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I. InTrRODUCTION

The primary photochemical process comprises the series of events beginning
with the absorption of a photon by a molecule and ending either with the dis-
appearance of that molecule or with its conversion to a state such that its reac-
tivity is statistically no greater than that of similar molecules in thermal equi-
librium with their surroundings. There may exist several different paths for
loss of the absorbed energy and not all of these may result either in dissociation
or in conversion of the absorbing molecule to a new molecular species. The com-
plete elucidation of a primary photochemical process must include an under-
standing of all that transpires, whether or not a chemical reaction occurs.

The primary photochemical quantum yield is the number of absorbing mole-
cules which either dissociate or react per photon absorbed. If the absorbing
species is re-formed in any way by subsequent reactions, the primary quantum
yield is not thereby reduced. The primary quantum yield may not exceed unity
and it may be zero if, for example, all absorbing molecules fluoresce without
reacting.

The energy of the photons absorbed during a photochemical reaction must
appear in one or more of the following forms: (7) fluorescence and phosphores-
cence; (2) thermal energy, which resultseither in a temperature rise of the absorb-
ing system or in heat loss to the surroundings; (3) chemical energy, i.e., certain
molecular species will disappear and new ones will be formed. In the general
case one must assume that the absorbed energy will not appear uniquely in any
one of these ways.

In principle one may measure the energy absorbed during a photochemical
reaction. This may not be easy to accomplish with high accuracy, particularly if
the radiation is not monochromatic. The precise measurement of the energy
emitted as fluorescence and phosphorescence is far more difficult, since it is
almost always diffuse (i.e., emitted in all directions) and since it is not usually
monochromatic unless one is dealing with a monatomic gas. Nevertheless the
measurement of absorbed and emitted radiation may be accomplished if enough
care is exercised.

The measurement or estimation of the final two quantities necessary to achieve
an energy balance is far more difficult, particularly if attention is directed solely
to the primary process. The absorbing molecules may be re-formed by reactions
such as radical combinations, which may follow the primary process. Thus it is
often very difficult to determine precisely the number of molecules which disso-
ciate during the primary process. Any temperature rise or loss of heat to the sur-
roundings may be due in part to secondary reactions which follow the primary
process. If all reaction products have been determined quantitatively and the
heats of formation of the reactants and of the products are known, one may
calculate the heat evolved or absorbed due to chemical reaction. This will permit
a calculation of energy lost to the surroundings if absorption and emission of
radiation are known, but it does not permit a calculation to be made of the num-
ber of molecules which dissociate or react during the primary process.

The main difficulties in treating the photochemical primary process quanti-
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tatively lie in the determination of the nature of the process and of its magni-
tude. The photochemistry, the fluorescence, and the absorption spectra of cer-
tain simple ketones, notably acetone, biacetyl, and diethy! ketone, have been
extensively studied. These molecules present an interesting possibility for dis-
cussion of the primary photochemical process, although it will be shown that
there are certain gaps in our knowledge, some of which can and should be filled.

II. GENERAL ASPECTS OF PHOTOCHEMICAL PRIMARY PROCESSES

The photochemist should as a minimum determine two things about the pri-
mary process: () the nature of the chemically active species produced by the
absorption of radiation, i.e., whether they are free atoms or free radicals or ac-
tivated molecules which react without dissociation (usually, but not always,
photochemical reactions are started by the formation of free atoms or free radi-
cals); (2) the magnitude of the primary process. More precisely one needs to
know the number of free atoms, free radicals, or chemically activated molecules
introduced into the system per photon absorbed.

The first of these problems may be approached in a variety of ways and the
following types of information will be useful:

(1) The nature of the reaction products. Frequently these can only be
formed if the initial dissociation follows a certain pattern.

(2) The strength of the various bonds in the absorbing molecules. It may
happen that the absorbed energy will be insufficient to cause certain
modes of dissociation and the possibilities may be strictly limited.

(8) The products formed when foreign molecules are present to act as
scavengers. Common scavengers are iodine, nitric oxide, unsaturated
hydrocarbons, and oxygen. Care must be exercised that the added mole-
cules do not affect the primary process, either by deactivating excited
molecules or by reacting with active molecules which might otherwise
suffer a different fate.

The second problem, that of determining the magnitude of the primary proc-
ess, is a very serious one and herein lies the main difficulty in dealing with the
primary process. If a chain reaction is initiated by the primary process, there is
no way of calculating the magnitude of the primary process unless the chain
happens to be terminated uniquely by formation of a molecule formed in no
other way. It is obvious that there must be removed from the system by some
chain-terminating step two atoms or radicals if two are formed for each molecule
which disappears in the primary process. A measurement of the rate of this
radical-radical reaction will, therefore, give a measurement of the rate of the
primary process unless there are chain-branching steps. This method cannot
often be used, because almost invariably either the parent molecule is re-formed
or some molecule is formed which is also formed by other reactions.

Nevertheless there are cases for which the magnitude of the primary yield per
photon can be determined. These cases may be classified in two ways which are
not mutually exclusive: (1) The absorption spectrum is truly continuous so that
dissociation must result from the absorption of every photon. This method is
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least ambiguous for simple molecules, particularly diatomic molecules, for which
the distinction between discrete and continuous absorption can be definitely
established. (2) The complete reaction mechanism has been firmly established
and particularly the rate constants for all individual steps are known. This
ideal situation is not often encountered but in a few instances it is approximated
so that one may, from the yields of reaction products, make a good estimate of
the primary quantum yield. _

We may now turn to a discussion of the methods available for studying the
primary process.

A, THE INTERPRETATION OF ABSORPTION SPECTRA

It would not be appropriate at this time to give an extensive review of spec-
troscopy. The discussion will be limited to points germane to the present subject.

Absorption spectra of gases may vary between two extremes. At one extreme
absorption is truly continuous, the absorption coefficients change gradually with
wavelength, and there is usually only one maximum whose wavelength may be
dependent on temperature. At the other extreme absorption is truly discrete
and bands often with well-defined heads can be observed. With sufficient resolu-
tion definite structure within each band can be seen.

For diatomic molecules and with equipment presently available the distine-
tion between these extreme cases can easily be demonstrated in the laboratory.
Examples of the first case are found in hydrogen iodide (13, 57), hydrogen bro-
mide (112, 117), and the three halogens chlorine, bromine, and iodine below
their convergence limits (about 5000 A.) (86). Examples of the second case are
found in the atmospheric absorption bands of oxygen (84, 86), several band sys-
tems of nitric oxide (34, 86), and in the halogens at wavelengths longer than
their convergence limits (86).

The interpretation of these extreme cases from the standpoint of the photo-
chemical primary process was first given by Franck (30). A continuous absorp-
tion implies direct dissociation before the molecule in the upper electronic state
has time to rotate or vibrate. Thus the quantum yield of the photochemical pri-
mary process is unity. For a diatomic molecule dissociation into two atoms
occurs, although these atoms may not be produced in the same electronic state
and they will have kinetic energies dependent on wavelength (45).

A truly discrete absorption implies that the molecule in the upper state lasts
long enough after it acquires energy from the radiation to execute rotations and
vibrations. It may ultimately dissociate or react with some other molecule, but
there must be a sufficient time interval after absorption to permit unperturbed
rotations and vibrations. If photochemical action occurs after this kind of ab-
sorption, it is impossible to state from the character of the absorption spectrum
just what the primary photochemical quantum yield really is. Usually the pri-
mary yield is very low or even zero for & truly discrete absorption and one ex-
pects to find accompanying fluorescent emission.

Between these extremes one finds all gradations from true “discreteness’ to
true continua, and the appearance of the spectrum of a given molecule may vary
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considerably with pressure and with temperature. In a general way fuzziness in
the spectrum indicates either dissociation or a perturbation such that the upper
state formed by absorption may not be described in simple terms (42). Several
things may happen to such molecules after absorption, and precise prediction
of the primary photochemical yield is not possible. Indeed, photochemistry may
aid the spectroscopist at this point in the interpretation of the data.

The difficulties in the interpretation of absorption spectra of polyatomic mole-
cules are very great. Even for a molecule as simple as that of formaldehyde large
dispersion, high resolution, and great care are necessary to obtain discrete lines
in the absorption spectrum (20, 24). For highly symmetrical molecules such as
benzene (24, 101, 103) and pyridine (102, 104) the interpretation of the spectrum
is quite definite, although resolution of the lines within each band has not been
achieved. The molecules under consideration in the present review do not have
high symmetry and, although quite discrete bands may be observed below
2000 A. (16, 22, 23, 82, 94, 95), their interpretation in terms of a photochemical
primary process is not possible.

Even for a relatively simple molecule such as that of acetone one can show
that rotation lines within a given band will not be separated by more than 0.02
or 0.03 A. Natural half-widths and Doppler broadening make resolution of lines
with this separation impossible. Since the simple ketones have many low vibra-
tion frequencies, one will expect to find complex absorption spectra which can be
interpreted only with considerable difficulty. Crone and Norrish (16) were the
first to find some evidence for discrete structure in the near ultraviolet spectrum
of acetone and this has been confirmed (14, 79, 82). There is also some observable
structure in the fluorescence of pure acetone vapor (61). Nevertheless a detailed
interpretation of these spectra has not been possible. Similar difficulties arise
with biacetyl (2,3-butanedione), although in this instance considerable progress
has been made in understanding the spectrum (99, 100). Structure has not been
reported in the near ultraviolet spectra of either ethyl methyl ketone (2-buta-
none) or diethyl ketone (3-pentanone). Fluorescence studies do indicate that
unresolved structure must be present in these absorption spectra (69).

One will expect to find maxima and minima in the absorption coefficients as a
function of wavelength, but for the molecules under consideration the degree of
fuzziness may not be estimated from the appearance of the spectrum. In general,
the spectrum will give no real clue as to the magnitude of the photochemical
primary process. Statements in the literature to the effect that certain spectra
indicate dissociation to begin at definite wavelengths must, for these molecules,
be regarded as unfounded.

B. THE RELATIONSHIP OF ABSORPTION TO FLUORESCENCE

The existence of fluorescence definitely ascribable to the absorbing molecules
and not to some dissociation product or impurity is prima facie evidence that
the primary photochemical yield is not unity. One may not assume, however,
that absorbing molecules only fluoresce and dissociate, since there are other
processes which may dissipate energy.
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For the reasons given in the preceding section one must assume that absorp-
tion of radiation even from a so-called monochromatic source by many poly-
atomic molecules will lead to formation of molecules in more than one rotation-
vibration level of one or more upper electronic states. Thus ‘“resonance’” emission
(i.e., solely from the states formed by absorption) may appear to be complex.
This statement is particularly true if light sources such as high-pressure mercury
arcs with broad emission lines are used. These sources are common, since low-
pressure arcs with sharp emission lines often give intensities too low for photo-
chemical use.

Let us assume that the molecules prior to absorption are distributed among a
series of levels Xy, Xy, X, . . ., where X} is the lowest level. The distribution at
thermal equilibrium will follow the Boltzmann distribution law, so that if the
levels are close together, many will be populated. Let the levels of the upper
electronic state or states be represented by Yy, Yy, Y,. .., where again Y, is the
lowest level. Selection rules may operate to prevent optical transitions between
certain pairs of levels, but let us neglect this point for the present discussion.

If the molecules are exposed to a source of continuous radiation, the absorption
spectrum will show transitions as follows:

Xo'—>Yo,Y1,Y2...; X1——>Y0,Y1,Y2...; X2—+Y0,Y1,Y2...etc.

where the magnitude of the absorption will depend on several factors such as
the populations of the levels Xg, Xi, Xs. .. and a transition probability for each
pair of levels. The observable long wave limit of absorption will usually be vague.
The practical long wave limit will be found for some transition X, — Y, such
that the population of the level X, multiplied by the proper transition probability
will make absorption barely observable. By interposing more molecules in the
light beam, either by increasing the pressure or by increasing the path length,
it should be possible to extend this limit to longer wavelengths.

At ordinary temperatures the populations of the levels decrease quite rapidly
as the energy increases. For example, a level which lies only 2.7 keal. per mole
above the lowest level will be populated by only about 1 per cent of the mole-
cules at room temperature. Thus the main transitions in absorption will oceur
from the lower X levels,

Absorption of monochromatic radiation may favor transitions from only cer-
tain ground-state levels, although for practical purposes absorption will be so
weak from high levels that photochemical effects would be small. By absorption
of approximately monochromatic radiation, molecules will be produced in a
series of upper levels which we will assume to be centered around the Y,’th
level. The shorter the wavelength of the absorbed radiation, the higher the
average energy level in the upper state will be.

If the pressure is very low, these upper-state molecules may do one of three
things: (1) fluoresce, (2) dissociate, or (3) undergo “internal conversion” (31, 32).
The meaning of the latter process is not entirely clear. Presumably the energy
may be redistributed within the molecule in such a way that neither dissociation
nor fluorescence is rapid. Such a redistribution must be reversible and sooner or
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later the energy will be lost by collision, by fluorescence, or by dissociation. If
the reverse process is sufficiently slow, internal conversion may effectively lead
to degradation of the absorbed energy to thermal energy.

At these low pressures we may write the steady-state condition

I(n) = (ks + ks + ko) (Yn) 1

where I,(n) is the number of photons absorbed per milliliter per second which
produce molecules around the Y,’th level, (Y,) is the concentration of molecules
around the n’th level, k, is the first-order rate constant for the process

Y, = X, + hy @
ks is the rate constant for the process
Y. =D 3)

where D represents dissociation products, and &, is the rate constant for internal
conversion.

Y, = Xa (4)

X, represents a molecule (in the normal or at least a lower electronic state)
which is ineapable of either fluorescence or dissociation. It may or may not be
necessary to introduce the colliding molecule M into the rate expression, de-
pending on the detailed nature of the process. Thus the mean life of molecules
in the Y, ’th state will be 1/(k; + ks + ki) and the fluorescence efficiency will be
ka/ (k2 + ks + Fks). It should be noted that the sum of the fluorescence efficiency
and of the efficiency of the photochemical primary process will not be unity if
there is such a process as internal conversion,

The fluorescence observed under these conditions will be resonance fluores-
cence, that is, the optical transitions giving rise to fluorescence will start from
the levels formed by the absorption of radiation. Available data show that reso-
nance fluorescence is not often observed and then only if the pressure is quite
low, i.e., less than a few millimeters.

Collisions must under most experimental conditions prevent molecules from
staying in the Y, ’th state long enough to fluoresce.

C. POSSIBLE STEPS IN THE PRIMARY PHOTOCHEMICAL PROCESS

A detailed statistical treatment of all of the various collision processes would
be difficult; in very few cases are enough data available to make such a treatment
useful. One fact, however, is important: the wavelength distribution of fluores-
cent radiation is nearly always independent of the wavelength of the exciting
radiation. This must mean that collisions effectively reduce the energies of the Y
molecules to some distribution dependent only on the temperature, i.e., they are
reduced to levels not much removed from Y, unless a new electronic state is
produced which is neither X nor Y.

A detailed analysis of the situation will not be attempted, however. The pos-
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sible effects of collisions will be listed and an approximate treatment of the prob-
Iem will be given.

(1) Loss of vibration energy:

M+ Ys=Yo+M; —d(Y.)/dt = ks(Y.) (M) (5)
(2) Dissociation:
M+Y.=D+M; ~d(Y,/dt = k(Y.)(M) (6)

This type of dissociation induced by collisions is known to oceur in the case of
iodine (113).

(3) Deactivation:

M+Y,.=M+X; —dY.)/dt = k(Y. (M) ()
(4) Transfer to another electronic state:
M+ Y.=M+ Zn;  —d(Ya)/dt = ks(Y.)(M) C))

If the energy difference between the Y states and the Z states is not large, this
process may be reversible.

Processes 5 and 8 need further examination. Loss of vibrational energy must
occur in a stepwise fashion, thus giving rise to a series of states each one of which
will have its own rate constants for dissociation, for fluorescence, for internal
conversion, for energy loss on collision, and for transfer to other electronic states.
Thus for each of the intermediate states there may be several first-order and
several second-order steps which compete with one another. If there are n dif-
ferent states (which may or may not be part of the same electronic state), the
expression for the quantum yield of the primary process involves a term in
(X)* divided by an (n — 1)’th degree polynomial in (X), where (X) is the con-
centration of ground-state molecules and it is assumed that no foreign gases are
present (46). Several cases may now be visualized:

(1) The first state formed dissociates or disappears otherwise so rapidly that
this is the only one which needs to be considered. Under these conditions the
primary quantum yield will be given approximately by

1/6 = a + b(X) (9)

where ¢ is the primary quantum yield for dissociation, 1/a is the fraction of the
first-order processes which lead to dissociation, and 1/b is the ratio of the first-
order constant for dissociation to the second-order constant for reactions leading
to the disappearance of Y,.

This case may be expected either when Y, is not far removed from Y, (i.e.,
there is little vibration energy in the upper state) or when the sum of the primary
quantum yield and the fluorescence quantum yield is close to unity. A rapid rate
of internal conversion might give rise to this case if the molecules formed are
essentially stable.

Generally speaking, this case will show very weak fluorescence unless Y, is
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very close to Yo and particularly unless pressures are such that loss of vibra-
tional energy would be rapid. Ketene may possibly provide an example of this
case (111).

(2) All of the initially excited molecules fail either to dissociate or to fluoresce
until they have reached levels near Y,. This is the case at the other extreme from
case 1. Fluorescence data indicate that at pressures over a few millimeters the
fluorescence always occurs from the lower levels of the upper electronic state.
Under these conditions equations of the same form as 9 will be obeyed, but
1/a and 1/b are both proportional to the fraction of the absorbing molecules
which eventually reach states near Y.

Cases 1 and 2 may not be distinguished from each other experimentally unless
the spectrum has been analyzed in such a way as to tell whether or not fluores-
cence comes from the lower levels of the upper electronic state and then only if
Y., is quite different from Y.

(8) The intermediate case is the one for which the dissociation of many or all
states must be considered. Generally speaking, a plot of 1/¢ vs. (X) should have
a slope at very low pressures which depends on the rate constants for Y, and at
high pressures on the rate constants for the states near Y,. It is suspected on the
basis of experimental evidence that the ratio of the rate constant for fluorescence
to that for dissociation is strongly dependent on the amount of vibrational
energy for many gases. Other electronic states than that initially formed must
be considered frequently. This would mean that molecules would be in two sets
of low levels of two upper electronic states Yo and Z,. The fluorescent lifetimes
in these two states are usually quite different.

The third case is really the general one. It is difficult to treat this case rigor-
ously because of lack of information about the behaviors of all intermediate
energy levels, but it is necessary to give at least an approximate treatment of it.

Reference to equations 2 to 8 inclusive will show that the states X,, (from
equation 4), Y, (from equation 5), and Z, (from equation 8) must still be ac-
counted for. The following reactions seem to be the main ones which need to be
considered:

X, = D; —d(Xn)/dt = ku(Xw) (10)
X, + M = X, + M; —d(X)/dE = (X, (M) (11)
M++) Yo = D (+M); —d(Yo)/dt = kn(Yo) (12)
Yo = X 4 hy; —d(Yo)/dt = Eku(Yo) (13)
M+) Yo = X (+M); —d(Yo)/dt = ku(Yo) (14)
Yo+ M =X+ M; —d(Yo)/dt = kus(Yo)(M) (15)
Yo+ M= Z, + M; —d(Yo)/dt = Fus(Yo)(M) (16)
Zm = Dj —A(Zn)/dt = ku(Zn) (17)

Zm =X + hv; —d(Zm)/dt = kls(Zm) (18)
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Zn + M = Yo + M; ~d(Zp)/dt = F1s(Zm)(M) (19)
Zm + M =D + M; ~d(Zn)/dt = kao(Zm)(M) (20)
Zn+ M =X+ M; ~d(Zn)/dt = ku(Zn)(M) 1)

With the above array of possible reactions and transformations the resulting
equations for fluorescence yield and for primary quantum yield contain so many
terms that rigorous evaluation of all of the rate constants becomes impossible.
One may, however, for certain cases show that some steps are unimportant.
From independent data on lifetimes and on fluorescence quenching one may
estimate certain constants.

It is necessary now to examine equations 2 to 21 and determine which are
unimportant. Reference will be made particularly to the simple ketones under
discussion. It would, at the present stage of our information, be unsafe to gen-
eralize and to assume that the same reactions would be unimportant in all other
cases.

The following facts must be kept in mind:

(1) Except under experimental conditions (high temperatures and short wave-
lengths) such that the primary quantum yield is high, the primary yield seems
to decrease with increase in pressure. In some instances data about primary
quantum yields are insufficient to permit conclusions to be drawn.

(2) Plots of the inverse of the fluorescence efficiency against the pressure are
linear for both the short-lived and the long-lived states of two of the molecules
(acetone and biacetyl), except at 3650 A. for biacetyl. However, the data have
not been extended to very low pressures because of the difficulty of making
measurements. It is possible that linearity would not be found at low pressures
and that biacetyl at 3650 A. isnot really a special case. Because of the long mean
life of one of the upper states of biacetyl this molecule does show certain peculiari-
ties not common to the others.

With these facts in mind, the following statements may be made about the
various steps:

Reaction 2: No evidence at all exists for resonance fluorescence under the ex-
perimental conditions so far studied. For practical purposes at least, this step
may be omitted.

Reaction 3: For all or nearly all of these molecules, there is strong indication
that the magnitude of the primary quantum yield depends on wavelength at
low temperatures. This is also true at higher temperatures in the presence of
scavengers such as iodine. One must assume, therefore, that the energy content
of the molecule Y, affects markedly its rate of dissociation. This step must be
included.

Reaction 4: Tt is relatively unimportant whether one writes reaction 4 followed
by X = D or whether one retains only reaction 3. Internal conversion followed
by energy degradation must be used in some instances. For the moment, we
prefer to retain reaction 3 and not to use reaction 4.

Reaction &: The fluorescence data require this step, since the emitted wave-
length is independent of the absorbed wavelength (84).
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Reaction 6: No conclusive evidence exists either for or against this step. This
is due mainly to the difficulty of measuring the true primary quantum yield.
In biacetyl at 3650 A. the primary yield decreases with increase in pressure. This
step will be omitted.

Reaction 7: There is no evidence either for or against this step. It is probable
that complete loss of electronic and vibrational energy in a single step does not
oceur. This step will be omitted.

Reaction 8% Fluorescence occurs from two upper electronic states (43), at
least one of which almost certainly differs from the initially formed state. Inclu-
sion of reaction 8 seems to be necessary.

Reaction 10: As already pointed out, reaction 4 followed by reaction 10 is
essentially equivalent to reaction 3. Since we have preferred to omit reaction 4,
reaction 10 may be omitted.

Reaction 11: This reaction is also not needed if reaction 4 is omitted and espe-
cially if reaction 15 is retained.

Reaction 12: If any appreciable fraction of the molecules reach Y, a dissocia-
tion step for this state is essential. An activation energy seems to be associated
with the dissociation and presumably, therefore, collisions are necessary for
reaction 12, This step will be retained and the matter of collisions will be con-
sidered later.

Reaction 13: The fluorescence data demand this step.

Reaction 14: This is another internal conversion step for which the collision
frequency might under some conditions determine the rate. There is no evidence
either for or against it. Yo must dissociate and it is somewhat immaterial whether
one writes reaction 14 followed by dissociation or uses merely reaction 12. Reac-
tion 14 will be omitted.

Reaction 15: The fluorescence data indicate some quenching by collision. This
could be due either to dissociation or to energy loss on collision and may be due
to both. It seems best to include reaction 15.

Reaction 16: There is no conclusive evidence either for or against this step.

¢ Reaction 8 may be considered as a series of reactions, such as

Yo +M=12, +M (8a)
Zy +M =Y, + M (8b)
Zp +M = Zp, + M (8c)

where Z, is a vibrationally excited state corresponding to Z,,. In order to fit the fluorescence
data, the state Y, must not be permitted to make the transition to the state Zn, i.e., there
must be a potential barrier between these two states.

An alternative explanation is represented by the reactions:

Yo =%, (8d)
Zp = Yo (8e)
Zo+M=12,+M (8%)

With this mechanism, it is necessary that the reactions involving loss of vibrational energy
of the states Y, and Z,, reactions 5 and 8f, respectively, be very much faster than reactions
8d and 8e at all pressures that have been studied experimentally.

These mechanisms predict different fluorescence behaviors at very low pressures, but
these experiments are virtually inaccessible.
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The ratio of intensity of one type of fluorescence to that of the other varies little
with pressure. Yo and Z., should tend to be present to extents dependent on the
Boltzmann factor if they can be converted into each other reversibly. Reaction 16
appears to be slow if it occurs at all and it will be omitted.

Reaction 17: If Z, is formed in appreciable quantity, as it seems to be in some
instances, a dissociation step is necessary to explain the photochemical data.
The choice between reaction 17 and reaction 20 must be based on whether or not
collisions appear to be necessary. Reaction 17 will be tentatively retained.

Reaction 18: The fluorescence data demand a long-lived emitting state and
reaction 18 must be included.

Reaction 19: This is the reverse of reaction 16 and both steps must either be
included or omitted. For want of more evidence, reaction 19 will be omitted. If
Z,, lies at a lower energy than Y, conversion into Y, will be slow in any case.

Reaction 20: Either reaction 17 or reaction 20 must be included, and the deci-
sion between them will depend on trends in the data. Decision will be deferred
for the moment.

Reaction 21: Some fluorescence quenching by collision oceurs, but it is hard to
tell whether this results from reaction 21 or from a dissociation process such as
reaction 20. Reaction 21 will be included because it appears to be necessary.

To summarize, the following reactions have been retained: 3, 5, 8, 12, 13, 15,
17, 18, 20, 21. By assumption of the steady state, equations for primary quantity
yield and for fluorescence efficiency may now be derived.

The equation for the primary quantum yield is as follows:

_ 1 ks k(M)
= W T s 0D [’“’" t o (ks £ 5 (D)

(kar + Foao(M)) ks(M) ] )
by 4 ki 4 (ko + ko) (M)

The equations for the quenching of the fluorescences of the two states Yo and
Zn are, respectively, as follows:

¢

1 _ bt (B + k)M ks + (ks + k(M) (ID)
Q* ks Jes (M)
1kt kst (ko + k) (M) Fs + (ks + ke) (M) (II1)
Q** ks ks (M)

Equations I, IT, and III appear to be complex, but it is possible to simplify
them under some experimental conditions by comparison with the experimental
facts. Certain examples may be cited by way of illustration.

1. The primary quantum yield is very close to unity

This case is found for acetone at 3130 A. at temperatures over 100°C. in the
absence of a scavenger and probably at 2537 A. at all temperatures (81). It
seems to be found in biacetyl at sufficiently short wavelengths (8). If this is to
be true, the following conditions must be satisfied: k(M) > (b + ku(M));
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(ke + kao(M)) > (kg + ku(M)). Thus Auorescence as well as deactivation by
collision of Y, must be negligible compared to dissociation and the same must be
said for Z,. These statements could have been made, of course, without mathe-
matical proof.

2. Each of the fluorescence quenchings of the two states follows a linear
relationship in (M)

This seems to be true for the two states of acetone at 3130 A. (39) and for the
two states of biacetyl at 4358 A. (15, 38) (but not at 3650 A.). Experimental
evidence for the case of biacetyl is not entirely satisfactory.

Equations IT and III may be approximately linear in (M) if the following
conditions are satisfied:

Equation II: Either k13 < (k12 + kls)(M) or ks < (ks + ks)(M)
Equation III: Either ky -+ ki << (ko + Fa) (M) or ks < (ks -+ ks) (M)

There is good reason to believe that the first condition is the correct one in
both cases. Since the primary yield depends markedly on wavelength, much of
the dissociation must occur by reaction 3, so that k; probably cannot be neg-
lected. Possibly a more convincing reason, at least for acetone, lies in the fact
that the ratio of slope to intercept for plots of 1/Q vs. (M) is the same for both
states. Unfortunately, fluorescence data have not been obtained at very low
pressures owing to experimental difficulties; hence it is impossible to say whether
equations IT and IIT would reproduce the data under such conditions. Equations
II and IIT simplify respectively to the following equations under conditions
where data have been obtained:

1 klz + k15
= ks (ks + (ks + ks)(M)) (Iv)
L koot b

o = Fa e G G ko) W

and slope/intercept is in each case (ks + %s)/%s.

3. The fluorescence is enhanced by increase in pressure (viz., biacetyl at 3650 /i.)

When this condition is met, equations IV and V are not of the correct form
and the following statements must be true:

Equation II: Either kiy 3> (k1o + k) (M) or ks >> (ks + ks)(M)
Equation III: Either ki + ki >> (koo + ko) M) or ks >> (ks + ks)(M)

Probably insufficient information is available to enable one to decide between
the various alternatives but because there is a wavelength effect, it seems best
to assume that k; is wavelength-dependent, that under some conditions it may
be neglected, and that under others it may not be neglected. Finally, as pointed
out later, it is almost certain that reaction 17 may be neglected.
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In the presence of scavengers such as iodine or oxygen one must introduce re-
actions of Y., Yo, and Z, with the scavenger. The resulting equations will be
similar to the ones already given, and discussion of this matter will be deferred
until actual data are considered.

It seems probable, therefore, that a mechanism may be postulated which will
account for both the fluorescence and the photochemical data for certain simple
ketones, It is recognized that the picture is highly simplified, since there must
be involved many rotation-vibration-electronic states each with its own rate
constants. Nevertheless if it is possible to reduce the number of steps to manage-
able proportions and still fit the data, it is believed that progress has been made.

Mention may be made again of the so-called process of “internal conversion”
(31, 32). A molecule after absorption which possesses enough energy to disso-
ciate may do so only if sufficient energy is localized in the proper degree of free-
dom to cause dissociation. If the electronic energy is converted internally into
vibrational energy, the probability of proper localization of the vibrational
energy may be treated by the ideas of the Rice—-Ramsperger-Kassel theory (50).
By the principle of microscopic reversibility such an internal conversion of elec-
tronic to vibrational energy must be reversible. If, however, vibrational energy
is dissipated through collisions, the reverse process may be partially or wholly
prevented.

If one considers dissociation to proceed via internal conversion, reaction 3
(Y. = D) would be replaced by reaction 4 plus the following three steps:

Xn=1Y, (22)
Xp4+M=X+M 23)
Xa=D (24)

Reactions 5 and 8 would also have to be included. The primary quantum yield
for the portion of the reaction which occurs by way of X,, will be given by

b = o (V)
T Roalkgs + Feoa(M)] + sz + koos + kas(M)I (ks + Fs) (M)

This may be contrasted with the expression for the primary yield by reaction 3
if X, is not used.

ks
= VIiI
¢Yn k‘a + (]Cs + kg)(M) ( )
It is obvious that the condition necessary to give equations VI and VII the
same form will be ke 3> (ko 4 kss(M)), in which case VI reduces to

bxn = b
ke (B T k) ()
Hence the rate constant for internal conversion essentially replaces the rate con-

stant for dissociation if dissociation of the state formed by internal conversion
is rapid. It should be noted that in view of the fact that fluorescence occurs, one
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may not make the rate constant for reaction 4 of a different magnitude from
(ks + ks)(M).

Thus one may introduce the concept of internal conversion without changing
the forms of the equations used to interpret the data provided the various rate
constants have the proper relative values.

A more lengthy discussion of the primary process and its relationship to
fluorescence does not seem to be warranted. It is possible to derive certain equa-~
tions which may be applied to the data. These equations are based on a general
mechanism which is recognized to be highly simplified, but they contain enough
parameters to be applicable and they should permit certain conclusions to be
drawn about the nature of the primary process.

III. Tug ABSORPTION SPECTRA OF KETONES
A. THE REGIONS OF ABSORPTION

The simple ketones which contain only one carbonyl group all show absorg-
tion in the gas phase which is recognizable in the neighborhood of 3300 to 3400 A.
and extends to shorter wavelengths (87). Maximum absorption coefficients are
found around 2700 to 2800 A. At still shorter wavelengths such ketones become
more and more transparent so that absorption is negligible at about 2200 to
2300 A. As one proceeds to still shorter wavelengths, a brief region of almost
complete transparency is followed by strong absorption which usually begins
around 2000 A

For practical reasons nearly all photochemical studies have been made in the
near ultraviolet region of absorption, i.e., from about 2300 to about 3400 f&.,
and the vast majority of studies have been made with the 2537 and 3130 A.
lines of the mercury arc. Hence only brief mention will be made of the absorp-
tion below 2000 A.

When two chromophoric groups are present in the same molecule, absorption
for each of the groups is shifted toward longer wavelengths than for the groups
when present alone (41). Thus the absorption spectra for diketones should occur
at longer wavelengths than for the monoketones, and this shift should be particu-
larly important for diketones for which the carbonyl groups are adjacent to
each other, as in biacetyl.

Gas-phase absorption by biacetyl extends to a 1ong wave limit of approxi-
mately 4670 &. and the maximum ocecurs near 4000 A. (2). There is some ab-
sorption over the entire region from 4670 A. down to about 2000 A. (99, 100).
The spectrum at shorter wavelengths does not seem to have been studied.

The ketones which have been investigated with some care (mainly acetone
and biacetyl) show at least two types of fluorescence (2, 3, 4, 33, 47, 48, 92).
One of these has a short life, i.e., less than 10-% sec., and the other is of much
longer life (2 X 10~ sec. in the case of acetone; 2 X 1072 sec. in the case of bi-
acetyl). Lifetimes estimated from absorption coefficients are always short and
probably correspond more nearly to the short-lived fluorescence than to the
long. This indicates that probably the electronic state responsible for the short-
lived fluorescence is the one formed by absorption of radiation. The other state
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has been described as a triplet state (58, 59). Since singlet—triplet transitions
should be extremely weak, one would not expect appreciable absorption from
the ground to the long-lived state and there is no evidence for gas-phase absorp-
tion of this type even at very long path lengths.

With the above background the various facts about the spectra of the simple
ketones discussed in this article may be given.

1. The spectrum of acetone

The long wave limit is about 3350 A. in a 31-foot tube at a pressure of a few
centimeters (82). Since absorption approaches zero slowly, the true long wave
limit is probably at greater wavelengths, Absorption through 2 meters of liquid
acetone has been reported to about 3450 A. (48). Thus the true long wave limit
cannot be given precisely but may tentatively be placed at 3500 & 100 A.

Short wave limit of fluorescence: Fluorescence has not been observed at wave-
lengths below 3850 A., but again this is not a precise limit, since the intensity
approaches zero asymptotically (61).

The zero-zero band for mear ultraviolet absorpiion: The zero-zero band and
bands from neighboring transitions should be observed both in absorption and
in fluorescence unless there is some theoretical reason (for example, decidedly
different bond lengths and bond angles in the upper and lower states) which
makes such transitions extremely weak. Since there is a gap between fluorescence
and absorption, one must expect that the Franck—~Condon principle (or possibly
some selection rule) prevents the zero-zero band from being observed. It is
impossible, therefore, to give its wavelength with any precision and it may be
placed only tentatively at 3600 == 200 A.

Absorption coefficients in the near ultraviolet: Absorption coefficients have been
measured in acetone from 3295 to 2235 A. (91). Additional absorption coeffi-
cients have been reported from time to time for specific lines of the mercury are
but since in general high-pressure arcs have been used, these values are not for
monochromatic light and they may only be used to calculate the light absorbed
in specific experimental situations (39, 44, 47).

In spite of the fact that the reported absorption coefficients show only a
gradual increase to a maximum between 2720 and 2820 A., there is visual evi-
dence for more than one maximum and there is definite evidence of structure in
the absorption from about 2950 A. to the long wave limit of 3350 A. The reported
absorption coefficients must apply, therefore, to acetone at high pressures such
that structure is obscured. ‘

Evidence for diffuseness in absorpiion: Structure has been reported at the long
wave end of the near ultraviolet absorption region (14, 16, 82). Thus there is
evidence for some stability of the upper electronic state formed by absorption.
It is impossible from the appearance of the structure to indicate at what point
diffuseness begins. Photochemical decomposition does occur throughout the
entire region of absorption, and fluorescence is excited at 3130 and probably at
shorter wavelengths, although it is probably not excited at 2537 A. (29, 68).
The appearance of the spectrum is not a safe guide as to the nature of the ab-
sorption and of the stability of the upper state or states formed by absorption.
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Absorption at short wavelengths: Beginning at about 2000 A. acetone vapor
shows strong absorption with many bands with apparently quite sharp long
wave edges (82). Some of these bands can be fitted into Rydberg series (22)
which extrapolate to an ionization potential in reasonably good agreement with
experiment (47). In this instance a fairly satisfactory interpretation of the
spectrum can be given. Very little photochemical work on acetone has been done
below 2000 A. (65). The products are, in general, the same as at longer wave-
lengths, the chief difference being that some hydrogen is formed. Thus one
apparently is dealing with several primary dissociations, at least one of which
gives hydrogen atoms and acetonyl radicals.

Bond strengths and absorption spectrum.: The energy required to dissociate the
molecule of acetone vapor into a methyl and an acetyl radical is not known
precisely. It may be as low as 68 kecal. per mole and may be as high as 80 keal.
per mole. Absorption by acetone vapor provides enough energy to cause dissocia-
tion, provided both radicals are formed in normal states. No information is
available about the electronic states of these radicals.

The situation may be different for molecules which have lost vci,bration energy.
If the zero-zero band has been properly placed at 3600 =4 200 A., molecules in
the lowest vibration level of the upper electronic state may or may not have
enough energy to dissociate depending upon the correct value of the dissociation
energy. In any case the dissociation of such molecules will not produce radicals
of either high kinetic or high vibrational energy and “hot radical” effects
from acetone will be small unless wavelengths considerably shorter than 3000 A.
are used.

2. The spectrum of bracetyl

Long wave limit: The long wave limit is about 4670 A. (8, 60) and is much
more definite than it is in the case of acetone.

Short wave limit of fluorescence: The short wave limit of fluorescence is between
4400 and 4500 &

The zero-zero band: Since fluorescence and absorption overlap, the zero-zero
band almost certainly lies in the region of overlap for transitions to one of the
upper electronic states. This band may be placed tentatively at 4500 = 100 A.
This would be the zero-zero band for the transition in absorption and presumably
for the transition in fluorescence with a short life. Much less can be said abous
the zero-zero band for the long-lived fluorescence. This may lie at an appre-
ciably longer wavelength, about 5000 A.

Absorption coefficients: These do not seem to have been carefully determined
except for specific experimental conditions. There is ample evidence of structure
from 4670 A. to wavelengths below 4000 A thus making it difficult to measure
absorption coefficients which would have much meaning.

Evidence for diffuseness of absorption: Fluorescence, photochemical behavior,
and appearance of the absorption spectrum all undergo changes between 4000
and 3650 A. and between 3650 and 3000 A. These changes indicate the possibility
of predissociation (43, 60). On the other hand, it is not possible to assign a definite
wavelength at which the changes occur.
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Nature of upper states: A careful study of the states of biacetyl has just been
made (99, 100). Of these there seem to be several, only one of which (in the near
ultraviolet) is formed directly by absorption from the ground state. The others
are metastable and at least one has been characterized as a triplet state. There is
some evidence (88) that the long-lived state of acetone may excite the long-lived
state of biacetyl by collisions of the second kind. On the other hand, the long-
lived state of acetone seems to excite little or not at all the short-lived state of
biacetyl. Thus probably the two long-lived states have the same multiplicity.

3. The spectrum of methyl ethyl ketone

The spectrum of methyl ethyl ketone (2-butanone) lies in the same region as
that of diethyl ketone (23), i.e., in the vapor phase in a 10-meter tube it extends
from about 2400 A. to about 3200 1& As in acetone there are regions of strong
absorption beginning at about 2000 A. and going into the far ultraviolet absorp-
tion reglon A green fluorescence, due undoubtedly to biacetyl, is excited at
3130 A. (69).

4. The spectrum of diethyl ketone

The spectrum of diethyl ketone has been studied much less carefully than
those of acetone and of biacetyl. There is a very weak fluorescence (69), but it
has not been studied with care because of experimental difficulties. Similarly,
there is no definite indication of structure in the spectrum but the general region
of absorption coincides quite closely with that for acetone.

5. The spectrum of ketene

The absorption spectrum of ketene has been photographed by Norr1sh Crone,
and Saltmarsh (76) with a grating which gave a dispersion of 5.3 A. per milli-
meter. They report completely diffuse bands from about 3700 to about 2600 A.
and continuous absorption below about 2200 A, The “diffuseness” of the bands
may or may not indicate rapid predissociation. Actually, the photochemical
data to be reviewed indicate that at 3650 A. excited molecules of reasonably long
life must be produced. At shorter wavelengths the interpretation is less definite,
although around 2700 A. every or nearly every molecule which absorbs must
dissociate. Thus the photochemical data aid in the interpretation of the spectrum,
and the latter should probably be reéxamined at higher dispersion.

IV. ACETONE
A. THE CALCULATION OF THE PRIMARY QUANTUM YIELD

The photochemistry of acetone has been the subject of a large number of
publications, partly because of its convenience as a source of methyl radicals.
The field has been ably reviewed recently by . W. R. Steacie (105).

The products of the vapor-phase reaction are principally carbon monoxide,
ethane, and methane. Under some conditions biacetyl (7), methyl ethyl ketone
(1, 64), biacetonyl (70), ketene (27), and acetaldehyde (5) are formed, Since
the bulk of the work has been without quantitative measurements of these
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minor products, the interpretation of mechanism is subject to some ambiguity.
It has been conclusively demonstrated that the reaction proceeds by a completely
free-radical mechanism (9, 90, 105). A list of the reactions postulated for the
system is as follows:

CH;COCH; + h» = CH,CO + CH, (25)
CH,CO = CH; + CO (26)

CH; + CH;COCH; = CH, + CH,COCH, (27)
CH,COCH; = CH,CO + CH; (28)

2CH; = C,Hs (29)

2CH;CO = (CH;CO), (30)

20H;CO = CH;CO + CH,CHO (31)

CH; + CH;CO = CH;COCH, (32)
CH; + CH;CO = CH, + CH,CO (33)
CH; + CH,COCH; = C,H;COCH; (34)
2CH;COCH; = (CH,COCH,), (35)

The variables in the system that have been studied are: (@) the wavelength
absorbed; (b) the temperature; (¢) the intensity absorbed; (d) the pressure of
acetone.

Since there have been extensive reviews of the photochemistry of acetone
(18, 80, 81, 105), only the salient features will be discussed here. At tempera~
tures above 100°C. the quantum yield of carbon monoxide is within experi-
mental error of 1 at 8130 and 2537 A. There is no evidence for a chain reaction
which forms carbon monoxide, and, therefore, the primary quantum yield must
be 1 under these conditions. Acetyl radicals decompose rapidly to methyl radi-
cals and carbon monoxide and undergo no other reactions above 100°C, Methane
and ethane are formed by reactions 27 and 29, respectively, although reaction
33 contributes to the methane yield near room temperature. The quantum
yields of ethane and methane depend on temperature, intensity, and acetone
pressure in a manner that follows directly from the mechanism. The sum of the
quantum yields of ketene and methyl ethyl ketone cannot exceed the quantum
yield of methane, but there is no quantitative information available.

At temperatures below 100°C. the system is complex. Not only is there the
problem of reactions of acetyl radicals which lead to formation of biacetyl and
to formation of acetone, but at low acetone pressures the effect of diffusion of
radicals to the walls may be important (73). If the pressure of acetone is above
about 100 mm., some definite conclusions may be reached.

The primary quantum yield is equal to the sum of the quantum yields of
products formed by all radical-radical reactions. Under the conditions of low
temperature, high acetone pressure, and high intensity, the only radicals present
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in the system will be methyl and acetyl. These will react according to equations
29, 30, 31, 32, and 33. The difficulty of the treatment is obvious since, of the
products of these reactions, only ethane is known quantitatively.

The primary quantum yield will be given by:

¢ = Poymy + Pu + Pomzomo + Pomyus T Pagy (VIII)

where ®¢,uq,, P5, and @cn,omo are the quantum yields of ethane, biacetyl, and
acetaldehyde, respectively. ®cm,;, is the quantum yield of methane formed
in reaction 33, and ®,,,, is the quantum yield for re-formation of acetone by
reaction 32. If essentially no methane is formed by reaction 27, the following
stoichiometric equations may be used to solve for the quantum yields of bi-
acetyl and of acetaldehyde:

CH,COCH; = CsH, + CO
2CH;COCH; = (CH;CO); + C:H,
2CH;COCH; = CH;CO + CH,CHO + C,H,

CH,COCH; = CH, + CH,CO

These account for the products formed at low temperature, high acetone pres-
sure, and high intensity. Then it follows that:

&g + Pomcmo = Pogrs — Poo
and
¢ = 2(I)Cgﬁe - &g + Q’CH“”) -+ q’A(sg) (IX)

If reactions 31 and 33 are neglected, essentially the same result is found, i.e.,
equation IX without ®¢m, 4, Which must be small in this treatment.

The remaining quantum yield to be found is that of the re-formation of ace-
tone. It is here that the inherent difficulty arises and this quantum yield can
only be estimated. The ratio & ,,,/®s®c,u, should be constant and independent
of all variables in the system, since it is simply equal to a ratio of rate constants
k%, /knky, each of which probably has small or zero activation energy. Thus the
quantum yield of acetone would be accessible if the value of this ratio were
known.

If it is assumed that ¢usar is one at all temperatures, then ¢z is 0.78 and 0.71
at 110 and 180 mm. pressure of acetone, respectively, at 25°C. To the limited
extent that this treatment is valid, the data show a slight dependence of the
primary quantum yield on pressure at 3130 A.

These considerations show that the recombination of acetyl and methyl
radicals to form acetone must occur to an appreciable extent. The ratio of the
Tate constants k%,/kaks is about 11 if the treatment given is valid (81, 97). On
the basis of the collision theory, if the collision diameter for methyl and acetyl
ig the mean of the collision diameters for methyl-methyl and acetyl-acetyl,
this ratio will be just the ratio of sterie factors for the reactions. Plausible values
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for the steric factors that fit with a ratio of 11 are 0.5 (35, 53) 2 X 1072 and
10~ for reactions 29, 30, and 32.

Additional evidence on the rapidity of these radical-radical combination
reactions has recently been obtained (72). Biacetyl with C in the methyl posi-
tions was photolyzed with ordinary acetone. All fractions of the products which
contained methyl groups were radioactive and, in particular, the acetone was
found to have become radioactive to a considerable extent.

It seems reasonable to assume a quantum yield of 1 for acetone at 2537 :&.,
independent of temperature in the range studied. This assumption is supported
in part by the fact that no fluorescence is observed on absorption of radiation at
this wavelength. At 3130 A. the quantum yield is somewhat less than unity at
room temperature, where there is probably a slight dependence on pressure.
The steps leading to dissociation must involve activation energies, since the
primary quantum yield rapidly increases to 1 at 100°C,

B. PHOTOLYSIS IN THE PRESENCE OF IODINE

Iodine added to a system which contains free radicals will act as a highly
efficient trap, so that the rates of radical-radical reactions will be substantially
reduced (105). In the photolysis of acetone an iodine pressure of a few milli-
meters is sufficient to reduce the quantum yields of ethane, methane, and car-
bon monoxide by more than a factor of 100. The products of the reaction of the
methyl and acetyl radicals with iodine are methyl iodide and probably acetyl
iodide (10, 36, 37, 66, 90). Unfortunately, most investigators have found that
acetyl iodide is particularly difficult to determine. It may undergo further re-
action, but it evidently does not decompose to give carbon monoxide in appre-
ciable quantities. In experiments done with radioactive iodine during which
separation was made by carrier gas, the acetyl iodide varied from 3 to 120 per
cent of the methy! iodide under otherwise identical conditions (66).

The mechanism for the secondary reactions in the presence of iodide is

CH; + I = CHyI + I (36)
CHCO + I, = CH,COI + I (37)
CH,CO = CH; + CO (38)

o = I, (39)

The quantum yield of acetone disappearance is given by the expression:
¢ = Pouyg — Poo

This will not be the same numerically as the primary quantum yield in pure
acetone. Since the quantum yields of methyl iodide are considerably less than
1 even at 177°C., there must be some deactivation of excited acetone molecules
by iodine.

C. THE FLUORESCENCE OF ACETONE

Acetone exhibits a weak blueo fluorescence between 3800 and 4700 f&., with
a maximum intensity near 4500 A. at room temperature when excited by 3130 A.
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radiation (17, 39, 47, 48, 49, 61, 62). The fluorescence efficiency (ratio of total
fluorescence intensity to absorbed intensity) at 50°C. is about 2 X 107° (62).

The shortest wavelength observed in fluorescence does not overlap the longest
wavelength in absorption; resonance fluorescence has never been observed.
Thus part of the absorbed energy is lost in some way before the emission of
fluoresence. Emission must occur from one or more of the lower vibrational
levels of the upper electronic state.

Studies of the decay of fluorescence show that it consists of at least two parts,
one with a life of about 2 X 10~ sec. and the other with a much shorter life,
less than 8 X 10—¢ sec. (39). The long-lived state contributes 90 per cent of the
fluorescent intensity at room temperature but is quenched strongly by oxygen
and diminishes considerably as the temperature increases. The short-lived
fluorescence can therefore be studied alone, whereas the behavior of the long-
lived state must be estimated by determining the difference between total
fluorescence intensity and that of the short-lived state. The intensity of the
short-lived state is found to be independent of the extent to which the long-lived
state is removed. This indicates that the long-lived state is not formed revers-
ibly from the short-lived state and is almost certainly a different electronic state.

The mean lifetime of the electronic state reached by acetone in absorption
calculated from the integrated absorption coefficient is 3 X 10~ sec. (48). This
estimate neglects the effects of quenching collisions or other forms of degrada-
tion and is thus an upper limit to the lifetime. The consistency of this value
with the maximum determined experimentally is an indication that the short-
lived fluorescence occurs from the same electronic state as is reached by ab-
sorption.

Both fluorescences are quenched by acetone. A Stern—Volmer (109) mech-
anism is obeyed by both species, although there is considerable scatter of the
data in the case of the short-lived fluorescence. In addition, the long-lived state
follows a similar mechanism for quenching by oxygen. The slope of the Stern—
Volmer plot for oxygen is independent of temperature.

D. THE MECHANISM RELATING FLUORESCENCE AND PHOTOCHEMICAL BEHAVIOR

In Section II,C a general mechanism is given to explain the fluorescence and
photochemical behavior of these ketones which have been studied extensively.
The following experimental facts fix the form of the explicit equations for the
primary quantum yield and for the fluorescence efficiencies in tlole case of acetone.

1. The primary quantum yield is close to unity at 2537 A. at all tempera-
tures and pressures studied.

2. The primary quantum yield is close to unity at 3130 A. at temperatures
in excess of 100°C. At lower temperatures, the yield is less than 1 and
shows a slight pressure dependence,

3. Both the short-lived and the long-lived fluorescences are quenched by
acetone according to a Stern—Volmer mechanism.

4. The long-lived fluorescence decreases in magnitude relative to the short-
lived fluorescence as the temperature is raised.



THE PRIMARY PHOTOCHEMICAL PROCESS IN KETONES 71

5. The ratio of slope to intercept in the Stern—Volmer plots of fluorescence
efficiency is the same for both the short-lived and the long-lived flu-
orescence.

The general expressions for the primary quantum yield and fluorescence
efficiencies have been derived in Section II,C. The rates of the fluorescence reac-
tions must be very much smaller than the sum of the rates of the competing
reactions which lead to dissociation and degradation. Thus for the short-lived
and for the long-lived fluorescence, the conditions imposed by the data at 3130 A.
are: ky < (kiz + ki) (M) and kyy + ks < (ko + %ar) (M), respectively. The equa-
tions obtained with this degree of approximation are equations IV and V of
Section II,C. The ratio of slope to intercept in a plot of 1/Q versus (M)
is (ks -+ ks)/ks. This has the value 1.5 X 10% mole™! liter for the two fluorescing
states Yo and Z, at 50°C. (39). The restriction imposed on the relative rate
constants for fluorescence and for dissociation or deactivation would not be
expected to hold at very low pressure. However, over the range of pressure
studied, equations IV and V are obeyed very well.

As the temperature is raised, both fluorescence efficiencies decrease, an effect
that can be attributed to an appreciable activation energy for reaction 3. Since
the fluorescence efficiency of the long-lived state decreases more rapidly than
that of the short-lived state with increasing temperature, an activation energy
must be associated with ks 4 %z which is greater than that of k12 + Fus.

The primary quantum yield is given by equation I. At 25637 A. , if the primary
quantum yield is 1 at all temperatures, ks > (ks + ks)(M). The fact that no
fluorescence is observed at 2537 A. supports this conclusion. At 3130 A. at tem-
peratures above 100°C. the primary quantum yield is very close to unity. This
is probably due in part to the increase of k; with increasing temperature. Since
the primary yield is close to unity, reaction 21 cannot be of importance compared
with reaction 20 above 100°C., and therefore reaction 20 must have an appre-
ciable activation energy.

;mi‘The quenching of the long-lived fluorescence by oxygen requires that reaction
40 be included in the mechanism:

Zm+02=X+02 (40)
The lifetime of this state in the presence of oxygen is:

1/7@m = ku + ks + (ke + Fo) (M) + k40(O2)

The rate constant ky has the value 8.2 X 10° mole™? liter second—?, independent
of temperature from 32° to 75°C. (39). Since only an upper limit to the lifetime
of the short-lived state can be measured, the constants in the equation:

/7wy = ki + (ke + ku)(M)

cannot be evaluated. The data indicate that the short-lived fluorescence is
relatively insensitive to changes in temperature.
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In the presence of iodine, the following additional reactions are required:

Y.+ L=X+2I (41)
Yo+ L =X +2I (42)
T+ I =X+ 21 (43)

These steps plus the required steps from the general mechanism lead to the
following expression for the primary quantum yield in the presence of iodine:

_ 1

® = BT s F RO T bl

I:k + Fes koo (M)* + (kar = Feao(M)]Fes(M) ]
T e + (B + k) (M) + ke(2) kr + ks + (o + ko) (M) + kas(Is)

The three terms in the brackets refer to the contributions of Y., Yo, and Zn,
respectively, to the quantum yield of acetone disappearance. The nature of
this expression prevents any direct test of its validity. As a first approximation,
the contributions of Y, and Z, may be neglected; this reduces the above equa-
tion to the form:

b = ks/[ks + (ks + ks)(M) + Ea(I)] X)

Equation X may be tested by plotting [(1/¢) — 1]/(M) against (I,)/(M). The
data obtained at 100°C. and 3130 A. (66) are presented in this form in figure 1.
The intercept of this plot, i.e., at zero iodine pressure, is (ks -+ ks)/ks and has
the value 10 X 102 mole ~! liter. For comparison, the value obtained from the

2%

n
[=]

) L

() /M) x 10°

F1a. 1. Test of equation X for the photolysis of acetone in the presence of iodine at 3130
A. and 100°C.
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fluorescence studies at 50°C. is 1.5 X 10? mole~! liter. Considering the approxi-
mation made in neglecting the dissociation of Y, and Z.,, the agreement is good.
The slope of the line in figure 1 gives ky/ks = 1.2 X 10* mole™! liter. The maxi-
mum for ks is about 10! mole! liter sec.~! Therefore k; is less than about 107
sec.”? and, similarly, (ks -+ ks) is less than 10 mole™! liter sec.™

Other data on this system (90) show that ®¢m,; increases with increasing
temperatures, but this is probably due mostly to an activation energy for re-
action 3. The fact that ®cm,: increases at the shorter wavelengths can with
certainty be associated with reaction 3.

E. THE NATURE OF THE PRIMARY PROCESS

Several reactions have been proposed for the primary dissociation step in the
photolysis of acetone that have not been definitely excluded:

CH;COCH; + h» = CH; + CH,CO (44)
CH,COCH; + W = 2CH; + CO (45)
CH,COCH; + » = H 4 CH,COCH; (46)

The nature of the products is very strong evidence for reaction 44 as the primary
step. At higher temperatures, reaction 45 satisfies the data, but, since the quan-
tum yield of carbon monoxide is small in the presence of iodine even at 177°C.,
it cannot make more than a small contribution to the primary process. Intra-
molecular rearrangements may be neglected as unimportant, principally on
the basis of the work on iodine (66, 90) and on studies with deuterated acetone
(9), and are not considered here. Hydrogen is found as a product only when
radiation of shorter wavelength is used than is of concern here; therefore reac-
tion 46 will not be considered.

The most important mode of dissociation is certainly represented by reaction
44. Tt is possible to include the necessary contribution of reaction 45 in ancther
manner; & fraction « of the acetyl radicals produced in reaction 44 retain suffi-
cient energy to undergo a rapid decomposition into methyl radicals and carbon
monoxide (44). Thus the reactions:

CH,;COCH; + hv = CH; + aCH;CO* + (1 — «)CH,CO (47)
and
CH,CO* = CH; + CO (48)

take the place of a combination of reactions 44 and 45. The rate constant for
reaction 48 must be much higher than the rate constant for the corresponding
thermal reaction, and « must depend on the wavelength of absorption. For the
photolysis of pure acetone, the fraction « has been calculated from the mech-
anism as 0.07 and 0.22 at 3130 and 2537 ‘&., respectively. In the presence of
iodine, the yields of carbon monoxide are small and probably subject to con-
siderable experimental error. Quantum yields of carbon monoxide in the pres-
ence of lodine increase (a) with increasing temperature, (b) as the wavelength
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absorbed is decreased, and (c¢) as the iodine pressure is decreased. There is too
much scatter for any trend with acetone pressure to be apparent. These data
may be explained qualitatively by reactions 47 and 48, followed by:

CH,CO = CH; + CO (49)
CH,CO + I, = CH,COI + I (50)
CH; + I, =CH, =1 (51)
These reactions lead to the expression:
) ke + akan(l)

®omr — Boo  ku + kso(To)

Reaction 50 must be fast. Reaction 49 will cause the yield of carbon monoxide
to increase as the temperature is raised, since it has an activation energy of
13-18 keal. per mole (10, 116). The fraction «, which probably does not have
the same value in the presence as in the absence of iodine, must increase as the
wavelength absorbed decreases. These data cannot be treated quantitatively,
owing to insufficient information. Acetyl radicals are generally conceded to
undergo reaction 49 essentially to completion above about 100°C., but at 4 mm.
iodine pressure even at 177°C. the rate of reaction 49 is small compared to that
of reaction 50. Thus the reaction of iodine with acetyl radicals must be efficient
and the reaction

CH;CO* + I, = CH,COI + I (52)
probably cannot be neglected.

V. MerayL Erayrn KETONE

The secondary reactions in the photolysis of methyl ethyl ketone (2-buta-
none) are similar to, but more complex than, those in acetone (6, 107). Thus,
propane, butane, and ethylene are formed as hydrocarbon products as well as
methane and ethane (71, 75). The many products render any interpretation
of the data very difficult.

Owing to this complexity there is no gain in citing all the possible secondary
reactions. In addition to the hydrocarbons mentioned, there may be biacetyl
(2,3-butanedione), acetone, diethyl ketone, and bipropionyl (3,4-hexanedione)
in the products at low temperature. The re-formation of methyl ethyl ketone
by & radical-radical reaction is also expected.

Experimentally, at 3130 A. and at 25°C., the quantum yield of carbon mon-
oxide is low and of about the same magnitude as in the photolysis of acetone
(25). As will be discussed in Section VI, the quantum yield of carbon monoxide
in the photolysis of diethyl ketone is approximately 1 under these conditions.
Therefore, it is assumed that of the two most probable primary reactions:

CH,COC,H; + hv = CH3CO + C.H; (53)
CHaCOCgHs + hV = CHa + CQHBCO (54:)
reaction 53 predominates at 3130 A.
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Confirmation of the nature of the primary process comes from the ioodine-
inhibited photolysis of methy! ethyl ketone (36, 37, 67, 89). At 3130 A. and
100°C. the relative contributions of reactions 53 and 54, measured essentially
by the yields of ethyl and methyl iodide, are in the ratio of about 20 or 30 to 1.
The ratio drops to about 5 at 2654 A. and to about 2 at 2537 A. The quantum
yields of carbon monoxide in the presence of iodine are somewhat higher for
methyl ethyl ketone than for acetone. This is to be expected, as propionyl
radicals probably dissociate more rapidly than acetyl radicals.

Fluorescence has been observed but is attributed to the photochemical forma-
tion of biacetyl! (69). No fluorescence of methyl ethyl ketone has been reported.

This is about as far as the analysis can be carried. It is difficult to estimate
the primary quantum yields for acetone and even more difficult for methyl
ethyl ketone.

VI. DieTHYL KETONE

In common with the other ketones discussed in this review, diethyl ketone
{8-pentanone) decomposes photochemically by a free-radical mechanism (21,
26, 56, 108). The products are more numerous than in the case of acetone, since
ethyl radicals may disproportionate as well as combine and since the pentanonyl
radicals (C,H,COC.H;) may decompose to give either ethylene and propionyl
radicals (C;H;CO) or methylketene (40) and ethyl radicals. Chains are induced
at lower temperatures than in acetone (110).

Fluorescence has been observed on excitation with 3130 A. radiation (69).
The spectrum of this fluorescence is identical with that observed on irradiation
of propionaldehyde. Thus, the green fluorescence almost certainly originates
from bipropionyl formed photochemically by the combination of two propiony!
radicals. No fluorescence has been found that can be attributed to excited states
of diethyl ketone.

At relatively low intensities, the quantum yield of carbon monoxide is 1 within
experimental error at all temperatures up to about 150°C. (21). Above this
temperature a chain reaction occurs and the yield of carbon monoxide increases
to about 3 at 300°C. At high intensities, the quantum yield of carbon monoxide
may-drop to 0.6 at 25°C. (56). High intensities favor radical-radical reactions.
Thus there would be some re-formation of diethyl ketone under these conditions,
and further, pentanonyl radicals may be removed from the system by radical-
radical reaction which will decrease the importance of the chain reaction. It 35
almost certain that the primary quantum yield is very close to unity at 2537 A.
and at 3130 A. at all temperatures investigated.

The primary process

CzHaCOCzHa + hV = 202H5 + CO (55)

has been suggested for diethyl ketone (19, 26). However, from the fact that at
high intensity and at 25°C. the quantum yield of carbon monoxide decreases
from the value of 1 found at low intensity, it can be concluded that the primary
process:

CszCOCgHs 'I" hﬂ = CszCO + Csz (56)
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followed by dissociation of the propionyl radical:
CzHaCO = CzHa + CO ’ (57)

more nearly represents the situation. Additional verification of this mode of
dissociation may be drawn from the phototxidation of diethyl ketone (83, 85).
Oxygen suppresses the formation of carbon monoxide. This fact can be accounted
for by reaction 56, followed by a competition between reactions 57 and 58:

CyHCO + 0 = ? (no CO) (58)

The rate of reaction 58 must be very rapid, since 0.2 mm. of oxygen is sufficient
to reduce the quantum yield of carbon monoxide to 0.1. These studies suggest
that, as in the case of acetyl radicals formed in acetone, a fraction of the pro-
pionyl radicals formed by reaction 56 retain enough energy to dissociate spon-
taneously. As the pressure of oxygen is increased, the quantum yield of carbon
monoxide decreases rapidly at low pressures of oxygen but then decreases slowly
up to very high pressures of oxygen. Nitric oxide substituted for oxygen, to
facilitate the analysis for carbon monoxide, suppresses the quantum yield of
carbon monoxide to a limit of about 0.07 at 35°C. (measured with 35 mm. of
nitric oxide) (85).

There is an indication from the photodxidation work that the fraction of
propionyl radicals which undergo a spontaneous reaction increases with in-
creasing temperature, but the interpretation of the data is not certain.

VII. Braceryn
A. FLUORESCENCE

Fluorescence is excited in biacetyl (2,3-butanedione) by absorption of radia-
tion at 3650, 4047, and 4358 A. (2,34, 15,33,38,43, 49, 59, 61, 68, 92, 106).
The spectrum overlaps the absorption region, extending from about 4500 to
at least 6500 A. As in the case of acetone, the fluorescence must be ascribed to
at least two different states of different lifetimes. One of these states, with a
lifetime less than 8 X 10~% sec. (38), fluoresces weakly from 4500 to about
5000 A. Since the lifetime of this short-lived state agrees with the lifetime calcu-
lated from the integrated absorption coefficient, this is probably the same elec-
tronic state as is reached by absorption.

The other fluorescence consists of an emission starting at about 5000 A. with
broad maxima at 5100, 5600, and 6100 A. (33). The state responsible for this
green fluorescence has a relatively long lifetime, about 2 X 1073 sec. (2, 49, 92).
For this reason, it has been referred to as a triplet state. This assignment has
recently been confirmed (99, 100).

1. Effects of pressure and wavelength

The fluorescence spectrum is independent of pressure and of exciting wave-
length. This is evidence that the fluorescence originates from the lowest vibra-
tional levels of the excited electronic states involved, or, at least, from low vibra-
tional levels in thermal “‘equilibrium” with the surroundings.

The quantum yield, or fluorescence efficiency, is affected by wavelength.
At 4047 and 4358 &. the fluorescence efficiency is almost independent of the
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pressure of biacetyl and has a relatively large value, 0.145 at 27°C. (4). There-
fore, the rate of degradation of this state by collision is very slow compared
with the rate of fluorescence, although there may be other first-order degrada-
tions such as internal conversion. Interactions between these metastable mole-
cules and normal molecules may be essentially neglected.

Excitation by 3650 A. radiation leads to abnormal fluorescence behavior in.
that the efficiency increases with increasing pressure of biacetyl (4,43). An
interpretation of these facts consistent with the photochemical data is as follows::
a molecule excited at 3650 A. will be in a high vibration level and will have:
sufficient energy to dissociate. Unless some of this energy is lost by collision,
dissociation will oceur. A molecule degraded by collision is essentially the same:
as one formed at the longer wavelengths and may fluoresce,

There is a slight effect of intensity on the lifetime and on the fluorescence:
efficiency of the slow fluorescence (49). The effect may be explained by inter-
action between metastable molecules, thus removing them from the system:
either by dissociation or by degradation.

2. Effects of temperature

The long-lived state decreases in importance more rapidly with increase in
temperature than does the short-lived state, thus facilitating study of the weak
blue fluorescence independent of the green (38). Because of the overlap of
fluorescence and absorption, most of these studies have been carried out with
3650 A. radiation.

The behavior of the green fluorescence as a function of temperature is con-
sistent with a reaction which competes with the formation of the long-lived
state and which has an activation energy of about 9 kecal. per mole (15). At.
200°C. the green fluorescence is completely absent, leaving only the blue. The
lifetime of the long-lived state also decreases as the temperature is raised, but-
the effect is relatively small (49).

There is a decrease of the fluorescence efficiency of the short-lived state with
increasing temperature. Here, an activation energy of about 16 keal. per mole:
can be associated with the reaction removing the short-lived state from the:
system by dissociation and by degradation to the long-lived state.

3. Quenching by added gases

The long-lived state is destroyed by oxygen; the short-lived state is not.
(38, 49). The quenching obeys a Stern-Volmer relationship up to a pressure of
oxygen of 350 microns but above about 3 mm. the fluorescence efficiency is.
constant. The residue is the fast fluorescence unaffected by oxygen.

The slope of the Stern—Volmer plot is independent of temperature, but the:
intercept increases as the temperature is raised. There must be a reaction re-
moving the long-lived state which has a relatively high activation energy.

To investigate the possibility that radicals formed photochemically may
react with excited molecules, the fluorescence efficiency was measured in the:
presence of a fifteen-fold excess of isobutylene (15). There was no effect, a result:
which indicates that this type of interaction can be neglected.
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B. THE CALCULATION OF THE PRIMARY QUANTUM YIELD
As in the case of the other ketones, the primary quantum yield is not directly
accessible from experimental data unless it is unity. In order to determine this
quantity, it is necessary to have a complete understanding of the reaction mech-
anism. For biacetyl, even this knowledge is insufficient at low temperature.
Information must be used about the rate of the reaction which re-forms biacetyl
by the recombination of acetyl radicals.

1. From the products based on a mechanism

It is apparent from the experimental data that the same set of secondary
reactions occurs regardless of the exciting wavelength. The mechanism is based
on the data obtained at wavelengths less than 3200 A. (8, 11). This same mech-
anism is used to interpret the photolysis in the longer wavelength region (97, 98).

The products of the reaction are carbon monoxide, ethane, methane, and
acetone, all of which have been determined quantitatively at wavelengths less
than 3200 A. (8). Ketene and 2,3-pentanedione are known to be present in the
reaction products, particularly at higher temperatures. If these are the only
products, the amounts of ketene and of 2,3-pentanedione can be determined
from the other products and the stoichiometry. The following overall reactions
occur:

CH,COCOCH; = C,H, + 2CO

CH;COCOCH; = CH;COCH; + CO
CH;COCOCH; = CH,CO + CH, + CO
2CH,COCOCH; = CH.CH,COCOCH; 4 CH, + 2C0O
From these, the quantum yields of ketene and of 2,3-pentanedione are:
Perco = 2%cry + 2P0,y + P4 — Poo
@cmyomcocoon; = Peco — Pom, — Pa — 2%c,m,

where &, is the quantum yield for the formation of acetone.
There is some doubt as to the actual nature of the primary process, as will
be discussed subsequently. For the present, it suffices to choose:

CH;COCOCH; + hv = 2CH;CO (59)
The secondary reactions are (8):
CH,CO = CH; 4+ CO (26)
2CH; = C,Hs (29)
2CH,CO = CH;COCOCH; (30)
CH; + CH,;CO = CH,COCH; (32)
CH; + CH,COCOCH; = CH, + CH,COCOCH, (60)
CH; + CH;COCOCH; = CH,COCH; 4 CH;CO (61)
CH,COCOCH; = CH,CO + CH,;CO (62)
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For completeness, the following disproportionation reactions are included (5),
but in the treatment to follow, these will be neglected:

2CH;CO = CH;CHO + CH,CO (31)
CH,CO + CH;3 = CH, + CH,CO (33)

The rate of the primary reaction 59 is equal to the sum of the rates of the
radical~radical termination reactions. If the mechanism is complete, reactions
29, 30, 32, and 63 must be included. Additional radical~radical reactions might
yield as yet undetermined products which would further increase ¢. Since ace-
tone is produced by reaction 61 as well as by 32, the source of the acetone must
be specified in the expression for the primary quantum yield:

b = Puyy + Priyo) + Poumy + Pomsomicococs;

The ®'s are quantum yields: @, ,,, is the quantum yield of acetone formed by
reaction 32 and ®y,,, is the quantum yield for re-formation of biacetyl by re-
action 30.

This expression is considerably simplified if only the data at 100°C. and higher
temperatures are considered. Under these conditions, acetyl radicals will be
unstable with respect to decomposition into methyl radicals and carbon mon-
oxide. The mechanism will then consist of reactions 26,29, 59, 60, 61,62, and
63. The primary yield is:

¢ = ‘I’cgna + ‘I’CHaCHzcococng

and, with the stoichiometric equation for the quantum yield of 2,3-pentane-
dione, this becomes:

¢ = ®co — Poms — Pomy — Pa (XT)

In table 1 are listed the quantum yields for the formation of 2,3-pentanedione
and the primary quantum yields at 150°C. at the various wavelengths studied.
For purposes of comparison ®,m, is included in this tabulation, since it has
been suggested that this quantum yield represents the primary quantum yield
for ¢ > 100°C. (8). The primary quantum yields given in table 1 will be mini-
mum values if there are appreciable quantities of products formed by other
radical-radical reactions. If reaction 63 does occur as is predicted by the ma-

TABLE 1
Quantum yields in the photolysis of biacetyl
¢t = 150°C.; (B) = 1.5 X 1072 moles/liter

Wavelength @ cracmcococHs Pesms ¢
2380 0.28 0.25 0.53
2537 0.30 0.33 0.63
2654 0.23 0.3¢ 0.62
2804 0.13 0.27 0.40
3130 0.15 0.06 0.22
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TABLE 2
Ratio of ketene to methane in the photolysis of biacetyl
2O 200 150 100
CHsCO/CHu.ooooo v 0.8 0.3 0.1

terial balance, there should be contributions from a reaction such as:
2CH,COCOCH, = (CH,COCOCH5), (64)

That 2,3-pentanedione or similar products involving the radical CH;COCOCH;,
are formed is also indicated by the ratio of ketene to methane yields, as shown
in table 2 (12).

The primary quantum yield calculated in this manner should be accepted
only with reservation, as it involves an algebraic sum of four experimentally
determined quantum yields. Thus, the decrease at the shortest wavelengths
may not be real and is especially suspect in view of the iodine-inhibited experi-
ments to be discussed in Section VII,B,2. The decrease at the longer wave-
lengths probably represents the facts more closely, at least in relative values,
if not in magnitude.

To calculate the primary quantum yield below 100°C. reactions 30 and 32
must be included. The quantum yield of reaction 32 is the total acetone quantum
yield less the quantum yield of reaction 61. From the data at temperatures
over 100°C., where reaction 32 can be neglected, the ratio of the rate constants
of reactions 61 and 60 can be measured and extrapolated to the lower tempera-
tures. The quantum yield of reaction 32 will be:

‘I’A(m = ) — (ksx/keo)‘bcm

where &, is the measured quantum yield of acetone formation.

The evaluation of ®3,, requires a ratio of rate constants estimated from the
data on acetone (81); k3a/kwks. The value of this ratio is given only for room
temperature, but it should be roughly independent of temperature (see Section
IV,A). With this information, the complete expression for the primary quantum
yield is:

¢ = Bgo — Bou, — (1 + ker/keo)Pem,
o+ [emleso/K2o)[Ba — (Ror/keo)Bm, ]2/ oy, (XID)

In table 3 are the primary quantum yields as a function of temperature as
calculated by equation XII below 100°C. and by equation XI at 100°C. and
above. Except for the apparent discontinuity in the primary quantum yield
at 2654 A., a regular increase is observed with increasing temperature.

The primary quantum yield at the longer wavelengths is of special interest,
since a correlation may be made with the fluorescence. The available photo-
chemical data at 3650 and at 4358 A. do not include the quantum yields of
acetone and they must be obtained indirectly (97). However, the quantum yield
of acetone will be indeterminate to the extent of an unknown constant, since
there is insufficient information to find both acetone and 2,3-pentanedione.
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TABLE 3
Primary quantum yields as a function of temperature in the photolysis of biacetyl
(M) = 1.8 X 1073 moles/liter; I, = 6 X 104 quanta/second

§ 2654 A. 31304, ' 2654 A. 3130 A.
Dc‘ °c.
28, 30 0.39 0.08 125 0.50 —
50 0.41 - 150 0.62 0.22
65 - 0.15 175 0.66 —
75 0.57 — 200 0.71 0,34
100 0.42 0.2

From the stoichiometric equations, the quantum yield of acetone formed is:
&, = $oo — Pem, — 2%0om, — Bcym500c00H;
The expression for the primary quantum yield is:

¢ = $oo — Posms — (1 + ker/keo)Pom,
+ [kakso/k32)[®co — 2%c,m, — (1 + B + Ker/keo) Bom )/ Bom,  (XIII)

where the quantity 8 is a number less than unity representing the fraction of the
radicals CH:COCOCH; that undergo reaction 63.

When the data at 4358 A. are analyzed by expression XIII, the primary
quantum yields are found to be strongly dependent on temperature, on in-
tensity, and to a lesser extent on the pressure of biacetyl (97,98). The quantum
yields are small, less than 0.03 at room temperature. The primary quantum
yield is proportional to the number of quanta absorbed per unit volume per
second at 30°C. As the temperature is increased, the primary yield decreases
and, at about 70°C., goes through a minimum at high intensity. At low intensity
the minimum will not appear. Above this temperature the intensity effect
gradually disappears, and at 100°C. the primary yield is experimentally in-
dependent of intensity.

The data at room temperature can best be interpreted by the assumption
that collisions between excited metastable molecules cause dissociation. The
lifetime of the long-lived state is probably determined approximately by the
rate of fluorescence at room temperature and is about 10-3 sec. Collision cross-
sections have been calculated for this reaction based on the lifetime of the long-
lived state, the observed primary quantum yields, and the fluorescence efficiency
at 4358 A. and 25°C. Reasonable values were obtained (97). At this wavelength
the energy per quantum is small (about 65 kecal./mole) and is probably not
sufficient to cause direct dissociation, at least at room temperature. As the tem-
perature is raised, the additional thermal energy permits the long-lived state
to dissociate. Thus the primary process changes between 30° and 100°C. At an
intermediate temperature, the behavior is complicated by the contribution of
both primary processes.

A second explanation of the behavior of the primary quantum yield at 4358 A.
and at room temperature is that the metastable molecule Z, must absorb
another quantum of radiation before it can dissociate (96). However, the molar
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extinction coefficient of this state would have to be at least 5 X 10® mole™! liter
cm.™, an extremely high value. The molar extinction coeflicient of biacetyl
in the ground state at 4358 A. is about 6 mole™ liter cm.~! On this basis, the
interpretation that collision of metastable molecules leads to dissociation is
preferred. .

At 3650 A. the primary quantum yield is strongly dependent on the pressure
of biacetyl (97). Again, the quantum yields are small. A plot of 1/¢ against
pressure is linear with a finite intercept, as shown in figure 2. As the tempera-
ture increases, both the slope and intercept decrease. These data are in excellent
agreement with the fluorescence data, in which there is an increase in fluorescence
efficiency with increasing pressure and a decrease with increasing temperature,

@75
0] U 100" 7
124
to8*
0 1 L
(3 10 20 30

™) x 10% mole liter™

Fia. 2. Primary quantum yield (¢) in the photolysis of biacetyl at 3650 A. as a function
of the concentration of biacetyl (M) and of the temperature.

The interpretation is that the initially formed state at 3650 A. has sufficient
energy to dissociate and will do so unless it loses energy by collision. Once an
excited molecule has lost energy it becomes essentially the same as the excited
molecule formed at 4358 A.

2. From the iodine-inhibited photolysis
Iodine added to a photochemically decomposing system involving free radicals
will remove the radicals as they are formed (106). In the presence of iodine,
the mechanism for the biacetyl reaction will consist of the following steps subse-
quent to the primary dissociation (8):

CH;CO 4+ I = CH,COI + 1 (37)
CH,CO = CH; + CO (38)

I+I=Iz (39)
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TABLE 4
Quantum”yields in the iodine-inhibited photolysis of biacetyl at 150°C.

Wavelength Todine Biacetyl %00 Pemr

4. mmoles/liter mmoles/liter
2380 0.193 2.23 1.00 0.98
2537 0.178 1.50 0.87 0.81
2654 0.127 1.49 0.72 0.78
2804 0.157 1.85 0.44 0.41
3130 0.146 1,36 0.20 0.19

The iodine-inhibited photolysis of acetone, in which the quantum yield of
carbon monoxide is low, shows that reaction 38, the dissociation of acetyl radi-
cals, is negligible in the presence of iodine (90, 105). There is no reason to assume
otherwise in the case of biacetyl.

The major products are methyl iodide and carbon monoxide in equal quanti-
ties (8). Ethane, methane, and acetone are formed to only a minor extent. No
analysis was made for acetyl iodide and, judging from the erratic results ob-
tained in the work with acetone, would not be reliable in any case. The experi-
mental quantum yields as a function of wavelength are given in table 4.

The primary quantum yields from these data are subject to some interpreta-
tion. It is evident that the carbon monoxide must be formed in the primary
dissociation step, or, at least, from the dissociation of some radical other than
acetyl, since the quantum yield for carbon monoxide is very low for acetone—
iodine mixtures (see Section IV,B). Therefore the quantum yields of carbon
monoxide represent maximum values for the primary quantum yields and will
be high to the extent that more than one carbon monoxide molecule is formed
by secondary reactions per molecule dissociated in the primary step. The further
discussion of this point will be reserved for Section VII,C, in which material
relevant to the nature of the primary process will be presented.

The dependence of the primary quantum yield on wavelength from 2380 to
3130 .&., coupled with the low values at the longer wavelengths in this region,
means that the initially formed excited molecule is not in a repulsive state.
Thus there must be a time lag between absorption and dissociation. It is pos-
sible, therefore, that some deactivation by iodine takes place in this system,
and the primary quantum yield determined from the experiments with iodine
may be even more uncertain than indicated above. There must be deactivation
by iodine in the case of acetone and by inference in biacetyl. The values of the
primary quantum yields in the presence and absence of iodine are probably
not the same.

C. THE NATURE OF THE PRIMARY PROCESS

The rupture of a biacetyl molecule may be represented by equation 65,
CH;COCOCH; = 2(1 — a)CH3CO + 2aCHj; 4+ 2aCO (65)

where the fraction « lies between 0 and 1 (97). Three special cases of the primary
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process may be cited in which « has the values 0, 1, and 0.5:

CH;COCOCH; = 2CH;CO (a = 0) (66)
CH;COCOCH; = 2CH; + 2C0 (a = 1) {(67)
CH,COCOCH; = CH3;CO + CH; 4+ CO («a = 0.5) (68)
Reaction 68 may be interpreted as:
CH;COCOCH; = CH;COCO + CH; (68a)
followed by:
CH,COCO = CH,CO + CO (68b)

Intramolecular rearrangements are not included here, as the experimental evi-
dence points to a complete free-radical mechanism,

The fraction @ may be calculated from the experimental data and the ratio
of rate constants kg/k3s, estimated from the photolysis of acetone (81). The
quantum yield for re-formation of biacetyl is given by the last term in equation
XII and also by the expression:

$p = (Poo — 20@)2[:1’930/ (kss)? (33)

This expression can be evaluated only at room temperature, where kso/(kss)? is
known. Such a calculation for « is expected to exhibit considerable scatter.
At 2700 A. a is 0.5 within experimental error (97). The values calculated from
data at 3130 and 2654 A. are 0.35 and 0.61, respectively. If these latter values
are correct, it can be assumed that there are two primary processes (reactions
66 and 67), and that the relative contributions are wavelength-dependent. On
the other hand, the data at 2700 A. would indicate that the primary process is
best represented by reaction 68. There is reason to believe that this is so.

The photolysis of biacetyl has been investigated by flash techniques (51).
For an unfiltered flash, the data may be interpreted to mean that reactions 67
and 66 occur in the ratio 2.8 to 1. When the radiation is restricted to the region
around 4200 A., this ratio is 1.6 to 1. These results may be somewhat high, but
are in reasonably good agreement with the low-intensity photolysis.

In the presence of iodine, carbon monoxide is formed at 150°C. to the extents
shown in table 4. Under similar conditions the iodine-inhibited photolysis of
acetone gives almost no carbon monoxide. The amount so obtained is consider-
ably less than would be calculated from « of the photolysis. The large yields of
carbon monoxide for biacetyl-iodine mixtures are coneclusive evidence that the
carbon monoxide is formed directly in the primary process. It cannot be deter-
mined from the data whether the primary process is 66 and 67, or 68. If the
primary process is a combination of 66 and 67, and « is wavelength-dependent,
then the primary quantum yield is:

¢ = Bco/20

In this case, the iodine-inhibited experiments cannot give information about
the primary quantum yield in the presence of iodine, since « is not known.
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The central carbon—carbon bond in biacetyl has some double-bond character,
both in the ground state and in the excited state (63, 99). Thus it is reasonable
to assume that the dissociation will occur according to reaction 68a and that
the resulting radical will lose carbon monoxide even in the presence of iodine.
Then the primary quantum yield in the presence of iodine would be:

¢ = Pco

The agreement between the quantum yield obtained in this manner and the
quantum yield calculated from the photolysis data by equation XTI is good at
the longer wavelengths studied. The quantum yield of carbon monoxide in the
iodine experiments increases regularly with decreasing wavelength to a value
of unity at 2380 f&., while the calculated primary quantum yield from the pho-
tolysis is almost constant at about 0.6 below 2700 A. These low results may well
be a result of the involved calculation of the primary quantum yield.,

At the intermediate wavelength, 8650 A., « varies with both intensity and
pressure (97). At low pressures of biacetyl, « is about 0.2 and increases to almost
0.5 as the pressure is raised. The reason for this effect is not clear.

The primary process seems to be the same at 4358 as at 2700 &., as a is 0.5
in both cases. This is understandable, since the dissociation at 4358 A. involves
the interaction of two excited molecules and the energies available at these two
wavelengths are roughly comparable.

D. THE MECHANISM OF FLUORESCENCE AND OF DISSOCIATION

The experimental facts to be explained by a mechanism are summarized
briefly as follows:

At 2380 to 3130 A.:

(a) The primary quantum yield is less than unity under all conditions ex-
cept possibly at the shortest wavelength.

(b) The primary quantum yield increases as the wavelength of absorption
is decreased.

(¢) The primary quantum yield decreases with increasing pressure of bi-
acetyl.

(d) The primary quantum yield increases with increasing temperature.

(e) No fluorescence is observed.

At 3650 A.:

(a) At all temperatures up to 200°C. the fluorescence efficiency increases
and the primary quantum yield decreases as the pressure is increased.

(b) The sum of the two yields is always less than unity.

(c) The character of the fluorescence spectrum is the same whether excited
at 3650 or at 4358 A,

(d) The long-lived fluorescence decreases in importance more rapidly than
the short-lived fluorescence as the temperature is raised.
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At 4368 A.:

(2) The primary quantum yield is low at room temperature, varies directly
with the intensity, and extrapolates to zero at zero intensity.
(b) The mode of dissociation changes between 30° and 100°C. and the in-
tensity effect disappears.
(¢) Above 100°C. the primary quantum yield increases regularly with in-
creasing temperature.
(d) The photochemical and fluorescence quantum yields are essentially in-
dependent of the pressure of biacetyl.
(e) There is a slight intensity dependence for the lifetime and for the fluo-
rescence efficiency of the long-lived fluorescence.
(f) The sum of the fluorescence efficiency and of the primary gquantum
yield is less than unity under all conditions studied.
The mechanism in the short wavelength region from 2380 to 3130 A. must be
considered separately, as a different electronic transition must be involved at
these wavelengths than at 3650 and 4358 A. (99). Since no fluorescence is ob-
served in the short wavelength region, the data require only reactions 3, 5, and
15 of the general mechanism. The primary yield is given by the expression:
1 ks (M)
5 Tk
The variation of ¢ with wavelength and with temperature is in accord with the
character of reaction 3, in which higher vibration levels are excited as the wave-
length is decreased and as the temperature is increased. Data are available to
test the pressure dependence of ¢ at 2700 A. (96), and agreement with the pre-
ceding equation is good. The intercepts are subject to some uncertainty, particu-
larly at the higher temperatures, but still lie close to unity. Thus, there can be
very little loss of excited molecules through internal conversion at this wave-
length. .
The data at 3650 and 4358 A. are consistent with the general mechanism ad-
vanced in Section II,C with the addition of another dissociation step:

2Zn =D+ X (69)

and with the inclusion of reactions 4 and 14, internal conversion of the states
Y. and Y, respectively. .

For biacetyl at 3650 and 4358 A. it is necessary to make the following assump-
tions: :ZC13 + k14 > (km + k15)(M) and ki -+ kIg > (kzo + k21>(M) In a,ddition,
the data at 4358 A. require that ks + ks < (ks + ks)(M).

With these approximations, equations II and III reduce to:

1 kot by I:ks + ks | ks 4+ k4]

Q* ks ks + ks (M) (XIV)
and

1 ku+t ks l:ks + ks | ks + k4]

" s L kT ROD xV)
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at 3650 A. and at room temperature. The approximations necessary to arrive
at these equations are probably not valid at high pressures, where reactions 12,
15, 20, and 21 must become important. However, over the range studied (up to
about 50 mm. pressure of biacetyl) equation XV is obeyed fairly well by the
green fluorescence, as shown in figure 3. The ratio of slope to intercept should
be the same when the data for the blue and green fluorescences are plotted in
the form of equations XIV and XV, but the behavior of the blue fluorescence
has not been studied as a function of the pressure of biacetyl at room tempera-
ture. The value of (ks + ki)/(ks + ks) obtained from figure 3 is 4.9 X 10~
mole liter—1,

1 1
[} 10 20 30 40

A -2 ~
™ X 107 mole™ liter

10 4

F1g. 3. Test of equation XV for fluorescence efficiency (@) of biacetyl as a function of the
concentration of biacetyl (M) at 3650 A. and 50°C.

Since the primary quantum yield at 4358 A.is essentially zero at low intensi-
ties and at room temperature, there can be little contribution to dissociation
from reactions 12, 17, and 20. Thus, the primary quantum yield at 3650 A.
will be

—_ ks
"~ ks F ke + (s + k) (M)

The data fit this equation very well (96, 97). A value of 9.3 X 10~ mole liter—!
for (ks + ks)/(ks + ks) may be obtained from a plot of 1/¢ versus (M), in fair
agreement with the value from the fluorescence data.

As the temperature is increased, k; must increase. Reaction 3 for biacetyl has
an activation energy estimated at about 6 keal./mole higher than the activation

% (XVI)
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energy for ks 4 ks. Reaction 17 must have an appreciable activation energy to
account for the decrease in the green fluorescence efficiency as the temperature
is raised. This may correspond to the 16 keal./mole found from a treatment of
the photochemical and fluorescence data (98), but it is not possible with the
mechanism used here to put these activation energy differences into an explicit
expression.

At 200°C., where only the blue fluorescence occurs, the fluorescence efficiency,
although very small, still increases with increasing pressure. The slope of a plot
of the photochemical data in the form of equation XVI is zero within experi-
mental error. This latter fact may be due to a contribution to dissociation by the
state Z.,, (the long-lived state) by reaction 17. The primary yield under these
conditions would be:

ko
g s v i

T Fs + K + (ks + Fon) (VD)

and the pressure effect would be considerably decreased as ki becomes larger
than k1s.

At 4858 A. ks and ks must be small enough to be neglected. The fluorescence
efficiencies are:

¢ (XVII)

1 (ks + k) (ks + ke)
Q* kevg ks (XVIII)
and
1 (b o+ k) (ks 4 k)
=~ Ful (XIX)

The primary dissociation at 4358 A. and 25°C. results from the interaction of
two long-lived excited molecules, and the expression for the primary quantum
yield must involve the intensity to the first power. By including reaction 69 in
the mechanism, the steady-state concentration of the long-lived state, Za, is

ks |:< 4ksken s )1/2 :l
Iy = — {1+ )] —1

s L\ T s  Fo) (o
in which ki is not included, since kiy << k15 at room temperature. In order that
this equation reduce to the proper form, the term 4kskel,/ (ks + ks)(k1s)? must
be small compared to unity. On this basis, the root may be expanded [Note:
1 — 22)Y2 (1 — a) for a < 1], and the steady-state concentration of Z. is
- keI,

(ks + ko)kis

The primary yield is given by the expression

_ kel
(ks + ks)*kis

Zm

¢
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~at 25°C. The slight effect of intensity on the fluorescence is probably due to a
contribution of reaction 69, which decreases the concentration and lifetime of
the state Z,.

At higher temperatures reaction 17 is important; above 100°C. the primary
quantum yield is represented by the expression

6 = kg by

ks + ks kir + ks
and will approach
— ks

ks + ks

¢

as kyy becomes much larger than kis.

VIII. KETENE
A. THE CALCULATION OF THE PRIMARY QUANTUM YIELD

The photolysis of ketene has received considerable attention as a source of
methylene radicals (52, 54, 76, 77, 93, 111, 114, 115). In its photochemical be-
havior ketene resembles biacetyl at 3650 A. and shorter wavelengths. Fluores-
cence has not been observed, although there has been no systematic search for
it, particularly in the ultraviolet region.

The reaction consists essentially of the following steps:

CH:CO = CH; + CO (70)

CH, + CH.CO = CH,CO (71)
CH; + CH.CO = CH, + CO (72)
CH,CO + 2CH,CO = CO + polymer (73)

Reaction 73 must be included as written to explain carbon monoxide quantum
vields of 2 at the shorter wavelengths. The ratio of carbon monoxide yield to
ethylene yield is 2.2 under all conditions, and polymer has been observed in the
cell walls subsequent to photolysis. The reaction of two methylenes

QCHg = CzH4 (74)

has been excluded except possibly for conditions of high intensity such as flash
photolysis (55).

For the mechanism as written in equations 70 through 73, the primary quan-
tum yield is:

¢ = %';’co
B, EFFECTS OF WAVELENGTH AND PRESSURE

The nature of the primary process changes between 2700 and 3650 A. At the
shorter wavelength the primary quantum yield is unity within experimental
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error, i.e., the quantum yield of carbon monoxide is 2 (111). It is independent of
pressure, of intensity, and of temperature.

At the longer wavelength, 3650 A., the mode of dissociation is almost identical
with that of biacetyl at the same wavelength except that no fluorescence has
been found. Thus the mechanism will include reactions 3, 4, 5, and 15. The pri-
mary quantum yield is given by the following expression:

Fs(M)
ks

1 kq
¢ 1+ ks +
The experimental data fit this relation well at all temperatures investigated.
Both the slope and the intercept decrease as the temperature is raised, so that
an activation energy of about 4.5 keal./mole must be assigned to reaction 3.
The photolysis has not been studied extensively at 3130 A. but the available
data indicate that the primary quantum vield is about 0.5, intermediate to the
results at 2700 and at 3650 A.

IX. CoxcLusion

A general mechanism congsistent with the primary photochemical behavior of
several simple ketones has been advanced. This mechanism satisfactorily corre-
lates existing data for acetone, methyl ethyl ketone, diethyl ketone, biacetyl,
and ketene, although, as would be expected, the relative importance of some
steps varies from compound to compound. Fluorescence data as well as primary
photochemical quantum yields may be shown to be consistent with the mecha-
nism,

It must be emphasized first that the mechanism itself is of necessity a sim-
plified version of the true state of affairs, since a detailed statistical treatment
based on all possible participating electron-rotation-vibration energy levels
would lead to quantum efficiency equations too complex to apply to the data.
Certainly not enough is known about the details of the energy-level diagrams to
give meaning to such a detailed treatment. Secondly, there are serious gaps in
some of the data. These arise partly because much of the work was done before
presently available techniques could be used and partly because a reasonably
complete picture of the mechanism has been slow in taking shape so that workers
in the field did not seek for what is now known to be desirable information.
Were one to start over with present knowledge the program could certainly be
pursued more efficiently and more elegantly. Hindsight is always easier than
foresight.

There are, nevertheless, certain facts which would be difficult to obtain either
with presently available techniques or with techniques which one can easily
predict to be just over the horizon. These facts are mainly ones which permit the
calculation of primary photochemical quantum yields with very high accuracy.
Fluorescence efficiencies may not be easy to measure with high accuracy, but on
the whole the data are less susceptible of erroneous interpretation than are the
photochemical data.
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In principle one may calculate a primary quantum yield only under the fol-
lowing idealized conditions: (7) all products are known; (2) secondary reactions
do not regenerate molecules of the absorbing substance; (3) secondary reactions
do not produce the same radical or radicals as are produced in the primary
process. If any one of these conditions is not met uncertainties will always exist
in the determination of the primary quantum yield unless there are sound spec-
troscopic reasons for believing that it is unity.

Even if all three conditions are met, the experimental difficulties are great.
Probably no photochemist has ever measured the number of quanta absorbed
during a given experiment with an accuracy better than a few per cent. Since the
number of quanta absorbed per unit volume per second will vary not only with
the position of the volume element in the reaction vessel but with time, the rates
of all radical-radical reactions will vary from point to point within the vessel.
Thus not only gross quantum yields but especially primary yields which usually
must be calculated from sums and differences of gross yields will be subject to
great uncertainties except for simple cases where the radical mechanism is well
understood. This is not to deny, of course, that there has been much inexcusably
poor photochemical work and that both gross and primary yields are subject to
errors which careful attention to detail would have avoided.

Thus, one can see two great needs: (a) highly monochromatic light of adequate
intensity; (b) better quantitative determinations of all of the reaction products.
Great progress in this field will depend on quantum yields of high accuracy ob-
tained under well-controlled experimental conditions. It is much easier to wish
for such data than to obtain them. New analytical techniques now available
should help, although all too often they are used uncritically by technicians who
do not understand the main problem.

Some specific needs for data to complete the picture presented in this review
may be cited:

(1) Accurate quantum yields of biacetyl formation from acetone at several
wavelengths, pressures, and temperatures. The indirect method of calculation
of this quantity from other quantum yields is subject to many uncertainties.

(2) At least reasonably good quantum yields of the minor products from ace-
tone: ketene, ethyl methyl ketone, biacetonyl, and acetaldehyde.

(8) Systematic data on the yields of products in the acetone—iodine system.
The primary yield is certainly affected by the presence of iodine, but the ex-
periments suggested should give much information about the behavior of ex-
cited molecules.

(4) Systematic determination of yields of ketene and 2,3-pentanedione from
biacetyl. Possibly one should look more carefully for dimer or higher polymer.

(6) The absorption spectrum of ketene and a search for possible fluorescence.

(6) The nature of the ketene polymer and of its mode of formation.

Much other pertinent information is needed to complete the picture of the
primary photochemical process for even these simple molecules. It is not at
first blush rewarding merely to improve techniques to get more accurate meas-
urements in g field in which the cream has already been removed. The authors
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feel, however, that much, if not all, of the cream may still be there and that
careful experimentation in this field of photochemistry would be rewarding.
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