Fe(CsHs),%] bond, that in HMn(CsHs), may be especially
so, perhaps accounting for the fact that the latter species
has never been observed while its Tc and Re analogs are
well-known. The extension of these results to other organo-
metallic complexes, containing a variety of metal atoms and
ligands, should prove illuminating.
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Abstract: Besides the first-order radiative (1.2 X 102 sec™!) and radiationless (5.3 X 102 sec™!) decay channels the lifetime
and emission yield of gaseous triplet acetophenone depends upon (a) diffusion to followed by quenching at the wall, (b) self-
quenching (8.9 X 107 M~} sec™!). and (c) photoreaction. The contribution of diffusion can be treated quantitatively and it is
shown that the wall deactivates with close to unit efficiency. At sufficiently low pressure following Sg — S; excitation, triplet
acetophenone dissociates with unit probability to give C¢HsCO: + CHa-. The dissociative state can be deactivated by added
gas and both emission and chemical quantum yields give a dissociative lifetime of ~5 X 1078 sec for Aexcis 275 nm, There is
evidence that these lifetimes are wavelength sensitive. So — S, excitation does not result in the above reaction although there

is evidence for a temperature-dependent decay.

In a previous paper we discussed the photochemistry of
benzaldehyde,! and in this paper we report on our studies of
acetophenone.? Benzaldehyde photochemistry is very sensi-
tive to the energy of excitation and on the nature of the
electronic state excited. For example So — S, excitation (n
— %) resulted in free radical formation; Sy — S, excita-
tion (= — «*) led to an intramolecular process resulting in
benzene and CO without the formation of free radicals. The
triplet yield was somewhat wavelength dependent, and it
has been suggested that the rate of intersystem crossing de-
creases with an increase in excitation wavelength.? Thus we
were particularly interested to determine the nature of and
the relative importance of the primary photochemical pro-
cesses in gaseous acetophenone as a function of excitation
energy. Furthermore a knowledge of these primary photo-
chemical processes was necessary before studying the bi-
molecular reactions of triplet acetophenone in the gas
phase. The results of these latter studies will be reported in
another paper.*

Early studies> of the photolysis of acetophenone were
directed to the search for a convenient source of phenyl rad-

icals in the gas phase. Both methyl and phenyl radicals were
produced in sufficient quantity for rate studies when photo-
lyses using an unfiltered mercury arc were carried out at el-
evated temperatures (>280°).° Carbon monoxide, benzene,
ethane, methane, and trace amounts of biphenyl and tolu-
ene were produced under these conditions. The use of aceto-
phenone as a radical source in the glass was also attempt-
ed.” However, full mercury arc irradiation of acetophenone
in a 5:1 isopentane-3-methylpentane glass at liquid nitro-
gen temperature resulted in no detectable decomposition.

The above mentioned studies reveal little about the na-
ture of the primary photochemical processes involved since
unfiltered light was used. Smith and Calvert® studied the S
—> S| photolysis of trifluoroacetophenone at 366 and 313
nm at elevated temperatures (150-300°). They concluded
the quantum yield for decomposition was extremely small,
under their conditions: for example, at 366 nm and 280°,
dcF,. ~ 0.008.

Experimental Section

(1) Materials and Apparatus. Acetophenone was distilled on a
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Figure 1. Gas-phase absorption spectrum of acetophenone in the 210-

380 nm range. The region 210-290 nm was recorded at 0.4 Torr (25°)

and the n.r* region at 4.6 Torr (65°). The extinction coefficients in

M~ cm™! are given in parentheses along with peak maxima.

micro Vigreux column at reduced pressure and then further puri-
fied by 4-5 trap distillations under vacuum immediately before
use. Carbon dioxide was used as an “inert gas” in some experi-
ments: it was also vacuum distilled immediately before use. Car-
bon dioxide was employed because it was chemically inert, there
being no abstractable hydrogens,” and because it could be readily
degassed to remove trace amounts of oxygen. Even small concen-
trations of the latter can quench the triplet.! Benzene, toluene,
methane, and ethane were similarly purified for gas chromato-
graphic calibrations.

General descriptions of the photolysis, the emission, and the life-
time equipment have already been given.!%!! The methods used to
determine decomposition and emission quantum yields are also
found in these references. For emission measurements rectangular
| cm path length quartz (Suprasil) fluorescence cells were used.
For lifetime measurements, at very low pressures of acetophenone
the emission signal was shot-noise limited when the above quartz
cells were used. Thus a special cylindrical cell 6 ecm in diameter
and 3 cm high fabricated from aluminum and anodized black was
constructed to increase the amount of light exciting the gas. A 3
cm square quartz excitation window was epoxied into the bottom
of the cell and a 0.5 X 1.5 cm quartz window was inset into the
side of the cell to monitor the emission. This cell could be situated
less than | cm from the excitation source. With this setup the sig-
nal level was increased more than 200-fold and the relative scatter
was decreased substantially. Lifetimes of 3 X 10~3 Torr of aceto-
phenone could be reproducibly obtained. Another advantage of
this large cell is that effects of diffusion to the wall are minimized.

For lifetime measurements at elevated temperatures, the rectan-
gular quartz cells were placed ina 6.5 X 6.5 X 10 cm brass block
equipped with appropriate excitation and emission windows. The
block. heated by cartridge heater elemerits, could be held to within
0.1° as measured by a thermocouple in contract with the quartz
cell.

Photolyses were carried out at room temperature, 22 & 2°, using
a high-pressure mercury arc (PEK 100 W)/Bausch and Lomb mo-
nochromator combination with an effective spectral bandwidth of
6.6 nm, The cylindrical quartz photolysis cells were 17 cm in
length with a diameter of 3 cm. Analysis for gaseous products was
carried out by gas chromatography using flame ionization and
thermal conductivity detectors. The extent of photolysis was gener-
ally less than 15%. It should be pointed out that the strong absorp-
tive nature of gaseous acetophenone in the vacuum system necessi-
tated special care to ensure equilibrium when preparing samples.}

(2) Spectra. The gas phase absorption spectrum of acetophenone
is shown in Figure 1. The peak maxima and the corresponding ex-
tinction coefficients are given on the spectrum. It should be pointed
out that because of the narrowness of the 275 and 282 nm peaks, a
special bandwidth of less than 0.4 nm had to be employed in order
to obtain correct extinction coefficients in these regions. Extinction
coefficients and acetophenone vapor pressures were determined si-
multancously using a spectrophotometric method.!? The vapor
pressurc fits the following expression in the range 0-103°: log
Prorr = B — [21854/(T + 273)]. Experimentally, we find 4 =

11,800 (the heat of vaporization in cal/mol) and B = 8.3. This
agrees excellently with the literature!? values 4 = 11,732 and B =
8.233 over the temperature range 37-202°.

Using a 4. nm spectral bandwidth the gas emission spectrum at
room temperature had major peak maxima at 392, 420, and 450
nm with corrected relative intensities of 0.66:1.00:0.84. The spec-
trum is quite similar to that obtained in isooctane at room temper-
ature, viz., 394, 421, and 451 nm.'* In a hydrocarbon glass at
77°K with | nm dispersion the spectrum sharpens up considerably
and the 0-0 maximum shifts to 389 nm in agreement with other
studies.!3'¢ Emission quantum yield studies as a function of wave-
length were carried out using a 4 nm spectral bandwidth for the
excitation monochromator and a 20 nm pass for the emission mo-
nochromator.

Results and Discussion

(1) Emission and Lifetime Studies. (a) So — S; Excitation.
(i) Diffusion and Self-Quenching Effects. One of the prob-
Jems in measuring triplet lifetimes and emission yields re-
sults from diffusion of excited molecules to the vessel wall
where they are effectively quenched. In the following model
we take diffusion into account in order to explain the behav-
ior of acetophenone (Ac) at very low pressures.

h
Ac — — Ac(Tp (1)
Ac(Ty) t Ac + hw, (2)
Ac or products (3)
Ac(Ty) + Ac — 2Ac (4)
wall
Ac(T) — Ac (5)

Reaction | includes absorption and intersystem crossing.
Since these are so rapid compared with the decay channels
the value of k| does not enter into the subsequent kinetic
expressions,

Processes 2 and 3 represent the radiative and first-order
nonradiative decay channels. Reaction 4 is the self-quench-
ing reaction which has been observed both in the gas phase
and for solution.*%!7.18 Reaction § is diffusion to the wall
followed by deactivation. At 3 X 103 Torr, the lowest pres-
sure employed in the lifetime studies, the mean free path of
acetophenone molecules, is ~0.4 cm which is comparable
with the dimensions of the vessel employed (see Experimen-
tal Section). Assuming that the exciting flash fills the vessel
uniformly the excited molecules have to travel in the colli-
sion free region an average distance () = 2 cm to reach the
wall. The time (o) required to travel such a distance is 80
usec. The smallest actual lifetime measured was 170 usec,
so that in the collision-free region the lifetime would be
<170 usec. Thus we estimate a wall accommodation coeffi-
cient (a) 2 80/170 ~ 0.5.

At higher pressures of acetophenone the time to reach
the wall is limited by diffusion. This time is given by t4irr ~
02/6 D= ¢2[Ac]}/6D. D, the diffusion coefficient, and D
can be calculated from standard formulas.!'® This means
that over the whole pressure range the time to reach the
wall and be quenched can be given approximately by fwai ~
{(62[Ac]/6D) + to}(1/c). Thus the measured emission life-
time becomes

1/Ten = {ky + Ry} + Ry[Ac] + a{-o—%—g—cl + to}'t
(M

For a molecular diameter of 8 A we estimate D = 7.9 X
10~4 M cm? sec™! at 25°. At pressures above 0.05 Torr (2.7
X 10~ M) the third term becomes small so {k; + k3} and
k4 can be estimated from the “straight-line” portion of the
curve; see Figure 2. These quantities were found to have the
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Figure 2. Variation in the reciprocal of the acetophenone triplet life-
time, 7em. with acetophenone pressure: (O) experimental values: —
and - - - calculated from eq | using @ = 1.0 and 0.5, respectively.

values 800 sec™! and 8.8 X 107 M~! sec™!, respectively.
The full-line curve in Figure 2 was obtained using these
values and setting o = 1.0; the dashed curve was obtained
using a = 0.5. By forcing the data above 0.05 Torr to fit a
straight line too high an intercept is obtained because there
is significant upward curvature in the 0.05-0.15 Torr range
due to diffusion. In fact an even better fit to the data is ob-
tained with @ = 1.0, k4 = 8.9 X 10”7 M~ sec™!, and (k» +
ki) = 650sec™!.

(it) Quantum Yields. The decrease in lifetime due to diffu-
sion of triplets to the wall should also be reflected in a drop
in the emission yield since

1T = ky/®, (1)

These yields were determined using a rectangular | cm path
length quartz cell. The data are shown in Figure 3. The full-
line curve was calculated using eqs I and II. Because of the
smaller dimensions of this cell in comparison to the vessel
employed in the previous section, diffusional effects are
more significant. It will be noted that in this case the dif-
fusional effect masks the self-quenching, i.e., the k4[Ac]
term does not contribute significantly in this pressure re-
gime in the smaller vessel. Simple theory shows that aceto-
phenone should diffuse through CO, three times faster than
through itself. It is for this reason that when CO was pres-
ent as an added gas we set its efficiency 8 in impeding diffu-
sion to the wall as !5 that of acetophenone, i.e., tqiir > (02/
6D) {[Ac] + B[CO,]}.

(iii) Radiative Lifetimes. Both the quantum yields and
lifetimes were sensitive to the purity of acetophenone. In the
1 em fluorescence cell with enough CO, added (~60 Torr)
to minimize diffusional effects we could obtain lifetimes as
long as 500 usec (Pac = 0.25 Torr) and as short as 300 usec
with a “‘poor” sample with corresponding variations in ®em.
With an observed lifetime of 500 usec, ®em = 0.06. This
gives a radiative lifetime of 8.3 msec in good agreement
with the values obtained in the glass and in solution,!4:!5:20
Thus k; = 1.2 X 102 sec™! so that k3 = 5.3 X 102 sec—!.
Our value of k3/(ky + k3) = 0.18 can be compared with
0.62 in the glass. The difference may reflect small varia-
tions in k3 and/or k3 with phase or temperature.

(b) So — S3 Excitation. Effect of Pressure on Emission
Yields. Although little photochemistry results from Sq — S,
excitation at room temperature, extensive decomposition
does occur upon excitation in the S, band at low pressures
(vide infra). In the scheme below reaction la represents Sy
—> S; excitation followed by intersystem crossing to produce
a vibronically excited triplet. Decomposition (reaction 6) or
collisional deactivation (reaction 7), are the two fates of this
triplet.
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Figure 3. Relative emission quantum yields as a function of effective
pressure, P/, for Aexcit 325 nm (P’ = Pac + 0.33Pco,): (Q) acetophe-
none alone, (a) CO, as added gas, Pac = 0.025 Torr. Full-line calcu-
lated using eqs | and Il with e = 0.4 cmand & = 1.0.
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Figure 4. Ratio of emission intensities for Aexciy 282 and 325 nm as a
function of presssssure (P = Pac + Pco,): (Q) acetophenone alone,
(&) CO; as added gas. Pac = 0.025 Torr. The emission intensities are
corrected such that the excitation intensity is independent of wave-
length.

w
Ac — — Ac(T™ (1a)
Ac(T*) — products (6)
BRWES (7

Ac(T|) can then carry out reactions 2-5, discussed pre-
viously. The efficiency of COj relative to ground-state ace-
tophenone as a deactivating agent, reaction 7, was deter-
mined by measuring the emission intensity for Aexcit 282 nm
relative to the emission intensity for Aexeir 325 nm as a func-
tion of pressure, Figure 4. Such relative measurements have
the advantage that diffusional effects will cancel. The data
in Figure 4 show that CO; is about one quarter as effective
as ground-state acetophenone in removing excess energy
from excited triplet acetophenone, Ac(T*). In terms of the
above model

kM
¢ = $ 325
™ Tk F ky[M]

This predicts that at sufficiently high pressures, & be-
comes equal to ®.m,?2%. Equation 111 can be rearranged to

I 325 €325 /\’ 2 \'
— + =8
{1 M §

Io — &
In eq 1V Ie3%5 and I ™ are the experimental emission in-
tensities at Aexcit = 325 nm and Aexcit = A, corrected such
that the excitation intensity is independent of wavelength. It
is also assumed that absorbances are small enough to write
Lo [ Lins = 325/€*, the ratio of the effective extinction
coefficients for the spectral bandwidth of the exciting radia-

(11

(Iv)
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Figure S. Ratios of emission intensities for Aexen 274 and 282 nm vs.
Aexcit 325 nm as a function of effective pressure P” (P” = Pac +
0.25Pc0,): {(O) acetophenone alone, Aexciy 282 nm; (A and 0) CO; as
added gas, Pac = 0.025 Torr and Aexcit 282 and 275 nm, respectively.
Insert: data in high-pressure region with same variables on expanded
scales. The emission intensities are corrected such that the excitation
intensity is independent of wavelength.

tion, which in this case was 4 nm. If the model is correct,
the intercepts in Figure 5 should equal 0.089 and 0.071, the
experimental values of ¢325/¢* obtained from the absorption
spectra for A 282 and 275 nm, respectively, using a 4 nm
band pass. The actual intercepts obtained from Figure 5
were 0.095 £+ 0.01 and 0.08 + 0.01. The good agreement in-
dicates that at high pressures ®¢m282 and &2’ do indeed
approach ®.,,32%. Returning to eq IV and Figure § we find
from the slope that k¢* = 2.5 X 107 and 1.3 X 107 sec™! for
A 275 and 282 nm, assuming k7 has the collision controlled
value 3.9 X 10’ M~ sec™! for M = acetophenone.

(¢) So — S3 Excitation. At the highest pressures em-
ployed, ~60 Torr CO,, emission resulting from Aexcir 230
and 238 nm could be observed. Extensive measurements for
this band have not been carried out yet but ®.m20 «
$.m27% at 60 Torr so that considerably higher pressures are
required to deactivate the molecules excited into Ss.

Acetophenone was incorporated into a 2-methylbutane
glass and the quantum yields of emission were determined
for Acxi ranging from 230 to 340 nm. Within experimental
error the quantum yield remained constant indicating a
constant emission yield for excitation into the S, S», and S;
bands, which is consistent with the absence of photochemis-
try in the glass.” Of course this constancy could stem from
relaxation in the singlet before intersystem crossing but if
the latter can compete with the former, at sufficiently high
pressures the highly excited triplets must be deactivated ef-
ficiently. These results are similar to those of Metcalfe et
al.> who observed that the quantum yield of emission for
benzaldehyde was also pressure sensitive for Aexcit 230 nm.

{2) Photochemistry. (a) So — Sy Excitation. When 0.2
Torr of acetophenone was photolyzed at 275 nm at room
temperature ethane was the major gaseous product. It was
shown that the amount of ethane produced was a linear
function of the total quanta absorbed up to 25% decomposi-
tion. However, in general, photolyses were carried out to
less than 15% decomposition to minimize complications
from side reactions. Moreover it was demonstrated that
$(—Ac) = 2$(CaHg); this latter result indicates that the
major photochemical channel is

hy .
Ac — C(,HSCO + -CH3 (63)

At the lowest pressures used the efficiency of the recombi-
nation of methyl radicals to form ethane is reduced because
of subsequent dissociation of some of the C,H¢*,2! but the

G 2 4 § 8 0
P" (Torr)

Figure 6.-Quantum yield of ethane formation as a function of effective
pressure P’ for Aexcis 275 nm where P = Pac + 0.25Pco,.

absence of other channels for methyl radicals in our system
ensures that C;Hg is the ultimate product. Reaction 6a is
expected on simple energetic grounds since the reactions of
acetophenone to form (CsHs- + CH3CO:) and (C¢HsCO-
+ CH3) are endothermic by 93.8 and 80.7 kcal, respective-
ly.2223 Since we could detect no carbon monoxide,
[C2He]/[CO] > 100, the CcHsCO- radical does not decom-
pose under our conditions, but may be expected to do so at
higher temperatures since its activation energy for decom-
position is known to be 29.2 kcal mol~1.22 A typical hydro-
carbon analysis gave ethane:benzene:methane:toluene =
1.0:0.02:0.006:0.002. As has been generally found in the gas
phase photolysis of aromatic carbonyls, on prolonged irra-
diation the buildup of pale yellow “polymeric” layer on the
vessel walls could be observed. This material on extraction
with acetonitrile was shown to have a long structureless ab-
sorption extending beyond 400 nm with a distinct peak at
243 nm. Thin-layer chromatography indicated that neither
biphenyl nor benzil was major component of this material.

Since reaction 6a seems to be the major photochemical
channel the model predicts

1/2%c 4, = 1 + Re[M]/k; (V)

The pressure dependence of the ethane quantum yield is
shown in Figure 6. Using the value for k7 and the deactiva-
tion efficiencies for acetophenone and carbon dioxide calcu-
lated above we obtained k¢27> = .4 X 107 sec™!. Although
this value is close to that obtained from the emission studies
(2.5 X 107 sec™!), it does differ by almost a factor of 2. At
present we are not able to explain this disrepancy.

A few photolyses at 282 nm and at 250 nm were also car-
ried out. The results were very much like the 275 nm photo-
lyses, high quantum yields of decomposition at low pres-
sures with similar product distributions.

It may be asked why we have concluded that for Sg — S;
excitation decomposition occurs from the triplet rather than
from, say, S1"®. The same reasoning as was used previously
can be applied. The lifetime of the dissociative state is
~10~7 sec. The radiative lifetime of S; is ~107° sec, so that
if S| lived for as long as 10~7 sec we would expect to see
strong fluorescence. Furthermore all the evidence points to
the intersystem crossing rate in aromatic carbonyls as being
very much greater than 107 sec™!.24

(b) Sp — Si1 Excitation. The use of 365 nm radiation al-
lows excitation close to the onset of the Sp ~ S, transition.
Very low quantum yields of methane and ethane formation
were obtained, even at low acetophenone pressures, for
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Figure 7. Variation in acetophenone triplet lifetime (7) with tempera-
ture. Acetophenone (0.2 Torr) with 60 Torr of CQO- as added gas.

room temperature photolyses. This result is in good agree-
ment with the Sy — S, photolyses of trifluoroacetophenone
where low quantum yields of decomposition were reported.
We estimate &cH,. < 0.01 from our data. Thus decomposi-
tion from T; into products represents a very small fraction
of reaction 3. Methane was the major product; (CHa4)/
(CoHg) = 2.2. The larger relative amount of methane to
ethane in Sg — S, photolyses compared with that in the Sg
— S, photolyses presumably stems from the much lower
steady state methyl radical concentration in the So — S,
photolyses. Thus we conclude that the quantum yield of
channel 6a is much smaller for Sy — S; excitation than for
So — S, excitation.

A recent study of gaseous benzophenone demonstrated
that the observed lifetime of triplets produced by S; — S,
excitation varied markedly with temperature.25 This effect
had also been observed in solid matrices2® and there was ev-
idence that it was caused by a temperature-dependent
chemical channel. Preliminary data indicate that similar ef-
fects might be operating for both benzaldehyde and aceto-
phenone. Figure 7 is a plot of triplet acetophenone lifetime
vs. temperature. Over a considerable range of temperature
the lifetimes remain essentially constant, but decrease
markedly at higher temperature.

The full line in Figure 7 has been calculated by fitting the
data to the sum of temperature-dependent, k7. and temper-
ature-independent, ko, rate constants: kopsg = ko + k7 =
2.0 X 10? + 1078,—8600/RT The temperature-dependent
process could be a chemical channel and may explain the
steadily increasing CF;- yield observed by Smith and Cal-
vert as they increased the temperature in the photolysis of
trifluoroacetophenone.

The variation in the lifetime due to the temperature de-
pendence of self-quenching in gaseous acetophenone has
been studied and has been shown to be too small to explain
the results in Figure 7. The self-quenching process is dis-
cussed more fully in a forthcoming paper dealing with bi-
molecular reactions of triplet acetophenone.

Conclusions

The primary photophysical and photochemical processes
in benzaldehyde and acetophenone have certain striking
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similarities and differences. In both cases the triplet mole-
cules are readily quenched with almost unit efficiency on
the walls of the reaction vessel; this can become the domi-
nant decay route at low pressures. Self-quenching is also
important in both cases. The photochemical yields are
markedly wavelength and pressure sensitive with chemical
quantum yields and emission yields correlating in a pleasing
fashion. However, the major photochemical reactions,
which can occur with high quantum yield under the appro-
priate conditions, are quite different in booth cases. Benzal-
dehyde yields benzene and carbon monoxide while for ace-
tophenone the major pathway is the production of
CsHsCO: and CH3j.. The onset wavelengths of the photo-
chemical channels and their general natures are strikingly
confirmed by the opto-acoustic spectroscopy technique.?’

Both benzaldehyde and acetophenone promise to be in-
teresting systems for study in the isolated molecule region.
However, more detailed studies over wider ranges of excita-
tion wavelength, pressure, and temperature are required to
reveal whether there is more than one photochemical chan-
nel in each case and whether decompositions can be treated
simply in terms of the unimolecular reaction of a vibration-
ally excited triplet or if there are more subtle matchings at
particular energies with dissociative surfaces.
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