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Abstract

The Laser Photolysis-Shock Tube (LP-ST) technique coupled with H-atom atomic
resonance absorption spectrometry (ARAS) has been used to study reaction, H + CHZCO
--- CH3 + CO, over the temperature range, 863–1400 K. The results can be represented by
the Arrhenius expression, k = (4.85 i 0.70) x 10-11exp(–2328 * 155 K/T) cm3 molecule-l
s-1. The present data have been combined with the earlier low temperature flash
photolysis-resonance fluorescence measurements to yield a joint three parameter
expression, k = 5.44 x 10-14 ~“gsls exp(-1429 K/T) cms molecule-l s-l. This is a
chemical activation process that proceeds through vibrationally excited acetyl radicals.
However, due to the presence of a low lying forward dissociation channel to CH3 + CO,
the present results refer to the high pressure limiting rate constants. Hence, transition state
theory with Eckart tunneling is used to explain the data.
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stabilization simply cannot compete with forward dissociation using any RRK (or RRKM)

model.

In an RRK (or RRKM) formulation, the rate constant based on H-atom depletion

for reaction (1), through CH3CO*, can be expressed as:

(2)

where kadd, kf&,kb&,~, O, and f(&)refer to (a) the high pressure rate constant for reaction

(l), (b) the specific RRK (or RRKM) rate constant for forward dissociation from

CH3CO*, (c) the specific RRK (or RRKM) rate constant for backward dissociation to give

reactants at the threshold energy, Eo, (d) the collisional deactivation efficiency, (e) the

collision rate constant, and (f’)the RRK (or RRKM) normalized distribution function for a

given temperature, respectively. In view of the above discussion, k~~>> (k~, + CL@)in

which case kH = kadd; i. e., the high pressure limiting rate constant. This is why Michael

et al. [6] suggested that reaction (1) should be compared to 0.5 of the high pressure limit

for H + C2H4 which was directly measured by Lee et al. [7].

There are four direct studies at low temperature [3,4,6,8] three of which have

already been discussed by Michael et al. [6] who report kl = (1.88 A O.12) x 10-11

exp(- 1725 L 190 IQT) cms molecule-l s-l for 298_~S500 K. The Unemoto et al. results

[8], expressed as kl = 6.47x 10-12exp(-947 K/T) cms molecule-l s-l for 240<TS440 K,

disagree with Michael et al. by about a factor of two to four. This disagreement can

probably be traced to secondary reaction perturbations in the pulse radiolysis-resonance

absorption experiments [8] since such perturbations are possible and were noted in the

earlier work [6]. The high temperature shock wave results of Frank et al. give kl = 2.99 x

10-11 cmq molecules- I s-l for 1650ST< 1850 K [9]. These results were derived from

mechanistic fits of CH2C0 decomposition experiments. In a second shock wave study,
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Hidakaet al. [10] report an expression (kl = 1.84x 1O-17’TZ”Oexp(-1007 K/T) cms

molecules- 1s-1) that was consistent with their own data, that of Michael et al., and that of

Frank et al. They subsequently used this result to understand the oxidation of CH2C0

[11].

Experimental

The present experiments were performed with the laser photolysis-shock tube (LP-

ST) technique, and the method and the apparatus currently being used have been previously

described [12, 13]. Therefore, only a brief description of the experiment will be presented

here.

The apparatus consists of a 7-m (4-in. o.d.) 304 stainless steel tube separated from

the He driver chamber by a 4-roil unscored 1100-H 18 aluminum diaphragm. The tube

was routinely pumped between experiments to <10-8 Torr by an Edwards Vacuum

Products Model CR 100P packaged pumping system. The velocity of the shock wave was

measured with eight equally spaced pressure transducers (PCB Piezotronics, Inc., Model

113A2) mounted along the end portion of the shock tube, and temperature and density in

the reflected shock wave regime were calculated from this velocity and include corrections

for boundary layer perturbations [14-16]. Both the 4094C Nicolet digital oscilloscope and

the Questek 2000 excimer laser were triggered by delayed pulses that derive from the last

velocity gauge signal.

The 193.3 nm radiation was produced by a Questek 2000 excimer laser operated in

the ArF mode. The beam was directed by two reflectors, and entered the shock tube

through a suprasil grade quartz window that was mounted flush to the endplate. The H-

atom atomic resonance absorption spectrometric (ARAS) detection was used to follow

[H]t, as described previously [17]. The photometer system was radially located at the

distance of 6 cm from the endplate. MgFz components were used in the photometer

optics. The resonance lamp beam was detected by an EMR G 14 solar blind

photomultiplier tube. The laser beam was attenuated by screens so that [H]OS - 1X1012
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atoms cm-s. At this concentration level, secondary reactions with other species are

negligible over the observation time. In the present studies, sufficient [H] was produced

from the photolysis of the reactant, CH2C0 [18]. Since ARAS detection is sensitive,

insignificant amounts of CH2C0 were destroyed, and therefore [CH2CO]0, calculated

from initial mixing ratios and thermodynamic conditions in reflected shock waves, was

taken to be constant.

For the range of [H] used in these experiments, Beer’s law is valid, and, therefore,

[H]t = (ABS), / d where (ABS), - -/n(I, / 10) (It and 10 refer to time-dependent and

incident photometric intensities, respectively, o is the effective atom cross section, and 1 is

the absorption path length). Hence, the pseudo-first-order H-atom depletion due to reaction

(1) follows the equation:

&(ABS), = –k,,,t + Const. (3)

The data was analyzed according to eqn. (3) using linear-least squares methods. A typical

result is shown in Fig. 1. For each experiment, the derived values for klst are reported in

Table 1. Since [CH2CO] is effectively constant, the second-order rate constant is given by

kl = kl~t/ [CH2CO]0, and these are likewise listed in Table 1.

Gases. Kr diluent for the experimental mixtures was obtained from MG Industries

(Scientific Grade, 99.996%) and was used without further purification. He, used as the

driver gas and also in the resonance lamp and atomic filter section, was Ultra-High Purity

Grade (99.995~0) and was obtained from Airco Industrial Gases. In the atomic filter

section, Hz from Airco Industrial Gases (Pre-Purified, 99.9959?0)was used as received.

CHZCO was prepared from the pyrolysis of diketene [19] and was further purified by

bulb-to-bulb distillation in a greaseless, all-glass, high-vacuum gas handling system. The

middle third was retained. Mass spectral analysis showed that the sample was >96%, the

principal impurity being allene.
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Results

The bimolecular rate constant results, k}, from Table 1 are plotted in Arrhenius

form in Fig. 2. Over the temperature range, 863-1400 K, the results can be represented by:

kl = (4.85 t 0.70) x 10-11exp(-2328 ~ 155 K/T) cmq molecule-l s-l, (4)

using linear least squares analysis. The straight line shown in the figure is calculated from

eqn. (4). If this equation is extrapolated to the temperature range of the Frank et al.

experiments [9], the value determined at 1750 K is 1.28 x 10-1I in contrast to their value of

2.99 x 10-11 cms molecule-1 s-1. The expression, determined by Michael et al.,

extrapolated from 200–500 K up to the mean temperature of the present study, gives

kl(l 100 K) = 3.92 x 10-12 whereas eqn. (4) gives 5.84 x 10-12cms molecule-l s-l. This

behavior is consistent with slight T-dependence in the A-factor, and this possibility was

recognized by Hidaka et al. [10] whose expression agreed with both Michael et al. and

Frank et al., namely kl = 1.84x 10-17T2”0exp(- 1007 K/T) cms mo~ecule-l S-l. This latter

expression predicts kl (1100 K) = 8.91 x 10-12 cmq molecule-l s-1, a value that is higher

than the present by -50%.

Discussion

Figure 3 shows a composite plot of the present results and those of Michael et al.

[6]. The two combined data sets can be fitted to a three parameter expression by least

squares analysis yielding:

kl = 5.44x 10-14~“gslq exp(-1429 K/T) cmq molecule-l S-l, (5)

over the 298– 1400 K range. Eqn. (5) predicts values within *4% of the linear least

squares Arrhenius expressions that represent the present and earlier [6] results. The line

drawn in Fig. 3 is calculated from eqn. (5).
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As discussed in the Introduction, kl refers to the high pressure limiting rate

constant for H addition to CH2C0. Hence, theoretical values for the rate constant can be

calculated using transition state theory (TST) if both the force fields and energetic of the

transition state are known. Such information is already available from Osborn et al.

(labeled TS2 in Table IV of [5]), and these results are included herein Table 2. We have

calculated conventional TST rate constants from:

k = r (kbT~) (Q*/QH QCHZCO)exp(-E@bT)> (6)

using their result without adjustments over the temperature range, 300-1400 K. 17is the

Eckart (E) tunneling factor, kb is Boltzmann’s constant, T is temperature, the Q’s are

partition functions, and EO is the zero point corrected electronic energy barrier for the

transition state relative to H + CHZCO.

The calculation is shown in Fig. 4 in comparison to the experimental result

represented by eqn. (5) in Fig. 3. Clearly, this transition state does not give good

predictions for the rate behavior at the TST/E level of calculation. The zero point energy

corrected barrier height is 5.535 kcal mole-1. Generally, G2Q. QCISD/6-31 lG** level

electronic structure calculations are accurate to *1 kcal mole- I for stable molecules, and the

Osbom et al. [5] prediction for A@l, -41.74 kcal mole-l, is in excellent agreement with the

experimental value, (-4 1.9 f 0.5) kcal mole-l [21]. However, the same level of calculation

applied to radicals is less accurate giving values within -W kcal mole-1. Hence, we have

adjusted the barrier height within these limits (i. e., to 4.306 kcal mole-1, indicated by the

value in parentheses in Table 2) to see if better agreement can be obtained at the TST/E

level of calculation. The Osborn et al. transition state still gives disappointing predictions

being 20% lower and 60910higher than experiment at 300 and 1400 K, respectively, as

shown in Fig. 4. Generally, high values at high temperatures mean that transition states

have too many low frequency bends at vs 300-600 cm- 1. If the Osborn et al. transition
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state vibration frequencies [5] are examined, there are four such frequencies that are

essentially canceled by three in CH2C0. The one remaining frequency (309 cm-1) predicts

too much curvature at high temperature.

We carried out lower level ab initio (HF/6–31 G*) optimized calculations, as a

function of the CH bond length for the incoming atom, and these calculations gave a

transition state at a CH bond distance of 1.80 ~ with a zero point corrected barrier height of

10.3 kcal mole-l, to be contrasted to 1.89 ~ and 5.535 kcal mole-l, respectively, from

Osbom et al. This suggests that the transition state is highly dependent on the level of ab

initio theory. In any case, it is obvious that energy scaling is necessary in order to explain

the experimental results using either the Osborn et al. or the present lower level transition

states. Because it is a higher level calculation, we have elected to modify the Osbom et al.

transition state in a two parameter fit which minimizes the error between prediction and

experiment.

TST/E calculations have been carried out with variations in both the barrier height

and the two new low lying bending frequencies (considered to be degenerate). The

parametrically varied values are then compared to the experimental results as summarized

by eqn. (5). A minimum one standard deviation error of 5.832% between theory and eqn.

(5) is reached when the zero point corrected barrier height is 3.907 kcal mole-l and the

degenerate bends are 515 cm-l. This successful transition state and its properties are given

as $(1) in Table 2. The comparison between theory and experiment is shown in Fig. 5.

The theoretical results can be expressed to within N. l~o by the three parameter expression:

klth = 1.380 x 10-is T1”S3SAexp(-1121.4K/T) cms molecule-l s-l, (7)

over the temperature range, 300-1500 K. At all temperatures, eqn. (7) agrees with the

present experimental evaluation, eqn. (5), to within -A1O%. The four low valued vibration
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frequencies (500-600 cm- 1) in +(1) effectively cancel three such values in CHZCO leaving

one value of515 cm-l in $(1). This results in the mild Arrhenius plot curvature of Fig. 5.

In our HF/6-3 lG* level calculations, we found that the low lying bending

vibrations vary rapidly with configuration. With small changes in configuration, it is

probable that the same vibrations would also be highly variable, using the Osbom et al.

electronic structure methods, had they carried out several additional calculations along the

minimum energy path. Therefore, if electronic structure calculations of transition states are

not of the highest accuracy then these rapidly varying bending frequencies cannot be highly

accurate. This realization partially justifies the present parametric adjustments to the Osbom

et al. transition state. From our optimized calculations along the minimum energy path, we

also tested whether variational effects might be important; however, we found that the

Boltzmann’s factors change so rapidly with structure that the only important configuration

is the classical transition state; i. e., variational effects are not important. However, this

conclusion may not be entirely correct for the higher level Osbom et al. calculations. The

present fits are dependent on the choice of dynamical method. Use of a more realistic

method for tunneling corrections might alter this conclusion. Also, if Osbom et al. had

carried out a sufficient number of transition state calculations along the minimum energy

path, then variational effects might be shown to be more important than indicated by the

present lower level calculations. As was suggested for the Cl + H2/Dz reactions [22],

using higher level dynamical theory along with substantially more electronic structure

calculations of the type presented by osborn et al., might eventually give a better

explanation of the present data. When such ab initio calculations are unavailable, the

scaling of both energy [12,13] and, when necessary, vibration frequencies, is still a good

theoretical strategy. Even though this is a parametric procedure, the conclusions from

lower level efforts still serve to define and delineate the theoretical issues.
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Table 1: Rate Data for H + CH2C0 by the LP-ST Technique.

PI / Torr aM~ bP5 / (1018 cm-3) bT5 / K kl~t / S-l ck/ (10-]2cm3 S-l)

10.66

5.89
5.94
5.98
5.93
5.93
5.92

10.91
10.85
10.82
10.86
10.82
10.85

30.84

15.79
15.97
15.97

16.00
15.93
15.84
15.85
15.98
15.94

2.195

2.149
2.143
2.058
2.187
2.341
2.424

1.960
2.107
2.288
2.357
2.219
2.036

1.800

1.943
1.838
1.797

1.975
2.032
2.095
1.870
2.140
1.911

XCH2C0=5.141 x 1o--’1

1.776 1235 6864

0.956 1188 3924
0.965 1179 3224
0.919 1100 2579
0.984 1226 3479
1.063 1387 5013
1.102 1478 5082

XCH2C0= 1.332 X 10+

1.574 1006 995
1.723 1145 1447
1.889 1332 2010
1.966 1401 2196
1.830 1256 2163
1.649 1077 1193

3.869 863 1649

2.248 995 1399
2.124 911 1149
2.061 873 756

XCH2C0= 6.485X 10-5

2.349 1030 811
2.426 1083 886
2.506 1142 905
2.168 935 604
2.602 1182 1427
2.247 970 700

7.52

7.98
6.50
5.46
6.87
9.17
8.97

4.75
6.30
7.99
8.38
8.87
5.43

3.20

4.60
4.04
2.75

5.32
5.63
5.57
4.29
8.46
4.80

aThe error in measuring the Mach number, Ms, is typically 0.5-1.0 % at the one standard
deviation level. bQuantities with the subscript 5 refer to the thermodynamic state of the gas
in the reflected shock region. Whe rate constants are derived as described in the text.
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Table 2: Molecular Parameters used for TST/E calculations

Species CH2=C=Oa TS2 from ref. 5 *(1) CH3C=0 from ref. 5

Geometryb

Energy (kcal mole-l)

Frequencies (cm-l)

Moments of inertia
(g cm2)

r(cacb) = 1.315
r(CaO) = 1.16
r(C@C) = 1.079
r(cb~b) = 1.079
<(HCCHb) = 122.3

41.739c’d

433,528,588,
977, 1118, 1388,
2152,3070,3166

2.98 X 10-40
8.15 X 10-39
8.46 X 10-39

r(c~cb) = 1.340
r(CaO) = 1.163
r(CaHC)= 1.083
r(CaHb) = 1.083
r(CaHa) = 1.888

<(C&@) = 172.1
<(HCC&a) = 116.7
<(H&&) = 116.7
<(HaC&) = 111.3
<(HCC&@) = 105.0
<(H&&@) = -105.0
<(H&&@) = 0.0

47.274d
(46.045)’

309,426,567,
571,799, 1033,
1118,1425,2194,
3202,3304, 801i

8.42 X 10-40
9.16 X 10-39
9.42 X 10-39

r(c&b) = 1.34) r(c&) = 1.5~3
r(CaO) = 1.163 r(CaO) = 1.196
r(CaHC)= 1.083 r(CaHC)= 1.092
r(CaHb) = 1.083 r(CaHb) = 1.092
r(CaHa) = 1.888 r(CaHa) = 1.093
<(cbc~()) = 172.1 <(C&@) = 127.5
<(HCCbCa)= 116.7 <(HCC&a) = 108.6
<(H@bCa) = 116.7 <(H&&a) = 108.6
<(HaCbCa) = 111.3 <(HaCbCa) = 111.1
<(HCCbCaO)= 105.0 <(HCCbCaO)= 121.6
<(H&bcao) = -105.0 <(HhC&()) = -121.6
<(HaCbCaO)= O.

(45.646)’

515,515,567,
571,799, 1033,
1118,1425,2194,
3202,3304, 801i

8.42 X 10-40
9.16 X 10-39
9.42 X 10-39

<(H;c;caoj = 0.0

0

85,454,827
938, 1037, 1356
1432, 1433, 1913,
2871,2946,2950

9.66 X 10-40
8.38 X 10-3$’
8.84 X 10-39

aBond distances, angles, vibrational frequencies, and moments of inertia from ref. 20.
bThe following atom labels have been used Ca is connected to O; cb is the end carbon in both CH2=C=0 and

CH3C=O; Ha is attacking H atom; and Hb and H, are initially part of CH2=C=0.
c Energy of H + CH2=C=0.
d Energies from ref. 5, expressed relative to CH3C=0.
‘Fitted to agree with experimental data.
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Figure Captions

Fig. 1 First-order decay plot, &( ABS), against time, according to eqn..

(3). klst = (2163 * 87) s-l for an experiment at PI = 10.82 Torr and

Ms = 2.219. T5 = 1256 K and [CH2C=O] = 2.438 x 1014 cm-q.

The corresponding second-order rate constant is 8.87x 10-12

cm3 mo]ec~le-l s-l .

Fig. 2 Arrhenius plot of the data from Tablel. The line is given by eqn..

(4) and the solid circles are the individual data points.

Fig. 3 Composite plot of the present data and low temperature data from

ref. [6] fitted to a 3-parameter expression given by eqn. (5).

Fig. 4 Comparison of the experimental results, eqn. (5), (— ), to

TST/E predictions using the TS2 structure from ref. 5

without energy barrier adjustment (........) and with the energy

barrier fitted to the experimental data at 600 K (------).

14

Fig. 5 Comparison of the experimental results (0) to TST/E prediction

for the $(1) structure of Table 2 (—).
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