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Abstract: A versatile, indirect method of producing polyatomic free radicals under conditions which are suitable for quantitative
studies of their gas-phase reactions has been developed. Cl atoms are homogeneously generated in a flow reactor by the infrared
multiple-photon-induced decomposition (IRMPD) of CF,Cl, or C4FsCl and then rapidly reacted with an organic precursor
to produce the desired free radical. Reactions of this free radical can then be monitored in a time-resolved manner using
photoionization mass spectrometry. In this study we have produced the acetyl radical and studied its reaction with NO, under
pseudo-first-order conditions in order to determine not only the rate constant but also to verify the mechanism of this oxidation
reaction. Modeling of reactant and product ion signal profiles indicates that the products produced and rate constants (k)
are CH,CO + NO, — CH;CO, + NO, with k4 = 2.5 (£0.6) X 107! cm? molecule™ s™! at 295 K. In addition, the rate and
mechanism of the reaction of CF,Cl (produced by the direct IRMPD of CF,Cl,) with NO, have also been determined. The

s,

In order to gain new knowledge of the reactivity of gaseous
polyatomic free radicals, we have recently developed a versatile
new method for conducting quantitative studies of their reactions.
The method involves the direct homogeneous generation of free
radicals in a tubular reactor by the infrared multiple-photon-in-
duced decomposition (IRMPD) of suitable radical precursors and
the dynamic monitoring of both reactant and product concen-
tration profiles using photoionization mass spectrometry (PIMS).
The method and its initial use, a study of the reactions of allyl
radicals with NO, and Br,, were described in part 1.1 A second
study, involving the generation of methyl radicals and their
subsequent reaction, has also been reported.?

The direct production of polyatomic free radicals for kinetic
studies by IRMPD is proving to be an extremely versatile and
useful method of homogeneously producing known concentrations
of reaction intermediates for chemical kinetic studies.!”” However,
there are instances where an indirect method (involving the initial
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products produced and rate constants (ks) are CF,Cl + NO, — CF,CIO + NO with ks = 9.6 (£1.9) X 107'2 cm® molecule™
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production of chlorine atoms by IRMPD followed by a rapid
Cl-atom reaction with an organic molecule) is preferable. In
particular, if the laser pulse which produces the polyatomic in-
termediate of interest is also capable of decomposing it,”* delayed
production of the free radical would be an advantage. Also, if
no suitable precursor for a particular intermediate has yet been
identified, this more circuitous route would provide an alternate
method of generating the desired free radical under conditions
which are also very well characterized. We have now used such
an indirect procedure to generate the acetyl radical, a free radical
for which we have not yet identified a suitable precursor molecule
for direct generation by IRMPD, and we have studied the
mechanism and rate of its reaction with NO,. The details of the
procedure and the results of this study are reported here.
Organic free radicals have been generated by halogen-atom
reactions in a variety of experimental arrangements for studies
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of their spectroscopy,!®# kinetics,!5"!® and thermochemistry.!®
In our current use of these reactions, it has been possible for the
first time not only to isolate the following reaction of the poly-
atomic free radical but also to study it under pseudo-first-order
conditions in a direct time-resolved manner. Recently, similar
isolation has been achieved under steady conditions in a flow
reactor using chlorine atoms generated in a microwave discharge.'s

In our experiments chlorine atoms were generated by IRMPD
of either CF,Cl, or C4FsCl:

CF,Cl, —» CF,Cl + Cl )
C4F{Cl —2 C,F, + ClI @)

Acetaldehyde and NO, were also present in the system. The
chlorine atoms reacted rapidly with the acetaldehyde to produce
acetyl radicals,

Cl + CH,CHO — CH,CO + HCI 3)

and the acetyl radicals subsequently reacted with NO,:
CH,CO + NO, — CH,CO, + NO 4

By using suitable choices of initial concentrations, all three pro-
cesses were temporally separated.
The reaction

CF,Cl + NO, — CF,CIO + NO (5)

was also studied, the CF,Cl radicals originating from the same
IRMPD process which produced the CI atoms (reaction 1).
The bimolecular reactions of acyl radicals are involved in a
variety of oxidation processes particularly during low-temperature
combustion of hydrocarbons, where bimolecular reactions of these
radicals, particularly with O,, compete with their unimolecular
dissociation,?>"?2 and during the atmospheric photooxidation of
unsaturated hydrocarbons.?*?>  Despite their importance in
practical oxidation processes, few gaseous reactions of acyl radicals
have been isolated for investigation.® The important atmospheric
reactions of HCO, those with NO and O,, as well as its self-re-
action have now been studied by several groups using time-resolved
absorption measurements of HCO produced by laser or flash
photolysis.?’-32 Because more complex acyl radicals have sig-
nificantly weaker absorption spectra, analogous studies have not
yet been performed on the reactions of larger RCO radicals. An
exception is studies of their recombination reactions where high
initial free-radical concentrations are employed.?*** PIMS has
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already been used to monitor HCO and CH;CO concentrations
during controlled reactions.?** These studies have yielded
quantitative information on reactions of HCO and CH;CO with
0,.27%5 The latter study involved direct production of acetyl
radicals by UV flash photolysis followed by time-resolved mea-
surements of CH,CO concentrations using a PIMS which is very
similar to the one used in our studies.

We have begun a series of studies of the reactions of acyl
radicals to enlarge our knowledge of their kinetics and mechanisms.
The first reaction we have investigated, reaction 4, is of special
interest because it is believed to produce acetoxy radical, an
intermediate which is generally regarded to be highly unstable,
decomposing almost instantly (~10710 s) into CH, and CQO,.3¢%°
Evidence for this instability originates primarily from observed
cage decarboxylation of the acetoxy radical produced by flash
photolysis of (CH;CO,), or CH;CO,Br in liquids.*>** In smog
cycle mechanisms, alkylcarboxy radicals, RCO,, are produced by
a sequence of reactions which begin with the oxidation of acyl
radicals by atmospheric oxygen, €.g.,

CH;CO + 0, — CH;CO, (6)
The acylperoxy radical may either combine with NO, to form

peroxyacetyl nitrate (PAN) or react with NO to form the
acylcarboxy radical;?*-2

CH,CO, + NO, — CH,CO;NO, @)
CH,CO; + NO — CH;CO, + NO,
CH,CO, — CH; + CO,
Reaction 4 appears to be the most direct means of producing
the acetoxy radical. We studied this reaction in order not only

to establish its rate constant but also to provide more direct
evidence for the formation of this reaction intermediate.

®)

Experimental Section

The experimental apparatus and most procedures used were essentially
the same as those described in part 1.! Radiation from a Lumonics 103-2
CO, TEA laser was mildly concentrated with a 5-m focal length concave
mirror. The long beam waist was concentric with and located along the
axis of the 35-cm-long, 0.95-cm i.d. tubular Pyrex reactor. Gas flowing
through the reactor was irradiated with almost uniform intensity along
the reactor’s length at a repetition rate of 0.5 Hz. Laser fluences up to
3.5 J/cm? were used.

The gas flowing through the tube contained CF,Cl,, the Cl-atom
source (usually less than 0.01%); CH;CHO, the source of acetyl radicals
(~2%); NO,, the second reactant (0-0.02%); and a large excess of He
buffer gas (~98%). The high percentage of inert gas assures negligible
heating following the relaxation of the undissociated but internally ex-
cited Cl-atom source. Total gas pressures were varied from 1 to 2 torr.

Gas was continuously sampled from a 0.044-cm-diameter hole in the
side of the reactor. The emerging gas was formed into a beam by a
conical skimmer as it entered the vacuum chamber containing the PIMS.
As the gas traversed the ion source, a portion was photoionized and mass
selected by a quadrupole mass filter. In separate experiments, temporal
ion signal profiles of reactants and possible products were recorded with
a multichannel scalar from a period just before each laser pulse to about
50 ms following the pulse.

The new experimental procedures used in this study are discussed
below.

Generation of Chlorine Atoms. Chlorine atoms were produced by
IRMPD of CF,Cl, at 1082 cm™. The IRMPD of CF,Cl, is known to
proceed to a significant extent by this route at the modest fluences used
in our studies.**  Very minor amounts of CF, were also produced
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during the photolysis of CF,Cl,. In our experiments it was not possible
to determine whether CF, was produced directly as has been suggested
by others,*5#

CF,Cl, =2 CF, + Cl, )

or indirectly by secondary photolysis,

nhy

CF,Cl — CF, + Cl (10)

The presence of CF, did not interfere with the reaction under study since
this radical did not react to a measurable extent during the observation
time following each laser pulse.

We were unable to directly monitor the extent of decomposition of
CF,Cl, by IRMPD following each laser pulse because the ionization
potential of this molecule is higher than 11.6 ¢V, the most energetic
ionizing radiation available in our PIMS. Therefore, we were unable to
directly determine the Cl-atom concentration after laser photolysis.
Following the conclusion of the major portion of our study, we discovered
that reaction 2 is also an excellent Cl-atom source for this kind of ex-
periment. The parent molecule, C;FsCl, can be monitored with our
detection system, and, therefore, the extent of decomposition by IRMPD
can be measured directly. This second Cl-atom source will be used
extensively in future studies. Based on the measured Cl-atom concen-
trations produced by reaction 2, we estimate that 1-3% of the CF,Cl,
decomposed during each laser pulse in our experiments (the estimates of
CF,Cl and CH;CO concentrations given in the remainder of this paper
assume a 2% decomposition of the precursor molecule).

Generation of Acetyl Radicals. When the flowing gas mixture con-
taining CF,Cl,, CH;CHO and He was irradiated, the chlorine atoms
produced by reaction 1 or 2 reacted rapidly with the CH;CHO. The
[CH;CHO] which was employed (~5 X 10'* cm™) was high enough to
assure rapid (7, = 20 us) stoichiometric conversion of the Cl atoms to
acetyl radicals by reaction 3.5

We verified that the radical produced was essentially exclusively
CH,;CO (and not CH,COH) by observing the possible radical products
produced by the reaction,

Cl + CD3;CHO — CD;CO + HCl 1)

No CD,CHO was detected while CD;CO was produced in easily ob-
servable amounts. This test confirms that the Cl atom abstracts primarily
the aldehydic hydrogen of CH,CHO.

The initial acetyl radical concentrations were chosen to be sufficiently
low (< 10! ¢cm™) that pseudo-first-order conditions were achieved in all
experiments in which the radical reacted with NO, ([NO,] = 1-5 X 1012
cm™) and to assure negligible radical loss by second-order radical re-
combination, The second-order recombination half-life at these low
initjal radical concentrations (;/, 2 500 ms) is much longer than the
first-order half-life when NO, is present (3-10 ms).3*34 Homogeneous
recombination is considered a negligible radical loss process at these low
initial free-radical concentrations and is not included in the data reduc-
tion procedure.

In the absence of NO,, CH;CO decays exponentially with an apparent
first-order rate constant of ~ 50 s7! if the Pyrex reactor walls are clean
but uncoated. If the walls are first cleaned with 5% ammonium bifluoride
and then coated with boric acid, the radical loss rate is reduced to an
apparent wall-loss rate constant, k,, ~ 20 s, With the addition of
increasing amounts of NO,, a proportional increase in the decay constant
of acetyl radicals was observed. Experiments were performed up to NO,
concentrations which yielded a first-order decay constant of ~150s71,

In these experiments there was essentially complete temporal isolation
of all three kinetic processes: Cl-atom production (r,/, ~ 107 s), reaction
to produce acetyl radicals (r1/, =~ 10 ), and reaction of acetyl radicals
with NO, (7, = 4-40 X 1073 s).

Source and Purification of Reactants. Dichlorodifluoromethane
(Matheson) and nitrogen dioxide (Matheson) were condensed at liquid
nitrogen temperature, fractionally distilled, and stored as dilute mixtures
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Figure 1. CF,Cl ion signal decays as a function of [NO,]. In all ex-
periments p = 2 torr, fluence & 3 J/em?, [CF,Cl], ~ 8 X 10 cm™. (a)
[NO,] = 3.3 X 1012 em™, kepp = 405715 (b) [NO,] = 7.4 X 1012 cm™,
kexp = 735 (¢) [NOy] = 1.24 X 108 cm™, kepp = 131 571,

in argon (Linde). Acetaldehyde (Aldrich) was purified by the freeze-
pump-thaw method at liquid nitrogen temperature. Helium (Linde),
argon (Linde), and CD;CHO (Merck, 98 atom % D) were used without
further purification.

Results

In this study we have determined the rate constants and the
mechanism of both the CF,Cl + NO, and CH,;CO + NO, re-
actions. Both CF,Cl, which is produced directly during the
IRMPD of CF,Cl,, and CH;CO, which is produced by reaction
3, subsequently react with NO,. To establish the two mechanisms,
that of the CF,Cl + NO, reaction was investigated first, since
it can be studied without the second occurring concurrently by
excluding acetaldehyde from the system. Experiments in which
both reactions occurred simultaneously were then performed and
the data analyzed to determine the mechanism of the CH,CO
+ NO, reaction. The rate constants at ambient temperature for
both reactions were also measured. The results of these studies
and the data analysis are presented in this section.

Mechanism of the CF,Cl + NO, Reaction. A gas mixture
containing CF,Cl, (0.03%), NO, (0.02%), and He (99.95%) at
a total pressure of 1.0 torr was used to search for possible products.
The only product ion signal detected following pulsed irradiation
at ~3.5 J/cm? was NO. The growth of the NO ion signal was
essentially a mirror image of that observed for the decay of the
CF,Cl ion signal, indicating that NO is an initial product of the
CF,Cl + NO, reaction. The failure to detect CF,ClO, the other
product produced with NO in reaction 5, was not unexpected. We
have been unable to detect other alkoxy radicals, such as CH;O,
in other systems.? There is evidence from a mass spectrometric
study using electron bombardment that detection sensitivity for
alkoxyl radicals is unusually low.®! The products which were
monitored but which were not detected were CF, (11.6 eV),
CF,ClO (10.2 eV), CF,CINO,; (11.6 V), and (CF,Cl), (11.6
eV).532 The photoionization energies used to detect and monitor

(51) Hoyermann, K.; Loftfield, N. S.; Sievert, R.; Wagner, H. Gg. Symp.
(Int.) Combust. [Proc.] 1981, 18, 831-844,
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Figure 2. Results of experiments to determine k5. For conditions of experiments, see Table I. ks value determined from the slopes of the lines are

(a) 1.1 X 10711, (b) 8.9 X 10712, and (¢) and 9.8 X 10712 ¢m® molecule™ s71,

species present were 10.2 eV for both NO and CF,Cl.

From the results of these studies, we conclude that the CF,Cl
+ NO, reaction proceeds either exclusively or nearly so by O-atom
transfer, i.e., by reaction 5.

Rate Constant of the CF,Cl + NO, Reaction. Three sets of
experiments were performed in which the CF,Cl + NO, rate
constant at 295 = 1 K was measured. Mixtures containing CF,Cl,,
He, and various amounts of NO, were used in experiments in
which the exponential decay of CF,Cl was recorded following each
laser pulse. Examples of measured CF,Cl decay profiles are shown
in Figure 1, and the results of the individual experiments are
presented in Table I. In all experiments in which NO, was
present, [NO,] >> [CF,Cl], which assured pseudo-first-order
conditions. The rate constant from each of the three sets of
experiments was obtained from the slope of the line fitted through
the points on a plot of the first-order decay constants vs. [NO,]
(see Figure 2). The data-reduction procedure has been described
in part 1.! The measured exponential decay constant changed
by about a factor of 7 in each set of experiments, from an apparent
kwall =~ 20 5! when NO, was absent to kg, =~ 150 s when [NO,]

=~ 1.5 X 1013 cm™3,

The three sets of experiments were performed to test whether
the measured rate constant of reaction 5 depended on the total
gas density or the initial CF,Cl concentration. Each was varied
separately by a factor of 2, the latter by increasing the concen-
tration of the CF,ClI precursor without increasing the laser fluence.
No change in the rate constant with changes in these variables
was apparent. The average value of ks from the three sets of
experiments at 295 K is ks = 9.6 X 107!2 cm?® molecule™ s, The
estimated accuracy is £20%.

Products of the CH,CO + NO, Reaction. Two sets of exper-
iments were performed to determine the products of the reaction
of acetyl radicals with NO,. Two CF,Cl,-CH;CHO-NO,-He
gas mixtures at 1.0 torr total pressure were exposed to pulsed CO,
laser radiation, and reactant and possible product ion signal profiles
were recorded. In the first set, the reaction proceeded relatively
slowly because a low NO, concentration was used ([NO,] = 2.1
X 10'2 ¢m™?) while in the second the CH,CO + NOQ, reaction
proceeded more rapidly because a higher NO, concentration was
employed ([NO,] = 6.7 X 10'2¢m™). In both sets of experiments
the only apparent products detected, i.e., the only ion signals which
increased following the initiation of the reaction, were those of
CH; and NO. The actual ion signal profiles of reactant loss and

Table I. Initial Conditions and Experimental Results of CF,Cl +
NO, Rate Constant Measurements

approx

P [CF,QL1X [CF,Cll X  [NOJIX  keyp
(torr) 1072 (em™®) 107 (em™3) 1072 (em™3) (s71)
1.0 2.0 4.0 2.3 29,
1.0 2.0 4.0 4.2 48.
1.0 2.0 4.0 6.9 88.
1.0 2.0 4.0 9.1 92.
1.0 2.0 4.0 11.8 132,
1.0 2.0 4. 0 14.8 155.

ks=1.0X 107" cm? molecule™ s}
1.0 4.2 8.4 24 32,
1.0 4.2 8.4 4.1 50.
1.0 4.2 8.4 5.2 SS.
1.0 4.2 8.4 7.5 76.
1.0 4.2 8.4 104 102,
1.0 4.2 8.4 11.9 110.
1.0 4.2 8.4 134 128.
1.0 4.2 8.4 15.0 148.
ks=28.9xX 107 cm?® molecule™ s™

2.0 4.2 8.4 1.9 30.
2.0 4.2 8.4 3.3 40.
2.0 4.2 8.4 5.5 65.
2.0 4.2 8.4 7.4 73.
2.0 4.2 8.4 9.4 103.
2.0 4.2 8.4 11.1 121.
2.0 4.2 8. 4 124 131.

3‘..

9.8 X 107** cm? molecule™ s™?

product formation which were recorded in these experiments are
shown in Figure 3. Possible products which were monitored but
were not detected at a photoionization energy of 10.2 eV were
CHZCO, CH;COz, HNOz, and CH3C02N02

The qualitative conclusions which can be drawn from these
experiments is that the primary reaction of the CH;CO radical
and subsequent chemical reactions are clearly resolved and that
CHj; is a new product which appears as the acetyl radical reacts
in the presence of NO,. The CH, radical is also produced during
the laser pulse (at z = 0) by the sensitized decomposition of
CH,CHO.% Since NO is also produced by both the CF,Cl +
NO, reaction and by a similar reaction of the CH; radicals,

CH; + NO, — CH;0 + NO (12)

it is not apparent whether the NO concentration profile also

(52) Numbers in parentheses indicate photoionization energy used to detect
or attempt to detect reactant or product.

(53) The initial production of CH; during the laser pulse did not occur
when either CF,Cl, or CH;CHO was not in the system.
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Figure 3. Reactant and product ion signal profiles in the CH;CO + NO, reaction. In all experiments P = 1 torr, fluence ~ 3 J/cm?.

Initial conditions:

(a) [CF,Cly] = 4.1 X 1012 cm™, [CH,CHO] = 6.5 X 10 cm™, [CH;COJo ~ 8.2 X 1019 cm™, [NO,] = 2.1 X 1012 cm™; (b) [CF,Cl,] = 9.4 X 1012
cm™3, [CH,CHO] = 6.5 X 101 ¢m™, [CH;COJy ~ 1.9 X 101 em™, [NO,] = 6.7 X 10'2 em.

Table II.  Initial Conditions and Experimental Results of CH,CO + NO, Rate Constant Measurements

approx
[CF,Cl,] X [CH,CHO] X [CH,CO], X [NO,] X kexp
p (torr) 1072 (cm™3) 107 (em™3) 107% (cm™3) 1072 (em™3) s
1.0 1.8 5.7 3. 0 18.
1.0 1.8 5.7 3.6 1.0 43.
1.0 1.8 5.7 3.6 2.1 74.
1.0 1.8 5.7 3.6 34 119.
1.0 1.8 5.7 3.6 4.0 124.
1.0 1.8 5.7 3.6 5.2 159.

ky=2.7X 10" cm® molecule™
1.0 0.96 6.5 1.9 0 17.
1.0 0.96 6.5 1.9 1.0 49,
1.0 0.96 6.5 1.9 1.0 47.
1.0 0.96 6.5 19 2.0 76.
1.0 0.96 6.5 1.9 3.1 90.
1.0 0.96 6.5 1.9 3.8 96.
1.0 0.96 6.5 1.9 3.9 102.
1.0 0.96 6.5 1.9 4.3 154.
1.0 0.96 6.5 1.9 4.9 139.

k,=2.5X 107" cm® molecule™!
2.0 2.3 6.4 4.6 0 17.
2.0 2.3 6.4 4.6 0.9 42.
2.0 2.3 6.4 4.6 1.8 67.
2.0 2.3 6.4 4.6 2.9 83.
2.0 2.3 6.4 4.6 3.6 102.
2.0 2.3 6.4 4.6 44 123.

k,=2.4 X 107" cm® molecule™! 57!

contains a contribution from the CH,CO + NO, reaction. The
identification of CH, as an initial product establishes that the
acetyl-radical reaction with NO, proceeds by reaction 4, and the
absence of other products, particularly CH,CO, confirms that it
is the dominant route.’*3 The more quantitative mechanistic
information which is contained in these ion signal profiles is
discussed in the next section where kinetic models are used to
simulate the recorded ion signal profiles of both products.
Rate Constant of the CH,CO + NO, Reaction. Three sets of
experiments were again performed in which the CH,CO + NO,
rate constant at 296 £ | K was measured. Mixtures containing

CF,Cl,, CH;CHO, He, and various amounts of NO, were pulse
irradiated to initiate the reaction. Initial conditions were chosen
to produce pseudo-first-order conditions in every experiment.
Nitrogen dioxide was again always in great excess, and initial
CH,CO concentrations were always so low (<10 ¢cm™3) that
recombination was a negligible alternate loss process. Exponential
decay of acetyl radicals was observed in both the presence and
absence of NO,. The measured first-order decay constants, k.,
are plotted in Figure 4 vs. the [NO,] in the corresponding ex-
periment. The conditions of each experiment are presented in
Table II. Rate constants for reaction 4 were obtained from the
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Figure 4. Results of experiments to determine k,. For conditions of experiments, see Table II. k4 values determined from the slopes of the lines are

(a) 2.7 X 10711, (b) 2.5 X 107!}, and (c) and 2.4 X 107! ¢cm? molecule™ 57!,

plots shown in Figure 4 as discussed before.!

The three measured rate constants for reaction 4 are also es-
sentially independent of the parameters which were varied in the
three sets of experiments, total pressure and [CH,CO] (both
changed by a factor of 2). The average value of k, obtained from
these experiments is k, = 2.5 X 107! cm? molecule™ s1. The
estimated accuracy is £25%.

Discussion

Use of Halogen Atoms To Generate Polyatomic Free Radicals.
The indirect production of polyatomic free radicals through pulsed
homogeneous production of Cl atoms by IRMPD followed by their
rapid reaction with an organic molecule yielded initial conditions
following the completion of the Cl-atom reaction which are suitable
for performing direct time-resolved studies of the ensuing reactions
of the polyatomic free radical. Since greater than 95% of the
Cl-atom reaction occurs after the laser pulse, no significant
photolysis of the polyatomic free radical produced by this reaction
can occur. This indirect method of generating reaction inter-
mediates is not only rapid but appears to be stoichiometric under
the conditions of our experiments. The method will be used in
the future for producing free radicals for similar studies involving
other free radicals.

The principal disadvantage of the method involves the need to
have relatively high concentrations of the free-radical precursor
(e.g., CH;CHO) present in the system to assure the rapid stoi-
chiometric conversion of the chlorine atoms to the polyatomic free
radicals. In our study CH,CHO was essentially “inert” after the
Cl-atom reaction occurred. However, in systems involving other
free-radical precursors or in experiments conducted at elevated
temperatures, the precursor may be more reactive and provide
an undesired alternate reactive path in addition to the one under
study.

A second disadvantage is that sensitized decomposition of the
organic molecule used as the source of the polyatomic free radical
does occur to an observable extent. The molecule directly excited,
CF,Cl,, can apparently transfer enough internal energy to a small
fraction of the CH;CHO molecules to promote them to the
quasi-continuum. In this activated state, they in turn can absorb
additional photons and dissociate,

CH,CHO* + nhy — CH, + HCO (13)

Such processes have been observed in other systems.** In our

(54) Karve, R. S.; Sarkar, S. K.; Rama Rao, K. V. S; Mittal, J. P. Chem.
Phys. Lett. 1981, 78, 273-276.

study, only a very small amount of CH,CHO dissociated during
the laser pulse (~0.01%), and the radicals produced did not
significantly increase the complexity of the data analysis.

A limitation of the procedure is caused by the fact that H-atom
abstraction by chlorine atoms becomes increasingly unselective
as the organic molecule becomes larger and more complex.**
These Cl-atom reactions can produce a mixture of free radicals,
all of the same mass number (M - 1), which would cause difficulty
in interpreting the observations of the ensuing reactions if they
are monitored by mass spectrometry. In selected instances,
however, this problem may be used to advantage to produce
isomers of the same radical for separate studies of their reactions.
For example, -\CH,CHO and CH;CO can be separately produced
by different halogen-atom reactions. The H-atom abstraction
reactions involving fluorine atoms are known to be almost com-
pletely unselective.”® Thus, the reaction of fluorine with CH;CHO
would produce a mixture of isomers which, however, would be
(~75%) the vinyloxy radical. On the other hand, Cl-atom ab-
straction reactions with organic molecules tend to favor abstraction
of the more weakly bound hydrogens.” The essentially exclusive
production of acetyl radicals by the Cl + CH;CHO reaction is
one example. Another is the Cl + CH;OH reaction, which
proceeds almost exclusively by removal of the H atom bound to
carbon (C-H bond energy = 95 kcal/mol) to yield the hydrox-
ymethyl radical, 758

Cl + CH,0H — CH,COH + HCI

The O-H bond in methanol (O—-H bond energy = 104 kcal/mol)
is significantly stronger than the C—H bonds.

Kinetic Modeling of the CH;CO + NO, Reaction. Using a
kinetic model to simulate the CH;CO + NO, experiments, we
have calculated temporal ion-signal profiles for the six reactant
and product ion signals which are shown in Figure 3. The lines
drawn through the data sets are the analytical solutions of the
appropriate rate equations which are discussed below. In order
to assess our understanding of the kinetics of this system and to
determine how accurately the product ion-signal profiles reflect
the actual product concentration profiles in the tubular reactor,
we have used only rate constants for the presumed elementary
reactions in this modeling exercise which were actually measured

(55) Knox, J. H.; Nelson, R. L. Trans. Faraday Soc. 1959, 55, 937-946.
(56) Dill, B.; Heydtmann, H. Chem. Phys. 1980, 54, 9-20.

(57) See reference cited in footnote 50.

(58) Radford, H. E. Chem. Phys. Lett. 1980, 71, 195-197.



Kinetics of Free Radicals Produced by IRMPD

under pseudo-first-order conditions, either in this study or a
previous one.2 The only adjustable parameter which occurs in
each analytical expression for species concentration is a multi-
plicative scaling constant which relates the measured ion signal
to calculated species concentration.

In both sets of experiments shown in Figure 3 significantly
higher initial CH;CO concentrations were used than were later
used to measure the rate constant of the CH,CO + NO, reaction.
These higher CH;CO concentrations were needed to produce the
higher product concentrations which were required to obtain
product ion signal profiles of a quality which would be suitable
for quantitative modeling. At these elevated CH;CO concen-
trations, homogeneous radical recombination was no longer a
completely insignificant acetyl-radical loss process, particularly
in the set of experiments using the higher NO, concentration.
Since the initial CH;CO concentrations in these experiments were
not accurately known, the recombination reaction could not be
included in the kinetic model without introducing a second ad-
justable parameter. We decided not to include the recombination
process in the analysis.

In the set of experiments using the lower NO, concentration,
the CH,CO concentration was only slightly elevated ([CH,CO],
~ 8.2 X 10'° ¢cm™?) and recombination was almost insignificant.
However, in the set of experiments using the higher NO, con-
centration, the initial CH;CO concentration was significantly
elevated ([CH;CO]p =~ 1.9 X 10!! cm™?) and the neglect of re-
combination is definitely noticeable. The products produced by
recombination are stable ((CH;CO), or CH,CO + CH,CHO)
and do not react further under the conditions of these experiments.

The kinetic model which was used assumes instant conversion
of Cl atoms to CH;CO, initial CH; production during the laser
pulse, and the following reactions:

CH,CO + NO, — (CH; + CO,) + NO “4)
CF,Cl + NO, — CF,CIO + NO (&)
CH; + NO, — CH;0 + NO (12)
CH;CO — wall destruction (14)
CF,Cl — wall destruction (15)

CH; — wall destruction (16)

The rate constants k4 and ks are given in the text, k;, and k5 were
measured previously, and k4 and k;s (40 and 20 s7!, respectively)
were measured on the day the experiments in Figure 3 were
performed. From the stoichiometry of the initial rapid reaction,
[CH;CO], = [CF,Cl],.

CH,CO Profiles. The CH,CO loss is presumed to be due only
to reaction with NO, and to a wall reaction. Conditions are pseudo
first order. The resulting exponential function for CH,CO loss
is plotted in Figure 3. The scaling constant was chosen to obtain
agreement at ¢t = 0. The ion signal profiles are corrected for a
contribution due to fragmentation in the ion source of (CH;CO),
which is produced by the minor amount of CH,CO recombination
which occurs in the system. These CH;CO ion-signal profiles were
also monitored in other experiments at lower initial CH,CO
concentrations to measure the rate constants used in the model.
Therefore, the deviation of the calculated profiles from those which
were measured in an indication of the importance of the CH,CO
recombination reaction in these experiments. A comparison of
measured and calculated profiles in Figure 3 indicates a small,
almost negligible recombination contribution in the experiment
designated (a) and a significant contribution in the one labeled
(b).
CH,; Profiles. The CH; radical is presumed to be produced
by the CH;CO + NO, reaction and to subsequently react with
NO, or be lost in a first-order wall process. Since conditions are
first order or pseudo first order for all the CHj; reactions, the
reaction mechanism is essentially two consecutive first-order re-
actions. The analytical solution for such a system is given in
standard texts.’° The scaling constant was chosen to obtain
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agreement at the concentration maximum. The calculation re-
quires knowledge of the initial CH, concentration produced at
t = 0 by the photosensitized decomposition of CH,CHO. Since
there is an adjustable scaling constant, only [CH;CO],/[CH;],
is actually required. This ratio was determined to be 3 based on
the observed [CH;] .,/ [CH3l, ratio and the values of ¢,,,,, the
time needed to reach the maximum CHj, concentration.”

Both calculated temporal profiles simulate the measured CH;
concentration profiles very closely. There was at least a theoretical
possibility that the CH,* ion signal which grew as reaction pro-
ceeded was a fragment ion of a stable CH;CO, product.** The
close agreement between calculated and measured CH; profiles
using the known reactivity of CH, in this system essentially
eliminates this possible alternate interpretation of these experi-
ments.

NO Profiles. In this system NO is produced by three primary
processes, by the reactions of CH;CO, CF,Cl, and CH; which
are present at ¢ = 0, and by the secondary reaction of the CH;
radicals produced by reaction 4. The analytical expression for
the total NO concentration in the system from the two parallel
routes is easily obtained.’>® In this case the scaling constant was
chosen to obtain agreement with the measurements at 40 ms.

The calculated NO concentration profiles again agree well with
the measurements. The small deviations are qualitatively in the
direction which would be expected if recombination were depleting
the acetyl radicals to a noticeable extent. When the calculation
is repeated excluding reaction 4 as an NO source, and the new
calculated NO profiles are rescaled at 40 ms, the agreement with
experiment is also very good. The shape of the NO profile is not
significantly altered by removal of one of the three NO sources.
Therefore, these measured NO profiles do not establish that NO
is produced in reaction 4. The evidence for the mechanism of the
CH;CO + NO, reaction remains the identification of CH; as a
product and the absence of CH,CO which can be easily detected
by our PIMS.

From the close agreement between the recorded ion signals and
the calculated ones, we conclude that the mechanism proposed
for this system is correct and that it, together with the rate
constants obtained in this study, provides a quantitative under-
standing of the kinetics of the CH,CO + NO, reaction. It is also
apparent from these and earlier experiments that our experimental
method provides very quantitative representations of not only
reactant, but also of intermediate and product concentration
profiles in the reactor used in these studies.

Mechanisms of R + NO, Reactions. We have now studied four
R + NO, reactions, two in prior investigations and two here. In
all instances the reaction was observed to proceed predominantly,
if not exclusively, by O-atom transfer from NO, to the polyatomic
free radical. Primary products were detected in all of the in-
vestigations. The observation that CHj is a product of the CH,CO
+ NO, reaction is a direct confirmation of reaction 4 as the
mechanism of this reaction. The shape of the CH;* ion signal
profiles was well simulated by a mechanism which included the
instantaneous decomposition of the acetoxy radical produced in
reaction 4 to yield CH; + CO. This latter agreement supports
the suggested instability of this reaction intermediate 36-43

In future studies, we shall investigate the mechanisms of the
reactions of more complex organic free radicals with NO,. For
alkyl radicals containing more than one carbon atom, a second
reactive route is also likely to occur,

R’CH,CH, + NO, = R’"CH=CH, +HNO, 17)

The production of olefins during the photooxidation of isobutane
by NO, has been cited as due in part to reaction 17.5* There
have not as yet been any quantitative studies of larger hydrocarbon
radicals with NO,. In cases where both possible routes, O-atom

(59) Benson, S. W. “The Foundations of Chemical Kinetics”; McGraw-
Hill: New York, 1960; p 33.

(60) Moore, J. W.; Pearson, R. G. “Kinetics and Mechanism”; Wiley:
New York, 1981; p 290.

(61) Paraskevopoulos, G.; Cvetanovié, R. J. J. Phys. Chem. 1977, 81,
2598-2601.
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and H-atom transfer, occur to a significant extent, it will be
possible to directly measure the extent to which the reaction
proceeds by each of the two oxidation mechanisms.

Rate Constants of R + NO, Reactions. The two R + NO,
reactions investigated in this study as well as the two which were
studied earlier proceed extremely rapidly. The rate constants for
the reactions of the three hydrogen-containing radicals (CHj,,
C;Hs, and CH,CO) with NO, at ambient temperature are be-
tween 2.5 and 4 X 107! cm? molecule™ s™!. This corresponds to
a thermally averaged cross section at 300 K of between 3 and 7
A2 None of these reactions could, therefore, have a significant
barrier to reaction (E, must be less than 1 kcal/mol).

The reaction of the perhalogenated radical with NO, is dis-
tinctly slower (by a factor of 3) than the other three reactions
studied. Halogen substitution is known to reduce the reactivity
of hydrocarbon free radicals. For example, the CF; + NO, rate
constant at 300 K is a factor of 10 less than that of the CH; +
NO, reaction.*

There have been no prior measurements of the rate constants
of reaction 4 or 5.5

The modeling of the kinetics of both the thermal and the
photochemical nitration of hydrocarbons requires quantitative
information on R + NO, reactions.®6%% The importance of the
direct O-atom transfer route has heretofore been either under-
estimated or not taken into account in a quantitative manner owing
to a prior lack of mechanistic and kinetic information on this
general type of reaction. The results of this study provide new
quantitative information for obtaining a better understanding of
the oxidation of hydrocarbons by NO,.
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Abstract: The rotational spectrum of glycine methyl ester has been studied in order to investigate the nature of its hydrogen
bond and its large amplitude motions. The moments of inertia of the normal, NHD, and ND, isotopic species indicate that
the molecule has a plane of symmetry which contains all the heavy atoms and an internal bifurcated hydrogen bond in which
the amino group chelates the carbonyl oxygen. From an analysis of the A-E splittings in the ground vibrational state, the
methyl barrier to internal rotation has been determined to be V3 = 1177 + 30 cal/mol. The rotational spectra of some vibrational

satellites have been also assigned.

1. Introduction

The study of internal hydrogen bonding by microwave spec-
troscopy (MWS) has supplied information for small systems as
small as the isolated molecules in the gas phase (see, for example,
ref 1-8 and references therein). However, few molecules with
a N—H-O internal hydrogen bond, the most common kind in
biological systems, have been investigated in this way. 2-Meth-
oxyethylamine,! where only the conformation stabilized by the
internal hydrogen bond has be¢n detected, was the first one studied.

The more stable conformation of glycine (GLY), the smallest
amino acid, presents an internal bifurcated hydrogen bond:2

but two previous studies with MWS detected a conformer dis-
playing a hydrogen bond of the type O—H-.N.>»* This kind of
hydrogen bond appears to be preferred with respect to the N—

(1) Caminati, W.; Wilson, E. B. J. Mol. Spectrosc. 1980, 81, 356-372.

(2) Suenram, R. D.; Lovas, F. J. J. Am. Chem. Soc. 1980, 102, 7180~7184.

(3) Brown, R. D.; Godfrey, P. D.; Storey, J. W. V.; Bassez, M. P. J. Chem.
Soc., Chem. Commun. 1978, 547-548.

(4) Suenram, R. D.; Lovas, F. J. J. Mol. Spectrosc. 1978, 72, 372-382.
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H-+O one in 2-aminoethanol,’ alaninol and 1-amino-2-propanol,®
2-methylaminoethanol,” and 3-aminopropanol.?

Some time ago, when we were aware only of the results of ref
3 and 4, we decided to study the methyl ester of glycine (GME),
where the methyl group replacing the hydroxyl hydrogen inhibits
the formation of the O—H.---N hydrogen bond, in order to obtain
a molecular system with a N—H-..«O internal hydrogen bond.
After we had obtained a great deal of information on GME, a
second paper by Suenram and Lovas on GLY appeared.? They
reported the microwave spectrum of the conformation with the
internal bifurcated hydrogen bond and stated this second con-
former to be about 0.5 kcal mol™ more stable than the conformer
reported in ref 3 and 4. Nevertheless, we completed our study
on GME, which is (with respect to the hydrogen bonding) a more
simple system. Furthermore, the study of the large amplitude
internal motions like those of the methyl group and the two heavy
atom skeletal torsions is of interest in order to obtain information
about the corresponding potential surfaces and the possible tor-

(5) Penn, R. E,; Curl, R. F,, Jr. J. Chem. Phys. 1971, 55, 651-658.

(6) Ellingsen, B. H.; Marstokk, K. M.; Mallendal, H. J. Mol. Struct. 1978,
48, 9-23. Marstokk, K. M.; Mollendal, H. Ibid. 1976, 35, 57-66.

(7) Penn, R. E.; Buxton, L. W. J. Mol. Spectrosc. 1975, 56, 229-238.

(8) McMahan, M. A.; Sharma, S. D.; Curl, R. F., Jr. J. Mol. Spectrosc.
1979, 75, 220~233.
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