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Table I. Comparison of Photochemical and Spectroscopic
Calculations for Type 1I Photoreactions®

Ts k:*(this k:*(Yang),
Molecule el Tl nsec  work), sec™! sec™!

@ 1.00 1.00 2.5

j’\) 2) 0.8 072 1.8 1.5x10* 1.8x 10
© 3 039 032 08 84X10 99X 10
? @ 017 0.14 0.35 2.5%10° 2.1X10°

) 1.02

e Relative quantum yields of fluorescence for the ketones were
obtained in #-hexane solution (~0,1 M) using an Aminco-Bowman
spectrofluorometer. Correction was made for small differences in
absorbance at the excitation wavelength, 313 nm.

methyls (5), the relative fluorescence quantum yield
undergoes a large increase to a value near unity. This
implies that intramolecular abstraction of & hydrogens
does not compete favorably with intersystem crossing
in the S, state of 5. Irradiation of § has been reported
to result only in intermolecular photoreduction.
Although the position and shape of the uv absorption
bands of ketones 1-5 are all very similar, eg., does
increase with increasing methyl substitution. An
increase in eg,, would result in a larger value of k¢
(eq 3) and thus a higher quantum yield of fluorescence
(eq 2). In order to normalize for this effect, we have
used eq 4 to obtain the relative singlet lifetimes (7,"!)

Tsrel = ¢frel/fmax (4)

(4) N. C. Yang, “Reactivity of the Photoexcited Organic Molecule,”
Wiley, New York, N. Y., 1967, p 149,

reported in the table. The absolute singlet lifetimes (7,)
were calculated from the 7, values and the singlet
lifetime of 2-pentanone, which we have measured by
single-photon counting® to be 1.8 X 107® sec. Since
for alkyl ketones ki >> kg, and Yang?® has shown that
ke for this series is insensitive to substitution at the
v carbon, we can attribute the decrease in 7, as we go
from 1 to 4 to some special interaction of the n,z*
excited singlet state with the y-C-H bond. Thus, the
k.5(this work) values given in the table are the increase
in the S, decay rate (1/7,) relative to 2-butanone (1).
Since these k,° values do not distinguish a chemically
productive interaction of the n,z* S, state with the v
hydrogen from a physical, nonchemically productive
interaction, they should be compared to the sum (k-
(Yang)) of Yang’s rate constants?® for type I and non-
radiative decay from the first excited singlet state. If all
the nonradiative decay results from reversion of an
initially formed 1,4 biradical to the starting ketone, then
kS represents the reactivity toward the initial vy-hy-
drogen abstraction from S..

The agreement between the k.5 values determined in
this work and those determined by Yang and coworkers?
by chemical-quenching techniques is excellent and
clearly demonstrates the applicability and value of using
the fluorescence characteristics of compounds to ex-
tract information on the reactivity of excited singlet
states toward primary photochemical processes. The
data also indicate that eq 3 is valid to a reasonable
degree of precision for calculating relative k; values.
Attempts to use such a formula to calculate absolute
k: values appears to be accurate only for order of
magnitude estimates.®

(5) F. S. Wettack, G. D, Renkes, M. C. Rockley, N, J. Turro, and
J. C. Dalton, J. Amer, Chem. Soc., 92, 1793 (1970),

(6) M. O. Sullivan and A, Testa, ibid,, 92, 5842 (1970); R. F. Bork-

man and D. R. Kearns, ibid., 88, 3467 (1966); J. Chem. Phys., 44, 945
(1966).
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The reaction of hydroxyl (OH) radicals with ethylene (C;Hy), propylene (CH,CHCHy,), and acetalde-

hyde (CH;CHO) has been studied mass spectrometrically in a discharge-flow system at 300°K. Bimolecular rate

constants for these reactions are:
1.5 X 10~!t ¢cm? molecule—! sec—1,

reactions and should play an important role in photochemical smog and in combustion.

kowrom, = 1.8 X 10713 koycngenen, = 1.7 X 1071, and kon, envno =
These OH radical reactions are much faster than the corresponding O atom

In OH + C.H, and

OH + CH,CHCH,, the OH adducts have been observed directly. The overall reaction mechanisms are discussed

briefly on the basis of qualitative product analysis.

eactions of OH radicals with olefins and with al-
dehydes are of current interest because of their role

in combustion® and in photochemical smog. In partic-
(1) W. E. Wilson, “A Critical Review of the Gas Phase Reaction

Kinetics of Several Bimolecular Reactions of the Hydroxyl Radical,”
NSRDS-NBS, in press.
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ular, reactions of OH with unsaturated compounds
have been proposed as an important chain-propagating
step in photochemical oxidations.>® However, the

(2) D. H. Stedman, E. D. Morris, Jr., E. E. Daby, H. Niki, and B.

Weinstock, 160th National Meeting of the American Chemical Society,
Chicago, Ill., 1970, Abstract No. WATR 26.



kinetics and mechanisms of these reactions are not well
established. Previously, the reaction of OH with eth-
ylene (C;H,) was studied by Wilson and Westenberg® in
a flow-discharge system using esr, and by Greiner® in
flash photolysis using uv absorption spectroscopy.
These authors measured the exponential decay of OH
in the presence of a large excess of C;H, and analyzed
the kinetic behavior of OH by the general equation

In [(OH),/(OH),] = nk(C.Hu)(z, — 1) 1

where k is the bimolecular rate constant for OH 4+ C.H,
and n is the stoichiometric number; /.e., the number of
OH consumed per C,H, reacted. According to eq (1)
the value of » must be determined to derive the rate con-
stant, because it is difficult to avoid fast secondary reac-
tions of OH with product radicals. The preliminary re-
sults of Wilson and Westenberg give an apparent rate
constant, nk, of 5 X 10~'2 cm?/(molecule sec). Greiner
has obtained the same value for k by applying an esti-
mated stoichiometric correction to his data.

Avramenko and Kolesnikova® have measured rate
constants for a number of OH reactions, including
those with ethylene and acetaldehyde. However, their
values are generally several orders of magnitude too
small. The water-discharge method which they used
to generate OH has been shown to be unsuitable for
kinetic studies.’” No study has been reported for the
reaction of OH with propylene (CH;CHCH,).

In the present study, a mass spectrometer was used to
monitor both OH and hydrocarbon reactants (RH).
Rate constants were determined usingeq ! by measuring
both the exponential decay of OH and the amount of
RH consumed to give the stoichiometry. In addition,
rate constants were determined directly from the decay
of RH in the presence of an excess of OH as in

In [(RH)(RH).] = k [(Old @)

In eq 2 the stoichiometry is taken to be unity. That s,
RH reacts predominently with OH under OH-rich con-
ditions. This is a valid assumption since reactive prod-
ucts will be preferentially consumed by the excess OH
present. Furthermore, this study has shown that pos-
sible intermediate species such as O, H, and hydro-
carbon radicals react with the RH at slower rates than
OH. The use of a mass spectrometer has the additional
advantage of allowing one to observe the reaction prod-
ucts.

Experimental Section

The flow-discharge apparatus coupled to a time-of-flight mass
spectrometer has been described previously.? The flow of helium
carrier gas was adjusted to give a flow velocity in the reactor of
30 m/sec at 1 Torr of pressure, A measured flow of H, was mixed
with the helium and passed through a microwave discharge to pro-
duce H atoms. The H atoms were calibrated by the amount of
H. consumed when the discharge was turned on. The walls of
the reactor were treated with phosphoric acid.

(3) H. S. Johnston, Project Clean Air Task Force Assessments,
University of California, 1970,

(4) W. E. Wilson and A. A. Westenberg, Proceedings of the 11th
Symposium on Combustion, 1967, p 1143.

(5) N. R. Grciner, J. Cheni. Phys., 53, 1284 (1970).

(6) L.I. Avramenko and R, V. Kolesnikova, Adean. Photochem., 2,
25 (1964).

9(7)2 F. P. Del Greco and F. Kaufman, Discuss. Faraday Soc., 33, 128
(1962).

(8) H. Niki, E. E. Daby, and B. Weinstock, Proceedings of the 12th
Symposium on Combustion, 1969, p 277.
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Figure 1. Plot of the OH decay as a function of ethylene concen-
tration, showing nonzero intercept.

Hydroxyl radicals were produced by titrating H atoms with NO.
according to the reaction H + NO, — OH + NO. During a
kinetic run enough excess NO, was added to consume all the H at
the first measurement point, Several experiments under H atom
excess conditions gave the same kinetic results, OH was detected
directly by mass spectrometry at m/e 17 after suitable correction
for the cracking pattern of water. The electron energy was kept
low (20 eV) to minimize this interference. The initial OH con-
centration was determined from the H atoms or NO. consumed.
At the low concentrations of OH used here (4 X 10'2 molecules/
c¢m?) the decay along the reactor length (10 cm) was small (20979),
requiring only a short extrapolation to the initial OH concentration.
The decay appeared to be first order since the rate was the same at
2 and 4 X 10'2 molecules/cm?®.  If one takes the rate constants from
Breen and Glass® 1 for the decay of OH, and assumes the reaction
O 4+ OH — O, + H goes to completion, the calculated ratio of
rates for the reactions OH + OH — H;O + O and OH — wall
shows that OH decay should be predominately first order at these
concentrations. Because of the small extent of the second-order
decay of OH, the subsequent reactions O + OH — O, + H and H
4+ NO,; — OH + NO did not cause the ratio of H consumed to
NO. consumed to differ substantially {rom unity.

An additional check on the OH calibration was made by adding
CO and converting a portion of the OH back to H by the reaction
OH + CO — CO, + H. This gives the relative sensitivities for
H and OH, where H was calibrated previously. The three methods
of OH calibration give consistent results to within 109,

A pressure drop of 8% was observed over the portion of the
reactor used for measurement. This is in good agreement with
that calculated from Poiseuille flow. The rate constants were
calculated assuming that the flow velocity and pressure were con-
stant and equal to those in the middle of the reaction zone. All
measurements were carried out at 300°K.

Rate constants for the reactions of OH with C,H,;, CH;CHCHo.,
and CH;CHO were determined by measuring the decay rates of
OH as a function of RH concentration according to eq 1. How-
ever, correction must be made for the decay of OH with no RH
added. Since this decay has been shown to be first order, it can
be applied as a correction factor. The actual equation used was

In [(OH),/(OH).] = [nk(RH) + kyanl(: — 1) (1a)

where kw1 includes some bimolecular decay approximated by a
first-order constant. Alternately, the uncorrected rates can be
plotted against RH as in Figure 1 to give a nonzero intercept and a
slope corresponding to nk. The initial OH concentration was 2-5
% 10'? molecules/cm?®, The C:H, concentration was varied over
the range of 3-15 x 10'3 molecules/cm®, while CH;CHCH: and
CH.CHO were varied from 2 10 5 X 102 molecules/cm® In the
case of CH;CHCH, and CH;CHO, measurable amounts of RH
were consumed, allowing the ratio AOH/ARH = »n to be deter-
mined. This stoichiometry was then used to correct the apparent
rate constant #k. In general, RH was added through the movable
slider with the NO,. Several experiments, performed by adding
NO. upstream through a fixed inlet and RH through the slider,
gave the same kinetic results, However, the OH wall decay cor-
rection was complicated by the changing surface area of the shider.

(9) J. E.Breen and G. P. Glass, J. Chem. Phys., 52, 1082 (1970).
(10) Literature values for the reaction OH + OH range from 0.8 to
2.6 X 1072 cm?/(molecule sec); seeref 1 or 9.
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Figure 2. Adduct peaks observed in the reaction of OH with pro-
pylene.

As an alternative method, one would like to measure rate con-
stants by eq 2 with a large constant concentration of OH. However,
at OH concentrations of 1-2 X 1013 molecules/cm?, the bimolecular
decay becomes important and more than half the OH is lost over
the length of the reactor. In practice the OH and RH concen-
trations are determined at several positions along the reactor.
An integrated value of OH is determined for each interval and
combined with the RH decay over that interval to give a rate
constant. The hydrocarbon concentrations were maintained at
a low level, typically 5 X 10! molecules/cm3 Rate constants
obtained by this method were not affected by a twofold change in
initial concentration of OH or RH.

Products

Product analysis could be made only qualitatively,
since the intermediate products react rapidly with OH.
In the reactions of OH with C;H; and CH;CHCH,, mass
peaks corresponding to OH adducts were observed.
This observation was further confirmed in the reactions
of OH and OD with C;D,, CH3CDCD,, and CD;-
CDCD.. Figure 2 shows the mass spectra observed
with several propylene isotopes under conditions opti-
mized for the adduct peaks. The OD experiment was
contaminated with OH and shows peaks corresponding
to both the OD and OH adducts. The adduct peaks
were found to be enhanced as the total pressure was in-
creased from ! to 4 Torr. These results suggest that
OH adds to C:H,; and CH,CHCH: and that the adducts
are collisionally stabilized.

Acetaldehyde is a major product in OH + C.H..
Propionaldehyde was observed in the reaction of OH
+ CH,;CHCH,. In thereaction of OH with C,D,, CH;-
CDCD,, and CD;CDCD., the H from OH is retained
in the aldehyde while a deuterium from olefin is lost, pre-
sumably by abstraction by OH. A number of minor
products are also seen, resulting from the further reaction
of OH with the aldehydes. Products of OH + CH;-
CHO include CH;, CO, CO,, and CH.CO, with minor
amounts of CH;COOH and CH;NO; (in excess NOy).
Avery and Cvetanovi¢!'! have suggested that the primary
reaction is abstraction of the aldehydic hydrogen.

(11) H. E. Avery and R. J. Cvetanovié, J. Chem, Phys., 43, 3727
(1965).

These products can then be accounted for by the sub-
sequent reactions of CH;CO with OH.

Discussion

Rate constants obtained by the two methods are sum-
marized in Table I together with the stoichiometries ob-

Table I. Rate Constants for OH + C.H,,
CH;CHCHy;, and CH;CHO*
C;H, CH;CHCH;, CH;CHO
From Eq 1
nk 2.5 X 1012 5 X 10711 3Ix 11
n 3.2 1.9
k 1.6 X 10711 1.6 X 1071
From Eq 2
k 1.8 X 1012 1.8 X 10711 1.5 x 1071t

e Rate constants are given in the units of cubic centimeters per
molecule per second. Estimated overall uncertainty #25%.

served in the CH;CHCH, and CH;CHO reactions.
The rate constant for OH + C,H, found in this study is
a factor of 3 smaller than the values found by the two
previous investigators. However, the present value is
not in serious conflict with the results of Wilson and
Westenberg since they measured only an apparent rate
constant (nk) using a higher OH concentration. On
the other hand, Greiner corrected his rate constant by
estimating the stoichiometry based on a single secondary
reaction. Under his experimental conditions and as-
suming a very fast secondary reaction, this correction is
only about 10%,. However, a serious source of error
exists if OH reacts rapidly with the photolysis products
of C;H;. The photolysis of ethylene is unavoidable
since it absorbs strongly in the same spectral region as
water, which is used as a source of OH. The present
study is in agreement with that of Greiner that the ini-
tial step in the OH + C,H, reaction is addition. How-
ever, the rate constant for this reaction should not be
taken as typical of olefins in general as it is a factor of
10 smaller than that of CH;CHCH,. This striking varia-
tion in the reactivity of C;Hs and CH;CHCH: reveals
the electrophilic nature of OH in addition reactions.

The rate constant found in this study for the reaction
of OH with CH;CHO is more than two orders of mag-
nitude larger than that measured by Avramenko and
Kolesnikova. This suggests that OH-aldehyde reac-
tions may also be important in combustion and photo-
chemical processes. It should also be noted that the
reactions of OH with the olefins and aldehyde studied
are much faster than the corresponding O atom reac-
tions.8 11,12

(12) See, for example, R. J. Cvetanovi¢, ibid., 33, 1063 (1960).
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