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FTIR-smog chamber techniques were used to determine rate constants for the gas-phase reaction of Cl and
F atoms with CHC(O)C(O)CH and F atoms with CkC(O)F of (4.04 0.5) x 10713, (4.9£ 0.7) x 107%,

and (3.64 0.4) x 1072 cm® molecule s7%, respectively. Two pathways for the reaction of Cl and F atoms

with CH3;C(O)C(O)CH were found: (1a) Ci CH;C(O)C(O)CH — HCI + CH3;C(O)C(O)CH-, (1b) Cl+
CH;C(0)C(0O)CH — CH3C(O)Cl + CHsC(O)-, (2a) F+ CHsC(O)C(O)CH — HF + CH3;C(O)C(O)CH,

(2b) F+ CH3;C(O)C(O)CH — CH3C(O)F + CH3C(O)-, with branching ratios okyy/(kip + kig = 0.23 £

0.02 andkay/(kan + kog) = 0.56+ 0.09. It was determined that the atmospheric fate o§@B©)C(O)CHO-

radicals is decomposition to give HCHO, CO, and LKD) radicals. Pulse radiolysis coupled to UV
absorption spectroscopy was used to study the kinetics of the reaction of F atoms w@(GJE(0O)CH as

well as spectra of CyC(O)C(O)CH- and CHC(O)C(O)CHO,* radicals over the wavelength range 220

400 nm at 295 K. The rate constant for the reaction of F atoms witfOQB)C(O)CH was determined to

be (4.6+ 0.8) x 1071 cm® molecule s*. The absorption cross sections of £HO)C(O)CH:+ and CHC-
(O)C(O)CHO,- radicals were (5.4 1.0) x 108 at 250 nm and (2.8 0.5) x 1078 cn? molecule* at 320

nm, respectively. Results are discussed with respect to the available database concerning the reaction of Cl
and F atoms with organic compounds.

1. Introduction Cl + CH,C(0)C(O)CH — HCI + CH,C(0)C(O)CH (1a)

Dicarbonyl compounds are formed in the atmosphere by |4 cH C(O)C(O)CH — CH,C(O)Cl+ CH,C(O) (1b)
photooxidation of aromatic hydrocarbons. 2,3-Butadione is 3 s 3

an oxidation product of-xylene!® Atkinson et al* reported F 4+ CH,C(O)C(O)CH,— HF + CH,C(0)C(O)CH: (2a)
a 2,3-butadione yield of 0.13% 0.016, and Darndlla yield 3 3

of 0.18 &+ 0.04, both at atmosphgric pressure in the presence CH,C(O)C(O)CH, — CH,C(O)F+ CH,C(O) (2b)
of NO. The content ob-xylene in fuels can be substantial
(up to 3.3 wt 98). Studies of the chemical composition of
vehicle exhaust g&8 show that the average emission of
o-xylene from a Ford Taurus is of the order of2 mg/m.
Plum et al” showed that photolysis is the major loss process
of 2,3-butadione in the troposphere. The present study of
2,3-butadione concerns chemistry which is useful in the design
and interpretation of laboratory studies, where F or Cl atoms  The two experimental systems used have been described
are used to generate alkyl radicals. We show here that thepreviously®® and are described briefly here.
reaction of 2,3-butadione with Cl and F atoms proceeds viatwo 2.1 FTIR—Smog Chamber System at Ford Motor Com-
channels: pany. Experiments were performed using a 140 L Pyrex reactor
interfaced to a Mattson Sirus 100 FTIR spectrométerhe

* Authors to whom correspondence should be addressed. reactor was S_urrounded by 22 ﬂuorescem_ blacl_<lqr_nps (GE

t Present address: Haldor Topsa A/S, Nymallevej 55, DK-2800 Lyngby, F15T8-BL) which were used to photochemically initiate the
Denmark. ) ) ) experiments. The oxidation of 2,3-butadione was initiated by
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Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139. pressure at 295 2 K
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Displacement reactions such as those shown in channels 1b
and 2b could be important in the reaction of Cl and F atoms
with other carbonyl compounds.

2. Experimental Section
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Cl,(orF) +hr—2Cl(or2F) (3) The absorption of CED,: radicals at 260 nm was monitored
as a function of radiolysis dose. In the presence of excgss O

The loss of 2,3-butadione and formation of products were the CHs radical self-reaction is negligible and the €b4- yield
monitored by Fourier transform infrared spectroscopy using an €quals the initial F atom yield. Using(CH;O,') = (3.18
infrared path length of 27 m and a resolution of 0.25m  0.32) x 1078 cn? molecule 1 at 260 nm, the F atom yield
Infrared spectra were derived from 32 co-added interferograms.was determined to be (2.9& 0.34) x 10' cm™2 at full

Three sets of experiments were performed. First, a relative radiolysis dose and 1000 mbar ofSFThe quoted uncertainty
rate technique was used to determine the rate constants forreflects both statistical uncertainty in the measured absorbencies
reactions of Cl and F atoms with 2,3-butadione. Second, the 0f CHzO>* and a 10% uncertainty in(CHsO,).
mechanisms of Cl and F atom reactions with 2,3-butadione were Reagents used were the following:—B7 mbar of Q
investigated. Third, information concerning the atmospheric fate (Ultrahigh purity), 956-1000 mbar of SF(99.9%), 6-19 mbar
of CH3sC(O)C(O)CHO- radicals was gathered by irradiating 0f CHsC(O)C(O)CH (>97%), 0-0.95 of mbar NO £ 99.8%),
CHsC(0)C(O)CH/NO/ClL/O,/N, mixtures. 0—1.3 mbar of NQ (>98%), and 6-10 mbar of CH (>99%).

2.2 Pulse Radiolysis SystemA pulse radiolysis transient ~ The CHC(O)C(O)ChH was repeatedly degassed by freeze
UV absorption apparatus was used to study the kinetics of Pump-thaw cycling before use. All other reagents were used
reaction 2 as well as the UV absorption spectra o4CD)C- as received.

(O)CH,+ and CHC(O)C(O)CHO,* radicals. Radicals were Three sets of experiments were performed. First, the rate
generated by radio|ysis of gas mixturesa 1 L stainless steel constant for reaction of F atoms with 2,3-butadione was
reactor using a 30 ns pulse of 2 MeV electrons from a Febetron Mmeasured. Second, the formation of alkyl radicals ifGHsC-
705B field emission accelerator. The radiolysis dose, referred (O)C(O)CH mixtures and peroxy radicals in §EH;C(O)C-

to herein as a fraction of maximum dose, was varied by insertion (O)CH/O mixtures was followed. Third, the UV spectra of
of stainless steel attenuators between the accelerator and th€HsC(O)C(O)CH: and CHC(O)C(O)CHO;: radicals were
chemical reactor. The analyzing light was obtained from a recorded.

pulsed xenon arc lamp and reflected in the reaction cell by

internal White-type optics. The length of the cell is 10 cm and 3- Results

the optical path length for the analysis light was 120 cm. The 3.1, Relative Rate Measurements for the Reactions of Cl
analyzing light was monitoredyba 1 mMcPherson monochro-  and F Atoms with CH3C(O)C(O)CH3 and the Reaction of
mator linked to a Hamamatsu R928 photomultiplier and a F with CH;C(O)F. Relative rate experiments were performed
LeCroy 9450A oscilloscope. The monochromator was operated ysing the FTIR system at Ford Motor Company to investigate
at a spectral resolution of 0.8 nm. UV absorption spectra were the kinetics of reactions 1, 2, and 7. The technique used is

measured using a Princeton Applied Research OMA-II diode described in detail elsewhe¥e.Photolysis of molecular halogen
array installed at the exit slit of the monochromator in place of was used as a source of halogen atoms.

the photomultiplier. The monochromator was operated at a

spectral resolution of 0.8 nm when used with the diode array. Cl,(orF)+hv—2Cl(or2F) 3)
Spectral calibration was achieved using a Hg pen ray lamp. UV

absorption spectra in the range 220 nm were acquired using Cl + CH,C(O)C(O)CH — products 1)
the diode array with a radiolysis dose which was 53% of the

maximum and a data acquisition time of 646 us. The F + CH,C(O)C(O)CH, — products (2)
spectra given here are averages of three individual measure-

ments. F + CH,C(O)F— :CH,C(O)F+ HF @)

All transients were results of single pulse experiments with
no signal averaging. Data acquisition, handling, and storage The kinetics of reaction 1 were measured relative to reactions
were performed by a standard PC. The uncertainties reported8 and 9. Reaction 2 was measured relative to reactions 5 and
in this paper are two standard deviations. Standard error 10. Reaction 7 was measured relative to reaction 11.
propagation methods are used to calculate combined uncertain-

ties. Cl + CH,Cl — products (8)
Sk was used as diluent gas in the stainless steel reactor.

Radiolysis of SE produces fluorine atoms: Cl + CH, — products 9)

SF, Meve products (@) F + CH, — products (5)

F + CD,— products (10)

Sk was always in great excess to minimize the relative
importance of direct radiolysis of other compounds in the gas F + CH,CHF, — products (11)
mixtures. The direct radiolysis of 2,3-butadione is given
approximately by its mass fraction. For the concentrations given |njtial concentrations for the relative rate experiments were
in this work, direct radiolysis accounts for less than 0.3% of (i) 10—20 mTorr of CHC(O)C(O)CH, either 15 mTorr of Chi
the 2,3-butadione loss. The fluorine atom yield was determined or 30—70 mTorr of CHCI and 0.2 Torr of Gin 10—700 Torr
by m.easuring the yield of C§®,- radicals following radiolysis of either Q or N, diluent, (i) 9 mTorr of CHC(O)C(O)CH,
of mixtures of 10 mbar of CkJ 40 mbar of @, and 950 mbar 19 mTorr of the references (GHr CD;), and 1 Torr of & in
of Sk 700 Torr of air diluent, and (iii) 44 mTorr of C¥(O)F, 31

mTorr of CHsCHF,, and 1 Torr of iz in 700 Torr of air.
F+CH,— CHy + HF ®) The observed loss of G&(O)C(O)CH versus those of
reference compounds in the presence of either Cl or F atoms is

CHg + 0, + M — CH;O» + M 6 shown in Figures 1 and 2, respectively. The loss o§C(D)F
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Figure 1. Loss of CHC(O)C(O)CH versus CH and CHCI in the
presence of Cl atoms:@) 700 Torr of N diluent, O) 700 Torr of Q
diluent, @) 10 Torr of N; diluent.
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Figure 2. Loss of CHC(O)C(O)CH versus CR and CH in the
presence of F atoms in 700 Torr of air diluent.

versus CHCHF; in the presence of F atoms is shown in Figure
3. As seen from Figure 1, a reduction in total pressure from
700 to 10 Torr had no impact da/ks. It is also seen that the
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Figure 3. Loss of CHC(O)F versus CECHF; in the presence of F
atoms in 700 Torr of air diluent.

ki = (4.04£ 0.5) x 10713 k; = (4.04+ 0.4) x 10718 k, = (4.8

+ 0.5) x 1014 k; = (5.0 + 0.6) x 1014 andk; = (3.6 +

0.4) x 10712 cm® molecule®* s1. We choose to quote final
values ofk; andk, which are averages of those determined using
the two different reference compounds together with error limits
which encompass the extremes of the individual determinations.
Hence,ky = (4.0 £ 0.5) x 10718 k, = (4.94+ 0.7) x 10714,
andk; = (3.6 = 0.4) x 10712 cm® molecule® s71. Quoted
errors reflect the accuracy of our measurements. The value of
k. determined using the FTIR technique is in good agreement
with that ofk, = (4.6 4 0.8) x 10~ cm?® molecule’* s~1 using

the pulse radiolysis technique (see Section 3.4).

The kinetics of reaction 1 have been studied previously by
Olsson et al’* who report (7.624+ 1.66) x 10713 cm?
molecule® s71; a factor of 1.9 times greater than our result.
Olsson et al. used a relative method, which required measure-
ment of the absolute concentrations of both 2,3-butadione and
the reference compound, CIONOAs discussed elsewhete,
we believe this method is not as robust as that employed herein
where no knowledge of absolute concentrations is required and
multiple reference compounds are used. No literature data is
available fork, andk; to compare with our results.

3.2. Reaction Mechanism of Cl and F with 2,3-Butadione.
During the product study of the Cl atom initiated oxidation of
2,3-butadione, it became apparent that reaction 1 proceeds via
an unusual mechanism. In all experiments a significant yield
of CH3C(O)Cl was observed. Figure 4 shows the formation of
CH3C(O)CI versus loss of C¥C(0O)C(O)CH following UV

kinetics of reaction 1 were not impacted by the presence of irradiation of mixtures of 1420 mTorr of 2,3-butadione and
oxygen. Linear least-squares analysis of the data in Figures 1,0.1-0.4 Torr of Cb in 700 Torr of Q diluent. As with all

2, and 3 giveky/ks = 0.83+ 0.06,ki/kg = 4.0+ 0.2, ko/ks =
0.714 0.03,ko/kio= 1.06+ 0.07, anckz/k;; = 0.2124+ 0.011.
Using kg = 4.8 x 1071812 kg = 1.0 x 1071812 k5 = 6.8 x
1018 ko= 4.7 x 107118 andk;; = 1.7 x 1071113 the five
ratios givek; = (4.0 0.3) x 10713 k; = (4.0 0.2) x 10713,
ko= (4.8 0.2) x 1071 kp = (5.0+ 0.3) x 10711, andk; =
(3.6 £ 0.2) x 10712 cm® molecule® s71, respectively. We

product studies, close attention needs to be paid to possible
complications caused by secondary reactions in the system. To
test for heterogeneous and photolytic loss of ;CHD)C(O)-

CH; and CHC(O)CI, these compounds were introduced into
the chamber and subjected to UV irradiation for 20 min; there
was no discernible loss<Q%) of either compound. To test
for reaction between molecular chlorine and {fO0)C(0O)-

estimate that potential systematic errors associated with uncer-CHs, reaction mixtures were prepared and left to stand in the
tainties in the reference rate constants add 10% uncertaintydark in the chamber for 20 min; there was no discernible loss

ranges fok,, ko, andk;. Propagating these uncertainties gives

(<2%) of CHC(O)C(O)CHs. The reaction of Cl atoms with
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CH3C(O)CI proceeds with a rate constamt 10714 cm?
molecule s71 1 and is not important in the present work. Four
channels are possible for reaction 1:

Cl + CH,C(0)C(O)CH — HCI + CH,C(0)C(O)CH: (1a)
Cl + CH,C(0)C(0)CH,— CH,C(O)CI+ CH,C(O) (1b)
Cl + CH,C(0)C(0)CH, — CH,C(0)C(O)Cl+ CH,+ (1c)
Cl + CH,C(0)C(0)CH, — CH,CI + CH,C(0)C(O) (1d)

The molar yield of CHC(O)Cl was 0.23t 0.02 in G diluent
(see Figure 4). In the absence of e CHC(O) radicals
formed in channel 1b will react with €lto give additional
CHsC(O)Cl:

CH,C(O) + Cl,— CH,C(O)CI+ ClI (12)

Experiments conducted in 700 Torr of Niluent gave CHC-
(O)Cl yields, which were significantly greater than those in O
and were consistent with the formation of gHO) radicals
in channel 1b. There was no detectable;CHshowing that
channels 1c and 1d are not significant. Based upon the dat
given in Figure 4, it seems reasonable to conclude that reaction

Christensen et al.

A [CH,C(O)CI] (mTorr)

1 I
15

20
A [CH,C(O)C(O)CH,] (mTorr)

Figure 4. Formation of CHC(O)CI versus loss of C}¥(0O)C(O)CH
following UV irradiation of mixtures of 1420 mTorr of CHC(O)C-

a(O)Cl—t; and 0.1-0.4 Torr of Ch in 700 Torr Q.

1 proceeds via two channels with/k; = 0.77 £ 0.02 and
kiyks = 0.23 £ 0.02. To support the experimental evidence
of channel 1b, we note that this channel is exothermic and is
likely to be spontaneous at room temperature. The enthalpy of
reaction 1b is—61 kJ/molt’

Similar experiments were performed to investigate the E
mechanism of the reaction of F atoms with 2,3-butadione. E
Again, there are four possible channels for reaction 2: "

L

F + CH,C(O)C(O)CH,— HF + CH,C(O)C(O)CH: (2a) o
S

F + CH,C(O)C(O)CH, — CH,C(O)F+ CH,C(O) (2b) <
O

F + CH,C(O)C(O)CH — CH,C(O)C(O)F+ CH;+  (2c¢) <

F + CH,C(O)C(O)CH — CH4F + CH,C(O)C(O) (2d)

Figure 5 shows the formation of GB(O)F versus loss of
CH3C(O)C(O)CH following UV irradiation of mixtures of
5—16 mTorr of CHC(O)C(O)CH and 0.+1 Torr of F;in 700
Torr of Oy, air, or N, diluent. The molar yield of CEC(O)F
was 0.53+ 0.04 in @ and 1.18+ 0.12 in N, diluent. There
was no evidence of Ciff formation in either Mor O, diluent,
and we conclude that channels 2c and 2d are unimportant. Th
fact that the yield of CHC(O)F in N, is twice that in Q suggests
that channel 2b is the source of gE&{O)F. This channel is
thermochemically possible, with a reaction enthalpy-Gf17 1 Torr of K in 700 Torr of air diluent; $) UV irradiation of 5.5 mTorr
kJ/moll7 of CH3;C(O)C(O)CH, 0.1 Torr of R in 700 Torr of air diluent; ©)

Control experiments were performed which showed that %kahem]iﬁyd?f 11tf?g)05\§)f_ Cig?(?)c(%)gﬁ,TO-09 :’g:;g{g)g
CH3C(O)F is not lost via heterogeneous reactions or photolysis orr of v diluent, radiation ot & m rorr o -
in the chamber. As shown in the previous sectionzC{D)F (G)CHs, 0.09 Torr of R in 700 Torr of . diluent.
is a factor of 14 times less reactive than {ClO)C(O)CH and mixtures were left to stand in.Ns due to reaction with F atoms
secondary reaction of F atoms with gE{O)F will not be present in thermal equilibrium with,F Using the equilibrium
significant. When CHC(O)C(O)CHy/F,/N, mixtures, using [E] constanK = [F]%[F;] = 2 x 10722 atm}8it can be calculated
= 0.1 Torr, were introduced and allowed to stand in the dark that in the presence of {F = 0.1 Torr the equilibrium
in the chamber a slows{ 6 x 10~* s71) but discernible loss of ~ concentrations of F atoms is»% 10° cm~2 which would lead
CH3C(0O)C(O)CH was observed. In contrast, there were no to a 2,3-butadione loss rate ofs2 104 s™%; a factor of 3 less
observable changes when gEFO)C(O)CH/F,/O, mixtures than that observed. The rate of g&{O)C(O)CH loss when
were left in the chamber. It is possible that some fraction of CH3C(O)C(O)CHY/F./N, mixtures were subjected to UV ir-
the 2,3-butadione loss observed when sCHD)C(O)CHY/F, radiation was~50 times greater than the loss rate observed in

|
10

A [CH,C(O)C(O)CH,], mTorr

Figure 5. Formation of CHC(O)F versus loss of C4€(0)C(O)CH
gt a total pressure of 700 Torr®@) UV irradiation of 15 mTorr of
CH;C(O)C(O)CH;, 0.3 Torr of F in 700 Torr of air diluent; @) UV
irradiation of 16 mTorr of CHC(O)C(O)CH, 1 Torr of Rz in 700 Torr

of O, diluent: (a) UV irradiation of 16 mTorr of CHC(O)C(O)CH,
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the “dark” reaction. The observed yield of @E{O)F from 2.0
the dark reaction was indistinguishable from that observed when
the mixtures were irradiated with UV light (see Figure 5). The
simplest explanation of these experimental observations is that
there is a slow reaction of molecular fluorine with g2{O)C-
(O)CHs, which produces radical species. In Niluent these
radicals react with fto give F atoms, which participate in chain
reactions depleting the GB(O)C(O)CH. In O, diluent the
radicals are scavenged and chain reactions are not possible. From
the viewpoint of establishing the mechanism of reaction 2, the
important point is that the “dark chemistry” proceeds very slowly
compared to that observed when the UV lamps are turned on
and so the dark chemistry is not a significant complication.
The data obtained in Nin Figure 5 givekayk, = 0.59 + 05 L
0.06, while that in the presence of; @Qive koyk, = 0.53 + 4 co
0.04. We choose to quote a final valuelai/k, which is the
average of these values with error limits which encompass the
extremes of the individual determinations. Heregk, = 0.44
+ 0.09, andkay/k, = 0.56 + 0.09. 0.0 ; : : '
3.3. Study of the Atmospheric Fate of CHC(O)C(O)-
CH20- Radicals. To determine the atmospheric fate of the ([HCHQO] + [CO] +[CQ,]), mTorr
alkoxy radical CHC(O)C(O)C.HZO' formed in reaction 14a, Figure 6. Observed yields of HCHOA) and CO @) versus the loss
experlme_nts were performed in which &{O)C(Q)CWNO/ ofgCH3C(O)C(O)CH; )(/inferred from t?10e observeg)yields of HCHO,
Clo/O, mixtures in 700 Torr total pressure ohMiluent were ¢, and C0) following the UV irradiation of mixtures of 216280

irradiated in the FTIR-smog chamber system: mTorr of CHC(O)C(O)CH, 593-599 Torr of Q, 33 mTorr of C},
and 12-23 mTorr of NO. Corrections have been applied for loss of
Cl + CH,C(O)C(O)CH — HCI + CH,C(O)C(O)CH+ (1a) 2,3-butadione via photolysis by conducting control experiments with
all reagents except £€hand subtracting the small amount of HCHO

Cl 4+ CH,C(0)C(O)CH — CH,C(O)Cl+ CH,C(O) (1b) 3235%:&:32;?&122 ggi\éet?e?qr;;econd-order regressions to aid in

1.5L 2

products, mTorr

CH.C(O)C(O)CH: + O. + M — were performed with high concentrations (22280 mTorr), and
LCOICO)CH 2 low conversions (0.£0.8%), of 2,3-butadione. Following the
CH,C(O)C(O)CHO,* + M (13) UV irradiation of mixtures of 216280 mTorr of CHC(O)C-
(O)CHs, 593-599 Torr of @, 33 mTorr of C}, and 12-23
CH,C(O)C(O)CHO,* + NO— mTorr of NO the only observed products were HCHO, CO,
CH,C(O)C(O)CHO- + NO, (14a) and CQ. There were no features which could be attributed to
CH3C(O)C(O)CHO. The observed products suggest that even
CH,C(0)C(O)CHO,* + NO — |(nO ;rée( op)r(e:s;gce oclj‘_60|0 '_I'o:jr of,@he dS[)_mina_nt fate ?f Ckf;—,' )
- radicals is decomposition via reaction 15.
CH,C(O)C(O)CHONO, (14b) could be argued that secondary loss of ;CHD)C(O)CHO is
more important than anticipated and that the observed HCHO,

.CH3C(O)C(O)CH_>O- radica]s formeql in reaction 1_4a will CO, and C@Q products arise from oxidation of GB(0)C(O)-
either decompose or react with,@he aim of the experiments  ~,5 However. such oxidation would give at least two

discussed in this section was to establish the relative importance,,qjacules of CO for each HCHO. Figure 6 shows a plot of

of reactions 15 and 16. the observed HCHO, and CO versus the combined yield of
. . HCHO, CO, and C@ As seen in Figure 6 the yield of HCHO
CHC(O)C(O)CHO: + M is always greater than that of CO showing that oxidation of
CH;C(O)C(O} + HCHO + M (15) CH3C(O)C(O)CHO is not the source of the observed products.
The curvature of the HCHO and CO yield plots is explained
CH;C(O)C(O)CHO: + O, — by the loss of HCHO via reaction with Cl atoms (and possibly
CH,C(O)C(O)CHO+ HO, (16) OH radicals). We conclude that the fate of £HO)C(O)-
CH.0- radicals is decomposition via reaction 15. This conclu-
It has been established previod$lyhat the CHC(O)C(O) sion compares well with that of Jenkin et?afthat decompo-
radical formed in reaction 15 decomposes rapidly to give CO sition via elimination of HCHO is the fate of the analogous
and CHC(O) radicals and in the presence of e CHC(O) alkoxy radical CHC(O)CH:O- derived from acetone.
radicals are converted into HCHO, g@nd CHC(O)O:NOs. 3.4. Absolute Rate Constant for the Reaction of F Atoms
Hence, if reaction 15 is the fate of GE(O)C(O)CHO- radicals with CH 3C(O)C(O)CHs. Radicals were generated by radi-
we expect to observe HCHO, CO, and £@hile if reaction olysis of mixtures of 0.180.51 mbar of CHC(O)C(O)CH and
16 is important we expect to observe @HO)C(O)CHO. 1000 mbar of SE
Based upon the reactivity of Cl atoms toward £LHO and

CH3;C(O)CHO!920jt is expected that Cl atoms will react with SFe+2MeVe —F+ products “)
CH3C(O)C(O)CHO with a rate constant of the order ofx5 .
10~ cm?® molecule® s74, i.e., 100 times faster than with 2,3- F+ CHC(O)C(O)CH — products (2)

butadione. To reduce complications associated with the second- After the radiolysis pulse a rapid increase in absorption at
ary reaction of Cl atoms with G4 (O)C(O)CHO, experiments 250 nm was observed, followed by a slower decay. An
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Figure 8. Plot of the pseudo first-order rate constant for the increase
in absorption at 250 nm following radiolysis of SEH;C(O)C(O)-
CHz mixtures versus the concentration of §€HO)C(O)CH. The solid

line is a linear least-squares fit.

0.6

the reactions of F atoms with -Rradicals are of minor
importance. The impact of ‘R+ R- reactions is further
discussed in Section 3.5, where the absorption cross section of
the CHC(O)C(O)CH: radical is determined and the decay
kinetics of the alkyl radicals is estimated. With these data and
using k, = 4.6 x 10711 cm® molecule! s71 the absorption
transients were simulated (see Figure 7A).

3.5. UV Absorption and Decay Kinetics of the CHC-
(O)C(O)CH»* Radical. UV absorption spectra and the forma-
tion and decay kinetics of a large number of alkyl radicals have

lines are the simulated absorbances. The insert in panel A shows a fitpaan studied in our laboratory using the pulse radiolysis

of the first-order rise expression (eq I) to the initial part of the transient.

experimental transient recorded at 250 nm using 13.8% of

maximum radiolysis dose and a mixture of 0.432 mbar o§CH

(O)C(O)CH; and 1000 mbar of SHs shown in Figure 7A.
An increase in transient absorptioX(t), due to formation of

alkyl radicals by a first-order reaction can be expressed as

A = (A, — A)L —expK"™ ) + A, ()
wherekist is the pseudo first-order formation rate constant equal
to ko] CH3C(O)C(O)CH). A, andA. are the absorbances at time
zero, and at infinite time, respectivelyA. corresponds to the

absorbance observed when all F atoms are converted into alkyl

radicals. The three parametekg A.,, andkfrst were varied in

a nonlinear least-squares fit of eq | to the initial rise in observed
transient absorption. An example of such a fit is shown in the
insert in Figure 7A. The values &f'st obtained are plotted as

a function of the initial CHC(O)C(O)CH; pressure in Figure

8. Linear least-squares regression gikes= (4.6 + 0.8) x
1011 which is consistent with the determination lof= (4.9

+ 0.7) x 10 cm?® molecule? s using the relative rate
technique (see Section 3.1).

There is a small positive intercept in Figure 8 of487) x
10*s1. This intercept can be explained by the loss of radicals
through radicatradical reactions such as+R- or R- + R-,
with R = CH3C(O)C(O)CH or CHC(O). 2,3-Butadione was

always in excess compared to alkyl radicals, and we expect that

setup??23 The techniques used here are similar to those applied
before.

First, to quantify the UV spectra, the formation and loss of
radicals were investigated. Figure 7B shows an absorption
transient at 250 nm obtained by radiolysis of a mixture of 3
mbar of CHC(O)C(O)CH; and 997 mbar of Sfusing 32% of
full dose. CHC(O)F does not absorb significantly at 250 nm
(0 =7 x 1072 cn? molecule’! 2% and we ascribe the rapid
increase in absorption to the formation of §€HO)C(O)CH-
and CHC(O) radicals and the decay to their loss via self- and
cross-reactions which probably give gE{O)C(O)CHCH,C-
(O)C(O)CH;, CH3C(O)C(O)CH;, and CHC(O)C(O)CHC(0O)-
CHa:

F + CH,C(O)C(O)CH — HF + CH,C(O)C(O)CH+ (2a)
F + CH,C(O)C(O)CH — CH,C(O)F+ CH,C(O) (2b)

CH,C(O)C(O)CH;: + CH,C(0)C(O)CH: + M —
(CH,C(O)C(O)CH), + M (17)

CH,C(O) + CH.C(O) + M —
CH,C(O)C(O)CH + M (18)

CH,C(O) + CH,C(O)C(O)CH: + M —
CH,C(O)C(O)CHC(O)CH, + M (19)
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was calculated from a second-order decay fit to the absorption

transients. Figure 9A shows a plot of the observed maximum
absorbance®) and the extrapolated absorbance at time zero
obtained from a fit ©). As seen from Figure 9A both the
Relative dose observed and the extrapolated absorbance increase linearly with
Figure 9. Maximum transient absorptions observed following radi- dose. The slopes of the straight lines through the data are 0.432
olysis of mixtures of (A) 3 mbar of CKC(O)C(O)CH and 997 mbar 4 0.020 and 0.463- 0.021. The extrapolated absorbance lies
of S, and (B) 5 mbar of CKC(O)C(O)CH, 50 mbar of @, and 945 gpgve the observed absorbance for high doses, while they tend
mbar of Sk. The transients were recorded at (A) 250 nm, and (B) 230 4,yard equal values for low doses. This observation can be
nm (squares) and 320 nm (circles). Filled symbols represent the . . .
maximum absorbance observed in the transient. Hollow circles representexpIalrled by the self-reaction of GB(O)C(O)CH- radicals .
the absorbance extrapolated to time zero using a second-order fit. ~ Which suppresses the observed absorbance. We choose to cite
the average of the two slopes with error limits which encompass
To determine the absorption cross section of the@@)C- the extremes of the two slopes: 0.44®.038. From this value,
(O)CH,+ radical at 250 nm it is necessary to know its the absorption cross section of g&{O)C(O)CH: radicals at
concentration. F atoms that react via channel 2a are converted?50 nm is determined to be (5441.0) x 10718 cn? molecule™.
into CH3C(O)C(O)CHs radicals. The observed absorbance is  The transient absorptions were simulated using a chemical
given by mechanism consisting of reactions 2a, 2b, 17, 18, and 19. The
branching ratio (Section 3.2), combined with the overall rate
Koa constant (Section 3.4) of reaction 2, giieg = 2.0 x 107!
Absorbance= (k—o(CH3C(O)C(O)CI-§-) + andky, = 2.6 x 1071 cmd molecule’! s 1. The kinetics of
2 the acetyl recombination, reaction 18, have been studied by

0.00
0.0 0.1 0.2 0.3 0.4 0.5 0.6

@O'(CH C(O)) ﬂ)(relative dose) (II) Maricq and Szenté kig = 2.4 x 10711 cm® molecule® s
k, 3 In10 ki7 and kg were varied to obtain the best fit to the measured
absorption transients. A good fit was obtained using= kig
whereL is the optical path length, = 120 cm, and [R]is the =6 x 1071 cm® molecule® s71, butk;7 andk;g are strongly
F atom yield at full dose, []= 2.98 x 10 molecule cm?. correlated and we cannot determine their individual values. The
The absorption cross section of gE{O) at 250 nm isy(CH3C- transient absorbance decays to a constant level, which is ascribed

(0)) = 9 x 1071 cn? molecule*.2> The branching ratio for ~ to formation of products. The absorption cross section ofGH
reaction 2 was measured in this woks/k, = 0.44 + 0.09, (O)C(O)CH is rather smallg(CHsC(O)C(O)CH) = 3 x 10720

and koy/k, = 0.56 & 0.09, see Section 3.2. The absorbance cm? moleculel.” For CHC(O)C(O)CHC(O)CH; and CHC-

was measured at various doses and by two methods. First, thgO0)C(O)CHCH,C(O)C(O)CH; the absorbance cross sections
maximum absorbance was determined directly from the absorp-were varied to fit the measured absorption transients, the best
tion transient. Second, the extrapolated absorbance at time zerdit was obtained usingso nm= 2 x 10718 cm? molecule™.
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TABLE 1: Absorption Cross Sections of CHC(O)C(O)CH (O)C(O)CHs, 50 mbar of @, and 945 mbar of Sfwere
and CH3(O)C(O)CH,0,- Radicals subjected to pulse radiolysis, transient absorbances were ob-
wavelength, o(CH;C(O)C(O)CH*)  o(CH3C(O)C(O)CHO;,*) tained at 230 and 320 nm. Examples of experimental absorption
(nm) x 108 cm? molecule® x 108 c? molecule? transients at 230 and 320 nm are shown in Figure 11A,B.
400 0.5 0.6 Peroxy radicals are formed from the consecutive set of
395 0.5 0.7 reactions 2a, 2b, followed by
390 0.7 0.7
385 0.8 0.8 CH,C(O) + O, + M — CH,C(O)Q,s + M 20
o0 e os ,C(O) + O, sC(0)G, (20)
7 1. 1.
3 13 59 CH,C(O)C(O)CH: + O, + M —
365 1.3 1.0 CH,C(O)C(O)CHO,- + M (13
00 s 1 1C(0)C(O)CHO, (13)
355 1.9 1.2 . - .
320 19 19 CH;: +0,+ M —CH,0,- + M (6)
345 2.2 1.4
340 25 1.6 2 CH,C(0)0,r — 2 CH,C(0)O + 0, (21)
335 2.4 1.7
ggg %g %519 2 CH,C(O)C(O)CHO,* —
320 2.7 23 2 CH,C(O)C(O)CHO- + O, (22)
315 3.0 2.7
310 3.1 3.0 2 CH,0,* — products 23
305 3.3 3.3 RO P (23)
300 3.3 3.6
205 33 37 CH,C(0)O,s + CH,C(O)C(O)CHO,» —
290 35 3.7 + .t
Sor 3 37 CH,C(O)O + CH,C(O)C(O)CHO: + O, (24)
280 3.1 3.3
275 3.2 3.0 CH;C(O)C(O)CHO, + CH;0,» —
270 3.2 2.7 . .
S6n 34 54 CHZC(O)C(O)CHO: + CH,0: + O, (25)
260 4.1 2.2
255 4.9 23 CH,C(0)O, + CH0,» —
250 5.7 2.8 .
a5 >0 3c CH,C(O)O + CH,0- + O, (264a)
Ease 29 " CH,C(0)O, + CH,0,- — products  (26b)
230 5.3 55
225 3.2 5.6 CH,C(O)C(O)CHO: + M —
220 0.8 3.9
) o CH,C(O) + CO+ HCHO+ M (27)
Two examples of simulated transients are shown in Figure 7A,B.
As seen from this figure the model gives a reasonable CH,C(O)O + M — CH, + CO, + M (28)

representation of the experimental data. Figure 7A shows that
the initial rise part could be adequately simulated using the value CH3C(O)Q,: and CHO,* have a negligible absorption at 320
of k» determined in Section 3.4. nm1%27and we attribute the rapid increase in absorption at 320
UV absorption spectra in the range 22400 nm were nm seen in Figure 11A to the formation of @E{O)C(O)-
acquired using the diode array as described in Section 2.2. FigureCH,O,- radicals and the decrease in absorption to loss efdzH
10A shows the measured absorption spectrum. The transien{O)C(O)CHO,- radicals via self-reaction and cross-reactions
concentrations of C§C(O) and CHC(O)C(O)CH: were with CH3C(O)O, and CHO;* radicals. From the absorption
simulated using the chemical mechanism of reactions 2a, 2b,transients at 230 nm it is evident that a relatively unreactive
17,18, and 19 described above. The mean concentrations fromperoxy radical is formed. This is consistent with the formation
0.6 to 4.6us of CH;C(O) and CHC(O)C(O)CH- were 7.4x of CH30,- radicals. At 230 nm the three peroxy radicalssCH
10*4and 5.3x 10" molecule cm?, respectively. The contribu-  (O)C(O)CHO,:, CH3C(0)O,+, and CHO,+ contribute to the
tion by CHC(O) radicals to the observed absorbance was transient absorption.
calculated using [CEC(O)-] = 7.4 x 10" molecule cm?® and To quantify the UV absorption spectrum of the §3O)C-
o values from the literaturé’ the result is shown in Figure 10A.  (O)CH,O»* radical, its concentration needs to be determined.
The UV spectrum of CBC(O)C(O)CH: shown in Figure 10B The yield of the CHC(O)C(O)CHO,: radicals can be obtained

was obtained by subtraction of the contribution of {TKO)- only if a known fraction of the F atoms are converted into
from the measured absorbance. The absorption cross sectiolCH;C(O)C(O)CHO,- radicals. Unwanted secondary radieal
at 250 nm is consistent with the value of 54 10718 cn? radical reactions, such as reactions-23, with R = CH3C-

molecule! obtained from the dose plot. Selected absorption (O)- or CH;C(O)C(O)CH- must be avoided or minimized.
cross sections obtained as averages of 5 nm intervals are given

in Table 1. RO, + RO, — products (29)
It is interesting to compare the UV spectrum of £HO)C-

(O)CH,+ with that of the structurally similar radical GB(O)- R+ R+ M — products (30)

CH,-.26 Both spectra have two absorption bands in the-220

400 nm region. In both cases the first band below 270 nm is R + F— products (31)

the most intense and the second band has a peak maximum

between 300 and 330 nm. RO, + R — products (32)

3.6. UV Absorption and Decay Kinetics of the CHC-
(O)C(O)CH,0, Radical. When mixtures of 5 mbar of C}C- RO, + F— products (33)
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Figure 11. Absorption transients observed following radiolysis of
mixtures of 5 mbar of CEC(O)C(O)CH, 50 mbar of @, and 945 mbar

of Sk using monitoring wavelengths of (A) 320 nm a(&) 230 nm.
Radiolysis doses were (A) 42% and (B) 22% of maximum. The smooth
curves are the results of modeling the system (see text for details).

In addition, the reaction of F atoms with,Meeds to be
minimized:

F+0,+M—FO,+M (34)

The initial concentrations of £and 2,3-butadione were 50
and 5 mbar, respectively. Under these experimental conditions
oxygen and 2,3-butadione were always in great excess compare
to F, R, and R@ and reactions 3033 are expected to be
negligible. Four percent of the F atoms are converted intp FO
(kss = 1.9 x 107828 andk, = 4.6 x 107 cm® molecule®
s™1). Absolute values for the absorption cross sections of FO
are knowr® and were used to correct the measured UV
spectrum.

The maximum absorbance at 320 nm was obtained from

&

J. Phys. Chem. A, Vol. 102, No. 45, 1998021

Absorbance _

slope= —————
P (relative dose)

L[F],

k

0.96 x k—zz'alagzonn(CH3C(O)C(O)Cl—§OZ~) 1o (1
where [F} = (2.82+ 0.28) x 10" molecule cm? is the fluorine
atom yield, at full dose and 945 mbar of SFThe CHC(O)C-
(O)CH,O,- yield is calculated fronk,4/k, = 0.44+ 0.09 and a
4% loss of F atom via reaction 34. = 120 cm is the optical
path length. At 320 nnov (CH3C(O)C(O)CHO,") = (2.0 £
0.5) x 10718 cn? molecule™.

The observed maximum absorbances at 230 nm plotted in
Figure 9B increase linearly with radiolysis dose. The slope of
a linear regression through the data is 0.6428.015. The
absorption cross section of GE(O)C(O)CHO,- at 230 nm is
obtained from the slope using the following expression

slope= absorbance _
(relative dose)

K
0.96 x %ﬁ0230nm(CH3C(O)C(O)CI-502-) +0.96 x
2
L[F]o

In 10

k2b

K, 0230nm (CH3C(0)Oy) 4 0.04 X 030,,(FO,)

Using the literature value af230 nn{ CH3C(0)Oyr) = 2.9 x
1071827 and o230 nn{FO2) = 4.5 x 10718 cm? molecule 129, we
obtain 230 n{CHsC(0)C(O)CHOZ) = (6 & 2) x 10718 cn?
molecule’®.

The transient absorbance of g&{O)C(O)CHO,* at 320 nm
was simulated using the consecutive set of reactions 2a, 2b,
and 1719 followed by reactions 6, 13, and 2@8. The rate
constants of reaction 20, 6, 21, 23, and 26 are known from the
literature;kog = 5.0 x 1071230 kg =2 x 1071230 ky; = 1.6 x
1011,30 k23 = 3.7 x 1013,30 k26a= 5.5 x 1@12, and k26b =
5.5 x 10712 cm® molecule* s71.3° Reactions 27 and 28 are
assumed to occur instantly. We are left with four unknown
rate constantskis, koo, kzs, and ks, At the high oxygen
concentration, reaction 13 proceeds very fast and the accuracy
of ki3 has only a minor effect on the GB(O)C(O)CHO,:
yield; ki3 was assumed equal t@,. By comparison to the
structurally similar acetonyl peroxy radical, @E{O)CHO,-,
we expect CHC(O)C(O)CHO,: to react relatively slowly with
CH30,+, and we assume that reaction 25 is of minor importance
the decay of CkC(O)C(O)CHO, and CHO,:. In the
model, kos was assumed to be equal kCH3;C(O)CH,O, +
CH302*) = 4 x 10712 cm® molecule® s71.31 The last two
unknown rate constantk;, andky, are expected to be of the
same magnitude and strongly correlatégl, was assumed equal
to ko1, andky, was estimated by a fit to the data at 320 nm. The
best fit was obtained usinkp, = 2 x 107! cm® molecule?

s 1. An example of a fit is shown in Figure 11A. Also, the
absorption transients at 230 nm were simulated using this

the absorbance transients by two methods (as discussed inthemical model. The absorption cross sections of@Hand

Section 3.5); (1) the observed maximum absorbance was

CH3C(0)O, at 230 nm arerpsg nn{CH302°) = 4.3 x 1071810

measured, and (2) the absorbance at time zero was obtainecindoysg ni{CH3C(0)0y+) = 2.9 x 1078 e molecule .27 An

from a second-order decay fit. Figure 9B shows the observed
maximum @) and fitted transient absorptio®) as a func-
tion of the dose up to 42% of full dose. As seen from Figure
9B, the maximum and the fitted absorptions were indistinguish-
able and the slope of the line through the data is 0.£27
0.007. The absorption cross section of £LO)C(O)CHO,-

at 320 nm is obtained from the slope using the following
expression

example of a simulated transient is shown in Figure 11B, which
agrees closely with the experimentally observed transient.
The UV absorption spectrum in the range 22W0 nm was
acquired using the diode array as described in Section 2.2. Figure
12A shows the measured absorbance and the calculated
contributions of CHC(0)Ox,2” F0,,2° and CHO,+.1° The
transient concentrations of GE(O)C(O)CHO,:, CHzC(O)-
Oy, FO,:, and CHO,- were simulated using the chemical
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Figure 12. (A) Absorbance observed 0-8.6 us after pulse radiolysis
of CH3C(O)C(O)CH/SK/O, mixtures, using 53% of maximum dose
and an optical path length of 120 cm. Contributions froms;C{D)-
Oz, FO,, and CHO,» are shown (see text for details). (B) The
absorption spectra of G&(O)C(O)CHO,- (this work) and CHC(O)-
CH,0,+.3

mechanism of reactions 2a, 2b,4%9, 6, 13, and 2628 as
described above. The mean concentrations from 0.6 tagl.6
of CH3C(O)C(0O)CHO,+, CH3C(O)O,+, FO,+, and CHO,* were
5.8 x 104 7.8 x 104 5.9 x 10'3, and 4.4x 103 molecule
cm3, respectively. The UV spectrum of GE(O)C(O)CHO,-
shown in Figure 12B was obtained by subtraction of contribu-
tions by CHC(0)O,:, FO,, and CHO,: from the measured

220 400
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be compared t&(Cl + CH3;C(O)CHs) = (2.44 0.1) x 1071232
andk(Cl + CH3CH3) = (5.7 & 0.7) x 107! cm?® molecule’?

s 112 |t is clearly seen that the introduction of carbonyl groups
in organic compounds significantly decreases their reactivity
toward Cl atoms. The same trend is observed for the equivalent
F atoms reactionsk(F + CH3C(O)C(O)CH) = (4.9+ 0.7) x
1071, k(F + CHsC(O)CHs) = (1.1 &+ 0.3) x 107101333 and

K(F + CH3CHs) = (1.7 4 0.3) x 10719 cm® molecule’! s71.34

It is shown that a significant fraction of the reaction of ClI
and F atoms with CEC(O)C(O)CH proceeds via a novel
mechanism in which the incoming halogen atom displaces a
CHsC(O) group. In light of the well-established importance of
the addition of Cl and F atoms to unsaturated double bonds in
organic molecules it seems reasonable to speculate that the
reaction channels 1b and 2b proceed via addition of the halogen
to the CG=0O bond followed by elimination of the G&(O)
group. For the case of the Cl atom reaction, the addition
elimination channel of reaction 1 proceeds with a rate constant
0f 0.23x 4.0 x 10713 =9 x 10 cm® molecule! s™1. This
value is 16-1000 times lower than rate constants for reactions
of Cl atoms with typical carbonyl compounds (acetone, bu-
tanone, formaldehyde, acetaldehyde, etc.). The addition
elimination channel is probably only of significance for carbonyl
compounds whose-€H bonds are relatively unreactive toward
Cl atoms. In the case of the F atom reaction, the addition
elimination channel has a rate constant ofx310711 cm?
molecule! s~ and may make a nonnegligible contribution to
the overall reaction of F atoms with many different carbonyl
compounds.

Finally, we show here that the sole fate of the £L§O)C-
(O)CH,O- radical is decomposition via reaction 15. This is
consistent with the observation that the analogous alkoxy radical
CH3C(O)CH,O- derived from acetone also decomposes rapidly
via elimination of HCHO?!
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