, would not.
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These random errors are fairly reflected in the
scatter of points on 178 vs. [A] plots (e.g. Fig. 18),
and at low pressures amount to about *2%. At higher
pressures the scatter is larger, ~ *10%. This is
partially due to the fact that @ is more sensitive to

temperature fluctuations in this region.

The fact (page 63 ) that 1/8 vs. [A] plots extrapolate
back to give @° = 1.00 T .03, at the three shortest wave-
lengths, is some indication that no large systematic errors
have appeared. This is readily apparent from the discussion
on page b] . The point is that a value of @°, constant
at several short wavelengths, of Significantly different
from unity, would definitely suggest systematic error.

That this is not the case is consistent with accurate values
for (a) reflection corrections, (b) the literature value
for the quantum yield of potassium ferrioxalate, (c¢) absorp-
tion coefficients under the experimental conditiqns,

(d) calibration factors for the spectrophotometer and

various pressure gauges.

Emission Spectra: Hexafluorocacetone.

Typical emission traces as recorded are reproduced

in Figs. 15,.16 and 17.
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The band at 25° extends from below 3800 & (lower
limit, glass prism spectrometer), to at least 7000 X
(upper 1imit, photomultiplier sensitivity), with a broad
maximum between 4500 and 4900 8. Addition of a few mm of
oxygen decreases the intensity considerably, and shifts
the maximﬁm to shorter wavelengths. No further changes
occur on introducing more oxygen: it is probably that
much less oxygen than was actually used completes the
quenching. Several spectra were taken with ketone pressures
. between 30 and 150 mm: their form was essentially the same

over this range.

The effect of oxygen is even more marked at -78°

(Fig. 17).

Runs 1, 2 and 3 of Table 9 show relative magnitudes
of the integrated intensities, found by measuring the area
A , under the appropriate curves after correcting for in-

strumental sensitivity (c.f. Fig. 33 page lo§).

Emission Spectra: HFA-Biacetyl Mixtures.

It was found that irradiation of HFA at 25° with
3130 R, in the presence of small concentrations of biacetyl
sensitized the strong, characteristic green emission from

biacetyl. Fig. 13 shows the spectrum, taken under conditions
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where dissociation measurements were also made. Because
of the low concentrations used, the emission intensity
was comparitively weak, and could only Jjust be recorded

above background radiation.

In Fig. 14, where much larger concentrations were
used, the short wavelength end of the band could be examined
more closely. It is seen that the biacetyl emission is

followed by a much weaker tail extending to 3800 g.

In run 4, Table 9, the concentrations of each
component were such that the mixture absorbed radiation to
the same extent at 3130 8 (due to HFA) as at 4358 R (due
to biacetyl). Hence the direct and sensitized bilacetyl

emission intensities (4800-70008) could be compared.

A comparison was also made (run 5) of the total HFA
emission, with that of biacetyl emission sensitized by the

same sample.
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Table 1. Mean molar absorption coefflclents at the wavelengths
used in photolysis, at 25

)\(8) E(litre mole—lcm"l)
3340 2.27
| 13130 (25°) | 6.93 |
S 3130 (-78°) - 6.28
| 3020 7.5
2804 5.
2652: 3.10

o.‘—

| ! | |
2200 )i 2600 3000 3400 - 3800

Fig. 12. Absorption band of HFA measured on CARY 14 uUv
spectrograph. The baseline was taken with the
ketone frozen down in the cell. [A] =< 100 mm;
25 ; 10 cm path.
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TABLE 2

Photolysis of HFA at 3340 R

Cell Length 41.6 cms; Temperature 25°C

Run No. HFA ?snr:ﬁe'_r‘lj‘?)r'ation éCo
1hh 15.7 .210
145 22.5 .202
146 3.8 ” .213
147 8.2 .200
143 3.6 .227
149 3.0 .223
150 12.6 .196
151 1.85 .25
152 5.4 .238
153 5.6 .220
154 1.25 .293




...51..

TABLE 3

Photolysis of HFA at 3130 R

Cell Length 1U4.47 cm (pressures below 80 mm)

.1 c¢m (higher pressures)

Temperature 25°C

1—-li\rlc;m Conc}eirl:ﬁration (—P | Ri\llg. Concggﬁration @
(mm) Co (mm) co .

43 h.7 .562|| 228 22.3 .30k
by 10.3 L) 22k 32.7 -319
45 8.5 L4531 221 4.0 .280

Ry 1.5 .70k4}| 225 54%.9 .265
L8 .1 .610|| 222 68.7 .264
b9 0.73 .7691] 257 127.7 .189
50 5.95 55041 259 152.5 -217
51 8.6 470|261 170.0 216
52 6.1 .513 || 262 129.5 .151
53 1.7 .7191| 263 119.0 ‘.192
5k 15.0 Loz || 264 126.0 .200
56 14.5 407|265 98.5 .195
57 2.05 .6U1 2654 112.5 .189
58 11.2 113
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TABLE U4

Photolysis of HFA at 3130 &

Cell Length 16 cms; Temperature -78°C

Run No.. HFA
Concentration
(mm Hg at 25°C) 420
232 14.8 .0403
235 13.2 .0410
236 10.0 L0614
237 20.0 .0273
238 5.15 .1136

239 18.0 .0296
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TABLE 5

Photolysis of HFA at 3020 R

Cell Length 14.47 cm; Temperature 25°C

fun T Concengggtion éb

mm He co
127 .65 .862
128 2.85 746
129 1.10 .885
130 1.70 .833
131 2.35 .807
132 3.4 .719
133 L. 75 671
134 6.35 571
135 7.8 571
136 9.85 541
137 12.85 470
138 5.75 .610
140 14.6 457
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TABLE 6

Photolysis of HFA at .2804 %

Cell Length: U41.6 cms (pressures below 20 mm)

14.47 cms (higher pressures)

Temperature: 2500

ﬁg? Conceggﬁation é§ fun Concggﬁration d?

(mm Hg) co (mm Hg) co
160 2.70 .017|| 171 12.6 .662
161 1.05 .990|| 172 10.3 .135
162 1.55 1.00 || 173 10.1 .709
163 7.45 JTUL|| 1Th 15.6 .578
165 3.60 87711 175 13.6 61
166 2.10 943l 1754 18.7 .529
167 .72 971}l 198 51.5 .35
168 4.90 .840|| 200 40.6 Ao
169 5.90 .813|| 201 29.5 451
170 8.90 JJ1h) 202 69.7 .314




Photolysis of HFA at 2652 R

Cell Length: U41.6 cm (pressures below 2
14.47 cm (higher pressures
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TABLE 7

Temperature 2500

mm )

l;{\rgn Concgﬁration ¢ ﬁgn Concggﬁration @
(mm Hg) o (mm Hg) co

176 3.60 1826|194 L6. 4 .337
177 8.70 .719([195 62.7 275
178 12.9 6251196 - 87.6 205
179 1.63 .909|(197 121.4 .160
181 5.85 .8o7|f270 126.7 .189
182 15.8 b1kj272 14.6 .685
183 2.60 8772724 69.0 .305
184 9.95 .719|1273 150.5 .153
185 1.57 926|274 145.0 .180
186 b.3 8551275 133.0 .193
187 22.9 Jlgoll276 163.0 173
189 11.1 JJ1bl{277 195.4 J1h7
190 6.85 75

191 18.5 .54

192 12.6 671

193 | 20.0 .556




TABLE 8

Photolysis of HFA/Biacetyl Mixtures

Cell Length 14.47 cms;

Temperature 25°C

Concentration Biacetyl: ~~ 0.3 mm Hg

() 3130 R (b) 3020 3
Run HFA @ Run HFA @
No. | C trati No. |C trati
'O Ot‘lc(renl’nl1 ?{g )101’1 co o) onc%nnmr.'aH;c;n co
59 11.3 .208{f 155 9.15 .373
60 8.00 | .265|| 156 11.7 .316
61 5.50 |.332[ 157 17.2 .230
63 4.80 |.389] 158 14.0 .283
68 3.75 | .457| 159 15.7 .24y
70 11.0 217
71 6.7 315
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l

L I ' I T
000 Ssoo booo &Soo

wa.vde,njth ()

Fig. 13. (a) Emission from 3.0 mm HFA + 0.3 mm biacetyl.
X=3130 R; T=25°. ,

(b) Gases frozen down; background radiation
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'F‘ig. 14, Emission from 70 mm HFA + 13 ’mm biacetyl. Relative intensity

of Eb; has been'ingreased by a factor of 9 compared with that
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Emission spectrum of HFA at 25° using 3130 R excitation.

Fig. 15.

a
b

110 mm HFA alone.
After adding 1.9 mm O

X

- 6C -
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3800 _4000 5000 6000 7000 -
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) Fig. 16. Emission spectru HFA vapour (30 mm) at (a) -78° (b) 259,

excited by 3130

R

The_relative intensity of (a) has been

reduced by a factor of 1/2 compared with that of (b
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Fig. 17. Emission spectrum of HFA vapour at 78 using 3130 2 exc:1tat10n
(a) 30 mm HFA alone
(b) after adding 0.87 mm O,
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Run | System ™°c|  A)/AE)

1A HFA (110 mm) 25 3.77
B "+ 02(1.9 mm )

2 A HFA (30 mm) ~-78 10.95
B o+ 02(0.9 mm ) |

3 A HFA (30 mm) -78 15.38
B " 25

) HFA (33 mm); biacetyl 25 - 0.2k

(1%.7 mm)

B "

5 A HFA (33 mm) 25 0.50
B " + bpiacetyl (2 mm)

Table 9. Comparative emission intensities from HFA
vapor, and the effect of biacetyl and oxygen.
3130 % radiation was used for excitation, except

in run 4B (4358 R)
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COLLISIONAL DEACTIVATION AND DISSOCIATION

General Observations.

We use the mechanism of Ayscough and Steacie (equation
1.4) as a basis for discussion, and plot at each wavelength,
reciprocal quantum yield of CO as a.function of HFA con-
centration [A)}. It will be taken as an established fact
that 4ko= qb , the primary dissociation yield. The plots

are shown in Figs. 18 to 22.

Immediate observations can be summarized:
(1) @° is very close to unity at all wavelengths, with the
possible exception of 33MO X, where no reliable extrapolation
can be made. Even at —780, ¢° cannot differ greatly from

one.

(i1) At 33&072, 1/é rises to an upper limit of around

5.0, above 10 mm pressure. At'3 successively shorter wave-
lengths, l/ﬁ apparently increases linearly at the start, but
falls off at higher pressures. At 3130 &, 25°, the high
pressuré limit is also about 5, approached at pressures
above 100 mm. Curvature of the plots for 2804 and 3020 §

is readily apparent, although the high~pressure limit was

not reached at these wavelengths.
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(1i1) At 2652 K, 1/¢ vs. [A] 1s linear up to 150 mm pressure,
where 1/¢ ~ 7. The data here fall into two sets, both

with @° close to unity, but with slépes differing by about
25%. TFor the first set (runs 176-197) a partially deteriorated
Hanovia DH17-A source was employed, and Merck HFA, prepared
from hydrate. In the second set, a previously unused D517-A
source, and Allied HFA were used. It is possible that the |
wavelength distribution of the source changes as a lamp ages,
or that the monochromator characteristics changes between

the two sets of runs. Both batches of HFA gave identical

absorption and emission spectra.

(iv) All 1/¢ vs. [A] plots have either a constant or
positive decreasing slope. There is no evidence whatever
that the slopes tend to zero at lower pressures, even

though extensive data were obtained down to 1 mm.
Collisional Deactivation.

It is clear that under no conditions is there any
"reverse" curvature in 1/¢ vs. [&] , of the kind predicted
by Porter and Connelly for a stepwise deactivation mechanism.
Any such effect must occur at even lower pressures (below
1 mm), and would be completely masked by experimentél
scatter, with the order of precision currently attainable in

this type of investigation.
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In principle, it would be possible to compute theore-
tical curves, similar to those in Fig. 6, to fit the data,
anq quote at least an upper limit for the number of collisions
required to deactivate the vibrationally excited molecule.
In such a calculation however, a number of speculative
assumptions would have to be made about the rate of the
complementary process - dissociation, such as would make the

estimate of doubtful significance.

The results are consistent with a single-step deac-
tivation mechanism (but in no way prove the point). This
need not necessarily mean that the vibrationally equilibrated
species (1A°) is formed directly from 1Am with unit
collision efficiency, but simply that the first collision
reduces the probability of dissociation to a negligible

value.

In this respect, the exponential model for multistage
deactivation (40), where a constant fraction o{ of the
excess energy is removed per collision is more plausible
than the stepladder model, where the energy decrement at
each encounter is constant. A "strong'" collision, such as
is indicated by the data here, would perhaps mean that o{

is near its maximum allowed value ( 5;1/2), corresponding
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to complete vibrational equilibration between the two

- colliding molecules.

The diséussion to follow will be based on the'assdmp-

tion that a <

Am molecule formed by absorption cannot
“dissociate from the singlet state once it has encountered

a heat-bath molecule A.

Evaluation of Some Rate Constants.

We may re-write equation 1.4 as

a(b+[a])
c+[a]

Y = (4.1)

where the constants a, b, and ¢ are ratios to be found from

the curves, and 2P/, = 'l/go =1

Ko+ :
VI < 8+kg )( ku+k5+k6> (.2)
kg k),

k
b =2 mm
/k3

" We could for generality include a direct internal

conversion,

A" 4, (1)
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k1+k2 1 .
then b = ———  and ,@g0:> 1,. However, the observed

k3 _
fact that @° is unity means that ki ()) & k,(\), for
all A . Much less likely, it could imply that Xy ( A)/ks(A )
is constant for all % , and compensated exactly by a
systematic error. We shall discount this possibility. The

point is not trivial, because there is another implication

in ¢° = 1, which will become apparent later.

313 R. The experimental curve may be fitted quite well to
a whole family of curves of the form of equation 4.1.
However, the data on biacetyl-HFA mixtures (page 95 ) in-
dicate the value b=3.0 mm. This, together with the high

pressure limit ¢a: =0.2 gives

. 5.0(3.0 + [4])
15.0 + [4]

(%.3)

~
=
]

The broken line in Fig. 20 1is drawn according to equation
4.3, and in the intermediate pressure range is seen to pre-
dict yields definitely smaller than those actually observed.
A possible reason for this is considered later (page 10 ):
in this chapter we are mainly interested in extracting values

for the constant b.
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Taking the gas-kinetic cross section of HFA as ek

11 1

(@] -
m 6.0 A we can calculate k. = 1.88 x 10"~ litre mole

_1 3

sec =, and hence get k, = 3.0 x 10 sec™?!

under these con-
ditions. At —780, as we might expect, thermal triplet
dissociation is completely retarded, leaving l/ﬁ linear
in [A] according to equation 1.1. Using k3(at -78) =

11 1

1.51 x 10™ 1itre mole ™t sec™® we obtain ky, = H.7 x 106sec™1.

3020 X. Here again we resort to the blacetyl experiments,

which give 1=5.28 mm and hence k, = 5.3 x 107 sec™1,

Taking the value of @ at the highest pressure
studied (15 mm), the calculated value of a is 4.0, and
computed yields at lower pressures agree well with those

measured (Fig. 18).

2804 2. wo complementary biacetyl data are available, so
we use an alternative form, equation 1.5, and estimate ¢

from the intercept of a @/(1 - @) vs. 1A£] plot.

This plot has been avoided in other cases, because
it magnifies the experimental scatter rather badly: where
¢ approaches unity, &/(1 - @) is subject to increasingly
large errors, and this occurs for the large <+/[A] values
which have major prominence on the graph. Nor can a mean
square analysis be justifiably used, for the errors are not

proportionate.
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In Fig. 23, only the 6 highest pressures have been

considered. The intercept gives a = 7*2.

Then, taking one experimental value (1/¢ = 2.50 at
Lo mm) we get b = 17.1, c¢ = 119.7 and so calculate the
remaining yields, using equation 4.1, which fit the experi-
mental values quite well (Fig. 20). The value of k, is

1.7 x 10° secl.

2652 R. The apparently linear plot of 1/¢ vs.[A] indicates
that very little triplet dissociation occurs. The mean
value of k, (using equation 1.1) is 2.7 t 0.3 x 108 sec7L.

g*® is either zero or very small.

The kz_ values are summarized in Table 10, together
with those of Ayscough and Steacie. In this respect, agree-

ment between the two sets of data is good.

The Model for Photodissociation.

We will consider a simple system, in which.a molecule
dissociates only from high vibrational levels of the excited
singlet state (c.f. ketene). Where triplet dissociation
also occurs, this presents no additional problem if the two
contributions to @ can be reasonably distinguished, as for

the HFA data presented here.
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‘ |
5 0 15
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Fig. 18. Recipgocal quantum yields at the lower pressures
at 25%, :
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Fig. 19. Reciprocal quantym yields at 3340 &, 25°.
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Fig. 20. Reciprocal gquantum yiglds
at thigher pressures at 25 .
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21. Reciprocal guantum yiea;ds o
_at higher pressures: 2652 A, 25 ...
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Fig. 22. Reciprocal quantum yields at -780, using 3130 X.
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Fig. 23. The quantum yield at 2804 8, 25°. only higher
pressures are shown.

Table 10. Rate constants for photodissociation. AS refers
to reference 5.

7 (%¢) 25(135)3?;8 ; AE) | k2z§t)\ 2)5gec“1
107 2.35 x 168 (48) 3340 -

78 1.25 x 10° (as)|| 3130 3.0 x 107

53 6.25 x 100 (as)|| 3020 5.3 x 100

27 3.01 x 100 (as)|| 28ou 1.7 x 165"

25 | 3.0 x 10/ 2652 2.7 x 10°
-78 4.7 x 10P 2640 ~3 x 10° (AS)
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Then, as shown above, we measure a unimolecular

rate constant k2 from

k
1/(75 =1+ 2 [a] (1.1)
ko
This equation is only strictly valid if:
(a) +the incident light is truly monochromatic
(b) the ground state molecules A all have the

same vibrational energy

An energy diagram for this fictitious case is

shown in the sketch:

So S

u
E > !
A 00 7 : 'A"‘
t
E min—!
Ei——t—
Ex —
—E> |
|
{
ENERGQY —

E represents the initial total vibrational energy

of A above the fixed zero point energy. Absorption of a
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hc
photon with energy El = by leaves the molecule with excess
vibrational energy E1 above the zero-point energy of Sq -
If Eo° is the difference between two zero-point energies,

then

E1 ::EX - E + B

and from the RKR expression,

i S-1
Ky (5) = V< - e ) (4.5)
) oot E

On the Kassel picture, Eyin is the minimum energy,
which when shuttled into the breaking bond, causes immediate

dissociation.

The tacit assumption here is that the optical excess

energy is distributed randomly amongst S oscillators.

Of course, such a system would only be approached
in practice at low temperatures, where E — 0. In that
case, one might hope to correlate k2 (observed), with

values predicted from the simple expression above.

To take into account a distribution of thermal
vibrational energy for A, not only is it necessary to ex-
press equation M.S as a sum over all El’ but also to

review the strict validity of equation 1.1.
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Consider a ground state molecule, Aj, with total
vibrational energy Jj, which is raised by absorption to
129, If we assume the transition probability to be inde-
pendent of J, then the steady-state egquation is

a[1a?] L, 1, [2"]

- x,(a)[*a%]- ey [a7J[a]

at [a]

where Ia = the total rate of absorption

and [A_] = %[Aj:, , the photolyte concentration,
d(Productj] ) kz(q)Ia[Aj]

hence

at %% [adep(a) + ky(4])

and the observed overall yield

_@ B Z[d (Product):\
B o= Product dt 1,9

all g

 Se@bd
- e (4.6)

ol (ky () + k(A1)

For a complex polyatomic molecule, the spacing of

vibrational levels may be regarded as nearly continuous, with
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[a]

= f(E) dE, the fraction of ground
state molecules with energy E to E + SE. (Discrete
J é>continuous E; discrete gq&>continuous El)'
Equation 4.6 then becomes on inversion
00 -
1 Xk, (E; )f (E) .
- = dE; (4.7)

) k, (B ) + k3CA]

min

This relationship is clearly the photochemical equivalent
of equation 1.14 for chemical activation. In the latter

case, the experimental observable is the stabilization to
dissociation ratio, S/p, while here it is the activation

to dissociation ratio, 1/¢.

The lower limit of integration may be either the
critical energy Eiips of E (=Ex—Ey ). The energy
diagram in Fig. 24 illustrates this point. The case of
Ey
even for a molecule with very little thermal vibrational

as the lower limit arises if E j, < E, for then,

energy, the excess optical energy will still raise it to

above Emin‘



- 80 -~

This is an important point. The experimental fact
for HFA is that Qflail at wavelength 3130 R or shorter;
that is, essentially every excited molecule decomposes,
so that the condition E, (3130 g) > E 4, Sets an upper

limit to the critical energy.

Qo

g = Ef £f(E) dE; = 1

X

Conversely, in systems where ¢°<.1 is found,
this need not mean, as has been frequently assumed, that
there is another first-order process competing with

dissociation. It could be that Ep;n> E, .

The total vibrational energy of a molecule in S1
remains constant until a collision occurs, after which the
molecule cannot dissociate. At low pressures, where the
collision interval is very long, intramolecular energy
redistribution must occur within this time, (or within

the radiative lifetime, which ever is shorter), to get

at least E 4, concentrated in the breaking bond. Other-

O
wise again we would observe @1.

The Slater postulate (24) of no energy exchange

between normal modes does not seem to apply here. Perhaps
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this is not surprising, since anharmonic coupling of the
normal mode frequenciles in an upper electronic state may

be considerable.

Equation 4.7 gives
l( f z(E ) 'F(E) d E'
b (&l(m kam)

4 "LE)E)
k J(E)+k [_A]

and f_‘_@’) - dl/ k AL .
(dm (ﬁ% ? <kz> <|<z>> (e3)

[A]»0 (Al

where the mean values are o0

() = | kE) e
(
> /ad 12 o (w10)

In general, whatever explicit form for k,(E,)

is employed, it increases rapidly with El‘ Hence
-1
1 . .
<k2> > </k2> , because in the former, molecules with
higher than average energies are most important, while

in the latter, low energy molecules are heavily weighted
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in the averaging. At extremely high concentrations, only
those molecules with the highest energy have time to disso-

clate before collision, so the relevant average rate constant

is <k2> .

We can see that strictly speaking 1/¢ vs.[ﬁ] would
not be linear, but show a decrease in slope according to
equation 4.9. These points are illustrated in Fig. 25.
Significant deviations from linearity in this plot might
only become evident when k3[A] is comparable to kz(El)
for those energies at which the integrand in equation 4.7
has an appreciable value. It is shown later that the effect
is unlikely to reveal itself at practicable working pressures,

even without the complication of triplet dissociation.

G

[A]

Fig. 25. Predicted behaviour of 1/¢ vs. [A].
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For this reason we may put approximately:

L gl (é} )

which is just the first two terms in the McLaurin expansion

of equation 4.7.
1 -1
To calculate the values of <—> according
k
2

to equation 4.10, for comparison with experimental values,
we have to choose expressions for k2(E1) and f(E). This
is the type of calculation which has been done in detail by
Rabinovitch (49) and other protagonists of the Marcus formu-
lation (c.f. page 1Y ). It requires a knowledge of the
normal mode frequencies of the molecule, in both ground

and excited states, (for photodissociation). Unfortunately
not even the normal mode frequencies for the ground state

have been measured for HFA.

As an alternative we may resort to classical
forms for kE(El) and f(E), recognising that this is liable

to be a severe limitation in making a quantitative comparison.

The probability distribution function for the total
vibrational energy of a collection of coupled harmonic

oscillators is
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dE (4.12)

E>82—1' exp. (k)

f(E) aE = (—-—
kT kT (Sp-1)!

We shall treat the number of oscillators

S,
contributing to the ground state energy as an unknown para-

meter, constant with T.

For Xk (E the RKR equation will be used, with

2( 1)
S1 € 24 as the unknown number of oscillators exchanging

energy with the breaking bond.

The expression for < /k2> is then
(E1 Ex))
o [ Tl
KT s -1)1kT

The integral cannot be evaluated explicitly. At high

enough temperatures the thermal energy (El - EX) will greatly
exceed the optical energy Ex’ In this limit we would ex-
pect k,(T) to be of the classical form for a thermal re-
action, viz: WV exp ( :Emiﬂ—). The low temperature limit,
when the molecules have ﬁg thermal energy in excess of the

fixed zero point energy, is given by equation M.S, essentially

the simple RKR expression.
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These facts are illustrated in Fig. 26, together with
a curve (a), computed*'by graphic integration of equation
M.l}, using the parameters indicated. Over the practicable
range of temperature AB, where photolyses can generally be
performed, the curvature in the Arfhenius line is very
slight. Experimental points in this range would be most
unlikely to reveal it. However, if interpreted in the way
customary for a thermal decomposition, such data would yield

1

an activation energy of 800 cm - and a frequency factor of

1.5 x 1013 sec™l. These are clearly only lower limits for
1 -1
) -

the true values chosen (2000 cm -, 10t sec

The effect of varying each of the parameters in turn
is also indicated in Fig. 26. Increasing S; or decreasing
Sp decreases the rate constants, but in this calculation,
and in other using widely different parameters, the slope
and curvature of the line in the region AB is almost constant

for quite large changes in 82'

Change in Y , of course, merely displaces the curve

vertically.

* A simple Fortran II programme was written for the IBM 1620
machine at the University of British Columbia. With the
machine time available, it was most economical to compute only
values for the integrand in equation 4.13. These could_be
rapidly plotted and integrated by planimeter to give <1/k2> .
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-1
. 1
The difference between <k2> and < /k2> may
not, in general, be negligible. For the sample calculation

-1 1
(a) in Fig. 26, at 300°%K, <1/k2> = 3.66 x 10°" sec

while (k2> = 7.11 x 107 sec”t.

Comparison with Experiment.

If kE(T) from Table 10 is plotted in Arrhenius
form, the value at —780 lies well above the linear extra-
polation of the U4 crowded points between 250 and 1080.
Qualitatively this bears out the prediction that this kind

of plot is not linear over a wide enough temperature range.

Ego has been placed at 3500 2 (28570 cm—l) from
the small overlap between absorption and fluorescence (6).
The excess vibrational energy associated with 3130 K cm-l
is thus 3380 cm~1° As shown above, this is an upper limit
for Emin' In fact, because of the spectral width of the
3130 & radiation, used (Fig. 9), a better value is 3000 em
that is, even those molecules which absorb a photon of
3170 X light eventually decompose 1in the absence of com-

peting collisions. The lower limit for Emin’ from the

greatest slope in the experimental curve, is 2000 cm

The critical energy for the photodissociation may
therefore be placed with some confidence between 5.7 and

8.6 kcal/mole.
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14 -1 _
10" sec ~, and Emin 2500, 2750

It

Taking
and 3000 cm—l in turn, curves were computed to give the
best fit to the experimental data (4,B,C in Fig. 27).
Whatever parameters are chosen, the predicted curvature
in the Arrhenius line is always much less than that
indicated by the experimental points. Nevertheless, one
can obtain order-of-magnitude agreement between calculated

o
and observed values for k,(T) at 3130 A.

The three sets of parameters A, B, C were used for
complementary calculation of k2()\) at 2500, for the wave-
lengths 3020, 2804 and 2652 2. &an approximate correction
was made for the spectral width of each of these wave-
lengths. Thus, reference to Fig. 9 shows that irradiation
with 2652 & is more nearly equivalent to using 2650 and
2700 R with relative intensities 13 and 8, respectively.

It turned out that ignoring thils factor would have in-
troduced an error of only about 10%. The use of fairly
broad exciting lines may not be a serious restriction

in this kind of work.

In all cases, the calculated values of kZ(IX) were

much higher than those found experimentally. For instance,
11 -

using approximation B gave k2(2652 8) = 7.3 x 1077 sec 1,
8

which compares with the experimental value of 2.7 x 10

-1
sec .



_90_

Some improvement is evident if YV 1is chosen to be
much 1ess¥; with 82 correspondingly larger. With

- -1
11 secl ana Epin = 3000 cm (approximation

V = 3.2 x 10
E), the discrepancy between kz( %), calculated and observed

is not much more than an order of magnitude (Table 11).

The origin of the disagreement is not difficult to
see. At 108°, with 3130 g, using the approximation E, the
average total vibrational energy of the excited molecule is
7800 cm™1, whereas at 25°, with 2652 E, this same quantity
is 12,700 em™ Y. Furthermore kp(E;) 1is still increasing
quite rapidly over this range. These points are illustrated
in Fig. 28. However the gbserved rate constants under the
two sets of conditions are almost the same (2.3 x 108;

2.7 x 108 sec™l). Digressing for the moment, Fig. 28 also
reflects on the likelihood of recognising curvature in
1/¢ vs [4&) due to the thermal spread of vibrational energy.
At 2652 K, over the region where f(E) 1is appreciable,
kp(E;) is about 1010 sec™!. The magnitude of k3 [A]

has to be approaching this value, before the predicted change

V=104 sec? (~3000 cm™!) is perhaps unrealistically
high for a molecule containing no hydrogen: Slater (2U4)
has shown that v must lie within the range of the normal
mode f{?queng%es. However, it cannot be less than about
3 x 10 sec +, Jjudging from extrapolation of the linear
experimental points.
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in behaviour becomes important. This would require
(a1~103 mm pressure. At longer wavelengths, although
this critical pressure is somewhat lower, the effect would
be completely hidden by the preponderance of triplet

dissoclation.

Returning to the discrepancy in the calculated
values for ks ( )\ ), one reason for this could be that the
effective number of oscillators Sy increases with in-
creasing vibrational energy. This possibility has been
noted before (41,Y%2). It is justified classically on the
basis of increased anharmonicity in the higher vibrational
levels, which allows energy to flow_between more of the
normal modes than at lower energies. Hence, in Kassel
language, it takes relatively longer for sufficient energy

to get into the breaking bond.

The change in mean thermal energy over the tempera-
ture range studied is comparitively small compared with the
difference in the optical vibrational energies of the extreme
wavelengths. This is why the data for kz(T) can be re-

asonably fitted using one value of Sl

In approximation F(Table 11), the value of Sy

was increased from 15 at 3130 &, to its maximum value of 24,
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at 2652 X, and proportionately at the intermediate wave-
lengths. Calculated values for kz()\) then show much

better agreement with the experimental data.

Such arbitrary adjustment of the unknown parameters
in no way saves the day for the simple extension of classi-
cal unimolecular theory considered here. A more satis-
factory correlation between ko ( M) and k,(T) must await
a knowledge of the normal mode frequencies for HFA, and an

indication as to how these may change in the excited state.
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) ko (A) sec 1 Sq <k21> 1 sec™l! Sq <k2 D7 sec 1

3130| 3.0 %100 |15]| 2.76 x 10 15| 3.76 x 10f

3020 | 5.3 x 10/ |15 | 4.8 x 10° 17] 1.36 x 10°

2804 | 1.7 x 16° [15| 4.2 x 109 21| 4.5 x 10°

2652 | 2.7x 105 |15 | 8.6 x 109 24| 5.4 x 108
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INTERSYSTEM CROSSING, ENERGY TRANSFER AND EMISSION

The Hexafluoracetone-biacetyl System.

In the presence of small concentrations of biacetyl,
quantum yields of carbon monoxide from HFA irradiated at
3130 R are greatly decreased. Thus with 11 mm of HFA, the

yield changes from 0.41 to 0.21 (c.f. Tables 3 and 8).

This can be explained if we include the energy

transfer reaction,

38° 4+ B —m0m 38 4+ a (10)

where B represents biacetyl. At room temperature, trip-
let biacetyl is thought to decompose by the bimolecular

reaction (45):
33 + 33 —3B + product (10 a)

Even when biacetyl alone is excited directly at
M358 X, where photo-oxidation studies show that the tri-
plet state is formed with almost unit efficiency (U43,u4l),
the dissociation yield by reaction 10a is only .01 (k45).
In this system we may therefore neglect this reaction, so
that essentially all CO would come from reaction 2, singlet
dissociation of HFA, assuming all triplet HFA is quenched

by reaction 10.
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This is borne out by a linear plot (Fig. 29) of
l/¢ vs. (8] (i.e. according to equation 1.1). The slope
of these plots give values for k2/k3. The figures are
3.0 mm (3130 8), 5.28 mm (3030 £).

The triplet biacetyl formed by reaction 10

phosphoresces back to the ground state:

| 3B —3B + hv (11)

The emission spectrum in Fig. 13 is due to this reaction:
weak emission below M5OO R in Fig. 14 corresponds closely
to the fluorescence of singlet HFA (discussed below).
Neither phosphorescence nor fluorescence from blacetyl ex-

tend to wavelengths shorter than 4koo B (46).

We must also consider the possibility of singlet-

singlet energy transfer:

12° 4 m— 31 4+ g (12)

The fact that the fluorescence band of HFA still remains
in the presence of biacetyl indicates that reaction 12
must be far less efficient as an energy transfer path,
than reactionlO. The linearity of the plot in Fig. 29
is further evidence for this point: dissociation from

singlet bilacetyl formed by reaction 12 might be considerable,
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and it is unlikely that such a simple relationship between
¢ and [A] would be observed. We therefore assume that

reaction 12 does not occur to an appreciable extent under

the conditions used in these experiments. This is similar

to the case of acetone (32).

The magnitude of @g, triplet dissociation yields,
can be evaluated by difference, and are listed in Table 12.
The experimental values for ¢2 from Fig. 29 were subtracted
from values of Q;ﬂg, obtained from the best curve through

the experimental points in Fig. 18.

Table 12. Quantum yields for triplet dissociation of HFA

at 259,
3130 & 3020 &
(4] mm 9 | [a] mm | gy
11.3 .219 9.15 | .165
8.00 .209 11.7 AT7
5.50 .194 17.2 .209
4.80 .161 14.0 .182
3.75 .128 15.7 .208
11.0 .216
6.70 .185
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According to equation 1.2, @g should be given by

...].:_ = + ._lf..z._____. (5'1)

The data are plotted according to expression 5.1 in
Fig. 30. The process of taking differences magnifies the
experimental scatter considerably, but within this limita-
tion, reasonable straight lines can be drawn through the
data at 3020 & and 3130 A, which have the same intercept.
The extrapolated value of ¢°° so obtained is about 0.3:
significantly larger than that observed at 3130 K at this
temperature (0.2). Additional reactions to explain this
point are discussed later. Obviously much more extensive
data would be required before the variation of ¢8 with

pressure could itself give any useful information.

The sensitized and direct phosphorescence intensities
measured in run 4, Table 9, allow @) to be estimated.
Since biacetyl emission excited by 4358 2 at 25°% 1s 98%

phosphorescence (46), we obtain

@11 (sensitized by HFA at 3130 8) - o,

g,, (direct, at 4358 )
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where the tabulated value of 0.2U4 has been adjusted for the

relative intensities of the U358 £ ana 3130 ! exciting lines.

It is not unreasonable to suppose that the proportion
of triplet biacetyl molecules which emit is the same, whether
the excitation is direct or indirect. This, together with
the fact above, that triplet biacetyl is formed with almost

unit quantum yield at 4358 8, gives

¢1o’—‘-" Q’M = 0.45

That 1s, about 50% of the HFA molecules which absorb
eventually reach the triplet state. @g would be about 0.22

under these same conditions (33 mm at 25°C, with 3130 R).

Fluorescence and Phosphorescence.

On the basis of the marked effect of oxygen on the
emission spectrum of HFA, it is clear that phosphorescent

reaction must be included in the primary process:

30 5y a4 + nw (7)

This is, of course, kinetically similar to the
radiationless reaction 9, and its inclusion does not in-
validate any of the previous discussion. The behaviour of
HFA then falls into line with that of acetone and trifluoro-
acetone, where except at elevated temperatures, phosphores-

cence predominates (32,47).
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Fig. 29. Photolysis of HFA - biacetyl mixtures.at 25°C.

ghe bilacetyl pressure was constant at about
.3 mm.
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Fig. 30. Variation of triplet dissociation with

pressure at 25°.
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The spectra recorded in these experiments differ
somewhat from the spectrum obtained in the previous study
of HFA (page 9). The fluorescence band, seen directly in
our experiments only when oxygen is present, corresponds
closely to the total emission band reported by Okabe and
Steacie. A corresponding discrepancy is evident when the
extent of triplet dissociation is examined. This is

considered in the next section of this chapter.

In Figs. 31 and 33, the two contributions to the
total emission are shown separately. Phosphorescence has
a maximum between U4G00 and 5000 R, at both temperatures
and at 25° there is a smaller peak near 4600 B. The
fluorescence extends to 6000 8, with a maximum close to
4300 R at each temperature. Fig. 32 shows how the total

emission is greatly increased on cooling the gas.

The ratio of phosphorescence to fluorescence is

g kl}kl

¢5 k5(k7+k8+k9)

independent of pressure.
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At the two temperatures studied, this ratio (Table 9)

is

g ]
(_Z-> - 2.77, (—7—> = 9.95.
¢5 250 ¢5 _780

Furthermore, from run 3, after allowing for a small change

in absorption coefficient with temperature

(¢7 + ¢5) 780 _
(3, + o)

16.7

25°

These figures show that phosphorescence increases

with decreasing temperature to a much greater extent than

fluorescence:
P1)qg0 20.7, 5) qe0 5:15-

Such an effect must be at least partly due to the fact
that triplet dissociation, which competes with phosphorescence

at 250, is completely absent at the lower temperature (c.f.

the linear plot in Fig. 22).

The data in runs U4 and 5, Table 9 allow absolute

. o o]
emission yields to be estimated. Taking ¢11(h358 A, 257)
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to be 0.15 (48), we obtain

g.. (sensitized)|| g+d &
- (25°) 11 % 1121 | 4 (use 8
! 11 (4358 R) @1, (sens 7+¢5 11
= .025

Hence ¢7(—78°) = 0.51. Corresponding valuesﬁefor
the fluorescence yields are .009(25°) and .051(-78°).

It must be stressed that these last figures are sub-
ject to a considerable accumulated error - perhaps up to
30%. Nevertheless the results definitely show that at low
temperature, phosphorescence in a major, perhaps predominant,

primary reaction.

Radiationless conversion (reaction 9) evidently com-
petes with phosphorescence much less effectiﬁely as'the
temperature is decreased. With @) = 0.45 and ¢7 + ¢8=O,§5
at 25°, the ratio k_9/k7 is about 10. At -78%, with
¢7fv 0.5, this same ratio cannot be much greater than unity.

If, as is likely, k- 1is temperature independent, then ¥k

1 9
would have an apparent activation energy of at least 0.6
kcal/mole. This fact, together with any corresponding
changes in kh and kg with temperature, may be another

reason for the greater degree of enhancement of phosphorescence,

as compared to fluorescence, as the temperature 1is decreased

* All thgse absolute yields refer to 33 mm of HFA irradiated
with 3130 K.
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The data here do not allow any further deductions to be made

about this aspect of the primary process.

It would be of interest to measure relative emission
efficiencies as a function of pressure at -78°. The greatly
increased intensity should allow observations t£to be made at
low concentrations, where any effects of multistage de-

activation might become evident (18).

The Intersystem Crossing Reaction.

The values for @°° (pages bb-69) are of considerable
interest. At high concentrations, with the mechanism
under consideration,all lAm molecules are deactivated
before they can dissoclate from the singlet state, so the

yield arises solely from triplet dissociation:

k k
g = ¢§°=( ! < - (5.2)
kh+k5+k6 » k1+k8+k9

We would not expect this quantity to be wavelength
dependent at all, but this is contrary to the observed
results: at 3340 and 3130 & gg is close to 0.2, where-
as at 2652 R, it must be very much less than this, if indeed
it is non-zero. The exact values at 3020 and 2804 2 are
subjéct to some uncertainty, since they were obtained by

extrapolation.
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Fig. 31. Phosphorescence (a) and ﬁluorescence (b), from 30 mm

HFA at -78°, using 3130 Instrumental corrections
have been applied.

o
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4000 5000 6000 7000
wavelength (4)

Fig. 32. The total emission of HFA (30 mm) at §8°,
' compared with that at 25 using 3130
Instrumental corrections have been applied.
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2000 5000 5000 7000
wavelength (4)

Fig. 33. Phosphorescence (a) and fluoresc§nce (b), from
HFA (110 mm) at 25, using 3130 . Instrumental
corrections have been applied. :

~J
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Fig. 21 shows how l/¢ vs. [A] plots for 3130 and
2652 £ intersect around 100 mm. At high pressures, the
quantum yield 1s greater when less energetic excitation
is used. Experimental scatter is rather large in this

region, but the trend is clear.

Another fact is that Okabe and Steacie found the
spectral distribution of fluorescence to be the same,
whatever wavelength was used for excitation. This suggests
that 1Ao species are involved in each case, and rather
overrules the possibility that another excited singlet
state may be involved at the shorter wavelength. The

smooth, apparently continuous absorption band in Fig. 12

gives no clear evidence either way.

Any modification to the sequence of primary events
must involve an additional reaction to lAm° If first-
order, such a reaction would have to lead to dissociation,
since ¢o= 1. The only possibility is a direct inter-system

crossing:

%y 340 (4a)
3,9 ——3% Dissociation (ib)
329+ 4 —— 3%+ (4c)
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There is some support for including this third
path to dissociation, in that ébserved quantum yields at
3130 & at 25° are definitely higher for intermediate
pressures than those expected if only reactions 2 to 9
occur. In the same way, the triplet yields in Fig. 30
give ¢°° too large. We are therefore inclined to in-
clude the reaction sequence lYa, b, ¢ as part of the
primary process. This complication, however, has little
effect on the overall features of the kinetics: in
particular ¢°° would still be given by equation 5.2,

and should not vary with exciting wavelength.

Several possible second order processes may be
envisaged:

1
(a) Dissociation: A" + A — Diss. + A (2a)

This seems unlikely. The low temperature and
biacetyl-quenched data indicate that at 3130 &,
singlet dissociation can be described in terms of a
simple linear relationship between l/¢ and [A],
and at 2652 &, this linearity is evident at 25°.
Inclusion of reaction 2a would not give this

behaviour, even if reaction 2 were also retained.
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Internal Conversion: lam o A—>2A (1a)

To explain the results, we might postulate that
o
at 3130 A, a fraction o« of the collisions between

lAm

and heat bath molecules, induces reaction la,
while the remainder remove vibrational energy accord-
ing to reaction 3. At 2652 Aa fraction P(>°‘) would
be deactivated by reaction la, so that relatively
fewer molecules undergo reactions 3 and 4 and subse-

quent triplet dissociation. That is, ng might be

very small if klaj» kg at short wavelengths.

With this modification, the fluorescence yield ¢%°

ought also to be much smaller at 2652 £ than at 3130 X.

The available data (Fig. 3) are somewhat inconclusive on

this point: if anything, the trend suggests the values for

g5
(c)

to be comparable at both wavelengths.
: l,m 3,0
Intersystem Crossing: A" + A 574" + A (3a)

It seems reasonable to suppose that if an en-
counter did lead to intersystem crossing, then the
perturbing molecule would also carry off the excess
vibrational energy of lAm in the usuval way. Whether

or not the Franck-Condon principle is applicable for

such a transition would depend on the nature and
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duration of the encounter. In any case, the principle

need not be violated if we imagine the two effects -
crossing and deactivation - to be consecutive rather

than simultaneous.

The efficiency of reaction 3a,

k
ol = 3B

¥3a T K3

might then very well depend on the magnitude of the vibra-
tion excitation, for this would determine the probability
that lAm be found in a favorable crossing region of the
singlet potential energy hypersurface, at the instant of a

collision.

To explain the dissociation data here, c% would be

very small at 2652 &, and reaction 4 need not be included.
oo

The scheme would also predict ¢5°° (2652 &) > pe (3130

which again is not conclusively ruled out by the curves in

Fig. 3.

Full responsibility for the apparent wavelength

co
dependence of ¢8 cannot be definitely placed on any
one of the above alternatives. Reaction 3a is the only

one completely consistent with the interpretation put on
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the remainder of the data. Photolysis at a higher tempera-
ture ought to magnify the effect: the increased triplet
dissociation would mean that @(3130 2) would exceed

g(2652 8) at lower, more accessible concentrations. It
would also be desirable to examine the emission spectrum
at 2652 X: to be consistent with the dissociation data,
the ratio of phosphorescence to fluorescence should be

much smaller than that found at 3130 R.

The extent of dissociation in our experiments at
3130 £ at 25°, 1s considerably larger than that found by
Ayscough and Steacie, who estimated ¢°° to be about .OL.
One source of the discrepancy could be in their use of an
internal actinometer (acetone), while external ferrioxalate
actinometry was used in our experiments. Small differences
in absorption coefficients might also have a large effect.
However, it is a fact that rate constants for singlet
dissociation are in good agreement at both 2652 8 and
3130 X. In view of this, the most likely explanation
seems to be that in the earlier study of HFA, some impurity
was present, which almost completely inhibited phosphore-

scence and dissociation from the triplet state.



1.

10.

11.

12.

13.

1k,

15.

16.

- 114 -
BIBLIOGRAPHY

0. Stern and M. Volmer, Physik Z. 20 183(1919).

W. A. Noyes Jr., G. B. Porter, and J. E. Jolley, Chem.
Rev. 56 49(1956)

Advances in Photochemistry. Vol. I ed. W. A. Noyes &,
and J. N. Pitts. (Interscience, 1963)

R. M. Hochstrasser and G. B. Porter, Quart. Rev. Chem.
Soc. XIV 146(1960)

P. B, Ayscough and E. W. R. Steacle, Proc. Roy. Soc. A
234 476(1956)

H. Okabe and E. W. R. Steacie, Can. J. Chem. 36 137
(1958)

G. Giacometti, H. Okabe and E. W. R. Steacie, Proc. Roy.
Soc. A 250 287(1959)

A. S. Gordon, J. Chem. Phys. 36 1330(1962)
B. G. Tucker and E. Whittle, Proc. Chem. Soc. March 1963
G. B. Porter, personal communication

L. 0. Moore and J. W. Clark, 2nd Int. Symp. on Fluorine
Chem., Ester Park, Colorado (1962)

L. M. Whittemore and M. Szwarc, J. Phys. Chem. 6T
2492 (1963)

G. B. Porter and B. T. Connelly, J. Chem. Phys. 33
81 (1960)

L. J. Kassel, Kinetics of Homogeneous Gas Reactions
(Chemical Catalog Company Inc., New York, 1932

0. K. Rice and H. C. Ramsberger, J. Am. Chem. Soc. 49
1617(1927)

S. Glasstone, K. J. Laidler and H. Eyring, The Theory
of Rate Processes (McGraw Hill Book Company Inc,
New York, 1941)




- 115 -

17. G.(A°6T?ylor and G. B. Porter J. Chem. Phys. 33 1353
1962

18. D. J. Wilson, B. Noble and B. Lee, J. Chem. Phys. 34
1392 (1961)

19. M.(Boud?rt and J. T. Dubois, J. Chem. Phys. 23 223
1955

20. B. Stevens and M. Boudart, Ann. N.Y. Acad. Sci. 67
570(1957)

2l1. B. Steiner, C. F. Giese and M. G. Inghram, J. Chem. Phys.
34 189(1961)

22. W.(A.6C?upka and J. Berkoivite, J. Chem. Phys. 32 1546
1960

23. H. M. Rosensteck, M. B. Wallenstein, A. L. Wahrhaftig
and H. Eyring, Nat. Acad. Sci. (U.S.) 38 667(1952)

24, N. B. Slater, Theory of Unimolecular Reactions (Cornell

U. P., 1959)
25. M. Wolfsberg, J. Chem. Phys. 1072(1962)

26. R. A. Marcus, J. Chem. Phys. 20 359(1952)

27. R. A. Marcus and O. K. Rice, J. Phys. Coll. Chem. 55
89k (1951)

28. D. W. Setser and B. S. Rabinovitch, Can. J. Chem. 40
1425(1962)

29. B. S. Rabinovitch, R. F. Kubin and R. E. Harrington,
J. Chem. Phys. 38 405(1963)

30. J. Dubois and B. Stevens, Luminescence of Organic and
Inorganic Materials Ed. H. P. Kallman and G. M. Spruch

(Wiley, New York 1962)

31. G. Porter and F. Wilkinson, Luminescence of Organic and
Inorganic Materials Ed. H. P. Kallman and G. M.
Spruch (John Wiley & Sons, New York, 1962)

32. J. Heicklen and W. A. Noyes, Jr., J. Am. Chem. Soc.
81 3858(1959)



39.
4o.

41,

ho.

by,
5.
L6.

47.
48.

49

- 116 -

J. Heicklen, J. Am. Chem. Soc. 81 3862(1959).
D. S. Weir, J. Am. Chem. Soc. 83 2629(1961).

J. X. Michael and W. A. Noyes Jr., J. Am. Chem. Soc.
85 1027(1963).

D. J. LeRoy, Can. J. Res. B28 492(1950).

W. A. Noyes Jr. and P. A. Leighton, The Photochemistry
of Gases (Reinhold Publishing Corpn., New York, 1941).

C. G. Hatchard and C. A. Parker, Proc. Roy. Soc. A235
518(1956).

R. E. Hunt and T. L. Hill, J. Chem. Phys. 15 111(1947).

R. E. Harrington, B. . Rabinovitch and M. R. Hoare,
J. Chem. Phys. 33 7M (1960).

E. X. Gill and K. J. Laidler, Proc. Roy. Soc. A250
121(1959).

H. N. Rosenstock, J. Chem. Phys. 314 2182(1961).
G. B. Porter, J. Chem. Phys. 32 1587(1960).

H. L. J. Bickstrom and K. Sandros, Acta Chem. Scand.

ik h8(19 0).

G. F. Sheats and W. A. Noyes Jr., J. Am. Chem. Soc. J[
142(1955).

H. Okabe and W. A. Noyes, Jr., J. Am. Chem. Soc. 19
801 (1957)-

P. Ausloos and E. Murad, J. Phys. Chem. 65 1519(1961).

G. M. Almy and P. R. Gillette, J. Chem. Phys. 11
188(19&3)

B. S. Rabinovitch and R. W. Diesen, J. Chem. Phys.
30 735(1959)



