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ABSTRACT

We report measurements of the CH3CO quantum yield, @cy,co, following the 248 nm pulsed laser pho-
tolysis of acetone (CH3C(O)CH3 ), methyl ethyl ketone (CH3C(O)CH,CH3), and biacetyl (CH3C(O)C(O)CH3).
CH3CO quantum yields at 248 nm were measured at 296 K, relative to CH3CO reference systems. CH3CO
was detected using cavity ring-down spectroscopy at wavelengths between 490 and 660 nm. Measure-
ments were performed between 60 and 670 Torr (He, N, bath gases) and the obtained CH3CO quantum
yields in the low-pressure limit, (ngco' were 0.535+0.09, 0.41 +0.08, and 0.76 £ 0.11, for acetone, methyl
ethyl ketone, and biacetyl, respectively. The quoted uncertainties are 20 (95% confidence level) and include
estimated systematic errors. An increase in @cu,co with increasing bath gas pressure, which depended
on the identity of the collision partner (He, N,), was observed. The present results are compared with
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Quantum yield

previous quantum yield determinations.

Published by Elsevier B.V.

1. Introduction

The photochemistry of acetone has been extensively studied
both experimentally and theoretically over the past several decades
[1]. The interest in the photodissociation of acetone for atmo-
spheric purposes arises because it can be a significant source of HOx
(OH+HO;) in the upper troposphere [2]. The rate for the photolytic
loss of acetone in the atmosphere is calculated from the product of
its UV absorption cross-section, photolysis quantum yield, @ acetone»
and the solar flux. Of these parameters, the acetone photolysis
quantum yield (including its wavelength, pressure and tempera-
ture dependence) in the actinic region, A >290 nm, is the least-well
characterized. Acetone photodissociates through two channels over
the wavelength region of atmospheric interest

CH3C(0)CH; + hv — CH3CO + CHs, Ar= 338nm (1a)
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CH5C(0)CH; 4+ hv— 2CH3 +CO, Ar= 298nm (1b)

where At is the photolysis threshold at 298 K calculated from stan-
dard heats of formation [3,4]. The absolute yields for these two
dissociation channels and the collisional quenching of electron-
ically excited acetone play an important role in determining the
formation of PAN (CH3C(0)0O,NO,), the extent of formation of HOy,
and loss of acetone in the atmosphere. PAN is a reservoir for NOy
(NO+NO;) and is formed via the reactions

CH3CO + 0, +M — CH5C(0)0, +M 2)
CH3C(0)0, + NO, + M < CH3C(0)0,NO, +M (3)

Therefore, knowledge of the acetone quantum yield (loss of ace-
tone) and the branching ratio for channels (1a) and (1b), as a
function of wavelength, pressure, and temperature, is important for
atmospheric modeling. Direct quantum yield measurements in the
wavelength range most important to the atmosphere, A >290 nm,
are difficult due to the weak absorption by acetone in this wave-
length region. Therefore, the quantum yields at longer wavelengths
are often measured relative to that at shorter wavelengths. Knowl-
edge of the photolysis quantum yields at the shorter wavelengths
also helps build our general understanding of the photodissociation
of acetone.

Previous acetone photolysis studies have primarily relied on
indirect experimental methods to determine the loss of acetone
[5,6], the formation of reaction products generated by secondary
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chemistry of the primary photoproducts [1,7], and/or the forma-
tion of stable end-products [5,8-11]. Recent studies have monitored
the primary photolysis product CO [12] as well as CH3 and CH3CO,
[13] formed in the 248 nm pulsed laser photolysis of acetone, by
using infrared and UV absorption methods, respectively. The cur-
rent knowledge for the photochemistry of acetone at 248 nm can be
summarized as follows: (1) @ pcetone iS Near unity, within ~10%, and
independent of bath gas pressure [5,6], (2) the acetone fluorescence
quantum yield is negligible, <0.001 [14] and (3) the branching ratios
for channels (1a) and (1b) are pressure dependent with @cy,co
increasing and @ decreasing at higher pressures [12,13]. How-
ever, there are discrepancies among the measured quantum yields
that have significant implications for the interpretation of labora-
tory and atmospheric modeling studies.

Here, we report measurements of the CH3CO quantum yield,
D¢y, o, in the 248 nm photolysis of acetone at 296 K at total pres-
sures in the range 60-670 Torr (He, N, bath gases). In addition, we
have measured @cy,co for the 248 nm photolysis of methyl ethyl
ketone (MEK) and biacetyl (compounds that also contain the acetyl
group)

CH3C(0)CH,CHs3 + hv— CH3CO + CH3CH,, Ar= 342nm  (4a)
CH3C(0)CH,CH3 + hv — CHs +CH3CH,CO, Ar= 323nm  (4b)
CH3C(0)CH,CHs3 + hv— CHj +CO+ CH3CH, Ar= 302nm  (4c)

CH3C(0)C(0)CH; + hv— 2CH3CO, Ar= 390nm (5a)
CH3C(0)C(0)CH3 + hv— CH3CO+CO+CHs, A= 338nm  (5b)
CH3C(0)C(0)CH; + hv— 2CH; +2C0, Ar= 300nm (5¢)

The photochemistry of methyl ethyl ketone and biacetyl are of inter-
est unto themselves and measurements of acetyl radical quantum
yields are also useful to further our understanding of the UV pho-
tolysis of ketones in general. The present results are discussed in
light of previously published studies.

2. Experimental details

The quantum yield for CH3CO formation, @cy,co, in the 248 nm
pulsed laser photolysis of acetone, MEK, and biacetyl were deter-
mined relative to a known source of CH3CO and relative to each
another (as described in our previous study of the visible absorp-
tion spectrum of the CH3CO radical [15]). Determining photolysis
quantum yields using a relative method instead of an absolute
method is advantageous because it eliminates the need to quantify
both the absolute CH3CO radical concentrations and the photolysis
laser fluence. The relative method therefore improves the preci-
sion and accuracy of the quantum yield measurements by reducing
contributions from possible systematic errors that are common to
both the reference and sample measurements. In this study, CH3CO
quantum yields were measured relative to CH3CO produced in the
gas-phase reaction

OH + CH3C(O)H — H,0 + CH3CO, A;H= —29.4kcalmol!
(6a)

OH + CH3C(O)H — H,0 + CH,C(0)H, A:H= —24.5kcalmol~!
(6b)

where kg(298K)=1.4 x 10~ cm3 molecule-1s~1 [3] and the
CH3CO product yield has been measured experimentally to be near
unity, 0.95%0:9%7 [16,17]. OH radicals were produced by the 248 nm
pulsed laser photolysis of H,O, or an O3/H,0/He mixture. CH3CO
was monitored using cavity ring-down spectroscopy (CRDS) [15].

The CH3CO yield following the 248 nm pulsed laser photolysis
of acetone is given by the following relationship

[CH3COJA®™" = [Acetone] x Gacetone(248 Nm)

x@cy,co(Acetone) x F (7)

where [CH3COJA®"™ s the CH3CO concentration produced
from the photodissociation of acetone by the photolysis laser,
O acetone(248 nm) is the absorption cross-section (cm? molecule=1)
of acetone at 248 nm, and F is the photolysis laser fluence (pho-
toncm~2 pulse~1).In Eq. (7), we have used acetone as the photolyte
but analogous relationships also apply for MEK and biacetyl. For
CH3CO produced via the reference reaction, the concentration of
CH3CO radicals produced is given by

[CH3COJ§e" = [Ref] x Oger(248 nm) x F x Ycp,co(Ref) (8)

where Ref is the OH precursor photolyte (either H,0, or O3 in our
experiments) and Ycy,co(Ref) is the overall yield of CH3CO from
the source chemistry, Ycy,co(H202) = 1.9 and Ycy,c0(03) = 1.71,
which is described in more detail later.

Combining Eq. (7) and Eq. (8) yields

CH-CO Acetone Ref
Ben.coAcetone) — [CH3COl 7 [Ref]
3 [CHyCORT * [Acetone]

ORef(248 nm)

—_——— x Y, Ref 9
Opcetone(248 nm) CHBCO( ) ®)

and illustrates the advantage of using a relative quantum yield
measurement method. In Eq. (9), the photolysis laser fluence
has canceled and ®cy,co(Acetone) is obtained from the ratio
of the measured CH3CO and precursor concentrations combined
with well-known absorption cross-sections and source chemistry.
Experimentally, the absorption coefficient, o (described below),
which is proportional to [CH3CO]g was measured using CRDS (i.e.,
measurement of the absolute radical concentration is not needed).
Expressing Eq. (9) in terms of the experimentally measured quan-
tities yields

Acetone

ARef Opcetone(185 nm)
)] (Acetone) = —° i
CH3CO ) Rl " Ancetone ORef(ARef)
ORef(248 Nm
Ref( ) Ycn,co(Ref) (10)

OAcetone(248 nm)

where Ager and Aacetone are the measured UV absorptions for the
reference compound and acetone at wavelengths Ager (184.9 or
253.7nm) and 184.9 nm, respectively. Table 1 lists the absorption
cross-sections used in the data analysis.

The experimental apparatus used in this study consisted of a
cavity ring-down spectroscopy (CRDS) setup coupled to a pulsed
laser photolysis flow reactor as shown in Fig. 1. The pulsed CRDS
probe beam and the pulsed excimer laser photolysis beam cross at a
right angle. Details of the cavity ring-down technique are available
elsewhere [18-21] and are only briefly described here. The details of
this experimental apparatus have also been described in our recent
study of the CH3CO visible absorption spectrum [15]. The follow-
ing sections provide a description of the CRDS apparatus and data
analysis, the CH3CO reference chemistry, and experimental details
used in the present study.



338 B. Rajakumar et al. / Journal of Photochemistry and Photobiology A: Chemistry 199 (2008) 336-344

Table 1
Summary of absorption cross-sections
Molecule Wavelength (nm) Cross-section (cm? molecule~1)2 Reference
H,0, 214 3.30x 1019 Sander et al. [3]
248 8.20 x 1020 Sander et al. [3]
03 248 1.08 x 10~17 Sander et al. [3]
254 1.15x 1017 Sander et al. [3]
532 2.78 x 10-21 Burkholder and Talukdar [30]
Acetaldehyde (CH3C(O)H) 248 9.73 x10-21 Martinez et al. [31]
254 1.50 x 10-20 Martinez et al. [31]
Acetone (CH3C(0)CH3) 184.9 2.91x10-18 This work
248 2.20 x 10720 Gierczak et al. [5]
254 3.01 x 10-20 Gierczak et al. [5]
Methyl ethyl ketone (MEK; CH3C(O)CH;CH3) 184.9 1.31x 1018 This work
248 2.17 x 10—20 Martinez et al. [31]
Biacetyl (CH3C(0)C(O)CH3) 184.9 146 x 1018 This work
248 3.05x 1020 Horowitz et al. [32]

2 The uncertainties in the quoted cross-sections are best obtained from the error analyses given in the cited references.

2.1. Crossed pulsed laser photolysis—cavity ring-down
spectroscopy

The cavity ring-down time constant, 7, is related to the absorp-
tion coefficient, (A) (cm~1), by the relationship

a(1) = [CH3CO] x oy, co(A) = % x L% y (% - rozk)> (11)
where A is the wavelength of the CRDS probe beam, ocy,co(2) is
the absorption cross-section (cm2 molecule~!) of CH3CO at wave-
length A, d is the cavity pathlength (cm), L is the pathlength (cm)
for the absorbing sample, c is the speed of light, and (1) and
To(A) are the ring-down time constants (s) with and without the
absorber present, respectively. The CRDS probe beam was taken
from a frequency doubled Nd:YAG laser (532nm) or a 308 nm
excimer pumped dye laser (wavelengths in the range 490-660 nm
were used). Light exiting the rear mirror of the optical cavity was
collected with a fiber optic and detected using a photomultiplier
tube. Signals were collected and averaged on a 16-bit waveform
digitizer at a sample rate of 1 MHz. The wavelength of the dye laser
output was measured using a laser wavelength meter. Quantum

CRDS
Probe Laser
490 - 660 nm

532 nm 248 nm

Excimer
Iris
N, purge AR coated
window
N

cavity ring-down window

mirror

Power
Meter

yields were measured using CRDS probe wavelengths between 490
and 660 nm, the same range used in our previous CH3CO absorption
spectrum measurements [15]. Using a range of probe beam wave-
lengths required using several sets of CRDS mirrors with 7y values
in the range 60-120 s for a cavity length of 1 m.

The laser photolysis beam passed through the reaction cell at
a right angle to the CRDS optical cavity. The reactor, which was
mounted midway between the CRDS mirrors, was a 25cm long
5cm diameter Pyrex tube with 248 nm AR coated windows and
side-arms to allow the CRD beam to pass through its center. This
configuration enabled CH3CO to be produced directly in the CRD
optical path. Gas mixtures flowed the length of the reactor. The CRD
pathlength, L, for the absorbing species was 4.7 cm. The 248 nm
excimer laser photolysis beam was monitored continuously with a
calibrated power meter mounted outside the exit window of the
reactor.

2.2. CH3CO reference chemistry

In the reference system, CH3CO radicals were produced fol-
lowing the 248 nm pulsed laser photolysis of either H,O, or an

Sample/He

Photodiode UV Absorption Cell H_H
T [
pressure Lamp

N, purge

|| UV Absorption Cell

Photodiode | |

;I:I
pressure + Lamp

 Lg=47cm pump

f d=96.5cm i

Fig. 1. Schematic of the crossed pulsed laser photolysis—cavity ring-down apparatus.
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03/H,0/He mixture to produce OH radicals

H,0, + hv— 20H (12)
or

O3 +hv— O('D) + 05('A) (13a)
03 +hv— OCP) + 0,3%) (13b)
o('D) + H,0 — 20H (14)

in the presence of an excess of acetaldehyde. The reaction of OH
with acetaldehyde

OH + CH3C(O)H — H,0 + CH3CO (6a)

produced a stoichiometric amount of CH3CO. OH radicals were pro-
duced instantaneously as a primary photolysis product when H,0,
was used. OH was rapidly consumed to produce CH3CO via reaction
(6a) within 20 ws. When O3 photolysis was used, OH was produced
via the rapid reaction of O('D) with H,0. A high concentration of
H,0, ~5 Torr, was used to ensure complete and rapid scavenging of
0('D), k14(298 K)=2 x 10~1% cm3 molecule~1 s~ [3]. The quantum
yield for O(1D) formation in reaction (13a) and (13b) is 0.9 [3]. The
reaction of the O(3P) atoms, which are produced in reaction (13b),
with CH3C(O)H

O(®P) + CH3C(O)H — OH + CH5CO (15)

occurs on a longer time scale than reaction (6a) and (6b),
k15(298 K)=4.5 x 10~13 cm3 molecule~1 s~ [3]. Reaction (15) leads
to the direct formation of an CH3CO radical and an additional
CH;3CO radical via the subsequent reaction of the OH radical with
CH3C(O)H. This slower secondary radical chemistry did not signif-
icantly influence the determination of @cy,co as will be shown
in Section 3. For both OH radical sources, the CH3CO absorp-
tion coefficient at time zero, g, was obtained by extrapolating
the measured change in « in time to t=0. The first-order rate
coefficient for the loss of CH3CO under these conditions was
measured directly and was typically ~400s~! (i.e., the CH3CO
concentration did not change rapidly on the time scale of the
measurements and the extrapolation to t=0 did not contribute
significantly to the uncertainty in the determination of ¢g). The
photolysis laser fluence and precursor concentrations were varied
during the course of this study resulting in [CH3CO]g values in the

range (1-6) x 1012 molecule cm~3.

2.3. CH3CO quantum yield determinations

Dcy,co Was determined in a series of back-to-back measure-
ments that included the pulsed laser photolysis of acetone, MEK, or
biacetyl and the measurement of CH3CO produced in one or both of
the reference systems. Performing experiments in a back-to-back
sequence enabled the photolysis laser fluence and other experi-
mental parameters (such as gas flows and pressures) to be held
nearly constant during the @cy,co determination. The majority of
our experiments were performed using a CRD probe wavelength
of 532 nm, although, some experiments were also performed using
wavelengths, over the range 490-660 nm [15]. Experiments per-
formed using 490-660 nm yielded @cy,co values in very good
agreement, within 8%, with those measured using 532 nm.

The concentrations of H,0,, O3, acetone, MEK, and biacetyl used
in Eq. (10) were measured on-line by UV absorption. UV absorption
measurements were made using a Hg pen-ray lamp light source
at 184.9 or 253.7 nm combined with narrow bandpass filters and
a photodiode detector. Pyrex absorption cells, 1in. diameter with
quartz windows, with absorption pathlengths of 10, 25, 50, and
100 cm were used during the study. The absorption cell pathlength

used depended on the compound and its concentration. The con-
centrations within the reactor were calculated from the absorption
measurements and were scaled to make small corrections for flow
dilution and differences in pressure between the absorption cells
and the reactor. In some cases, the O3 concentration was measured
via its absorption in the Chappius band directly in the reactor using
the CRD measurements.

2.4. Materials

He (UHP, 99.999%) and N, (UHP, >99.99%) were used as
bath gases. Samples of acetone (>99.9%), methyl ethyl ketone
(CH3C(0)CH,CH3, >99%), biacetyl (CH3C(O)C(O)CHs, >99%), and
acetaldehyde (CH3C(O)H, >99.5%) were degassed using several
freeze-pump-thaw cycles prior to use and stored under vacuum in
Pyrex reservoirs with Teflon stopcocks. Samples were introduced
into the gas flow by passing a flow of bath gas over the surface
of the liquid prior to dilution with the main gas flow. The sample
reservoirs were kept in constant temperature baths to help stabilize
the sample flow. Concentrated H, O, (>95%, as determined by titra-
tion with a standard KMnOy4 solution) was prepared by bubbling N,
through a H,0, sample, initially at ~60 wt%, for several days prior
to use. H,0, was introduced to the gas flow by bubbling a small
flow of He through the liquid H,O, sample. Ozone was prepared
by passing O, (UHP, >99.99%) through a commercial ozonizer and
stored on silica gel at 195K. A dilute mixture of O3 in He (~0.1%
mole fraction) was prepared from this sample in a darkened 12L
Pyrex bulb. Flow from the bulb or a flow of He through the ozone
silica gel trap were used to introduce ozone into the main gas flow.

Gas flow rates were measured using calibrated electronic mass
flow meters. The total gas flow rate through the photolysis reactor
was ~2500sccm at 60 Torr total pressure. To ensure that a fresh
sample was present for each photolysis laser pulse, experiments
were performed with a laser repetition rate of 3 Hz. Pressures were
measured using 100 and 1000 Torr capacitance manometers. All
experiments were performed at ambient temperature, 296 +2 K.

3. Results and discussion

Initially, experiments were performed to test the linearity of
the measured CH3CO signal, oo, with the photolyte concentration
and the 248 nm photolysis laser fluence. Fig. 2 shows measured
g values, obtained for a range of acetone, MEK, and biacetyl
concentrations, while the total pressure and photolysis laser flu-
ence were held constant. In these experiments, the initial CH3CO
radical concentration increased as the ketone concentration was
increased and the highest CH3CO concentration obtained was
~3 x 10'3 molecule cm~—3. For CH3CO concentrations greater than
~8 x 10'2 molecule cm—3 the observed ring-down profiles deviated
from a single exponential decay due to the loss of CH3CO on the
same time scale as the ring-down measurement. The CH3CO loss is
most likely due to the reactions

CH3CO + CH3 — Products (16)
CH3CO + CH3CO — Products 7)

where k(298 K)=1.43 x 10-1° cm3 molecule~!s~! [22] and
k17(298 K)=1.8 x 10~ cm3 molecule~! s~! [23]. Under conditions
where the ring-down decay was not well represented by a sin-
gle exponential, the ring-down profiles were analyzed using the
simultaneous kinetics and ring-down (SKaR) method (approximat-
ing CH3CO loss as first-order, which fit the measured ring-down
profiles within the precision of the measurement) to determine
o [18]. Linearity between o and the ketone concentration
was observed for o values up to 4 x 10-6cm~!. The majority
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Fig. 2. Absorption coefficient, oy, measured by cavity ring-down spectroscopy
(CRDS) at 532 nm following the 248 nm pulsed laser photolysis of acetone (O;
solid line), methyl ethyl ketone (MEK) (®; dotted line), and biacetyl (¢, A and OJ;
dashed line) vs. [ketone]. Measurements made for a given ketone were performed
using constant photolysis laser fluence. The error bars are the absolute accuracy of
the absorption coefficient measurement, 2 x 10-8 cm~!. Measurements for biacetyl
were made with 50 Torr (¢), 210 Torr (A) and 405 Torr (O) (N5 ). The lines shown are
linear least-squares fits to the data that illustrate the linear dependence of ¢y on the
photolyte concentration.

of the quantum yield experiments presented in this work were
performed under conditions such that og was <0.7 x 106 cm1,
[CH3CO]p <6 x 10'2 molecule cm~3, and the measured ring-down
profiles were single exponential and oy was determined using Eq.
(11). As shown in Fig. 2, oy was observed to vary linearly with the
photolyte concentration over the range of concentrations used for
our quantum yield measurements.

Fig. 3 shows results from a series of photolysis experiments per-
formed with acetone as the photolyte for three different photolysis
laser fluences. As shown in Fig. 2, ag increased linearly with increas-
ing acetone concentration for each of the laser fluences used. The
relative slopes, @ versus acetone concentration, are in good agree-
ment with the ratios of the photolysis laser fluences, to within 5%.
A similar level of linearity was also observed for MEK and biacetyl.
The laser fluences used for the data shown in Fig. 3 includes the
range of values used in the CH3CO quantum yield experiments and
demonstrates the linearity of the CH3CO signal with photolysis laser
fluence, Eq. (11).

CH3CO quantum yields were measured at total pressures in the
range 60-670 Torr with He and N, used as bath gases. CH3CO quan-
tum yields at 60 Torr were measured by reference to the calibration
standards described in Section 2. The dependence of @cy,co on
pressure and collision partner (He or N, ) was determined relative
to the values measured at 60 Torr total pressure. The results of our
quantumyield measurements are summarized in Tables 2 and 3 and
shown in Fig. 4. An average of the quantum yield, @cy,co, values
measured at 60 Torr are 0.60 4 0.05, 0.51 & 0.05, and 0.76 £ 0.07 for
acetone, MEK, and biacetyl, respectively, where the quoted errors
are the 20 precision of the measurements. The quantum yields at
60 Torr were independent of bath gas, within the precision of the
measurements. The @cy,co values obtained using H,O; as the OH
source, agreed to within 10%, with those obtained using the O3/H,0

| '
¢
N ¢

a 107 em™)

(]
|
HH

0 | T T
0.0 0.5 1.0 15 2.0

[Acetone] (10“' molecule cm"‘)

Fig. 3. Dependence of the absorption coefficient, oy, measured by cavity ring-down
spectroscopy (CRDS) at 532 nm following the 248 nm pulsed laser photolysis of
acetone on the photolysis laser fluence. The photolysis laser fluences used were:
17.6 mJ cm—2 pulse~! (M), 11.0mJcm~2 pulse~! (®), and 6.5m]cm~2 pulse~! (a).
The solid lines are linear least-squares fits to the data.

source. This level of agreement indicates that no significant system-
atic errors were introduced in the measurements due to secondary
source chemistry. The relative @cy,co values for acetone, MEK, and
biacetyl obtained in the back-to-back experiments were found in
good agreement, within 5%, with the measurements made using
the calibration standards. The overall uncertainty in the quantum
yield values is discussed in Section 3.1.

Fig. 4 summarizes the results for the pressure dependent quan-
tum yield values given in Tables 2 and 3 for He and N, bath gases.
Due to the small change in @cy,co with pressure, these experi-
ments were performed in a series of back-to-back measurements

Table 2
Summary of CH3CO quantum yield results in the 248 nm photolysis of acetone,
biacetyl and methyl ethyl ketone with N5 bath gas from this work at 296 K?

Acetone Biacetyl Methyl ethyl ketone
(CH3C(0)CH3) (CH3C(0)C(O)CH3) (CH3C(0)CH,CH3)
Pressure Quantum Pressure Quantum Pressure Quantum
(Torr) yield (Torr) yield (Torr) yield

60 0.60 61 0.76 60 0.51
102 0.64 101 0.79 100 0.55
212 0.65 207 0.79 205 0.62
305 0.69 302 0.86 305 0.71
404 0.80 419 0.94 412 0.73
501 0.79 419 0.90 515 0.79
592 0.87 509 0.87 606 0.94

- - 643 0.96 631 0.86

2 The pressure dependence of the quantum yield was measured rel-
ative to the value at 60Torr using a 532nm cavity ring-down probe
wavelength and constant photolyte concentration and photolysis laser flu-
ence as described in the text; [CH3C(O)CH3]=5.15x 10'> moleculecm™3,
[CH3C(0)C(0)CH3]=5.22 x 10'> moleculecm—3,  [CH3C(0)CH,CH3]=5.35 x 1015
moleculecm—3. Quantum yields at pressures >60 Torr in the acetone experiments
are the average from 3 separate measurements. The precision of these measure-
ments was ~5%. The quantum yields at pressures >60 Torr for biacetyl and methyl
ethyl ketone were obtained from a single sequence of measurements. The absolute
uncertainty in the quantum yields is £15%, 20 confidence level, and includes
estimated systematic errors (see Section 3.1 for details).
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Table 3
Summary of CH3CO quantum yield results in the 248 nm photolysis of acetone,
biacetyl and methyl ethyl ketone with He bath gas from this work at 296 K2

Acetone Biacetyl Methyl ethyl ketone
(CH3C(0)CH3) (CH3C(0)C(O)CH3) (CH3C(0)CH,CH3)
Pressure Quantum Pressure Quantum Pressure Quantum
(Torr) yield (Torr) yield (Torr) yield
62 0.60 60 0.76 60 0.51
108 0.62 109 0.79 114 0.54
210 0.70 204 0.78 205 0.55
314 0.71 306 0.81 353 0.60
408 0.73 404 0.84 495 0.65
506 0.76 516 0.82 669 0.65
603 0.78 606 0.81 - -
604 0.79 671 0.85 - -
670 0.82 - - - -

2 The pressure dependence of the quantum yield was measured relative to
the value at 60Torr using a 532nm cavity ring-down probe wavelength and
constant photolyte concentration and photolysis laser fluence as described
in the text; [CH3C(O)CH3]=5.36x 10" moleculecm—3, [CH3C(0)C(O)CH3]=
5.26 x 10'®> moleculecm™—3, [CH3C(0)CH,CH3]=5.24 x 10'> moleculecm=3. The
quantum yields at pressures >60Torr were obtained from a single sequence
of measurements. The absolute uncertainty in the quantum yields is +15%, 20
confidence level, and includes estimated systematic errors (see Section 3.1 for
details).

where only the total pressure of the system was changed, i.e., the
laser fluence and photolyte concentration were nearly constant.
This approach greatly improved the precision of the determina-
tion of the pressure dependence in @cy,co- A systematic increase
in @cy,co with increasing bath gas pressure was observed for each
of the ketones and the observed pressure dependence was larger
with N, than with He as the bath gas.
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Fig.4. The CH3CO quantum yield at 296 K following the 248 nm pulsed laser photol-
ysis of acetone (CH3COCHj3), biacetyl (CH3C(O)C(O)CH3), and methyl ethyl ketone
(CH3C(0)CH,CH3) dependence on bath gas collision partner (He (open symbols,
dashed lines), N5 (solid symbols and lines)) and total bath gas pressure. The curves
are fits of the data to Eq. (21) and the parameters obtained are given in Table 4. For
comparison with our methyl ethyl ketone results, the CH3 CO low pressure quantum
yield reported by Romero et al. [27] (¢) and the results from a Stern-Volmer analysis
from Khamaganov et al. [13] (dotted line) are included.

In the 248 nm photolysis of acetone, nascent CH3CO is produced
with sufficient internal energy, 30.6 kcal mol~1, for it to decompose
into CH3 +CO [12,13,24]

CH5C(0)CH3 + hv — CH3CO* 4 CH; (18)
CH3CO* +M — CH3CO + M (19)
CH5CO* - CH3 +CO (20)

where CH3CO™ represents an activated CH3;CO molecule that
is formed with sufficient internal energy to dissociate. Simi-
lar photolysis schemes can be written for MEK and biacetyl
although the energy available for activation of CH3CO is slightly
different (34.5kcalmol-! for biacetyl and 31.7 kcalmol-! for
MEK). The minimum energy needed to thermally dissociate
CH3CO is ~16 kcalmol~!, 11 kcal mol~! in zero-point energy and
~5kcalmol~! to overcome a barrier in the dissociation exit chan-
nel. This simplified mechanism is consistent with the more detailed
theoretical treatment given by Somnitz et al. [12] for the disso-
ciation of CH3CO following the photodissociation of acetone. On
the basis of molecular beam photofragment translational spec-
troscopy measurements, North et al. [24] determined that ~30%
of the initially formed CH3CO contains sufficient internal energy to
dissociate. This is consistent with our @cy,co value of 0.60 mea-
sured at 60 Torr.

The observed pressure dependence is reproduced reasonably
well, over the range of pressures covered in this study, by a
Stern-Volmer relationship for the formation of CH3CO from CH3CO"

kig[M
Pehyco = ®2H3CO +(Pi,c0 — cz58]—13c0) x (m) (21)
where ®8H3CO is the quantum yield in the zero pressure limit,

¢8QH3C0 is the quantum yield in the high pressure limit, and M is

the bath gas number density in molecule cm—3. Fits of the experi-
mental data were performed using @E"H3c0 values of 1 for acetone
and MEK and 2 for biacetyl. This approximation is reasonable for
acetone and MEK, although the true value of ngOH3 co may be slightly
less than 1, but most likely is an over-estimate for biacetyl. There-
fore, this analysis is only valid over the range of pressures used
in the present measurements. Additional quantum yield data for
biacetyl photolysis at pressures higher than used in the present
study are needed to refine the analysis further. The results of
the fits are shown in Fig. 4 and given in Table 4. For acetone,
the fit yields kqg/kzg of (0.64+0.2) x 10~19 cm3 molecule~! for He
and (0.8 +0.2) x 10719 cm3 molecule~! for N, bath gas. Assuming
ki9=1 x 10~12 cm3 molecule~! s~1, a reasonable rate coefficient for
the collisional quenching of CH3CO", then kyg~ 1.4 x 107 s~ 1, a life-
time of <100ns for the activated CH3CO" radical. Therefore, the
activated CH3CO" radical is short-lived. Our estimated CH3CO" life-
time is consistent with values estimated by Somnitz et al. [12] and
Khamaganov et al. [13].

At the highest pressures used in this study, the CH3CO quantum
yield in the photolysis of acetone approaches unity. This implies
that channel (1b), which produces 2CH3 + CO as primary photolysis
products, has a small yield, <10%, and that the CO produced in the
248 nm photolysis of acetone is primarily via the decomposition
of activated CH3CO. The present work shows that acetone photol-
ysis at 248 nm always leads to dissociation. However, the activated
CH3CO dissociates unless it is stabilized, which accounts for the
pressure dependence of @cy,co-

It is worth pointing out that although the available energy
for nascent CH3CO radical excitation in the photolysis of acetone,
MEK and biacetyl are similar, the measured pressure and collision
partner dependences in @cy, o are different as shown in Fig. 4 and
given in Table 4. For example, the pressure dependence observed in
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Table 4
Results from a Stern-Volmer analysis @cy,co = ¢2H3C0 + (¢EOH3CO - ¢2H3C0) x (k19[M]/(k19[M] + kag)) of the CH3CO quantum yield pressure dependence in the 248 nm
photolysis of acetone (CH3C(O)CHs3 ), methyl ethyl ketone (CH3C(O)CH,CHj3), and biacetyl (CH3C(O)C(O)CH3) at 296 K@

Photolyte ¢2H3CO Do k19/k20 (10~19 cm3 molecule1) Reference
N, He
CH3C(O)CH3 0.535 + 0.06P 1 0.8 +£0.2 0.6 +0.2 This work
0.58 + 0.06 1.2+ 03 - Khamaganov et al. [13]
CH3C(O)CH,CH3 0.41 + 0.05 1¢ 11+03 043 £ 0.12 This work
0.56 + 0.1 0.81+0.03 25408 - Khamaganov et al. [13]
CH3C(0)C(0)CH3 0.76 + 0.05 2¢ 0.09 £ 0.02 0.04 £ 0.01 This work

is the quantum yield in the low-pressure limit, d)on;co

values were fixed to the values given in the table in the analysis.

a @0
¢CH3C0
00
The @CH3 o
b p0
¢CH3C0
least-squares fits.
¢ Fixed in the Stern-Volmer analysis.

the CH3CO quantum yield for biacetyl is significantly greater than
that determined for either acetone or MEK.

3.1. Error analysis

The absolute uncertainty in @cy,co was determined from the
uncertainties in the parameters used in Eq. (10). Using the relative
quantum yield method minimizes uncertainties due to the mea-
surement parameters such as laser fluence, absorption pathlength,
gas flow, and pressure, which are kept nearly constant during an
experiment. Therefore, uncertainties in these parameters make
only a small contribution to the overall uncertainty in @cy,co. The
measured CRDS time constant measurements were relatively accu-
rate, +1%. The linearity of CH3CO radical production was confirmed
experimentally, +5%, as shown in Figs. 2 and 3, over the same range
of concentrations and laser fluences used in our quantum yield
determination. The precursor concentrations were measured on-
line by UV absorption before and after the reactor and agreed to
within 5%. In addition, the uncertainty in the precursor absorption
cross-sections (Table 1), partially cancel in the data analysis; we
estimate the uncertainty in the cross-sections to contribute <5%.

Different CRD probe wavelengths and two separate OH radical
sources were used in the determination of @cy,co. Pcnyco val-
ues obtained using the different OH sources agreed to within 10%
(also see Rajakumar et al. [15]). Measurements made using differ-
ent probe wavelengths agreed to within 10%. The agreement of the
quantum yields obtained using different CRDS probe wavelengths
is best illustrated by the consistency of the CH3CO visible absorp-
tion spectra obtained using 248 nm photolysis of acetone, MEK, and
biacetyl as given in Rajakumar et al. [15]. By combining the above
uncertainties, we estimate the overall uncertainty in @cy,co from
acetone, MEK, and biacetyl photolysis at 248 nm to be 15% at the
20 (95% confidence) level. The estimated uncertainty encompasses
the full range of ®cy,co values measured during the course of this
study.

3.2. Previous quantum yield studies

The scope of our discussion of previous quantum yield studies
presented here is limited to a comparison of our results with sev-
eral of the most recent studies of the photolysis of acetone, MEK,
and biacetyl [1,5,7,8,12,13,25-27]. As mentioned in the Introduction
of this paper, the 248 nm acetone quantum yield has been shown
previously to be near unity and independent of pressure, i.e., flu-
orescence and quenching are minor loss processes compared to
dissociation [5,6]. However, some discrepancies exist for the quan-
tum yield branching ratio and the pressure dependence that are
discussed here.

is the quantum yield in the high pressure limit, and M is the bath gas number density in molecule cm~3.

values are an average of the values obtained from separate fits of the N, and He data. The uncertainties quoted for this work are 1o from the precision of the

Our CH3CO quantum yields in the 248 nm photolysis of acetone
can be compared with values recently reported by Khamaganov
et al. [13] and the University of Leeds group [1,7,27]. In addition,
we will compare our results with the CO quantum yields reported
by Somnitz et al. [12]. Khamaganov et al. [13] reported quantum
yields for the CH3CO and CHj3 radicals at total pressures over the
range 5-1500Torr (N). Radical formation was measured follow-
ing the pulsed laser photolysis of acetone at 248 nm by monitoring
the transient UV absorption of the CHs3 radical (CH3l photolysis
was used as a reference calibration source for CH3 radicals) CH3CO
quantum yields were also determined using transient UV absorp-
tion, although the accuracy of these measurements was lower
than for CH3. Khamaganov et al. report a negative pressure depen-
dence for @y, that is reproduced by the empirical formula @cy, =
1+ 0.45 x exp[—0.002 x P], where P is the total pressure of N, in
Torr. The corresponding positive pressure dependence in @cy,co,
givenby 2 — @y, is greater than their measured @y, o but yields
a value at 60 Torr (N3) of 0.60+0.06 in good agreement with the
results from our study. In addition, the pressure dependence of
D¢y, o (inferred from their @y, measurements) is in good agree-
ment with our measured pressure dependence. The Stern-Volmer
analysis results from the Khamaganov et al. [13] study are included
in Fig. 5 for comparison with this work.

The Leeds group has reported @y, co values for the 248 nm pho-
tolysis of acetone that fall in the range 0.35-0.40 in the low-pressure
limit (He bath gas) [1,7,27]. These CH3CO quantum yield values are
significantly smaller than the low-pressure value obtained in our
study. In the Leeds studies, CH3CO radical formation was moni-
tored by the detection of OH radicals formed as a product in the
CH3CO + 0, + Mreaction. @cy,co was determined relative to CH3CO
quantum yield measurements made at longer photolysis wave-
lengths, 310 and 320 nm, where the CH3CO quantum yield at low
pressure is assumed to be unity. It was also assumed in their data
analysis that @y, co for the 248 nm photolysis of acetone was inde-
pendent of pressure, contrary to results from this study and the
results of Khamaganov et al. [13] and Somnitz et al. [12] (discussed
below). Including a pressure dependence in the data analysis of the
Leeds work will directly impact the acetone photolysis quantum
yields obtained at longer wavelengths, >300 nm, from their work.

Somnitz etal.[12] reported @ for acetone photolysis at 248 nm
at pressures over the range 20-900 Torr (N5 ). Quantum yields were
determined by monitoring the formation of CO, using infrared diode
laser absorption of CO, following the exposure of acetone/N, sam-
ples to a small number, <100, of 248 nm photolysis laser pulses.
Multiple photolysis laser pulses were needed to build up [CO] to
measurable levels. @cg values between 0.45 at 20 Torr and 0.25 at
900 Torr were reported, see Fig. 5. At low pressure, the CO quan-
tum yield results are in good agreement with the CH3CO quantum
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Fig.5. Comparison of the CH3CO quantumyields in the 248 nm photolysis of acetone
measured in this work with N, bath gas (@, solid line (Stern-Volmer fit, Eq. (21)))
with results from previous studies. The error bars for the data from this work are at
the 20 level and include estimated systematic errors. The error bars for the literature
data are as reported. Previous studies include: acetone loss (O, syn. air bath gas) and
CO, formation quantum yields ([J, syn. air bath gas) from Gierczak et al. (1998) [5];
acetone loss (x, syn. air bath gas) from Nadasdi et al. (2007) [6]; the CH3CO quantum
yield from the Leeds group [1,7,27] (0, He bath gas) and Meyrahn et al. [25] (bowtie,
syn. air bath gas); the CO quantum yield pressure dependence from Somnitz et al.
(2005) [12] (A, Ny bath gas); the CH3 quantum yield pressure dependence reported
by Khamaganov et al. (2007) [13] obtained from a Stern-Volmer analysis, Pcy, =

0.46 x (1+4 x 1073 x P)71 + 1 (dashed line), and the corresponding CH3CO and
CO quantum yields calculated using these fit parameters, @cy,co = 2 — Pcn, and
Do =1 — Dcy,c0- The shaded areas represent estimated uncertainties.

yields obtained in this work and a unit acetone quantum yield [5,6].
However, there is a systematic discrepancy in the reported pres-
sure dependence in @¢cp and our results with the decrease in @¢g
reported by Somnitz et al. being smaller than the increase in @cy,co
obtained in our work.

There are two frequently referenced acetone photolysis
end-product studies that need to be included in this discus-
sion. Meyrahn et al. [25] reported @cy,co = 0.75+0.07 for the
250 nm photolysis of acetone at 760 Torr (syn. air). In their study,
Dcy,co was determined using quantitative measurements of
CH3C(O)OONO; (PAN) produced by the addition of NO, to the
mixture, reactions (2) and (3). Although end-product studies in
general, are susceptible to possible systematic error as a result of
unwanted gas-phase radical chemistry, their @cy,co value is in
reasonable agreement with our results, although somewhat lower,
near atmospheric pressure (see Fig. 5). Second, in a previous study
from our laboratory, Gierczak et al. [5] reported the CO, photolysis
yield in the 248 nm photolysis of acetone in synthetic air to be near
unity, 1.0+ 0.15, and independent of pressure within the precision
of the measurements. The formation of CO, as an end-product was
attributed solely to the formation of CH3CO radicals as a primary
acetone photolysis product. This interpretation is not consistent
with the present results unless the collisional stabilization of the
activated CH3CO radicals by O, is much more efficient than Nj.
Unfortunately, the O, collisional stabilization efficiency could not
be measured in the present work due to the rapid loss of CH3CO
via reaction (2).

The photochemistry of MEK and biacetyl has received much
less attention than acetone. Khamaganov et al. [13] and Romero
et al. [27] have reported @cy, and Py, o values, for MEK, respec-
tively, following 248 nm pulsed laser photolysis. For comparison
purposes, the CH3CO quantum yields reported in the Khamaganov
et al. and Romero et al. studies are included in Fig. 4. Khamaganov
et al. reported a Stern-Volmer analysis for their measured pres-
sure dependence of the CHj radical quantum yield (see Table 4).
Their analysis yields ®8H3CO = 0.56 which is significantly greater
than obtained in our work. The source of this discrepancy is cur-
rently unknown. Romero et al. [27] reported ¢2H3C0 =0.40+0.02
and estimated the quantum yield of the CH3CH,O radical to be
<0.18.The ¢8H3co value obtained in our work is in reasonable agree-
ment, within the combined 2¢ uncertainty limits, with the value
reported by Romero et al. In addition to the studies of primary pho-
tolysis products, it is also worth mentioning the broadband MEK
photolysis study of Raber and Moortgat [28]. They report measure-
ments of MEK photodissociation for wavelengths >275 nm using
fluorescent photolysis lamps. The loss of MEK and formation of
stable end-products was measured by infrared absorption. They
report “effective” pressure dependent MEK quantum yields where
<DKA1EK =1+2.22 x 1073 x P (where P is in Torr of syn. air). Direct
measurements of @cy,co for MEK at wavelengths >290nm are,
however, still needed for input into atmospheric model calcula-
tions.

To the best of our knowledge, there are no measurements of
Dcp,co at 248 nm for biacetyl currently available in the literature.
Previous biacetyl photochemical studies have focused on the deter-
mination of effective atmospheric photolysis rates [29] rather than
specific primary photolysis product identification and its wave-
length dependence. In their study, Klotz et al. [29] pointed out the
need for wavelength dependent quantum yield measurements to
refine atmospheric photochemical mechanisms.

4. Summary

We have measured CH3CO quantum yields following the 248 nm
pulsed laser photolysis of acetone, MEK, and biacetyl over the pres-
sure range 60-670 Torr with He and N, bath gases. The observed
dependence of @cy,co on pressure and bath gas implies that a
fraction of the nascent CH3CO primary photolysis product is ener-
getically activated and dissociate to CH3 +CO prior to collisional
stabilization. For acetone, the CH3CO quantum yield, channel (1b),
approaches unity at high pressure implying that the CO radical is
not a significant primary photolysis product at 248 nm. The CH3CO
quantum yields for the 248 nm photolysis of methyl ethyl ketone
and biacetyl also show a positive pressure dependence, however, for
these molecules other photolysis channels may also be significant.
Measurements of the CO quantum yield in the 248 nm photolysis
of methyl ethyl ketone and biacetyl would be useful for quantifying
the branching ratios of the various photolysis channels.
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