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Measurements of the acetyl yield from acetone photolysis have been made using laser flash photolysis/laser
induced fluorescence.Φtotal(λ,p,T) was determined over the ranges: 266e λ/nm e 327.5, 0.3e p/Torr e
400 and 218e T/K e 295. The acetyl yield was determined relative to that at 248 nm by conversion to OH
by reaction with O2. Linear Stern-Volmer plots (1/[OH] vs [M]) describe the data forλ < 300 nm, but for
λ > 300 nm, nonlinear Stern-Volmer plots were observed. This behavior is interpreted as evidence for
dissociation from two excited states of acetone: S1 when the Stern-Volmer plots are linear and both S1 and
T1 when Stern-Volmer plots are nonlinear. A model for acetone photolysis is proposed that can adequately
describe both the present and literature data. Barriers to dissociation are invoked in order to explain the
dependence of pressure quenching of the acetone photolysis yields as a function of wavelength and temperature.
This pressure quenching was observed to become more efficient with increasing wavelength, but it was only
above∼300 nm that a significantT dependence was observed, which became more pronounced at longer
wavelengths. This is the first study to observe aT-dependentΦtotal(λ,p,T). A parametrized expression for
Φtotal(λ,p,T) has been developed and is compared against the recommended literature data by running box
model simulations of the atmosphere. These simulations show that acetone photolysis occurs more slowly at
the top of the troposphere.

1. Introduction

The photoexcitation of acetone from the ground electronic
state (S0) to its first electronically excited state (S1) has been
intensively studied over many decades. This electronic transition
in acetone results in a weak and broad absorption band from
220 to 330 nm with its maximum around 280 nm1 and involves
a perpendicular transition from then orbital of the oxygen atom
to the π* orbital of the carbonyl group. From S1, several
intramolecular photophysical processes have been identified:
2-4 fluorescence via the S1 f S0 transition, intersystem crossing
(ISC) to the triplet state (T1), and internal conversion to the hot
ground state (S0*). The zero-pressure fluorescence quantum
yield is only ∼0.002,5 but this is sufficient for acetone to be
employed as a tracer in laser induced fluorescence (LIF)
measurements of concentration and temperature in combustion
engines.6,7 This low fluorescence quantum yield implies that
the nonradiative processes dominate.

Photoexcitation of acetone is known to result in cleavage of
one of theR-CC bonds (Norrish type I)

On the basis of the state-correlation diagram theR-cleavage of
S1(n,π*) to produce a bent acetyl fragment is symmetry
forbidden. However, dissociation to produce acetyl in a linear
configuration is symmetry allowed.8 This geometry change in
acetyl results in a barrier which, based on the most recent ab
initio calculations, lies 556 kJ mol-1 (216 nm) above the zero
point energy of S0.9 This barrier has been invoked in the

literature to propose that acetone photodissociation does not
occur via S1. ISC to T1 is known to be efficient,4 andR-cleavage
in excited acetone is postulated to occur from T1. The accepted
overall mechanism for acetone photodissociation can be de-
scribed by Scheme 1.

The dissociation wavelength threshold from T1 has been
reported to be 305.8 nm,10 based on the sudden loss of emission
from acetone. This represents a barrier of 56 kJ mol-1 on the
T1 surface, assuming the T1 state’s origin is at 335 kJ mol-1.4

The magnitude of the rate coefficientskISC andkdT of Scheme
1 have been determined, but there are inconsistencies in the
literature concerning their magnitudes. Over the wavelength
range of 260-313 nm, Breuer and Lee11 measured a nanosecond
emission lifetime for excited acetone, which was equated to
1/kISC. This nanosecond lifetime is consistent with the isotropic
methyl product distribution observed by North et al.;12 a long-
lived excited state ensures that any initial alignment is lost.
However, recent femtosecond mass spectrometry experiments
have observed the rapid loss,<200 fs, of excited-state acetone
together with the formation of acetyl. Shibata and Suzuki13

argued that the persistent acetyl signal provides evidence for a
long-lived excited state of acetone; the short-lived acetone
excited state was assigned to a probe induced ionization effect.
On the other hand, Castleman et al.14,15and Baronavski et al.16

using essentially the same dataset concluded that dissociation
from excited-state acetone is a femtosecond process. This rapid
dissociation in excited-state acetone is consistent with a Rice-
Ramsperger-Kassel-Marcus (RRKM) calculation on the triplet
surface, T1.17

Another feature of acetone dissociation is the occurrence of
a three fragment photodissociation at shorter wavelengths† Part of the special issue “David M. Golden Festschrift”.
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(CH3)2CO + hν f CH3CO + CH3 (R1a)

(CH3)2CO + hν f CH3 + CH3 + CO (R1b)
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North et al.12 measured the translational energy of the methyl
radical and showed that the overall three-body dissociation
occurs via a stepwise mechanism, that is, the second methyl is
formed from a vibrationally excited acetyl. At 248 nm, their
data showed that 30% of the acetyl radicals undergo secondary
dissociation. In a separate study, they determined the barrier
for acetyl dissociation to be 71 kJ mol-1.18 Combining the acetyl
barrier height with the thermodynamic limit for channel 1b, 299
nm, implies that the threshold for channel 1b is 254 nm. This
is consistent with Waits et al.19 who found no evidence for CO
production when photolyzing acetone at 266 nm.

In this paper, we investigate various features of the acetone
photodissociation mechanism. The acetyl radical was monitored
using LIF by following the OH formed from the reaction
between CH3CO + O2. When the yield of acetyl from acetone
photolysis at various wavelengths is compared, the onset of the
three fragment photodissociation, R1b, was observed. The
lifetime of excited-state acetone was probed by varying the total
pressure. Dissociation from excited-state acetone, (CH3)2CO*,
competes with collisional deactivation

wherekd is the dissociation rate coefficient andkM is the pressure
quenching rate coefficient. The data show that dissociation
occurs on a nanosecond or longer time scale from both S1 and
T1 states.

Significant concentrations of acetone have been observed in
the upper troposphere20 where photolysis via R1a forms CH3-
CO3 and CH3O2 which are both potential sources of HOx (HOx

) OH + HO2).21 To predict the radical yields from acetone
photolysis, an accurate account of the pressure, temperature,
and wavelength dependences of the quantum yield is required.
In this present study, we thoroughly investigate the pressure
quenching of acetone over a range of wavelengths relevant to
atmospheric chemistry and show that, under atmospheric
conditions, the photolysis yield at the longer wavelengths is
much smaller than that given in the literature.22,23 In addition,
the photolysis yield at the longer wavelengths shows a strong
temperature dependence which previous studies have failed to
observe.

Following a brief description, in section 2, of the experimental
methodology, section 3 outlines the use of LIF from OH,
generated from CH3CO + O2, as a marker for acetyl. Section
4 presents the temperature, pressure, and wavelength dependence
of the acetyl yield, in the form of Stern-Volmer (SV) plots,
which provide evidence for a mechanism involving dissociation
from both the first excited singlet and triplet states. This
mechanism is developed in section 5 allowing the data to be
analyzed in section 6 to generate excited-state rate constants
and quantum yields. In section 7, the acetone fluorescence and
phosphorescence literature is reinterpreted in terms of the
mechanism proposed in section 5. In section 8, parametrized
expressions for the quantum yields are developed and used in

a box model to investigate briefly the atmospheric implications
of the results.

2. Experimental Section

The present apparatus is a slight modification on the slow
flow, laser flash photolysis/LIF technique, which has been
previously described.24 The photolysis of acetone was provided
by either the 248 nm output from an excimer laser (Lambda
Physik, Minex) or the doubled output from a Nd:YAG (Spec-
tron, SL803) pumped dye laser (Spectron, SL4000), using the
appropriate dye to cover the range of 279-327.5 nm. The laser
wavelength was calibrated ((0.001 nm) using a wavemeter
(Coherent, Wavemaster); 266 nm was generated by doubling
the 532 nm output from the Nd:YAG laser. The excimer and
dye laser outputs were counter-propagated through the reaction
cell, and the beams were shaped using irises in order that they
essentially defined the same volume in the reaction zonesthe
volume defined by the photolysis/probe laser beam overlap. The
output energy from the dye laser was typically a few millijoules,
and the excimer laser energy was adjusted using a combination
of neutral density filters to give a comparable amount of
photolysis. The energy of the lasers was determined by
averaging the output of an energy meter (Gentec ED-200LA)
over typically 50 laser pulses. The OH produced in the reaction
cell was probed using off-resonant LIF via the A2Σ+, (ν ) 1)
r X2Πi, (ν ) 0) Q1(1) transition at∼282 nm using the doubled
output from an Nd:YAG (Spectra Physics, Quanta-Ray GCR150)
pumped dye laser (Spectra Physics, Quanta Ray PDL-3,
Rhodamine 6G). This probe light was defocused and entered
the reaction cell at right angles to the photolysis lasers and at
the reaction zone wasg1.5 cm in diameter. Perpendicular to
the reaction zone two internally mounted planar convex lenses
(f ) 4.0 cm) were used to image the OH fluorescence; the lenses
were arranged to image the reaction zone at the window of the
cell. Beyond the window, the fluorescence passed through an
iris, which was adjusted to match the diameter of the probe
laser and an interference filter before being detected using a
photomultiplier (EMI 9813). The photomultiplier signal was
integrated with a boxcar averager (SR250), which was adjusted
to exclude the first 50 ns following the probe laser and digitized
before being passed to a personal computer for subsequent data
analysis. The computer was interfaced to a delay generator (SRS
535) to control the delay time between the photolysis laser and
probe laser. Temporal profiles of OH consisted of 100 time
points, with each point averaged over 4-8 laser shots. The pulse
repetition frequency of the lasers was 5 Hz.

Mass flow meters (MKS) were used to control the flow of
the acetone, O2, and the buffer gas. Helium was the main buffer
gas, but there were a number of experiments where N2, O2, and
air were also used. Pressures in the cell were measured using
capacitance manometers (MKS) and were adjusted by throttling
the exit valves on the cell; the pressures were adjusted between
0.3 and 400 Torr. The total flow ensured that there was no
significant degradation of the sample between laser shots. An
insulated metal box around the six-way-cross reaction cell
containing stirred, refrigerated methanol allowed temperature
control, enabling experiments to be performed over the range
of 218-295 K. Acetone (Aldrich, HPLC grade) was degassed
and diluted in He. Helium (BOC, CP grade, 99.999%), N2 (Air
Products, 99.999%), O2 (Air Products, high purity, 99.999%),
and air (Air Products) were used straight from the cylinder.

SCHEME 1

(CH3)2CO(S0) 98
hν

(CH3)2CO* 98
kd

CH3 + CH3CO (R1a)

(CH3)2CO* + M 98
kM

(CH3)2CO(S0) (R1q)
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3. Methodology: Use of OH Laser Induced Fluorescence
from CH 3CO + O2

In a recent letter, we reported the formation of OH from CH3-
CO + O2 by a chemical activation route where OH formation
competes with collisional stabilization to form the peroxyacetyl
radical24

OH can be detected with great sensitivity using LIF; [OH]e
108 molecule cm-3 is readily detected in this study. Reaction 2
therefore provides a method for directly determining the CH3-
CO yield from acetone photolysis, given sufficient O2 to convert
the acetyl to OH. To date, there have been no direct determina-
tions of the radical yield of from acetone photolysis as a function
of pressure, because both the acetyl and methyl radicals are
difficult to detect with good sensitivity at pressures up to 1 atm.
It should be noted that while reaction 2 provides a convenient
means of detection for CH3CO, as the total bath gas concentra-
tion, [M], increases, reaction R2a starts to dominate over reaction
R2b and the sensitivity of the technique is reduced. Even at
400 Torr total pressure, however, reaction R2b still contributes
∼10% to the overall reaction.24 Other studies of the quantum
yield have relied upon end product analysis. However, the
present direct technique has the advantage of much greater
sensitivity and hence allows a much more rapid accumulation

of quantum yield determinations; this advantage is significant
given the complex dependence of the quantum yield on
wavelength, temperature, and pressure.

Figure 1 shows a biexponential time profile for the OH LIF
signal following pulsed photolysis of acetone in the presence
of O2 and He. [OH] is given by the equation

wherek2′ ) k2[O2] and k2 is the overall, pressure-dependent
second-order rate constant for reaction 2,k3 is the first-order
rate constant for the loss of OH by reaction with acetone and
by diffusion, R is the fractional yield of OH in reaction R2,
that is,R ) k2b/(k2a + k2b), and [CH3CO]0 is the initial acetyl
concentration from pulsed photolysis.

The experimental data were fitted to eq E1 to yieldR[CH3-
CO]0. Because the OH determination is based on laser induced
fluorescence measurement, this value ofR[CH3CO]0 is only
relative. SinceR is pressure dependent, it is essential that
comparisons ofR[CH3CO]0 at various photolysis wavelengths
are made at the same total pressure if relative quantum yields
of the acetyl radical are to be obtained. There remains the
question of any wavelength dependence of the OH yield that
could arise if the acetyl radical reacted with O2 before it was
fully thermalized. Under experimental conditions, the CH3CO
radicals undergo more than 1000 collisions before reaction with
oxygen. They are therefore expected to be fully thermalized,

Figure 1. Biexponential time profiles for the OHλ,correctedLIF signal following pulsed photolysis of acetone in the presence of O2 and various total
pressures of He at 295 K: filled squares) 248 nm and open circles) 308 nm. Solid lines represent fits to the data.R[CH3CO]0 is approximately
equal to the maximum OH signal from the kinetic trace. In plot (a), [M]) 6 Torr andR[CH3CO]0,308 is greater thanR[CH3CO]0,248; this reflects
the substantial three-body dissociation (R1b) occurring at 248 nm. However, as the total pressure is increased, (b)) 50 Torr, (c)) 100 Torr, and
(d) ) 400 Torr,R[CH3CO]0,308 falls increasingly belowR[CH3CO]0,248; this demonstrates pressure quenching in the excited state of acetone.

CH3CO + O2 + M f CH3CO(O)2 + M (R2a)

CH3CO + O2 f OH + other products (R2b)

[OH] )
R[CH3CO]0k2′

k2′ - k3
[exp(-k3t) - exp(-k2′t)] (E1)

6744 J. Phys. Chem. A, Vol. 110, No. 21, 2006 Blitz et al.



and the OH yield is expected to be independent of photolysis
wavelength. Also, nonthermalized radicals might be expected
to be revealed from their pressure dependence, but no such
behavior was observed, which is especially evident in the short
wavelength data where little or no pressure dependence was
observed.

The acetone photolysis measurements were made relative to
the acetyl radical yield at 248 nm. At this wavelength, the
excited state of acetone is sufficiently short-lived such that
pressure quenching is inefficient, as shown by the measurements
of Gierczak et al.,22 who found the quantum yield independent
of pressure up to 760 Torr and Aloisio et al.25 who obtained
similar results at pressures up to 100 Torr. Note, however, that
the acetyl radical is formed with sufficient internal energy that
some further fragmentation occurs (reaction R1b); although the
quantum yield for acetyl formation at 248 nm is less than unity,
it remains pressure independent at 248 nm. The lack of a
pressure dependence in the yield at 248 nm allows it to be used
as a reference to enable the reduction in quantum yield with
pressure to be determined at the longer wavelength. We also
discuss below methods for placing the CH3CO quantum yields
on an absolute basis.

4. Stern-Volmer Plots for the Acetyl Yield

Figure 1 shows paired traces of OH formation at 248 and
308 nm over a range of pressures. These data are well described
by eq E1 and yield relative values ofR[CH3CO]0. Note that
because the loss of OH is very slow, the apparent OH limit is
approximately equal toR[CH3CO]0. In general, each pair of
traces returned a similar value ofk3, which had little effect on
R[CH3CO]0. Occasionally, mainly at low pressures where OH
loss due to diffusion could be significant, each pair of traces
was analyzed using a fixedk3 value. This fixed value fork3

was determined from one of the pairs of traces or from separate
longer time experiments; each pair of traces should have equal
OH removal kinetics. Overall, as long ask3 is either small
compared tok2′ or directly determined, then a consistent
determination ofR[CH3CO]0 can be made via E1.

The traces demonstrate clearly the effects of collisional
quenching of the excited state at the higher pressures. At 6 Torr,
more CH3CO was formed atλ ) 308 nm compared to the
reference wavelength, 248 nm, but as the pressure was increased,
the CH3CO yield at the longer wavelength progressively
decreased below that at the reference wavelength. This reduction
in R[CH3CO]0 at the wavelength of interest, relative to that at
248 nm, is due to collisional quenching of the excited state of
acetone via R1q.

The data, as shown in Figure 1, were corrected for differences
in laser photon intensity,I (energy/hν), and acetone absorption
cross-section. The laser energies were determined by averaging
the output of the energy meter over typically 50 laser pulses,
and the absorption cross-sections were taken from Gierczak et
al.22 The raw OH signal, [OH]λ,uncorrected, at the wavelength of
interest was normalized relative to that at 248 nm using the
expression

The laser energy at 248 nm was adjusted, using neutral density
filters, to give OH signals of similar magnitudes at the two
wavelengths at the lowest pressure, minimizing the errors that
propagate when corrected using eq E2. The values of [OH]λ,corrected

and [OH]248nm were analyzed using eq E1 to yield

R[CH3CO]0,λ correctedandR[CH3CO]0,248nm, respectively. The ratio
of the two,F ) R[CH3CO]0,248nm/R[CH3CO]0,λcorrected) [CH3-
CO]0,248/[CH3CO]0,λ (the nm and corrected subscripts are now
omitted) providedR is independent of wavelength.

The collisional quenching of fluorescence is generally
described by the SV relationship

whereA is the SV quenching parameter and is equal toτkM

whereτ is the lifetime of the excited state,kM is the collision
quenching rate constant, and [M] is the concentration of the
buffer gas. Equation E3 only applies if the yield of acetyl at
248 nm is pressure independent. From this equation, a plot of
F vs [M] yields a straight line with slope equal toA. Figure 2
shows a SV plot for 299 nm which exhibits good linearity and
an intercept of∼0.40. Figure 3 shows a plot at 320 nm which
shows quite different nonlinear behavior. These two types of
behavior corresponded to different wavelength ranges, with
linear SV plots below∼300 nm and nonlinear plots above∼300
nm. The degree of nonlinearity increased as the wavelength
increased, as did the total amount of quenching in the system.

This behavior is compatible with quenching of (at least) two
excited states with different lifetimes. At wavelengths above
∼300 nm, the low-pressure, high-slope section of the SV plot
involves quenching of a longer-lived state, and the lower-slope
section at higher pressures involves a shorter-lived excited state.
It seems reasonable to identify these two states as the first
excited singlet (S1, shorter-lived) and triplet (T1, longer-lived)

Figure 2. Example of a linear SV plot for acetone photolysis at 299
nm and 273 K with He buffer gas. The parameters of this plot are
given in Table 1.

Figure 3. Example of a nonlinear SV plot for acetone photolysis at
320 nm and 295 K with He buffer gas. The parameters of this plot are
given in Table 2.

F ) [CH3CO]0,248/([CH3CO]0,λ ) 1 + A[M] (E3)

[OH]λ,corrected)
I248nm

Iλ
× σ248nm

σλ
× [OH]λ,uncorrected (E2)
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states of acetone. The next section develops a model based on
this assignment.

The values of [CH3CO]0,248/[CH3CO]0,λ were determined over
the wavelength rangeλ ) 266-330 nm. Each determination
of [CH3CO]0,248/[CH3CO]0,λ was derived from a pair of kinetic
traces, see Figure 1, which were always recorded within a period
of 5 min. For any given SV plot, up to 20 [CH3CO]0,248/[CH3-
CO]0,λ determinations were made with the pressure varied
randomly. This method of randomly varying the pressure
combined with rapid data accumulation helped avoid the effects
of systematic errors such as wavelength drift in the OH probe
laser. The concentration of acetone used was typically 100
mTorr but was varied by up to a factor of 3 depending on the
wavelength; the criterion was to maintain a good OH signal.
When either He or N2 was used as the buffer gas, the O2

concentration was typically 300 mTorr, and when either air or
O2 were used, the concentration of O2 was determined from
the total pressure. The dye laser photolysis energy was typically
5 mJ/pulse. Consequently, at longer wavelengths, where the
acetone absorption cross-section is much smaller, the energy
of the 248 nm reference laser was accordingly reduced in order
to approximately match the two OH signals at low pressure.

5. Model for the Dissociation of Acetone via the S1 and
T1 States

Two wavelength regions will be considered, below and above
300 nm. ISC is only incorporated in the model for the longer
wavelength range.

The proposed mechanisms forλ < 300 nm is

where S0, (S1, S1*), and T1 are the ground, first excited singlet
states, and the first excited triplet state, respectively. The
quantum yield for fluorescence from excited acetone is small5

and consequently is not included in the mechanism. S1* is the
fraction of S1 which has sufficient energy (see section 6c) to
dissociate to CO. The literature suggests26-28 that the CO yield
is independent of total pressure at all wavelengths, and hence,
the quenching of S1* by the buffer gas is not included in the
above scheme. If there is quenching of S1* that competes with
dissociation, then our reported acetone photolysis yields would
overestimate the true values, but as the yield of CO at
wavelengthsg280 nm is increasingly less than 0.15, see section
6c, the omission of S1* quenching should not significantly affect
our results.

The above scheme implies that the acetyl radical and CO
are formed through independent channels.

The ratio of the CH3CO yields, integrated over the photolysis
pulses, at 248 nm and atλ is given by

wherea1 ) kMS/kdSaandâ ) kdSa/kdS (kdS ) kdSa+ kdSb) and is

equal to the CH3CO yield at zero pressure. Equation E4 is of
the form expected for a linear SV plot, with a slope/intercept
ratio equal toa1.

For λ > 300 nm, the mechanism includes ISC and dissocia-
tion from and quenching of T1

For reasons which will be discussed more fully below, the triplet
state dissociation results only in the formation of CH3CO +
CH3. The ratio of the acetyl yields now takes the following form

wherea2 ) kISC/kdSaanda3 ) kMT/kdT. Clearly, a SV plot ofF
vs [M] will be nonlinear. The data analysis reported below for
λ > 300 nm employed the full form of eq E5 in a nonlinear
least-squares fit. It is instructive, however, to examine the
intercept,c1, of eq E5 at [M]) 0 and the extrapolated intercept,
c2, and slope,m, for the high-pressure linear section of the plot
(Figure 3)

The ratio of these two intercepts is

The equation form is identical to the slope of eq E4 as expected,
since the high-pressure linear section relates to the quenching
of S1.

This proposed mechanism for acetone photolysis does not
include fluorescence or phosphorescence from the excited states
as they occur only to a minor extent.5,29 This proposed
mechanism is summarized in the schematic in Figure 4, which
includes the energetics for the various processes, but three-body
dissociation via S1* to 2CH3 + CO has been omitted on the
grounds of clarity. Figure 4 should be referred to in the following
sections as a quick guide to the mechanism of the system.

6. Testing the Model for Acetone Photolysis

(a) λ < 300 nm.The data forλ e 300 nm were fitted to the
SV relationship, eq E4, using a weighting equal to the error in

S0 + hν f S1, S1*

S1 f CH3CO + CH3 kdSa

S1* f 2CH3 + CO kdSb

S1 + M f S0 + M kMS

F )
[CH3CO]0,248

[CH3CO]0,λ
)

â248

âλ
(1 +

kMS

kdSa
[M] )

λ

)
â248(1 + a1[M]) λ

âλ
(E4)

S0 + hν f S1, S1*

S1 f CH3CO + CH3 kdSa

S1* f 2CH3 + CO kdSb

S1 f T1 kISC

S1 + M f S0 + M kMS

T1 f CH3CO + CH3 kdT

T1 + M f S0 + M kMT

F )
[CH3CO]0,248

[CH3CO]0,λ
)

â248

âλ

(1 + a2 + a1[M])(1 + a3[M])

(1 + a2 + a3[M])
(E5)

c1 )
â248

âλ
(E6)

c2 )
â248(1 + a2)λ

âλ
(E7)

c2

c1
) 1 + a2 ) 1 +

kISC

kdSa
(E8)

m ) a1

â248

âλ
)

â248

âλ
(kMS

kdSa
)

λ
(E9)
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[CH3CO]0,248/[CH3CO]0,λ. An example of such a plot is shown
in Figure 2, which shows errors increasing at the highest
pressures due to a reduced OH signal; errors for all theλ <
300 nm data were<10%. The returned parameters are given in
Table 1. From Table 1, it is observed that the intercepts are
less than 1.0, implying that [CH3CO]0,248is less than [CH3CO]0,λ.
This is a consequence of a greater fraction of acetone photolysis
occurring via three-body dissociation (R1b) at 248 nm compared
to the wavelength under investigation,λ. In the model developed
in section 5, this effect was taken into account by introducing
kdSb (S1* f 2CH3 + CO) and the results in eq E4, where the
intercept of the SV relationship is equal toâ248/âλ, the ratio of
zero pressure CH3CO yields at 248 nm andλ. By dividing the
slope by the intercept, eq E4 yields the S1 quenching parameter,
kMS/kdSa, and these values are given in the final column of Table
1. Inspection of thekMS/kdSadata reveals the effect of wavelength
and T on quenching; this behavior is mainly related to the
decrease inkdSawith decreasingT. However, further discussion
of kMS/kdSa is delayed until we also consider the data at longer
wavelengths where the behavior is more revealing of the
mechanism.

(b) λ > 300 nm.The data forλ > 300 nm were fitted to eq
E5, using a weighting equal to the statistical error in [CH3-
CO]0,248/[CH3CO]0,λ. An example of such a fitting is shown in
Figure 3. Weighting was increasingly important at long wave-
lengths where errors increased significantly, up to 30%, at higher
pressures, due to the severe amount of quenching in the system.
Theâ248/âλ parameter in eq E5 was fixed to values extrapolated
from analysis of theλ < 300 nm data; see section 6c.â248/âλ
is almost constant for a given temperature withâλ close to 1.0
for λ g 300 nm. Equation E5 gave an excellent fit to all the
data, and the returned parameterskMS/kdSa, kISC/kdSa, andkMT/
kdT are given in Table 2.

From Table 2 and the SV plots, several general features are
observed. As expected, the SV slopes for both S1 (kMS/kdSa) and
T1 (kMT/kdT) increase with increasing wavelength. Also,kISC/
kdSa, obtained from the ratio of intercepts shows that ISC
becomes increasingly competitive with dissociation asλ is
increased above 300 nm. As a result, dissociation via T1

becomes increasingly important. SincekdT , kdSa, a3[M]
becomes large compared with (1+ a2) at quite low pressures.

This results in a linear, higher-pressure region of the SV plot,
where the bracketed terms ina3[M] cancel. The intercept (c2)
and slope (m) of this region are given by eqs E7 and E9. An
example of this behavior is shown in Figure 5, where between
282 and 315 nm the intercept increases from ca. 0.4 to 2. This
apparent increase in the intercept with wavelength reflects the
increase inkISC/kdSa with wavelengthssee Table 2sresulting
in a bigger T1 population, which is rapidly quenched. This effect,
as exemplified in Figure 5, has been observed previously in
the studies by Meyrahn et al. and Gierczak et al.22,30A consistent
mechanism to explain this behavior has been hampered by
previous assumptions that dissociation occurs exclusively on
the triplet surface, T1 (see the introduction). However, any
plausible explanation of the present data requires dissociation
from more than one state. Recently, Emrich et al.28 noted that
triplet acetone, T1, is rapidly quenched by oxygen, so that under

Figure 4. Schematic of the energetics and mechanism for acetone
photolysis: (CH3)2CO + hν f (CH3)2CO(S1) (λthreshold) 328.6 nm),33

(CH3)2CO + hν f (CH3)2CO(T1) (λthreshold) 357 nm),4 (CH3)2CO(T1)
f CH3CO + CH3 (λ ) 305.8 nm relative to S0),10 (CH3)2CO(S1) f
CH3CO + CH3 (λ ) ? nm, the unknown barrier height), and (CH3)2-
CO + hν f CH3CO + CH3 (λ ) 338 nm).22 Also, see section 5 for a
further description of the model for acetone dissociation.

TABLE 1: Returned Parameters from Linear Fitting to the
[CH3CO]0,248/[CH3CO]0,λ vs [M] Dataa

λ/nm T/K buffer intercept 104 slope/Torr-1 1020 kMS/kdSa
b

299 295 He 0.35( 0.02 8.63( 1.68 6.80
299 273 He 0.40( 0.01 15.8( 1.7 10.9
299 248 He 0.48( 0.02 22.4( 3.2 12.9
299 218 He 0.48( 0.01 45.1( 2.6 20.2
297 295 He 0.37( 0.01 18.2( 0.7 14.2
297 295 N2 0.38( 0.01 23.0( 2.2 18.0
297 295 air 0.36( 0.01 23.4( 1.7 18.3
296 295 He 0.37( 0.02 5.48( 1.70 4.29
296 273 He 0.39( 0.02 15.3( 1.6 10.5
296 248 He 0.49( 0.02 8.92( 1.62 5.12
296 218 He 0.51( 0.01 31.3( 2.0 14.0
295.5 295 He 0.37( 0.01 17.4( 0.9 13.6
292 295 He 0.41( 0.02 9.66( 2.46 7.49
292 273 He 0.46( 0.02 11.3( 2.1 7.77
292 248 He 0.48( 0.02 19.1( 2.2 11.0
292 218 He 0.47( 0.02 17.4( 2.4 7.77
292 295 N2 0.36( 0.01 10.7( 1.8 8.30
292 295 air 0.38( 0.01 14.9( 2.7 11.6
291 295 He 0.38( 0.01 11.0( 0.6 8.50
288 295 He 0.37( 0.02 7.96( 1.54 6.08
288 273 He 0.43( 0.02 6.89( 1.86 4.72
288 248 He 0.43( 0.02 12.3( 2.6 7.06
288 218 He 0.49( 0.02 6.34( 1.84 2.83
288 295 N2 0.43( 0.02 5.80( 2.72 4.43
288 295 air 0.39( 0.01 3.22( 2.42 2.46
286 295 He 0.39( 0.01 6.85( 0.80 5.18
286 295 N2 0.44( 0.01 12.7( 2.7 9.61
286 295 air 0.38( 0.01 5.44( 2.32 4.12
284 295 He 0.40( 0.01 9.53( 1.04 7.13
284 295 N2 0.41( 0.01 9.87( 2.12 7.39
284 295 air 0.40( 0.01 14.0( 1.7 10.5
283 295 He 0.41( 0.02 3.95( 1.80 2.94
283 273 He 0.44( 0.02 6.74( 1.64 4.59
283 248 He 0.49( 0.02 4.34( 1.50 2.49
283 218 He 0.54( 0.02 9.40( 2.00 4.20
282 295 He 0.41( 0.01 8.36( 0.78 6.18
282 295 N2 0.33( 0.01 4.79( 1.28 3.54
282 295 air 0.42( 0.01 13.1( 2.1 9.68
280 295 He 0.40( 0.01 8.95( 0.88 6.52
280 295 N2 0.43( 0.02 9.20( 2.96 6.70
280 295 Air 0.43( 0.01 33.9( 2.5 24.7
279 273 He 0.47( 0.02 11.3( 2.2 7.61
279 218 He 0.55( 0.02 11.6( 2.0 5.18
279 295 air 0.41( 0.01 11.9( 1.7 8.59
266 295 air 0.43( 0.01 10.5( 2.0 6.26
266 218 He 0.43( 0.02 4.25( 4.00 1.90
266 248 He 0.43( 0.02 8.04( 3.60 4.48
266 295 He 0.56( 0.02 6.43( 0.88 3.83
266 295 N2 0.48( 0.01 6.47( 2.34 3.86

aFrom eq E4,kMS/kdSa is obtained from dividing the slope by the
intercept. The data were weighted, and errors represent 2σ. b Units are
in cm3 molecule-1.
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their conditions any observed reduction in dissociation yield
with increasing pressure occurs exclusively from S1.

For all our data, it was observed that the system was in this
high-pressure regime, with linear SV plots, above 25 Torr, where
only the first two parameters of Table 2 are required to describe

the data; the previous data of Meyrahn et al., Gierczak et al.,
and Emrich et al.22,27,28,30were similarly determined at total
pressures greater than 25 Torr. For modeling acetone photolysis
in the atmosphere, this two-parameter high-pressure regime
should be an adequate description under almost all conditions
in the troposphere. However, in our experiments, we have
performed additional experiments and reduced the oxygen
concentration and the total pressure such that the triplet state,
T1, is not completely quenched. The resulting nonlinear SV
behavior is shown in Figure 3 for 320 nm. At low pressure, the
steep slope of the SV plot is due to the quenching of the triplet
state, and at high pressure, the SV plot describes the quenching
of the singlet state. Figure 3 alone shows the low- and high-
pressure features of eq E5 and hence provides support for the
proposed acetone photolysis mechanism. In the next section,
we examine individually the three parameters in Table 2 to
further validate the proposed mechanism and to explore the
features of the excited-state surfaces and their coupling. Figure
4 shows a proposed potential energy diagram.

kMS/kdSa Parameter.Table 2 shows that quenching from the
singlet state,kMS/kdSa, increases strongly with wavelength. This
dependence is almost exclusively associated with a decrease in
kdSa with increasingλ. The quenching rate constant,kMS, is
expected to vary only a little with energy. Warneck23 has shown
that, using the current notation,kMS/kdSaincreases approximately
exponentially with excitation energy above the dissociation
threshold providing the basis of his algorithm for the acetone
photodissociation quantum yield as a function of wavelength
and pressure. ThekMS/kdSa data in Tables 1 and 2 exhibit a
similar dependence, although the decrease is less than expo-
nential at the highest photolysis energies (Figure 6). Between
427 and 386 kJ mol-1 (280-310 nm) our data are in reasonable
agreement with the end product data of Gierczak et al.22 and of
the Warneck group.28,30Their data are more scattered at longer
wavelengths, where their end product methods required long
photolysis times, with possible complications from secondary
radical chemistry and interpretation via complex mechanisms.
The LIF technique used here provides an improved approach
at wavelengths beyond 310 nm. The main sources of error are
the requirement of reproducible overlap of the photolysis and
reference (248 nm) laser beams, drift in wavelength of the OH
probe laser, and measurement of the energies of the photolysis
lasers. Figure 7 shows a SV plot at 266 nm where the effect of
quenching is small and hence the variation inF provides a
realistic guide to the errors in the experimental method. The
errors most probably arise from drift in the wavelength of the

TABLE 2: Stern -Volmer Parameters for Acetone
Quenching above 300 nma

λ/nm T/K buffer 1019 kMS/kdSa
b kISC/kdSa

b 1018 kMT/kdT
b

302 295 He 1.84( 0.20 ∼0
302 273 He 2.12( 0.18 ∼0
302 248 He 2.73( 0.22 ∼0
302 218 He 3.53( 0.32 ∼0
305.5 295 He 2.35( 0.44 0.21( 0.24 5.06( 5.80
305.5 273 He 3.55( 2.24 0.34( 4.4 9.49( 74.0
305.5 248 He 3.78( 1.60 0.59( 1.33 2.66( 7.18
305.5 218 He 6.40( 1.30 0.46( 0.62 6.80( 15.52
305.5 295 N2 1.88( 3.84 0.70( 0.81 11.7( 28.8
308 295 He 4.56( 0.90 1.11( 0.46 6.67( 4.68
308 273 He 7.64( 1.52 0.92( 0.54 17.6( 27.4
308 248 He 11.1( 1.2 1.45( 0.32 40.4( 27.4
308 218 He 18.4( 2.5 2.59( 0.72 32.9( 18.8
308 295 N2 5.22( 2.90 1.11( 0.68 12.9( 12.8
308 295 air 8.09( 5.02 0.95( 0.60 28.2( 39.0
310.5 295 He 6.34( 0.94 1.69( 0.28 35.1( 17.4
310.5 273 He 10.5( 2.6 1.79( 0.56 75.7( 90.4
310.5 248 He 19.5( 3.2 2.84( 0.56 70.8( 37.2
310.5 218 He 38.4( 11.6 3.67( 1.62 367( 1560
310.5 295 N2 7.81( 8.42 2.14( 1.36 15.7( 8.4
310.5 295 air 12.2( 7.4 1.41( 1.02 49( 104
312.5 295 He 11.0( 2.8 3.12( 0.52 108( 78
312.5 273 He 25.7( 6.2 3.52( 0.82 168( 98
312.5 248 He 30.4( 13.6 4.82( 1.98 128( 100
312.5 218 He 70.0( 11.2 9.73( 1.62 462( 258
312.5 295 N2 21.3( 7.3 1.77( 0.34 199( 127
315 295 He 13.3( 2.9 4.73( 0.86 96.6( 37.2
315 273 He 28.9( 6.0 5.48( 0.82 237( 88
315 248 He 58.0( 12.4 9.73( 1.20 279( 46
315 218 He 183( 37 18.8( 4.5 314( 62
317.5 295 He 27.9( 5.9 6.60( 0.86 166( 54
317.5 273 He 77.3( 15.4 8.53( 1.96 368( 260
317.5 248 He 129( 32 24.8( 4.4 505( 129
317.5 218 He 744( 806 51.0( 37.6 1173( 790
317.5 295 N2 23.7( 13.2 5.35( 1.16 152( 85
320 295 He 27.7( 6.7 11.2( 1.1 273( 73
322.5 295 He 62.2( 30.6 15.1( 3.1 303( 145
322.5 295 N2 18.9( 12.0 15.2( 3.8 599( 161
325 295 He 82.8( 30.9 15.7( 2.2 830( 394
327.5 295 He 126( 63 20.4( 2.7 3813( 5114

a Returned parameters are from non-linear least squares fitting of
eq E5 to the [CH3CO]0,248/[CH3CO]0,λ vs [M] data. The data were
weighted, and errors represent 2σ. b Units for kMS/kdSa andkMT/kdT are
cm3 molecule-1, andkISC/kdSa is unitless.

Figure 5. Example of the apparent increase in the intercept of the SV
plot as the wavelength is increased:9 ) 282 nm,2 ) 308 nm, and
b ) 315 nm. All plots were made at 295 K with He buffer gas.

Figure 6. Plot of ln(kMS/kdSa) vs excitation energy (photolysis
wavelength) for our data together with the literature data:9 ) Leeds,
4 ) Warneck et al.,23 andO ) Gierczak et al.22
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OH probe laser and measurement of the energies of the
photolysis lasers.

While kMS/kdSa show an approximately exponential depen-
dence over a wide range of excitation energies (Figure 6), the
source of this dependence is not clear. Warneck ascribed it to
an increase inkdSaabove the thermodynamic limit (338 nm22)
for photolysis

However, there is a wealth of evidence for a significant barrier
on the S1 surface8,9,31(see introduction), and the latest ab initio
calculations from the Zewail group32 have located the barrier
at 259 nm, significantly above the S1 origin at 328 nm,33 see
Figure 4. This dissociation occurs along theR-CC bond via a
S0/S1 conical intersection and provides a route for dissociation
on the S0 surface. The wavelength dependence ofkMS/kdSa is
consistent with such a barrier on the S1 surface.

Further evidence for a barrier on the singlet surface is
reinforced from the temperature data in Table 2:kMS/kdSa has
a positive temperature dependence which is more marked at
longer wavelengths. Arrhenius plots were made for each set of
kMS/kdSaat a given wavelength, and the results are summarized
in Table 3. The results can be expressed in an empirical
Arrhenius form

whereNAhc(1/BS1 - 1/λ) is equal to the effective activation
energy,Ea, and BS1 is the wavelength corresponding to the
barrier maximum. Table 3 includes values forBS1. Figure 8 is
a plot of Ea vs 1/λ, and its good linearity supports the validity
of eq E10. The intercept with the 1/λ axis, 299 nm, is equal to

BS1, indicating together with the data in Table 3 that the barrier
on the S1 surface is located at∼300 nm. The origin of the
dependence of the apparentA factor with wavelength (Table 3)
is not clear.

The use of eq E10 to describe thekMS/kdSa(T) data is only a
first approximation for two reasons: (i) The initial population
in the S1 state is not a Boltzmann distribution, the population
is centered on the absorbing photon with a distribution that
reflects the ground-state Boltzmann distribution, skewed to a
small extent by Franck-Condon factors. (ii) It is assumed that
kMS is T independent. The effect of (ii) is reasonably expected
to be small over the temperature range in this study as it is an
energy transfer rate coefficient. A quantitative description of
the system requires a master equation calculation using micro-
scopic rate constants of the system together with an energy
transfer model in order to give the observed macroscopic rate
constant. Such calculations can be performed using any initial
distribution. Such a calculation, incorporating the initial popula-
tion in the S1 state, is planned to model thekMS/kdSaparameters
in order to assess the physical interpretation of eq E10 and the
location of the barrier. A barrier corresponding to 259 nm has
been proposed by Diau et al.32

kISC/kdSa Parameter. The determination of the ISC rate is
facilitated by the differences in singlet and triplet lifetimes and
the resulting change in slope in the SV plots. However, our
measurements only determine rate coefficient ratios, and in
Table 2, this ratio is given bykISC/kdSa. To better observe the
behavior of ISC with wavelength dividing the first two columns
in Table 2 yieldskISC/kMS, wherekMS is the collisional rate
constant for the quenching of S1 which is reasonably assumed
to show a weak dependence on wavelength. In the direct decay
kinetics study of acetone by Copeland and Crosley,29 a close to
gas kinetic rate constant,kMT, was measured for quenching by
acetone and Ar of 1.3 and 0.3× 10-10 cm3 molecule-1 s-1.
Figure 9 is a plot ofkISC/kMS vs wavelength for 295 and 218 K,
and within the scatter of the data, a “bell-shaped” curve can be
discerned. In the acetone photolysis study by Emrich et al.,28 a

Figure 7. SV plot of the data at 266 nm and 248 K. At 266 nm, there
is little quenching hence the variation in the plot provides a realistic
guide to the errors in the experimental method. The average of the
data is equal to 0.479( 0.063, where the error is equal to 2σ.

TABLE 3: Returned Parameters from Fitting the kMS/kdSa
Data in Table 2 to eq E10a

wavelength/nm AS1/cm3 molecule-1 Ea/kJ mol-1 BS1/nm

302 (2.84( 1.18)× 10-20 4.6( 0.8 299
305.5 (1.41( 1.28)× 10-20 6.9( 1.8 300
308 (1.21( 0.82)× 10-20 9.2( 1.4 301
310.5 (3.2( 2.8)× 10-21 13.0( 1.8 300
312.5 (9.3( 8.2)× 10-21 12.0( 1.8 303
315 (9.5( 2.6)× 10-22 17.9( 0.6 301
317.5 (3.1( 2.2)× 10-22 22.4( 1.4 300

a The data were weighted, and errors represent 2σ.

TABLE 4: Returned Parameters from Fitting the kMT/kdT
Data in Table 2 to eq E12a

wavelength/nm AT1/cm3 molecule-1 Ea/kJ mol-1 BT1/nm

305.5 (1.5( 15.0)× 10-17 -2.7( 23.2 308( 20
308 (9.4( 25.4)× 10-20 10.8( 5.4 300( 4
310.5 (8.6( 34.6)× 10-19 9.1( 9.0 303( 7
312.5 (2.3( 7.8)× 10-18 9.1( 6.8 305( 6
315.0 (9.1( 9.8)× 10-18 6.6( 2.2 310( 2
317.5 (1.6( 1.0)× 10-18 12.0( 1.2 308( 1

a The data were weighted, and errors represent 2σ.

Figure 8. Plot of Ea vs 1/λ using the data in Table 3; see eq E10.

(CH3)2CO + hν f CH3CO + CH3 (R1a)

kMS/kdSa) AS1 × exp[( hc
BS1

- hc
λ ) 1

kT] (E10)
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similar dependence for ISC was observed based on fits tokMS/
kdSa. In the present study, the analysis is based on directly
measured data.

The quantum yield for ISC at zero pressure is given by

A plot of ΦISC vs wavelength for our data in Table 2 together
with the data from Gierczak et al.22 Gandini and Hackett,26 and
Emrich and Warneck28 is shown in Figure 10. Gandini et al.26

measuredΦISC directly via sensitized phosphorescence; their
data in Figure 10 refer to their lowest pressure (13.5 Torr CO2).
Over the range of 305-325 nm, all the data appear to be in
fair agreement. Above 325 nm, Emrich et al.28 observe a
decrease in theΦISC that is not observed in the other measure-
ments; as noted above, the end product studies at these long
wavelengths underestimate the effects of quenching. Figure 11
is plot of ΦISC vs wavelength using all our temperature data.
This plot shows thatΦISC increases at shorter wavelengths as
T is lowered and simply reflects the stronger temperature
dependence ofkdSa compared withkISC.

Another feature of Figure 10 is that below 305 nm ourΦISC

data appear to approach zero more quickly than those from the
rest of the literature. Collision-induced ISC

provides a possible explanation and was proposed in the work
by Gandini and Hackett.26 The lowest pressure they used was
10 Torr of acetone, so that their higher ISC yields can be
ascribed, at least partly, to collisional effects. They found that
increasing the pressure of CO2 substantially increasedΦISC, even
at 250 nm. Collision-induced ISC does not compromise the
current results, or interpretation, because T1 is collisionally
quenched much more rapidly than S1.

From the “bell-shaped curve” for the dependence ofkISC on
wavelength, Figure 9, and theΦISC vs wavelength data in Figure
10, there is the intriguing possibility that over a large wavelength
rangekISC + kdSamay be approximately constant; the decrease
in kdSa toward a longer wavelength is counterbalanced by the
increase inkISC. Supporting evidence is provided by Breuer and
Lee11 who measured only a small change in the lifetime of
singlet acetone with wavelength. Over the range of 313-280
nm the lifetime varies from 2.7 to 1.7 ns, and Heicklen5 who
found thatΦF varies from 0.0021 to 0.0017 over the range 313-
280 nm. These observations contradict the recent review by
Haas34 where ISC increases continuously with energy and it is
stated that “ISC completely dominates the decay of S1”, based
on the assumption that ISC will more efficiently couple S1 to
T1 above its dissociation limit (∼305 nm).

kMT/kdT Parameter. The triplet state quenching parameter,
kMT/kdT, increases strongly with increasing wavelength and is
at least an order of magnitude greater than quenching from the
singlet,kMS/kdSa. This implies that information on the triplet can
be observed only at low pressures,<25 Torr. Therefore, only
direct emission studies29,35-37 are able to be compared with our
measurements. In the study by Copeland and Crosley,29 an
excitation-wavelength-independent quenching efficiency for the
phosphorescence T1 emission was observed over the wavelength
range of 305-325 nm. The measured rate constants for acetone
and Ar were 1.3 and 0.3× 10-10 cm3 molecule-1 s-1,
respectively. The intercepts from these quenching plots yield
values forkdT, and though not reported, a value of ca. 105 s-1

is given from inspection. The ratio of these direct determinations
is consistent with ourkMT/kdT value of 2.73× 10-16 cm3

molecule-1 at ∼320 nm; see Table 2. Also relevant to the
present study, Greenblatt et al.35 directly measured quenching
of “hot” triplet acetone by He and O2 and obtained the rate
constants 3.6 and 7.8× 10-10 cm3 molecule-1 s-1, respectively.
This small difference in quenching is consistent with the triplet
quenching parameters,kMT/kdT, measured in the present study,

Figure 9. Plot of kISC/kM,S vs wavelength for the data at 295 K (9)
and 218 K (O). The data appear to describe a “bell-shaped” function
as demonstrated by the Gaussian fit to the data.

Figure 10. Plot of ΦISC vs wavelength for our 295 K data shown in
Table 2,9, together with the data from Warneck et al.,23 O, Gierczak
et al.,22 4, and Gandini et al.,26 ], where the values at 13 Torr of
acetone are used. The sigmoidal fit to our data is present to highlight
the variation in all the data.

Figure 11. Temperature dependence ofΦISC vs wavelength using the
data in Table 2:9 ) 295 K, O ) 273 K, 4 ) 248 K, and] ) 218
K. The sigmoidal fit to the 295 K data is present to show theT
dependence of the data.

ΦISC ) 1 - 1/[1 + (kISC/kdSa)] (E11)

S1 + M f T1 + M kISC,M
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which appear to suggest that the identity of the buffer gas has
little effect on triplet quenching.

Figure 12 shows thatkMT/kdT has an approximately expo-
nential dependence on excitation energy, as is the case for the
singlet quenching parameter. This behavior together with its
temperature dependence is consistent with a barrier to dissocia-
tion on the triplet surface, and the returned parameters from
Arrhenius fits to the data in Table 2 are summarized in Table
4. With the same assumptions as those used to derive eq 10,
the barrier on the triplet surface,BT1, is obtained from

whereNAhc(1/BT1 - 1/λ) is equal to the effective activation
energy,Ea. Table 4 includes values obtained using this procedure
for the barrier,BT1. The data are of much lower precision than
was the case for S1. A reasonably consistent value of∼306 nm
is obtained for the location of the barrier to dissociation on the
triplet surface. This value is in agreement with the analysis of
Copeland and Crosley,29 where the rapid reduction in emission
below this wavelength was assigned as the onset of dissociation.
A more accurate value was obtained from the emission studies
by Zuckermann et al.4 where acetone was seeded in a supersonic
molecular beam. The cooled acetone in these experiments
showed a rapid decrease in the emission lifetime, equivalent to
emission loss with respect to dissociation, at 305.7 nm.
Therefore, it appears that the present results are able to reliably
locate the barrier for dissociation on the triplet surface. The

quenching parameters,kMT/kdT, are too high for T1 to contribute
significantly to acetone photolysis in the atmosphere.

(c) (CH3)2CO f 2CH3 + CO, the â248/âλ Parameter.From
the intercept data,â248/âλ, in Table 1 and eq E4, it is evident
that the zero pressure yield of CH3CO at 248 nm is less than
that at the longer wavelengths. Figure 1 shows at the lowest
pressure, the OH yield from acetyl at 308 nm is greater than
that at 248 nm. It has been established that at shorter
wavelengths the mechanism for acetone photolysis switches
from two-body photolysis, generating CH3CO + CO (R1a), to
three-body photolysis, generating 2CH3 + CO (R1b).12,23,26,27

At 248 nm, both channels are known to operate.12 The zero
pressure intercept data in Table 1 demonstrate that both
photolysis channels, R1a and R1b, operate at 248 nm. Figure
13 shows a plot ofâ248/âλ vs λ. The thermodynamic limit for
R1b is 300 nm. The data show thatâ248/âλ decreases from unity
at 248 nm to a limit of 0.37 forλ g 300 nm implying a fractional
yield of R1b at 248 nm of 0.63 and a decrease in this yield to
zero at 300 nm.

The dependence ofâ248/âλ on wavelength is adequately
described by the exponential relationship

These fitting parameters were adjusted to best fit all the 295 K
intercept data in Table 1, with the data assigned an equal
weighting. The fit to the data is shown by the solid line in Figure
13 and is expressed by the following parameters:q ) 0.089(
0.01 andp ) 0.37( 0.01.p is equal toâ248, the zero pressure
quantum yield for CH3CO at 248 nm,ΦCH3CO,248,M)0.

The zero pressure CO quantum yield,ΦCO, is equal to 1-
ΦCH3CO,λ,M)0

whereâ248 is equal top in eq E13 and (â248/âλ) is equal to the
intercept in Table 1.ΦCO is shown in Table 5, together with
data from previous determinations.26,27While there is consider-
able spread inΦCO, the trend with wavelength appears to be
consistent over the range of 250-300 nm. However, at
wavelengths above 300 nm, there appears a distinct deviation
in the data: our data and that of Gandini et al. showΦCO to be
rapidly falling away, but the measurements of Horowitz27 and
Meyrahn et al. show a less dramatic dependence. Our measure-

Figure 12. Plot of ln(kM,T/kdT) vs excitation energy (photolysis
wavelength) for our data:9 ) 295 K, O ) 273 K, 4 ) 248 K, and
] ) 218 K.

TABLE 5: Quantum Yield for CO, ΦCO, at RT

wavelength/nm ΦCO group

250 0.62
0.35
0.45

Leeds
Gandini et al.26

Meyrahn et al.30

265 0.37
0.18

Leeds
Gandini et al.26

285 0.1
0.13
0.04

Horowitz 26,27

Leeds
Gandini et al.26

300 0.06
0.04
0.03
0.03

Horowitz26,27

Leeds
Gandini et al.
Meyrahn et al.30

313 0.03
0.012
∼0.0

Horowitz26,27

Leeds
Gandini et al.26

320 0.007
0.06

Leeds
Meyrahn et al.30

Figure 13. Intercepts,â248/âλ, of all the data atRT plotted vs
wavelength:9 ) N2, O ) air, and4 ) He. The solid line represents
an exponential fit using eq E12 to the data.

kMT/kdT ) AT1 × exp[( hc
BT1

- hc
λ ) 1

kT] (E12)

1 + p(1 - qexp(λ/nm - 248)) (λ g 248 nm) (E13)

ΦCO,λ ) 1 - ΦCH3CO,λ,M)0

) 1 - (â248 × âλ

â248
) (E14)
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ments directly monitored the products of acetone photolysis in
time and Gandini et al.26 directly monitored the CO in the
steady-state photolysis of acetone, but the experiments of
Horowitz27 and Meyrahn30 were indirect studies where additional
chemicals were added to the system in order to form stable,
identifiable products. Therefore, it is reasonable to conclude that
the direct studies of the system yield more reliable values for
ΦCO. In addition, it should be borne in mind that the reduced
absorption cross-section for acetone above 300 nm22 is such
that acetone was photolyzed for a greatly increased time.
Recently, Emrich et al.28 used the literature data to determine a
parametrized expression forΦCO, but used data that were
weighted toward the indirect studies; consequently, we suggest
our above expression forΦCO at 295 K is more reliable.

North et al.18 using the technique of photofragment translation
spectroscopy obtained a value of 0.30( 0.04 for ΦCO at 248
nm, which would appear to be in major disagreement with our
measurement,ΦCO ) 0.63. However, it is noted that the
measurements of North et al.18 were made in a molecular beam,
where the temperature of the acetone is very low, and it is this
difference in temperature between the two measurements that
is the most probable source of the discrepancy in theΦCO values,
that is, there is a barrier to dissociation. From the data in Table
1, a plot of the He intercept data vs wavelength provides
evidence forΦCO being temperature dependent. Figure 14 is a
plot of the He intercept data,â248/âλ, over the wavelength range
of 275-300 nm showing that the values of the intercept ratio
increase as the temperature is lowered. This effect reflects the
temperature dependence ofΦCO, which can be quantified by
assigning a LTn dependence to the parameters in eq E13, that
is

All the He intercept data in Table 1 were fitted, with weighting,
to this extended form of eq E13. The returned parameters are
listed in Table 6. Extrapolating toT ∼ 110 K, ΦCO at 248 nm
is equal to the value of North et al.12 While it is acknowledged
that this extrapolation of the data is associated with considerable
uncertainty, it does indicate aT for acetone that is consistent
with a lower vibrationalT expected in molecular beam studies.
Another apparent discrepancy regardingΦCO comes from a
separate photofragment translation spectroscopy study at 266

nm where no CO was observed under molecular beam condi-
tions.19 This contrasts with our study where our 295 K data,
using the parameters from eqs E13 and E14, indicate that 0.37
of the photolysis at 266 nm is producing CO. But this difference
in ΦCO is again reflecting theT dependence ofΦCO; this
photofragment translation spectroscopy experiment was done
in a molecular beam where theT value is low. In fact, the
temperature dependence from our data suggests that below 225
K essentially no CO is produced at 266 nm.

The origin of the wavelength and temperature dependence
of ΦCO is related to the stepwise nature of R1b involving CH3-
CO* f CH3 + CO. The thermal reaction has a barrier of 71(
4 kJ mol-1.18,38 The photofragment translation spectroscopy
experiment of Waits et al.19 at 266 nm determined that the
nascent acetyl radical has 57 kJ mol-1 of internal energy, which
is insufficient to surmount the barrier for dissociation. This
implies that a minimum of 71-57 ) 14 kJ mol-1 extra energy
is required for the three-body dissociation. However, it is more
likely that even more energy is required to bring about a three-
body photodissociation because the extra energy might go into
translation of CH3CO and CH3 fragments and not internal
energy.

Finally, in this section, it should be emphasized that these
values forΦCO were obtained from 1- ΦCH3CO,M)0, the zero
pressure CH3CO quantum yield, via the extrapolation of SV
plots to zero pressure, whereas the photofragment translation
spectroscopy experiments are performed under collision free
conditions. If CO is formed exclusively from S1, see photolysis
model in section 5, then the CO yield will be pressure quenched
in the same way as CH3CO. However, the results of Gandini et
al. and Horowitz26,27 imply that the CO yield is independent
of total pressure, so that collisions have no influence on reaction
R1b. Recently, this pressure independence of the CO yield has
been questioned in the work by Somnitz et al.39 In this end
product study, acetone was photolyzed at 248 nm in the presence
of N2 before being transferred to an absorption cell which
measured CO. The CO yield was observed to decrease from
0.45 at 15 Torr to 0.25 at 680 Torr. This effect was attributed
to the stabilization of energized CH3CO (rate constant,kstab),
which in the absence of collisions dissociates to CO+ CH3

(rate constant,kdiss). To assess the impact of this effect on our
present results, we have analyzed their data using a simple
quenching model and obtained a quenching parameter,kstab/
kdiss, equal to∼3 ×10-20 cm3 molecule-1. Reanalysis of some
of our data including this pressure dependence at 248 nm
returned lower values ofkMS/kdSathan those shown in Table 1.
Within the quality of our data, however, we are unable to discern
if this energized CH3CO pressure quenching is present. The fit
to the data is not improved by the inclusion of this additional
feature, but equally it is not ruled out.

This pressure-dependent CO yield at 248 nm observed by
Somnitz et al.39 is in disagreement with previous investiga-
tions.22,26-28 In particular, Gandini and Hackett,26 using a
sensitive CO detection system, found no pressure dependence
in the CO yield from acetone photolysis when studied over a
greater range of pressures (13.5-885 Torr) and wavelengths
(250-330 nm). They also determined the yield of acetyl by

Figure 14. Plots of the He intercept data,â248/âλ, over the wavelength
range of 275-300 nm at various temperatures:9 ) 295 K, O ) 273
K, 2 ) 248 K, and[ ) 218 K. The plots show that the intercepts are
increasing as the temperature is lowered.

TABLE 6: Returned Parameters from a Fitting of eq E13 to
the He Intercept Data in Table 1

L n

q ) q1 (T/295)q2 0.0865( 0.006 -4.6( 1.6
p ) p1 (T/295)p2 0.369( 0.004 -1.07( 0.06

a The data was weighted, and errors represent 2σ.

q ) q1(T/295)q2 (E13a)

p ) p1(T/295)p2 (E13b)
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measuring its recombination product, biacetyl. The mechanism
developed in section 5 is based on the Gandini and Hackett
results and assumes that CO is formed from S1*, which
dissociates too quickly to be collisonally stabilized.

If the pressure dependence of the CO yield is incorporated
in our analysis, then the effect is quite marked at wavelengths
below 300 nm, reducing the quenching parameterkMS/kdSa,
because of the increase in the yield of acetyl at 248 nm, by a
factor of 2-3. The effect becomes less significant above 300
nm, because the longer S1 lifetime leads to an increase inkMS/
kdSa, which is now reduced bye15% when the CO pressure
dependence is incorporated. This reduction in the rate coefficient
ratio becomes even less important as the wavelength is
increased. Thus, the effects of any pressure dependence in the
248 nm CO yield at atmospherically significant wavelengths
are negligible.

7. Mechanism for Acetone Photolysis and Quenching

The proposed photolysis mechanism was developed in section
5. It is based on decomposition from the S1 and T1 states, with
wavelength thresholds of 300 and 306 nm, respectively. Both
states are collisionally quenched leading to a reduction in the
photolysis yield.

Cundall and Davies, using 313.0 and 253.7 nm excitation,
and O’Neal and Larson,40 using 313.0 nm excitation, both
observed a quenchable and a nonquenchable contribution to the
acetone photolysis yield. Cundall and Davies attributed this
behavior to involvement from the S1 (nonquenchable) and the
T1 (quenchable). However, O’Neal and Larson put forward a
different explanation41 based on the rapid ISC from S1 to a
highly excited triplet, T1**. They suggested that this state can
either dissociate or relax via collisions to a thermally equilibrated
triplet, T1, which can be thermally activated to energies above
the dissociation barrier. This latter mechanism has prevailed in
recent years supported by correlation diagrams and ab initio
calculations,9,17 which fail to predict a low-energy pathway to
dissociation on S1. This model has recently been reviewed by
Haas34 and is used to describe the extensive time-resolved
acetone emission studies from the Haas group.4,34-36

Breuer and Lee11 measured a singlet lifetime of 2.7-1.7 ns,
over the wavelength range 313-280 nm, in single-photon
counting experiments. The present experiments only give SV
slopes, which correspond to the ratio of the quenching rate
coefficient to the reciprocal lifetime of the S1 or T1 states. The
quenching rate coefficients change little with quencher, sug-
gesting they are large. Taking a wavelength-independent
quenching rate coefficient for He of 3× 10-11 cm3 molcule-1

s-1 gives an S1 lifetime of ∼2 ns at wavelengths below 300
nm, from the data in Table 1, assuming the mechanism in section
5.

A sub 10 ns emission was observed by Haas and co-
workers4,35-37,42and assigned to dephasing of the wave packet
out of the Franck-Condon region on the S1 surface. This
dephasing process has recently been measured in various
femtosecond pump probe experiments15,16,32and is observed to
occur in less than 200 fs. Owrutsky et al.16 and Zhong et al.15

suggested that this fast femtosecond loss is dissociation, but
the more recent femtosecond/theoretical study by Diau et al.32

shows that dissociation is highly unlikely. Such a rapid
dissociation would give a quantum yield for fluorescence,ΦF,
of ∼2 × 10-8 which is 5 orders smaller than the measured yield
of 0.0021-0.0017 over the range of 313-280 nm.5

ISC becomes significant above 300 nm, based on the
observation of the nonlinear SV slopes presented here. The ratio

of the two intercepts of the SV plots gives the ratio of the ISC
to dissociation rate constants (eq E8). Once again, assuming a
wavelength-independent quenching rate coefficient for He of 3
× 10-11 cm3 molcule-1 s-1 gives an S1 lifetime at 295 K that
increases from∼6 ns at 302 nm to∼20 ns at 327.5 nm; in this
range, the lifetimes (kISC + kdSa)-1 are equal (sincekF is very
small). This comparatively small change in lifetime occurs over
a wavelength range in which the dissociation rate constant
decreases by a factor of 70, demonstrating the compensation
arising from ISC and supporting the suggestion made in section
6 that there is a tradeoff between ISC and dissociation. At the
longest wavelength, 327.5 nm, and lowest pressures, we
observed emission from acetone having a lifetime longer than
the 10 ns laser probe pulse. At this wavelength in the molecular
beam experiments of Zuckermann et al.,4 the sub 10 ns emission
is not present.

Copeland and Crosley29 observed emission from T1, following
excitation between 305 and 325 nm, with two distinct lifetimes
of ∼15 and∼225µs which were assigned to “hot” and thermal
triplet phosphorescence, respectively. They also determined a
rate constant for quenching by Ar of 3× 10-11 cm3 molcule-1

s-1. Assuming the same value for He, this gives 295 K triplet
lifetimes increasing from 170 ns at 305 nm to 30µs at 327.5
nm. Decreasing the He rate constants leads, of course, to longer
estimates for the lifetime.

The mechanism of such a rapid quenching of the singlet and
triplet states by an inert gas and the similarity of the S1

quenching rate constants for He, N2, and O2 is not clear. The
most likely mechanism is collisional deactivation of the vibra-
tionally excited S1 and T1 states coupled with an energy-
dependent rate of dissociation, which in turn is compatible with
the temperature dependence of the dissociation rate constant.
The suggested rate constant for He quenching is compatible
with such a mechanism. Collisional efficiencies of 0.1-0.2 are
widely used in the field of thermal unimolecular dissociation.43,44

This suggestion is being tested via master equation calculations.

8. Atmospheric Implications

Acetone photolysis can act as a source of OH and HO2

radicals and peroxyacetylnitrate (PAN) following reactions of
CH3CO and CH3 photofragments in the atmosphere. For acetone,
the reaction with OH and photolysis are the two major loss
mechanisms in the atmosphere. The effect of increasing altitude
on acetone loss is 2-fold: first, the lower temperature switches
off the reaction between OH and acetone in favor of the
photolysis, which compared to the reaction has a greater HOx

creating potential,21 and second, HOx production from ozone
photolysis is rapidly diminished as water vapor concentration
decreases in the UT. Hence, models have indicated that acetone
photolysis is an important HOx source in the upper troposphere
(UT).45 All the models to date have usedT-independent acetone
photolysis quantum yields,Φtotal(λ,[M]), based on the gas
chromatography data from Gierczak et al.22 and Warneck.23

However, the results of this direct measurement study show that
the effects of acetone quenching are enhanced beyond 310 nm,
the difference dramatically increasing at even longer wave-
lengths. In addition, over this wavelength range, there is aT
dependence that makes quenching even more pronounced at low
T values. For wavelengths>290 nm, the solar flux is increasing
exponentially,46 and hence, although the quantum yields are
small, any changes make a significant difference to the
atmospheric acetone budget. Smaller photolysis quantum yields
imply that the lifetime of acetone is longer.

We recently published papers47,48 on the parametrization of
the quantum yield data in Tables 1 and 248 and showed the
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impact of these temperature-dependent quantum yields,Φtotal-
(λ,[M],T), on the chemistry in the UT.47 Therefore, in this
section, we only summarize the results from these papers
together with details that were omitted due to space require-
ments. The total acetone photolysis quantum yield is given by

From the above equation,ΦCO(λ,T) is given by eqs E13 and
E14 andΦCH3CO(λ,[M],T) is given by (E13/E5)× [1 - ΦCO-
(λ,T)]; see eq E16 below. In the above section 6c, an expression
for ΦCO(λ,T) was determined by fitting eq E13 to the data in
Table 1; the parameters are given in Table 6. In our recent
paper,48 the reported parameters forΦCO(λ, T) were derived
from fitting directly to the [CH3CO]0,248/[CH3CO]0,λ data; the
difference between the parameters in Table 6 and our recent
paper48 are within error and not significant. In the UT, solar
flux is dramatically increasing above 300 nm but this is where
the contribution fromΦCO(λ,T) is negligible; see Table 6.
Therefore, for tropospheric modeling, the second term in eq
E15 can be reasonably ignored,ΦCO(300 nm, 295 K)∼ 0.02.

ΦCH3CO(λ, [M], T) is given by (E13/E5)× [1 - ΦCO(λ,T)]
and is equal to

From Figure 6, it is observed thatkMS/kdSashow an exponential
dependence over a significant range but not over the entire 266-
327.5 nm range. We overcome this by dividing the range into
two, using 302 nm as the crossover point. The 302 nm crossover
point is chosen, in part, because below this wavelength the above
equation reduces to a simple SV relationship described just by
kMS/kdSa. Therefore, only thekMS/kdSaparameter is described over
two ranges. Over the range of 279-302 nm, thekMS/kdSa ratio
was best modeled by the exponential equation

wherea ) (1.576( 0.062)× 10-19 (T/295)(-2.4(0.16) andb )
(5.4 ( 0.04) (T/295)(-3.280(0.26); these fitting parameters were
derived from fitting directly to the [CH3CO]0,248/[CH3CO]0,λ

data. In eq E17, 33113 is equal (in cm-1) to the 302 nm limit
for which this equation is valid.

Over the range of 302-327.5 nm, thekMS/kdSa andkMT/kdT

data are well described by an exponentialssee Figures 6 and
11sand are best modeled by the equations

In eqs E18 and E19, 30488 is equal (in cm-1) to the S1 origin
at 328 nm.33 The “bell-shaped curve” for ISCssee Figure 9s
means that it is best described by a Gaussian, and consequently,

the ratiokISC/kdSa was modeled by the equation

Equations E18-20 were inserted in eq E5, which were then
used to simultaneously fit to all the [CH3CO]0,248/[CH3CO]0,λ
data: eq E13 was used to describe (â248/âλ) and was fixed to
the parameters given in Table 6. The returned parameters are
as follows: a1) (1.61( 0.12)× 10-17 (T/295)(-10.04(0.40) and
b1 ) (1.79( 0.04)× 10-3 (T/295)(-1.363(0.072); a2 ) (25.51(
1.68) (T/295)(-6.62(0.46) b2 ) (5.811 ( 0.40) × 10-7 (T/
295)(-2.90(0.18), c2 ) (30031( 80) (T/295)(-0.062(0.006); a3 )
(1.66( 0.28)× 10-15 (T/295)(-7.21(1.08)andb3 ) (2.09( 0.14)
× 10-3 (T/295)(-1.141(0.30). The quoted errors are 2σ, and the
units in these fitting expressions are [M]) molecule cm-3, λ
) nm, andT ) K.

The above expressions allowΦtotal(λ,[M],T) to be evaluated,
but it is noted that there is a slight discontinuity in the
parametrized curve at 302 nm, which is caused by the switch
over in thekMS/kdSaexpression at this wavelength. However, as
noted above forΦCO(λ,T), in the UT, the dependence of solar
flux with wavelength is such thatλ < 300 nm contributes little
to acetone photolysis. Therefore, using only the equations that
describe the high wavelength range adequately describeΦtotal-
(λ,[M],T) in the UT. In Figure 15, the values forΦtotal(λ,[M],T)
at 1 atm and 295 K determined in this work are compared to
the end product studies of Gierczak et al.22 and Emrich et al.28

This plot shows that there is fair agreement up to∼320 nm,
but beyond this wavelength, our data show significantly smaller
yields for acetone photolysis. Moreover, our data show there is
a largeT dependencessee Table 2sthat makes the difference
even larger at lowerT.

The rate of photolysis of acetone is given by

whereF is the actinic photon flux that depends on wavelength,
λ, altitude, z, and solar zenith angle,ø, and σ(λ,T) is the
absorption cross-section of acetone. To quantify the effect our
values forΦtotal(λ,[M],T) have on the rate of acetone photolysis,
J(new), compared to the presently IUPAC recommended values

Φtotal(λ,[M],T) ) ΦCH3CO(λ,[M],T) + ΦCO(λ,T) (E15)

1 +
kMT

kdT
[M] +

kISC

kdSa

(1 +
kMS

kdSa
[M] +

kISC

kdSa
) (1 +

kMT

kdT
[M] )

× [1 - ΦCO(λ,T)]

(E16)

kMS

kdS
) a exp(-b{107

λ
- 33113}) (E17)

kMS

kdSa
) a1 exp(-b1 {107

λ
- 30488}) (E18)

kMT

kdT
) a3 exp(-b3 {107

λ
- 30488}) (E19)

Figure 15. Wavelength dependence of the total quantum yield,Φtotal,
at 1 atm and 295 K determined in this work (9), Gierczak et al.22 (O),
and Emrich et al.28 (4). Our yields are determined by extrapolation of
the fits to individual SV plots and not from parametrizations. The inset
shows a blow-up of the regionλ > 305 nm.

kISC

kdSa
) a2 exp(-b2 {107

λ
- c2}2) (E20)

J ) ∫λ
σ(λ,T)φtotal(λ,[M],T)F(λ,z,ø) dλ (E21)
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for Φtotal(λ,[M]), used to calculateJ(recommended), and based
on the work of Gierczak and Warneck, the CiTTyCAT box
model49 has been run as a function of altitude for 21 June at
50° N. The results are shown in Figure 16, where ourΦtotal-
(λ,[M],T) values produce averaged photolysis rates that are lower
than the recommended at all altitudes reaching a factor of 3.5
lower in the UT/lower stratosphere region. This effect is mainly
due to temperature-dependent changes inΦtotal(λ,[M],T), and
when the box model was run in mid-winter (21 December) at
50° N, a maximum factor ofJ(recommended)/J(new)) 10 was
observed for the UT. More details on these calculations and
the atmospheric implications can be found in our recently
published papers.47,48

9. Conclusions

The present study used a laser photolysis/LIF technique to
detect radicals produced from acetone photolysis. The LIF
detection provides a highly sensitive relative measure of the
photolysis yields, which were placed on an absolute basis by
comparing the yield at various photolysis wavelengths to the
248 nm reference wavelength, where the total acetone photo-
dissociation yield is 100%. This is the first time-resolved
determination of the quantum yield for acetone photolysis,Φtotal-
(λ,[M],T). In general, pressure quenching of the dissociating
states increases with wavelength over the range of 266-327.5
nm, and above∼300 nm, pressure quenching showed a
systematically increasing temperature dependence over the range
of 295-218 K; this T dependence has not been previously
observed. Stern-Volmer analysis of the data reveals linear
behavior below 300 nm and nonlinear behavior above 300 nm.
This behavior requires dissociation from at least two excited
states, and we have developed a photolysis model where at short
wavelengths,λ < 300 nm, dissociation is occurring exclusively
via the excited singlet, S1, and at long wavelengths,λ > 300
nm, dissociation is occurring via both the excited singlet, S1,
and the excited triplet, T1. Barriers to dissociation are invoked
in order to explain the dependence of pressure quenching of
the acetone photolysis yields as a function of wavelength and
temperature. This photolysis model is shown to return rational
parameters when fitting the data and also can be used to
adequately describe the literature. A parametrized expression
for Φtotal(λ,[M],T) has been developed and when incorporated
into a box model simulation of the atmosphere reveals that the
acetone photolysis yield is much less than that when using the
currently recommendedΦtotal(λ,[M]), especially for the upper
troposphere. The implication is a longer atmospheric lifetime
for acetone.
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