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The reaction of oxygen atoms with propane-1,1,1,3,3,3-dg, (CD3),CHj, in a fast-flow system was studied with

a photoionization mass spectrometer. Isopropyl-dg radicals, (CDj3),CH, formed by the initial hydrogen abstrac-
tion at the 2-position were detected directly.

(CD3),CH, + O(°P) — (CD3),CH +OH 3)

The subsequent reaction of (CD3)zéH radicals with atomic oxygen proceeds by both an deuterium abstraction
(61%) and an oxygen addition reaction (39%). The product in the deuterium abstraction was CD,CHCD; and
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those in the oxygen addition were (CD3),CO (18%) and CD3CHO (21%).

o CD,CHCD;+ OD (4a)
(CD3),CH+O(P) Z—5 (CD3),CO+H (4b)
CD;CHO + CD, (4¢)

Competition experiments show that (CD,),CH radicals react (0.029 £0.004) times as fast with O, as with O(P).
In the presence of an excess of O,, CD,CHCD; was observed in decreased yield (20%) and (CD3),CO and CD3;CHO
increased to 32 and 44%, respectively. The rate data for Reaction 3 were fitted by an Arrhenius expression:

ky = (2.076:9) X 10710 exp[— (60861392 cal mol~!)/RT]t

cm3 molecule™s™! (381—627 K). The rate constant of Reaction 3 obtained from the yields of products was

7.9X10715 cm3 molecule™!s™! at 298K.

Reaction of alkyl radicals with atomic oxygen,
O(P), has been investigated for t-C4Hy! and cyclo-
CeH,;? using the technique of discharge-flow-pho-
toionization mass spectrometry. In the case of :-C4H,,
it has been suggested! that the reaction of O(°P) with
t-C4Hy is very fast, and that the large rate constant was
explained by the hydrogen abstraction from nine
equivalent hydrogen atoms in the t-C4Hq radical (for-
mation of isobutene was 80% of the total reaction).
Formation of acetone (20%) by the addition of an oxy-
gen atom to the radical was observed as an alternative
channel. Similar results have been obtained in the
reaction of cyclo-C¢H;+O(P).? Formation of the two
types of products (olefins by hydrogen abstraction and
aldehydes or ketones by the oxygen addition reaction)
has also been reported in reactions of CsH;+0,%% ¢-
C4Hy+0,479 and neo-CsH;,+0,9 although Hoyerman
and Sievert” reported no formation of olefins.

The primary attack of ground state O(3P) atoms to
propane is expected to be hydrogen abstraction pro-
ducing a propyl radical:

O(3P) + C;Hg — C;H, + OH (1)

Propyl radicals should react with oxygen atoms very
rapidly and produce several products:

C3H; + O(3P) — Products (2)

In the discharge-flow experiments reported pre-
viously,®4 the formation of CH3;CHO, (CHjs),CO,
C3H6: CZHSCHO: CZHG, C2H4, CHZO’ CH4’ COZ’ HZO’

t1 cal=4.184 J.

and H; (including both primary and secondary
products) has been reported.

In the previous O+C3Hg studies, however, it was not
clear whether propyl or isopropyl radicals (or both)
were produced by Reaction 1. Also it was not possible
to clarify the reaction mechanism of the O(°P)+C3H;
reaction. In the present study, the reaction of oxygen
atoms with propane-1,1,1,3,3,3-dg, (CD3),CH,, is stud-
ied by using a photoionization mass spectrometer®?
coupled with a fast-flow reactor. In this case the pri-
mary attack of O atoms can be identified by measuring
the mass number of the propyl radicals produced.
Subsequent reactions of propyl radicals with atomic
and molecular oxygen are then analyzed.

Experimental

A schematic diagram of a fast-flow reactor and a photoi-
onization mass spectrometer is shown in Fig. 1. Most of the
components are as described previously®~12 except for two
improvements; 1) three diffusion pumps (10, 4, and 6 inches
in diameter for A, B, and C, respectively) with liquid nitro-
gen traps were used to evacuate the ionization chamber, the
quadrupole mass filter, and the detector region; 2) a 0.4 mm
(in diameter) Pyrex orifice was used to sample the gases into
the ionization region. About 5X10* countss™! of signal was
obtained for 1 mTorr NO(1 Torr=133.322 Pa) in the flow
reactor when it was ionized by a Kr lamp having a MgF,
window.

Oxygen atoms were generated by a microwave discharge in
a helium-oxygen mixture (0.05—2% in helium), and their
concentration was determined by titration with NO, accord-
ing to the reaction O+NO;—NO+0O;. Then known partial
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pressure gauge; H, coiled Nichrome wire heater; L, VUV lamp; W, window; QM,
quadrupole mass filter; LE, lens; T, Al coated Stainless steel target; SC, Al coated

plastic scintillator; PM, photomultiplier.

pressures of NO were added to calibrate the instrument sensi-
tivity. Propane-1,1,1,3,3,3-ds, (CD3);CH,, was diluted in
helium (about 10% in helium) and entered the main flow
through a movable inlet with six small radially directed
holes. Total and partial pressures of gases were measured by
a capacitance manometer (MKS Baratron 170M-35). These
pressures were converted to concentrations by using a separ-
ate calibration of the flow as a function of pressure and
temperature. The linear flow velocity measured with a bub-
ble meter was 16.5 ms™! at 2 Torr, 19.9 ms~! at 4 Torr, and
21.4 ms™! at 6 Torr at 298K. The various photoionization
lamps used to ionize radicals and molecules were powered by
a microwave discharge. Most of the measurements were
done at room temperature, 298+3K. Some experiments were
carried out at high temperature, 420—630K. The reaction
zone was heated with a coiled Nichrome wire heater.
Temperature was measured with a pair of Alumel Chromel
thermocouples suspended in the central reactant-inlet tube.
Temperature uniformity was +2K.

The gases O, (Nippon Sanso, 99.99%), He (Nippon Sanso,
99.9999%), NO (Matheson, 99.0%), NO, (Matheson, 99.5%)
were used without further purification. The propane-
1,1,1,3,3,3-ds, (CD3),CHj, (98%) was from Merck Sharp &
Dohme. Part of the (CD;3),CH, used was synthesized!® in
this laboratory from (CD3),CO. Both (CDs),CH, from Merck
Sharp & Dohme and the synthesized material contained 1—
2% of olefins (mostly CD;CHCD3). These were removed by
passing the sample through a solution of KMnOy and drying
on a column of CaCl,. After this purification, the
CD,CHCD; contained in the (CD;),CH, was léss than
0.005%. Oxygen-18(®0, about 20%) from Merk Sharp &
Dohme was analyzed by the mass spectrometer, and the 3%0,
content was determined to be 19.2+0.7%. All measurements
were done under the condition [0])0.5[(CD3),CH,].1#

Results
A. Radicals and Molecules Detected in the Reaction
of (CD;);CH;+O(P). Preliminarily, the measure-

ment of radicals and molecules produced in the reac-
tion of C3Hg+O was investigated. A signal at m/z=43
was detected by using a Xe resonance lamp with a
sapphire window (8.44 eV) as a photoionization light
source. When a Kr lamp with a CaF, window (10.03
eV) was used, signal at m/z=42 and 58 were also
observed. The signal at m/z=44 was observed in addi-
tion to the above signals when a Kr lamp with a MgF,
window (10.03 and 10.64 eV) was used. Mass spectra of
these signals are shown in Fig. 2. Tonization potentials
together with values of heats of formation for possible
radicals and molecules are listed in Table 1. The sig-
nal at m/z=43 shown in Fig. 2c should be from C;H;
radicals produced in the reaction of C3Hg+0.2? How-
ever, it was not possible to identify the radical as either
an n-propyl or an isopropyl radical. The signal at
m/z=42 might be from C3zHg and/or CH,CO and at
m/z=58 from (CHj3),CO and/or C;H;CHO produced
by the reaction of propyl radicals with the excess of
oxygen atoms.?” The signal at m/z=44 shown in Fig.
2a should be from CH;CHO.2? In addition to the
signals shown in Fig. 2, signals for CH; (Kr lamp),
CyH, (Ar lamp), and CH,O (Ar lamp) were observed at
m/z=15, 28, and 30, respectively. Although the radi-
cals and molecules were observed as expected, the
kinetic analysis of the reaction is not possible because
of the failure to determine the branching ratio for the
formation of n-propyl and isopropyl radicals.
Isopropyl-dg radicals, (CD3),CH were observed at
m/z=49 when oxygen atoms reacted with propane-
1,1,1,3,3,3-ds, (CD3);CH,. The radical was detected by
using a Xe resonance lamp with a sapphire window
(8.44 eV). The mass spectra are shown in Fig. 3. No
significant signal of propyl-1,1,3,3,3-ds radicals,
- CD,CH,CD3, was observed at m/z=48. Other prod-
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Fig. 2. Mass specua of the reaction products

produced in O+C3Hs. Kr lamps having a MgFs
window (10.64 and 10.03eV) and a CaFz window
(10.03¢V), and a Xe lamp having a sapphire
window (8.44 ¢V) were used. The conditions: [O]o=
3.6mTorr; [CsHglo=1.4mTorr; reaction time 4.5
ms; total pressure 4.3 Torr.
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Fig. 3. Mass spectra of the (CD3):CH radical
produced in O+(CD3)2CHz. A Xe lamp with a
sapphire window (8.44eV) was used for the
photoionization. The conditions: partial pressure
(mTorr), [0J]=3.7, [(CD3):CH2]=1.5; reaction
time=4.5ms; total pressure=4.3 Torr.

ucts produced by subsequent reactions and the parent
molecule were not photoionized by this lamp.

(CD;);CH, + O(3P) - (CD;),CH (m/2=49)+ OH  (3)

From the ratio of the signal at m/z=49 to the back
ground noise at m/z=48, it was concluded that more
than 95% of the total reaction of (CD3);CH,+O forms
(CD3)2CH radicals by abstraction of the 2-hydrogen
from (CDa)zCHz.

Oxidation of Isopropyl Radicals
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Fig. 4. Mass spectra of the reaction products
produced in O+(CDs3);CHz. A Kr lamp having
a CaF: window (10.03eV) was used for the
photoionization. The conditions: partial pressure
(mTorr), [0]o=3.5, [(CD3)2CH2]=0.7; reaction
time=4.5ms; total pressure=4.3 Torr.

Table 1. Ionization Potentials and Heat of
Formations of Radicals and Molecules®
0
m/z Molecule LP. : AH s (8)
eV kcal mol~!
42 C;Hg 9.7 4.88
42 CH,CO 9.6 —14.6
43 n-C3H7 81 207
43 1-C3H, 7.5 17.6
44 CH3;CHO 10.2 —39.7
58 C,H;CHO 9.9 —45.9

a) Quoted from Ref. 28.

Possible products produced by the reaction of

O+(CD,),CH are as follows:
CD,CHCD; (m/z=47)+ 0D (4a)
(CD3),CH+0O Z—> (CD;),CO (m/z=64)+H (4b)
CD;CHO (m/2=47)+CD;  (4c)
where Reaction 4a is deuterium abstraction, 4b and 4c
result from the addition reaction of an oxygen atom to
carbon. Signals at m/z=44, 47, and 64 were observed
when the Kr lamp having a CaF,; window (10.03 eV)
was used (see Fig. 4). Among the signals observed, the
signal at m/z=64 should be from (CD;),CO. The sig-
nal at m/z=47 should be from CD,CHCDj3; not from
CD3;CHO, since as shown in Table 1, the ionization
potential of propene is 9.7 eV, while that of acetalde-
hyde is 10.2 eV. The signal at m/z=44 would be from
ketene, CD,CO, produced in the secondary reaction of
CD3;CHO+0.29)

As mentioned before, since acetaldehyde was ob-
served in the reaction of O+C3Hg, CD3CHO (m/z=47)
should be observed in the present case when the Kr
lamp having a MgF; window (10.03 and 10.64 eV) was
used. However, it is difficult to distinguish CD,-
CHCD; and CD3;CHO, because these have the same
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mass number. In order to distinguish between these
two molecules, (CD;);CH, was reacted with 180 (19.2%
of %0, in %20, was diluted in helium and discharged
by microwave). Mass spectra observed in the region
from m/z=43 to 53 by using the Kr lamp with the
MgF,; window are shown in Fig. 5. Possible molecules
corresponding to the significant signals observed are
listed in Table 2. Signals of ketene, CD,CO, propene,
CD;CHCD3, and acetaldehyde, CD;CHO was observed
as expected. In addition, the signal of CD;CDO was
observed. CD3;CDO might be a secondary product in
the reaction of CD,CHCD;+O (reaction mechanisms
will be discussed later). Among the above signals, the
signal at m/z=49 (CD3CH!20) can be used to monitor
the concentration of acetaldehyde produced in Reac-
tion 4c because, as will be described later, the concen-
tration of (CD3)2CH radicals is in the steady-state con-

KI’(Mng)
D 4 10.64, 1003 eV
47
(CD3)oCH +
46 180(20%) and 60
>
g 48 49
< -\J Mm
&) 180 and 60
&) (CD3)2CH
44 46 48 50 57
Mass Number
Fig. 5. Mass spectra of the reaction products

produced in (CDs):CH21+180(20%)+1€0(80%). A Kr
lamp with a MgF: window (10.64 and 10.03eV) was
used to photoionize molecules. The conditions:
partial pressure (mTorr), [0]o=3.4, [(CD3):CHz]=
0.9; reaction time=4.5ms; total pressure=4.3 Torr.

Table 2. Signals Observed and Possible Molecules in
the Reaction of 30+(CDj3),CHj (19.2%) and 6O+
(CD3);CH, (80.8%) over the Mass Number
Region from 43 to 53. The Kr Lamp
with a MgF, Window Was Used
as a Photoionization

Nobuaki WasHIDA

Light Source
m/z Possible molecule
44 CD,CO
45 Isotope (3C) signal of m/z=44
46 CD,C®#0

47 CD,CHCD;, CD;CHO

48 CD3CDO, isotope (3C) signal of m/z=47
49 CD3CH180, (CD3)2CH radical

50 CD3;CD20O

[Vol. 60, No. 10

centration under the present experimental conditions
(the signal intensity of (CD;),CH is independent of the
reaction time), while the concentration of CD;CH#0O
increases linearly with reaction time. In this way the
signals from CD;C80 and (CDj;),CH can be distin-
guished.

B. Competition between O(°P) and O, for (CD;).-
CH. The time dependence of the (CD5),CH radical
signal was measured by changing the reaction time of
(CDj3);CH; and oxygen atom. No significant change
of signal was observed for the conditions of 3—6
mTorr of oxygen atoms, 1 mTorr of (CD3),CH,, and
0.5—10 ms of reaction time. When the concentration
of (CD3);CH; was increased, the signal for (CD3)2CH
increased in proportion to the (CD3),CH, concentra-
tion. This means that Reaction 4 is very rapid and that
(CDy),CH radicals are in their steady-state concentra-
tion

(2-prle = 2 [P} %)

ky
Here [2-pr]s and [P] represent the steady-state concen-
tration of (CDj3),CH radicals and the initial concentra-
tion of (CD;),CH,, respectively. When molecular oxy-
gen was added to the system, the steady-state con-
centration of (CD3)2CH decreased. This decrease is
caused by the competition between O(3P) and O, for
(CD;),CH radicals and the competition results in a
Stern-Volmer-type of equation.

[2-pr]% ki[O]
=14+ —,
[2-prls ks[O]

where the superscript zero refers to the conditions in
the absence of O, and k; is the effective second-order
rate constant for the reaction of (CD3),CH+O,.

(CD;3),CH + O, — Products (7

(6)

The results of the O, addition for two different condi-
tions are presented in Fig. 6. The average concentra-
tion of oxygen atoms, [O], was calculated®® using a
stoichiometric factor of n=6. The correction for
oxygen-atom consumption was 0.5% or less. The con-
centration of O, was calculated from [Og]aaaeat[O2]o
—1/2[0]y, where [O,], and [O], refer to the original
concentraiton of O, in the O,/He mixture before the
discharge, and the original oxygen-atom concentra-
tion produced in the O,/He discharge, respectively.
The value of [O;]4—1/2[O], corresponds to the concen-
tration of O, surviving from the O,/He discharge.
The two points shown on the left-hand side in Fig. 6
are obtained with just [O,]y—1/2[O], present.

Values for [2-pr]% were determined by plotting ([2-
prls)”! against [0,]/[O] and then determining ([2-
pr]%)~! from the intercept of a least-square fit in order
to remove the effect of the O, surviving from the dis-
charge. The value for k;/k4 calculated from the slope
in Fig. 6 is 0.02910.004. Error limits due to the scatter-
ing of plots were calculated by the least square with
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Fig. 6. Stern-Volmer plot for the competition

between Oz and O(3P) for the (CD3)2CH radicals.
Conditions for the open symbols: partial pressure
(mTorr), [0]=3.32, [0]=3.30, [(CDs):CHz}=1.31,
[02)0=19.44; total pressure 4.151 Torr; reaction
time=4.46ms. Conditions for the filled symbols:
partial pressure (mTorr), [0]=2.99, [0]=2.97,
[(CD3):CH2]=1.003, [O2]o=15.43; total pressure=
4.32 Torr; reaction time=4.51ms. [Oz] was calcu-
lated from [OzJagded. H{O2Jo—1/2[Olo.

the 95% confidence limits.

C. Yields of CD;CHCD; and (CDs);CO. The
dependence of the CD,CHCD; (m/z=47) and (CD3);CO
(m/z=64) signals on the reaction time was measured
by using a Kr lamp having a CaF, window and is
shown in Fig. 7. The signal of (CD;),CO (open trian-
gles) rises linearly with reaction time, while the signal
of CD,;CHCD;3 (solid circles) increased but not linearly.
The nonlinear increase of CD,CHCD; with reaction
time results from the consumption of CD,CHCDj; by
Reaction 8.

CD,CHCD; + O(*P) — Products (8)

If CD,CHCD3 is produced in Reaction 3 followed by
Reaction 4a and consumed in Reaction 8, the concen-
tration of CD,CHCD; observed is given by Eq. 9,
assuming that Reaction 4 is much faster than Reaction
3,

[CD,CHCD;] = M(

(ks — k3)

where f4,, [P]o, and [O]t represent the fraction of Reac-
tion 4a in the total reaction of (CD3)2CH+O, the orig-
inal concentration of (CDj3);CH,, and the product of
the average oxygen-atom concentration and the reac-
tion time,3 respectively. In the present study, since
the rate constant for Reaction 3 1is very small,
7.91X1071% cm® molecule™! s at 298K as will be des-
cribed later, and the rate of Reaction 8, (3.3—4.50)X
10712 cm3 molecule™! 571 16:38) for O+C3Hj, is 500 times
faster than that of Reaction 3, the value of exp-
(—ks[O]¢) is nearly 1 and kg—kj; is nearly equal to kg
under the present experimental conditions; [O]t{1.5X
102 moleculescm™3. Thus Eq. 9 is simplified to Eq.
10.

e—k[0]t_e—h([O]) 9)

Oxidation of Isopropyl Radicals
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Fig. 7. Time dependence of CD:CHCDs (solid
circles) and (CDs3)2CO (open triangles) signals
produced in the O+(CDs);CH:z reaction. A Kr

lamp with a CaF: window (10.03eV) was used
for the photoionization. The conditions: partial
pressure (mTorr), [0]o=5.34, [(CDs):CH2]=0.95,
[02]0=24.60; total pressure=4.46 Torr. [Oz)o refers
the amount of Oz added to the O2/He discharge.
Reaction times used were 0.5—8.1 ms. Corrections
for [O] were 1% or less. The CD;CHCD3 signals
are corrected for the subsequent reaction to give
[CD2CHCDs]r as indicated by open circles.

f1ak3

8

[CD,CHCD;] = [Plo(1 —ehlOk) (10)
Equation 10 shows the CD,CHCD; approaches a con-
stant concentration at long reaction time. When the
plots of CD,CHCDj; shown in Fig. 6 are fitted to Eq.
10, a value for kg of (4.06%0.18)X10712 ¢cm3 mole-
cule!s™! was calculated, which agrees well with the
reported rate constants for O+C3H.16:38) The indi-
cated errors due to the scattering of plots were calcu-
lated by the least square with the 95% confidence lim-
its. The best fit line for Eq. 10 is shown as a solid line
in Fig.7. The total amount of CD,CHCD; produced
by Reaction 4a, [CD,CHCD3]y, is given by Eq. 11,

[CD,CHCDs]r = fsaks[ P1[O]¢ (n

Therefore, the total amount of CD,;CHCD; can be cal-
culated by multiplying each observed CD,CHCD; sig-
nal by kg OJ¢[1—exp(—kg[O]t)]"!. These corrected
points are shown as open circles in Fig. 7, and they are
represented by the dashed straight line. The ratio of
the slope of the dashed straight line to that for
(CD3),CO is 2.8. The relative sensitivity of the photoi-
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Fig. 9. The absolute concentrations of CD2CHCD3
and (CD3)2CO are plotted against X/(1+X) (see
the text). Conditions are the same as in Fig. 8.

onization mass spectrometer for NO, C3Hg, and
(CHj3);CO was mesured as 1:7.1:8.1 by using a Kr
lamp (CaF,). Assuming that the sensitivities of
CD,CHCDj; and (CD3);CO are equal to those of C3Hg
and (CH;),CO, respectively, the ratio of the rate of
formation of these two products was CD,CHCDsj:
(CD3),CO=3.2:1 for the above conditions. Correc-
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tions for the consumption of acetone in the reactor is
not important because the rate of the O+acetone reac-
tion is very slow at room temperature3? (5—7X10716
cm?3 molecule~!s™1),

The effect of the O, surviving from the O,/He dis-
charge on the yield of products might not be neglected.
The CD,CHCD; and (CD3),CO signals were measured
when molecular oxygen was added to the system. The
signal of CD,CHCD; decreased and that of (CDj3),CO
increased when O, was added, as shown in Fig. 8. The
two points on the left-hand side are obtained with only
the O, surviving from the O,/He discharge (no addi-
tion of O,). In Fig. 8, CD,CHCD; is in its steady-state
concentration and (CDj3),CO is not under these exper-
imental conditions. If the fraction of CD,CHCD; pro-
duced in Reaction 7 is represented by s7,, the steady-
state concentration of CD,;CHCD; is given by Eq. 12
when both O(P) and O, are present, where X is
defined in Eq. 13.

(Sa—f1a)X | k3
[CD,CHCD;],, = {f4a + —“} —I[F]
1+ X kg
x= f (O] (13)
ks [O]

Similarly, the concentration of (CD3),CO at reaction
time ¢ is represented by Eq. 14;

(s76 — fan) X
1 +X

where s7, refers to the fraction of (CD3),CO produced
in Reaction 7. Since the ratio of k;/ k4 was determined
previously, the concentrations of CD,CHCD;3; and
(CD3);CO can be plotted against X/(1+X), as are
shown in Fig. 9. The absolute concentrations of
CD,;CHCD; and (CDj3),CO were calculated using the
instrumental sensitivities to propylene, C3Hg and ace-
tone, (CHj3),CO, as measured by adding known partial
pressures of both molecules to the reactor. Since the
initial concentration of (CD3),CH, and reaction time
are known, values for fs, and fs can be determined
from the intercepts of the two lines and those for sz,
and sy, are determined from the slopes. Here the value
for kg of 7.91X1071® cm® molecule™!'s™! was used, as
will be discussed later, and the value for kg of
4.06X107'2 cm®molecule~!s™! was used.  Values
obtained are (0.611+0.07), (0.17£0.01), (0.2020.02), and
(0.3110.02), for fa, fa, S7a, and sm, respectively. The
indicated errors due to the scattering of plots were cal-
culated by the least square with the 95% confidence
limits.

D. Yield of CD;CHO. The dependence of the
signal at m/z=49 shown in Fig. 4 on the reaction time
was measured by using a Kr lamp having a MgF, win-
dow and is shown in Fig. 10. The signal at m/z=66,
(CDs),C180, is also plotted as a reference. The signal
at m/z=49 increased with reaction time but the
increase was not linear. The nonlinear increase results

[(CD3),CO] = {m n }ka[P][c_)]t (14)
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from the consumption of CD3;CH! O by Reaction 15,
and so the concentration of CD3CH!80 can be
expressed by Eq. 16,

CD3;CHO + O(3P) — Products (15)

0.192 focks

[CD;CH®0]= [P](1—eslO)y (16)

15

where the value of 0.192 represents the fraction of
180(3P) in the sum of BO(°P) and ®O(°P). When the
measured values of CD;CH! 80O shown in Fig. 10 are
fitted to Eq. 16, a value for k5 of (5.6£0.5)X10713 cm3
molecule~!s~! was calculated, which agrees well with
the reported rate constants for O+CH3;CHO, 633,40
(4.3—5)X10"13 cm3 molecule's~1. The indicated errors
due to the scattering of plots were calculated by the
least square with the 95% confidence limits. The best
fit line for Eq. 16 is shown as a solid line in Fig. 10.
The large intercept results from the signal due to
(CD3)2CH radicals. As described before, the (CD3)2CH
radicals should be in the steady-state concentration
and the signals of (CD3)2CH are independent of the
reaction time under the experimental conditions
shown in Fig. 10. Each signal at m/z=49 minus the
intercept is taken to be the signal of CD;CH!O. The
total amount of CD3CH™0 produced in Reaction 4c,
[CD3;CH! 807, can be calculated by multiplying each
observed CD;CH!80 signal by k;s[O])t[1—exp(—k1s-
[O1)1"Y. These corrected points are shown as open
circles in Fig. 10, and they are represented by the
dashed straight line. The ratio of the slope of the
dashed line to that for (CD3);C180 is 0.12. The relative
sensitivity of the photoionization mass spectrometer
for CH;CHO, and (CD3),CO was measured as 1:9.87 by
using a Kr lamp with a MgF, window. The ratio of
the rate of formation of these two products was esti-
mated to be CD;CHBO: (CD3),C1*0=1:0.86 for the
above conditions.

Signals at m/z=49 and 66 were measured when
molecular oxygen containing 19.2% of %0, in O, was
added to the system. The results are listed in Table 3.
The signal at m/z=66, (CD;),C!®0, increased with
addition of O, but the apparent signal at m/z=49 was
nearly constant. As shown in Fig. 10, the signal at
m/z=49 consists of CD;CH!80 and (CD,),CH.
Between them, the signal of (CD3)2CH should decrease
by the addition of O,. This decrease is given by Eq. 6.
Since the value for k;/k4 of 0.029 was determined pre-
viously and the signal intensity for the steady-state
concentration of (CD;),CH ([2-pr]«=17.2 countss~!)
under the condition of [0,]/[0]=3.66 was determined
from the intercept of the line in Fig. 10, the signal
intensity for [2-pr]%, of 19.2 countss™! was calculated
by Eq. 6. Using this value of [2-pr]%, the signal inten-
sity for [2-pr]s was calculated for each [0,]/[O] by Eq.
6 as is shown in Table 3. The signal for CD;CH!#O
was obtained from the difference between the total sig-
nal at m/z=49 and the calculated signal of [2-pr]s.
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Fig. 10. Time dependence of CD3CH!O (solid cir-
cles) and (CD3)2C!8O (open triangles) signals pro-
duced in the 30+(CDj3):CHj; reaction. 19.2% of 360,
in Oz was diluted in He and discharged. A Kr lamp
with a MgF2 window (10.64 and 10.03 eV) was used
for the photoionization. The conditions: partial
pressure (mTorr), [0]o=5.42, [(CD3)2CH2]=2.37,
[02]0=22.28; total pressure=4.48 Torr. [O2]o refers to
the amount of Oz added to the O2/He discharge.
Reaction times used were 0.9—8.1 ms. Corrections
for [O] were 1.5% or less. The CDsCH!80 signals are
corrected for subsequent reaction to give
[CDsCH!#O]7 as indicated by open circles. Thelarge
intercept for the signal at m/z=49 resulted from the
signal of (CDs)2CH radicals.

The signal of CD3;CH®O increased with the addition
of Oy as shown in Table 3. The absolute concentra-
tions of CD;CH®0 and (CD5;),C®O were determined
using the measured instrumental sensitivities to
CH;CHO and (CD3),CO.

As shown in Table 3, the formation of both
CD;CH! 0 and (CDs),C*0 increased when molecular
oxygen was added to the system. The concentrations
of CD3;CH! O and (CD;),C80 were plotted against
X/(1+X), where X is given by Eq. 13. The plots are
shown in Fig. 11. As described before, from the slopes
and intercepts of these straight lines values for fa, fi,
s, and s7c can be determined,*! where s; refers to the
fraction of CD3CHO produced in Reaction 7. In these
calculations, the fraction of 80 in O (19.2%) was used
and the effect of the consumption of CD;CH! 30 by
Reaction 15 was taken into account.* The values
calculated are (0.18+0.02), (0.21£0.03), (0.32%0.03),
and (0.4410.08), for fu, fi, sm, and sq., respectively.
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Table 3. Observed Signals at m/z=49 and 66 and Absolute Concentrations of CD;CH!80 and
(CD;),C!0 in the Reaction of (CD3),CH,+1280+180,?
0, added (0,01 Signal at m/z=49 [2-pr}«® [CD,CH®Q® [CD;CH®BO® Signal at m/2=66 [(CD;),COTP

2 cps cps cps 10molecule cm™ cps 10molecule cm™
0 3.66 40.03 17.30 22.73 2.24 255.23 2.55
19.58 7.31 41.18 15.87 25.31 2.50 271.25 2.71
47.65 12.55 40.33 14.12 26.21 2.59 283.26 2.83
65.74 15.93 42.16 13.15 29.01 2.86 249.27 2.94
87.90  20.07 40.93 12.15 28.78 2.84 305.28 3.05
113.01  24.76 41.99 11.16 30.83 3.04 310.29 3.10
151.61  31.97 42.97 9.95 33.02 3.26 331.30 3.31
207.00 42.31 41.47 8.61 32.86 3.24 335.31 3.35

a) Experimental conditions are: [180]/([80]+([%0])=0.192, [300,])/([3%0,;]+[320,])=0.192, [0],=5.42 mTorr,
[(CD3),CH,]=2.37 mTorr, [0,],=22.28 mTorr, reaction time=6.299 ms, [0]=5.36 mTorr, and total pres-
sure=4.48 Torr. b)[O,] was calculated by [O3]s+[Oz]added, Wwhere [O2]=[O5]y—1/2[ O], refers to the O, surviving from
the Oy/He discharge. c) The value for [2-pr]s were calculated form Eq. 6 as follows; each value for [2-pr]°s/[2-
prlss can be calculated by using the known values of k;,/k, and [0,]/[O]. The absolute intensity for [2-pr]% of 19.2
counts s~! was determined from the intercept of the line shown in Fig. 10, in which the values for [0,]/[O] and
[2-pr]ss were 3.66 and 17.2 counts s~} respectively. d) Signal intensity for CD;CH!#0 was determined from (signal
at m/z=49)—(signal for [2-pr]s). €) The absolute concentrations for CD3;CH!80 and (CD3),C!80 were determined
by the instrumental sensitivities to CH;CHO and (CHj3),CO as measured by adding known partial pressures of

both gases to the reactor.

These values for fq, and s, are in good agreement with
the values obtained from Fig. 9. Combining the
results obtained from Figs. 9 and 11, the branching
fractions in Reactions 4 and 7 are:

) 61+ 7)%
(CD3),CH+O CD,CHCD;
(18£2)%
T, (CDgkCO
(21 £3)%
——— CD;CHO 4)
) (20£2)%
(CD3)2CH + 02 —— CD;CHCD;
(32+3)%
—— (CD3),CO
(44£8)%
S, CDyCHO 0

The values for fs and sz, are averaged for the two
measurements.

E. Rate Constant for (CD;);CH;+O(CP) Re-
action. As described before, the determination of the
rate constant for Reaction 3 is necessary in order to
determine the fractions in Reaction 4. Since the rate of
Reaction 3 at room temperature is too slow to measure
by the pseudo-first-order decay of (CD3),CH; under the
present experimental conditions, the pseudo-first-
order decay of (CD3),CH; was measured over a temper-
ature range of 381—627K in a large excess of oxygen
atoms [O]>[(CD;3);CH;] by changing the contact
time of (CDj3);CH, with oxygen atoms. An Ar lamp
having a LiF window (11.83 and 11.62 eV) was used to
photoionize (CDs3),CH,. Since there was no signal
from reaction product at m/z=50 when (CD3),CH,
reacted with atomic oxygen (see Fig. 4), the bimolecu-
lar rate of Reaction 3 can be measured from the decay
of the signal of (CD3),CH; at m/z=50. The results are

40 ] ] ! | [
35 -
/A//
e CD4),C180 %
g (CDy)C /A/
@ 30k (m/z =66) /A ® i
g
°
£
o
[@]
- 25 m
c /./ (miz = 49)
s 7
g 20F .
[
(e}
(&
15 1 L 1 1 I

0 0.1 0.2 03 0.4 05

X/ (X+1)

Fig. 11. The absolute concentrations of CDsCH!2O
(solid circles) and (CD3)2C!18Q (open triangles) are
plotted against X/(1+X). Conditions are the same
as those in Table 3.

presented in Table 4. The 95% confidence limits were
calculated from the least squares line using ten points
(ten different reaction times) for each run.

The bimolecular rate constants of ky are plotted in
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Table 4. Rate Data? for O(°P)+(CDj3),CH, at 385—627 K

T [P]™ [O) Total pressure Flow rate k3

K mTorr mTorr Torr ms™! 107 cm®molecule™1s™!
627 0.052 1.681 5.68 43.4 198122
605 0.073 3.837 5.26 40.9 113+18
573 0.101 4.129 5.83 41.2 93.8149.6
561 0.103 6.836 5.73 41.0 80.21+6.5
491 0.114 5.801 5.62 36.2 34.61+4.2
485 0.102 7.026 5.31 36.1 36.415.3
426 0.098 8.381 6.18 31.7 15.1%+1.3
421 0.182 10.79 6.07 31.9 14.0£1.6
385 0.146 12.52 6.68 28.3 6.71+0.73
381 0.102 13.32 6.65 28.1 7.4610.66
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a) The rate constant was calculated from the equation of In [P]/[P]e=—ks[O]t, where [P] and [P],
represent the signal of (CD3);CH, in the presence and absence of oxygen atoms, respectively. b) [P],

represents the original concentration of (CDs),CH,.
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Fig. 12. Arrhenius plot for reaction O+propane. @
This work for O-+(CDs):CHgz; solid line drawn
is obtained by the least-square fit. [J: Harker
and Burton® for O+CsHs. A: Jewell et al.® for O+
CsHs. Dashed line is consensus rate constant for
O+C3Hs by Klemm et al#? The open circle is
obtained in this work from the yields of reaction
products.

Fig. 12 vs. the reciprocal of the absolute temperature.
A linear least square treatment yields the Arrhenius
expression:

—6086 + 392 cal mol™!
RT

in units of cm®molecule~!s~!. The indicated errors
were calculated by the least-square with 95% confi-
dence limits. The rate constant for Reaction 3 at 298K
calculated from Eq. 17 is 6.94X107'% cm?3 molecule~!s™1,

The rate constant for Reaction 3 can also be calcu-
lated from the sum of the absolute yields of the three

ks = (2.055:9) X 10710 exp( ) a7

reaction products; CD;CHCD;, (CD3)CO, and CD;CHO.
The value for k3 of 7.9X107%® cm® molecule™!s™! was
calculated*? from absolute concentrations of products
produced initially by Reaction 4. The value is in rea-
sonable agreement with that calculated from Eq. 17.
Therefore, the value of 7.91X1071® cm3 molecule~1s™!
was used for k3 in all calculations in this study.

Discussion

The observation of propyl radicals by photoioniza-
tion using the Xe resonance lamp (8.44 eV) 1s reason-
able because the ionization potentials for the propyl
radicals are low (Table 1). The detection of propyl
radicals using photoionization by the Xe lamp has
been reported by Bayes et al.*3 Only the (CD3)2CH
radical was formed in the reaction of O+(CDj3),CH,.
For comparison, the reaction of oxygen atoms with
propane-2,2-d,, (CH3),CD,, gave both : CH,CD,CHj;
(m/z=45) and (CH3)2CD (m/z=44). The ratio of the
signal at m/z=44 to 45 was about 3:2. Therefore, the
abstraction of the 1- or 2-hydrogen from propane is
very sensitive to the small difference in the bond disso-
ciation energies of C-H and C-D. Jewell et al.®
observed the formation of (CH3),CO and C;H;CHO in
the O+C3Hg system. This result also suggests that
both n-propyl and isopropyl radicals are produced by
the primary attack of O atoms on C3Hg.?

CD,CHCD3, (CD3),CO, and CD3CHO were observed
as major products of the O+(CD3)2CH reaction. In
addition, the signal of CD,CO was observed in this
study. Since the signals for CD,CO were proportional
to the square of [O]¢, CD,CO probably is produced by
secondary reactions.?? In the previous discharge-flow
experiments involving O+C3Hg,%% the formation of
C,Hs;CHO, C,H,, C,H,, CH,0, CH,, CO,, CO, H,0,
and H; has been reported in addition to propene,
acetone and acetaldehyde. These products, except for
C;H5CHO, are probably produced in secondary reac-
tions.

Propene, CD,CHCDj, was a major product of the
O+(CD3);CH reaction. Propene can be produced by
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hydrogen abstraction, Reaction 4a. Similar hydrogen
abstraction reactions were found for O+¢-C;Hgy! and
O+cyclo-CgH;1.2) These results disagree with the find-
ings by Hoyerman and Sievert,” who observed no for-
mation of olefins in the reactions of O-+alkyl radicals.

As shown in Table 2 and Fig. 5, the products
CD3;CDO (m/z=48) and CD3;CDB8O (m/z=50) were
observed in the %0 and ¥O+(CDj3);CH, systems.
These products might be produced by secondary reac-
tions following O+CD,CHCD;. According to the pre-
vious studies on O+C3Hg,37-4445) Reaction 8 proceeds
as follows:

(CD;CHDCDO)* -
CD;CHD + CDO (8a)
CD,CHCD;+0
N (CD3(CO)CHD,)*
— CD;+ CHD,CO (8b)
— CHD, + CD,CO (8¢)

Since no signals at m/z=63 were observed as shown in
Fig. 4, the vibrationally hot CD3;CHDCDO and
CD3;COCHD; were not stabilized for the present exper-
imental conditions. CD3;CHD produced in Reaction
8a reacts with oxygen atoms and can produce
CD;CHO and CD;3;CDO.

CD;CDO +H (m/z=48) (18a)
CD;CHD + O

CD;CHO +D (m/z=47) (18b)

CD;CDO shown in Table 2 and Fig. 5 might be pro-
duced in Reaction 18a. As described before, yields of
acetaldehyde were determined from the signals of
CD;CH!0 (m/z=49). If Reaction 18b occurred, the
yield of CD3CH! 8O was overestimated. The fraction of
Reaction 18b should be less than 18a because of the
difference of the bond energy of C-H and C-D. There-
fore, the signal of CD;CH!®O from Reaction 18b
should be smaller than that of CD3;CD0 (m/z=50).
From the measurement of the signal intensities at
m/z=49 and 50 in the 80+(CDs),CH, reaction, it was
determined that the effect of Reaction 18b on the total
signal of CD3CHO was less than 20%. Thus the
lower error limit of the yield of acetaldehyde should be
increased in 20%; fi=0.2113%.

The value for k;/ky; of 0.029£0.004 was obtained
from the competition experiment between O and O,
for the (CDg)zCH radical. The rate constant for the
reaction of isopropyl radicals, :-C3H,, with molecular
oxygen has been reported®®, to be (14.1£2.4)X10712
cm3 molecule™!s™! at 298K. Assuming that the rates of
reactions of (CD3),CH+0O, and i-C3H;+0O, are equal,
the value for k, can be calculated as 4.9X10710 cm?
molecule™! s™1. The rate of Reaction 4 is very rapid,
but slower than the rate of reaction of ¢-butyl radi-
cal+0,! 8.7X1071% cm? molecule™! s~1,

Propene, CD,CHCDj;, was produced by deuterium
abstraction. The excess energy of Reaction 4a is about
63 kcal mol~!. The yield of propene was 61% of the
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total O+(CDj3),CH reaction. Yields of olefins from
other O-alkyl radical reactions were 80% (isobutene)
from O+¢-C4Hy,! and 52% (cyclohexene) from
O++cyclo-CgH;,.22  These yields appear to correlate
with the number of hydrogen atoms which can be
abstracted; nine equivalent hydrogen atoms in the ¢-
butyl radical to produce isobutene, six in the isopropyl
radical to produce propene, and four in the cyclohexyl
radical to produce cyclohexene.

Acetone, (CD3);CO, and acetaldehyde, CD3;CHO,
were formed by the oxygen atom addition. The iso-
propoxyl radical, (CD3);CH-O -, formed in Reaction 4
would have approximately 90 kcal mol~! excess energy
and should rapidly decompose to (CD3),CO+H and
CD3;CHO++CD;. Excess energies for Reactions 4b and
4c are 77.1 and 82.9 kcal mol~1, respectively. Yields of
acetone (18%) and acetaldehyde (21%) are similar,
reflecting the similar exothermicities. The ratio of
deuterium abstraction to oxygen atom addition was
1.6:1.

In the presence of an excess of O, the same products
were observed but in different proportions; propene
decreased to 20% and acetone and acetaldehyde in-
creased to 32 and 44%, respectively. This trend is very
similar to the case of the ¢-butyl radical.!? It is pro-
posed that the formation of these products occurs by
the reaction of propylperoxyl radicals with atomic
oxygen.

) +M
(CD;),CH+0, ——> (CD;),C(H)00 (7
CD,CHCD;+0OD+0, (19a)
(CD3),C(H)OO+0 5 (CD;),CO+H+0,  (19b)
CD;CHO+CD;+0,  (19c)

Here Reaction 19a is a deuterium abstraction reaction
from the peroxyl radical by O(®P); after abstraction, O,
departs from the peroxy biradical (- CD,CH(CD3)OO -)
and propene is produced. In Reactions 19b and 19c
oxygen atoms attack the radical oxygen (-O-O-). The
resulting hot propoxyl radical decomposes to the
fragements (CD3),CO+H and CD;CHO+CD;. Reac-
tions 19a and 19c are 49 and 55 kcal mol~! exothermic,
respectively.

Various studies of the rate of the O+C3Hjg reaction
are summarized in Fig. 12. Harker and Burton*® mea-
sured the OH radical produced by Reaction 1 by
molecular modultion spectroscopy. They obtained a
value for k; of 6.5X107* cm3 molecule™! s~! at 329K.
Jewell et al.® measured the decay of O-atoms and also
propane in the O+C3Hg discharge-flow system and
proposed a value for k; of 7.8X10~15 cm? molecule™ s™!
at 306K. In a recentarticle, Klemm et al.*” reported the
measurement of the rate of the O+C3Hjg reaction by
both flash photolysis-resonance fluorescence and dis-
charge flow-resonance fluorescence techniques over a
temperature range of 411—1018K; they proposed the
Arrhenius expression: k;=(1.661+0.16)X10710 exp-
[(—6290%120 cal mol~1)/RT]in unit of cm3 molecule™!



October, 1987]

s~L. Rate constants for O+(CDs),CH, obtained in this
study agree well with the value by Klemm et al. in both
activation energy and frequency factor considering the
error of the measurements. The rate constant extrapo-
lated to room temperature, 6.94X1071% cm® molecule™!
s~1, using Eq. 17 differs by 1.6 factor with the value of
ks calculated from the absolute yields of products,
7.81X1071 c¢m3 molecule™! s~ Both values of k3 at
room temperature agree well with the rate constant for
O+C3Hj at 306K reported by Jewell et al.

Conclusion

(1) Isopropyl-dg radicals, (CD3);CH, produced in
the reaction of propane-1,1,1,3,3,3-ds, (CD3),CH,, with
atomic oxygen were detected directly by the photoioni-
zation mass spectrometer.

(2) The reaction of (CD3)2CH radicals with atomic
oxygen proceeds by deuterium abstraction (61%) and
by an oxygen atom addition reaction (39%).

(3) The product in the deuterium abstraction was
propene-1,1,3,3,3-ds, CD,CHCDj3. Acetone-dg, (CD3);CO
and acetaldehyde-2,2,2-d;, CD;CHO were produced by
the oxygen atom addition reaction with yields of 18
and 21%, respectively.

(4) The reaction of (CD3)2CH radicals with molec-
ular oxygen was 0.02910.004 times as fast as that with
atomic oxygen. From the rate constant for the
0,+C3H; reaction reported, the rate constant for the
reaction of O+isopropyl radicals was estimated to be
4.9X1071% cm3 molecule™ s™1.

(5) In the reaction of isopropylperoxyl radicals
with molecular oxygen, the yield of CD,CHCD;
decreased to 20% and the yields of (CD3),CO and
CD3;CHO increased to 32 and 44%, respectively.

(6) The rate data for the reaction of O+(CD3),CH,
were fitted by an Arrhenius expression; k3=(2.017§;9)X
10710 exp[(—6086 +392 cal mol~1)/RT] cm?® molecule™!
s71(381—627 K). The rate constant obtained from the
yields of products was 7.9X10~15 cm® molecule™ s~! at
298K.

The author wishes to thank Professor Kyle D. Bayes
of UCLA for his kind and helpful suggestions and
discussions. The assistance of Hiroo Takagi in the
early stage of this work is gratefully acknowledged.
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