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Microwave kinetic spectroscopy of reaction intermediates: 0 + ethylene 
reaction at low pressure 
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Seiichiro Koda 
Department of Reaction Chemistry, Faculty of Engineering, The University of Tokyo, Hongo, Bunkyo-ku, 
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A microwave spectroscopic method has been developed to study elementary reactions in real 
time through in situ observation of rotational spectra of reaction intermediates such as free 
radicals with lifetime as short as I ms. This method was applied to the ° (3 P) + ethylene 
reaction in order to assess the roles of (a) vinoxy + H and (b) CH3 + CHO channels in the 
initial process. The reaction was initiated by irradiating an N 20/C2H4 mixture containing a 
trace amount of mercury with the 253.7 nm mercury resonance line, and the time evolution of 
vinoxy, HCO, and HzCO was followed by measuring their microwave absorption intensities as 
functions of time. The branching ratio was thus determined to be 0.4 + 0.1 and 0.5 + 0.1 for 
(a) and (b), respectively, at the sample pressure of 30 mTorr. The pr;sent result ag;ees with 
those obtained by Hunziker et al. [J. Photochem. 17, 377 (1981)] using much higher 
pressures of samples, but is not compatible with the observation of Buss et al. [J. Photochem. 
17,389 (1981)] that (a) is dominant in collision-free conditions. 

INTRODUCTION 

It has been thought that microwave spectroscopy is 
rather difficult to apply to kinetic studies of chemical reac
tions; the inherent low sensitivity due to the small energy of 
microwave photons has limited the scope of the method. 
However, remarkable progress has recently been brought 
about for microwave spectroscopic techniques, and quite a 
large number of chemically reactive molecules such as free 
radicals and molecular ions have been detected and investi
gated in detail by microwave spectroscopy.I.Z It is to be 
pointed out that some of these transient species are difficult 
to detect by spectroscopic methods in other wavelength re
gions. In contrast, microwave spectroscopy permits us to 
observe a wide range of molecules, reactants, intermediates, 
and products present in a reaction system simultaneously. 
Furthermore, the intensities of rotational transitions are 
governed by the permanent dipole moment and are easily 
converted to abundances of molecules, whereas other spec
troscopic methods rely on the transition dipole moment 
which is difficult to estimate in most cases. Microwave spec
troscopy is suitable for samples with pressures lower than 
about 0.1 Torr. This may be considered as a serious limita
tion of the method, but its high sensitivity and high selectiv
ity will enable us to obtain information on reaction mecha
nisms which is difficult, or even impossible to obtain with 
other methods. The present paper describes the development 
of microwave kinetic spectroscopy and its application to the ° + ethylene reaction. 

The reaction ofO( 3 P) with ethylene has been extensive-

a) Adjunct Professor of IMS for 1983-1985. Permanent address: Depart
ment of Pure and Applied Sciences, College of Arts and Sciences, The 
University of Tokyo, Komaba, Meguro-ku, Tokyo 153, Japan. 

ly investigated.3.4 The channel yielding CH3 + HCO, which 
is referred to as (b), had been thought to be the most domi
nant initial process, until Buss et al.5 found by a molecular 
beam experiment that only vinoxy + H referred to as chan
nel (a) occurs in collision-free conditions. Recent studies6--1O 
using the sample pressures of a fraction of Torr or higher 
have shown that channel (a) also plays an important role. 
The branching ratio of (a) and (b) may be pressure depen
dent, but has not been confirmed to be so. A low-pressure 
(lower than 0.1 Torr) experiment may clarify whether chan
nel (b) is really induced by intermolecular collisions, as sug
gested by Hunziker et al.,7 who assumed this mechanism in 
order to reconcile their result of (b) dominating over (a) at 
high pressures with that of Buss et al.5 Microwave kinetic 
spectroscopy may throw light on this problem; the initial 
process of the reaction can be pursued at a low pressure 
( S 0.1 Torr) by observing the microwave spectra of both 
transient species, vinoxy and HCO, as well as a product 
HzCO in real time. 

The Oep) + ethylene reaction may be initiated by a 
mercury sensitized reaction: 

Hg+hv(253.7nm)--Hg*eP) , (1) 

Hg*ep) + NzO--Nz + Oep) + Hg, (2) 

Oep) + CzH4--vinoxy + H (3a) 

--CH3 + HCO (3b) 

--CHz + HzCO (3c) 

--CHzCO + Hz, (3d) 

with low-pressure mercury lamps lit repetitively. Additional· 
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information on channel (b) may be obtained from infrared 
laser kinetic spectroscopy!! of the methyl radical. 

EXPERIMENTAL 

Apparatus and procedures 

Figure 1 shows a block diagram of the microwave kinet
ic spectrometer developed in the present study. A quartz 
tube of 1 m in length and 9 cm in inner diameter was used as a 
reaction/absorption cell, which was surrounded by 15 ger
micidallamps of 30 W each. A power supply could switch 
lamps on and off repetitively at a rate up to 1 kHz. In the 
present experiment, the light pulse was chosen to be typical
ly of 4 ms duration with the rise and fall times ofless than 0.2 
ms, as shown in the bottom trace of Fig. 2 recorded by a pin 
photodiode, and with the repetition rate of 2 Hz. The flow 
rate of each sample gas was regulated by mass flow control
lers, and component gases, after being mixed, were passed 
over a mercury reservoir to be saturated with mercury vapor 
and were then pumped through the cell by a turbomolecular 
pump of250 t/s. The linear flow rate was adjusted by chang
ing the size of an aperture placed between the cell and the 
pump such that a reaction induced by a light pulse does not 
interfere with subsequent ones. The total sample pressure 
was about 30 mTorr, as measured by a capacitance manome
ter placed at the inlet of the cell; the pressure remained con
stant through the entire cell within 2 mTorr. 

The microwave radiation in the 300 GHz region was 
generated by a frequency quadrupler (Millitech MU4-2T) 
driven by a 90 GHz klystron (OKI 90VII), fed to the reac
tion cell by a lens made of polytetrafluoroethylene (Teflon), 
and then focused onto an InSb detector (QMC) operated at 
liquid helium temperature. The signal was amplified by a dc 
video amplifier with 100kHz bandwidth, and, after digitized 
by a 50 ns 8-bit transient digitizer (Kawasaki Electronica 
TMR-80), was transferred to a desk-top personal computer 
(NEC PC-980lE). An absorption signal generated by one 
pulse of the mercury light was digitized to 4096 data points. 
Then eight successive data were summed up in order to aver-

x4 Multiplier 

Klystron 

FIG. 1. Block diagram of the system 
for microwave kinetic spectroscopy. 

age out high-frequency random noises, and were stored as 
512 data points. As a result, the effective minimum sampling 
time was increased to 0.4 J.LS, which was short enough for the 
present experiment. The rest of the microwave spectroscopic 
system employed was essentially identical to that previously 
reported. 12 

The source klystron was phase locked by a stabilizer 
(Microwave Systems MOS-5/PLS-60) to an RF frequency 
synthesizer (HP 3335 A), which was controlled by the per
sonal computer through an IEEE-488 interface. The klys
tron frequency was locked to the center of an absorption line 
of which the time evolution was being pursued, but it was 
shifted by + or - 1.5 MHz for the subsequent light pulse, 
and the difference between the two signals was recorded. 
This process, repeated many times, more than 100 times in 
most cases, eliminated reproducible noises caused by switch
ing on and off the mercury lamps and also random noises to a 
great extent. Because the sample was continuously pumped 
out, the observed spectral intensity lobs needed to be correct
ed to calculate the true intensity leorr. In the present study, a 
simple, "linear" approximation was adopted, i. e., 

(4) 

where t is the time elapsed after the mercury lamps were 
switched on and Tstands for an average residence time of the 
species under consideration in the cell. The residence time T 
was estimated to be typically 230 ms using the effective 
pumping speed which corresponded to a linear velocity of 
about 4 m/s in the cell as indicated by the rotational line 
intensity of a chemically stable species like H2CO. 

The whole experiments were performed at room tem
perature. Mercury lamp exposure did not raise the cell tem
perature more than 5 K, as the intensity of the N20 
J = 14+--13 transition at 351667.8 MHz indicated, and the 
original temperature was restored within a few ms after the 
light pulse was turned off. Any cumulative temperature rise 
was ruled out, because the light pulse was of 4 ms duration in 
every 500 ms. 
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TABLE 1. Transitions and absorption coefficients of vinoxy, HCO, and HzCO. 

Species v/MHz Transition f/./D a/N 

Vinoxy 342311.5 170.17-160.16 2.843 1.83X 10- 17 

HCO 346708.5 40 .• -30.3 1.363 6.76X 10- 18 

(J = 4.5-3.5,F= 5-4) 

H 2CO 351768.6 51.,-41 .• 2.332 3.93 X 10- 17 

"FWHM. 

(Showa Denko, purity of better than 99.99%), and methyl 
vinyl ether (Tokyo Kasei Kogyo, extra-pure grade). 

Light intensity and oxygen atom production rate 

The mercury light intensity absorbed was estimated 
from the decrease in N20 concentration reflected on the line 
intensity of the J = 14--13 transition at 351667.8 MHz, 
where the quantum yield for N 20 decomposition was taken 
to be unity.13 (The decrease due to temperature rise was 
recovered after the light pulse was turned off and thus was 
easily discriminated against the decrease due to decomposi
tion.) The number of oxygen atoms generated, which was 
assumed to be equal to that of decomposed N20, was 
3.5X 1014 cm- 3 

S-I for a mixture of20 mTorr N20 and 10 
mTorr ethylene, while the intensity of mercury light re
mained at its maximum value. The production rate was 
found to be roughly proportional to the N 20 pressure. 

In addition to the N20/ethylene mixture, methyl vinyl 
ether was decomposed by mercury photosensitization. Be
cause this reaction has been known to yield CH3 and vinoxy 
radicals with the quantum yield close to unity,14 it was ex
pected to provide us with a chance of checking the present 
method. The number of photons absorbed was calculated in 
reference to the N20/ethylene case using the quenching 
cross sections of 18 and 31.5 A2 for N20 and methyl vinyl 
ether, respectively.14 

Absorption coefficients of vlnoxy, HCO, and H2CO 

The rotational spectra ofHCOl5 and H 2CO l6 have been 
analyzed extensively, and the vinoxy radical has also recent
ly been investigated in detail by microwave spectroscopy. 17 
The rotational transitions used in the present study are listed 
in Table I. When the thermal equilibrium is attained, the 
absorption coefficient a of a rotational transition is given 
byl8 

a = [SrNFmV/(3ckT)][1 - hv/(2kT)] <nl!llm >2 

xav/[ (vo - V)2 + (av)2] , (5) 

where F m denotes the fraction of molecules in the lower state 
of the transition, N the number of molecules per unit volume, 
< n l!llm > the transition moment, v and Vo designate the 
microwave and transition frequencies, respectively, and av 
stands for the half-width of a line at the half-maximum of the 
intensity. The observed dipole moments were employed for 
HCOl9 and H2CO,20 whereas for vinoxy an ab initio calcu-

Width/MHz" 

1.43 

1.01 

1.00 

lated dipole moment21 was assumed, because no measure
ments have been performed. The line width was measured in 
the present study for a 20/10 mTorr mixture ofN20/ethyl
ene. These parameters are also included in Table I. 

The absorption coefficient of vinoxy may also be ob
tained by decomposing methyl vinyl ether, as described 
above. The value thus obtained was O.S times the value in 
Table I. The discrepancy is, at least in part, due to the ab 
initio calculation which tends to yield a larger dipole mo
ment. However, because the difference is not large, the value 
in Table I was employed throughout the present study. 

Infrared absorption measurement of CH3 

The CH3 radical was detected by infrared diode laser 
kinetic spectroscopy. 11 The same reaction cell was used, but 
the Teflon lenses were replaced by NaCI windows, and mir
rors were inserted in the cell for multiple reflection of the 
infrared beam; the path length was 40 m. Other parts of the 
diode laser system was the same as that reported previous
ly.22 The frequency of the source diode was manually set at 
the peak frequency of an absorption line in measuring its 
time evolution. The FI component of the R (7,3) transition 
of the CH3 V 2 fundamental band at 739.760 cm- I was em
ployed. 

RESULTS 

Figure 2 shows the time evolutions ofvinoxy, HCO, and 
H 2CO derived from the observed spectral intensities; the or
dinate has been converted to the abundances of the three 
molecules. The lowest trace represents the light pulse which 
initiated the reaction. For the sake of clarity, the initial parts 
of the evolutions are enlarged in Fig. 3, which shows that 
both vinoxy and HCO start to be formed right after the onset 
of the light pulse. In other words, both radicals are produced 
as primary products, indicating that both (a) vinoxy + H 
and (b) CH3 + HCO channels play important roles, in 
agreement with the previous reports.7,8 A close inspection of 
Fig, 3 reveals that, while HCO still increases its concentra
tion even after the light pulse is off, vinoxy reaches a maxi
mum soon after the end of the light pulse. This observation 
means some HCO to be produced through secondary reac
tions. In contrast with the cases of vinoxy and HCO, the 
curve for H2CO shows an induction period of 1 to 2 ms and 
steadily increases after the light pulse is switched off. There
fore, H2CO is formed primarily by secondary reactions. 
However, a possibility of a small amount of H2CO being 
formed initially with CH2, i. e., channel (c), can not be ruled 
out completely. Ketene has not been detected so that chan-
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FIG. 2. Examples of the time evolutions of vinoxy, HCO, and H2CO gener
ated from a mixture ofN20 (19.9 mTorr) and ethylene (9.1 mTorr). The 

10'4 -3 -, oxygen atom production rate was 3.5 X atoms cm s . 

nel (d) may be disregarded. 
Figures 4 show the time evolutions for three different 

ratios of the N20/C2H4 pressures, while keeping the total 
pressure at 30 mTorr. The observed evolution curv~ were 
obtained by smoothly connecting average concentratIons de
rived from more than five runs; scatters among the observed 
data are indicated by vertical bars. The light pulses em
ployed are similar to that shown in Fig. 2. As !s see~ from 
Figs. 4, the relative abundances of the three specles are ms~n
sitive to the pressure ratio in the initial stage of the reactIon 
(a few ms), but H2CO and also HCO to some extent increase 
with the increase of the N20 pressure, suggesting that secon
dary processes must be taken into account even in discussing 
the primary reaction mechanism. 

Figure 5 shows the time evolution of CH3 measured by 
infrared kinetic spectroscopy. It also shows a sharp rise with 
the onset of the light pulse, although the observed intensity 
has not been converted to the abundance. 
DISCUSSION 

Branching ratio in the primary process 

The present observation of the vinoxy, HCO, CH3, and 

10 
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0 
-0 

-c 
.2 
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C a-
u 0 c 
0 ( ) 
u 

10 

H2CO 

timelms 
5 

FIG. 3. Initial portion ofthe time profiles. Conditions are the same as those 
of Fig. 2. The duration of the Hg light pulse is indicated by an arrow. 

H 2CO spectra has established that the following three chan
nels are taking place in the primary process of the 0 + C2H 4 

reaction: 

CH2 = CH2 + o-CH2CHO + H (a) 

~CH3 + HCO (b) 

~CH2 + H2CO (c) . [1] 

The third channel (c) has not been paid attention previous
ly, but its participation has been suggested by Temps and 
Wagner.s Another channel of ketene + H2 may be possible 
and was estimated by Pruss et al.23 to contribute about 5%, 
but the present experiment did not show any positive indica
tion for this channel. (An attempt was made to observe the 
170,17-160,16 transition of ketene, but no signal was detect
ed. This result indicates the abundance of ketene to be less 
than 8 X 109 molecules cm-3

, which is about 4% of the HCO 
concentration. ) 

All the sample gases employed were obtained from the 
following sources and were used without further purifica
tion: ethylene (Takachiho Shoji, research grade), N20 
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FIG. 5. TimeevolutionofCH3, v2 = I-D,R(7,3),F,; N20 34mTorr, ethyl
ene 16 mTorr. The duration ofthe Rg light pulse is indicated by an arrow. 

The primary products may readily react with atomic 
oxygen which will be present to much larger concentration 
in the system than any other atoms and free radicals, i. e., 

CH2CHO + o-H2CO + HCO , 

HCO + O-~CO + OH 

-C02 +H, 

CH3 + 0-H2CO + H , 

CH2 + o-CO + H2 
_CO+2H. 

[2] 

[3] 

[ 4] 

[5] 

The rate constants of these reactions are expected to be very 
large, larger than 1 X 10- 10 cm3 molecule -I s -I for some of 
the reactions. Therefore, these reactions must be taken into 
account even in analyzing primary processes of the 
o + C2H4 reaction. 

Reactions [1] - [5] lead to the following kinetic equa
tions: 

d [vinoxy] = ka [C
2
H

4
][O] - k

2
[vinoxy][O] , 

dt 

d [~~O] = kb [CzH 4 1 [0] - k 3 [HCO] [0] 

+ kz[vinoxy][O] , 

d [CH3 ] 
---:..---'~ = kb [ C2H4 ][ 0] - k4 [CH3 ][ 0] , 

dt 

d [H2CO] = kc [C2H4 ] [0] + k 2 [ vinoxy] [0] 
dt 

(6) 

(7) 

(8) 

+ k4 [CH3 ] [0] . (9) 
Because the four species are much less abundant than C2H4 

in the initial stage, an iterative procedure may be applied to 
integrate Eqs. (6)-(9). For example, [vinoxy] is approxi
mately given by 

[vinoxy] -ka [C2H4 ]S (10) 

with 

S=i'[O]dt, 

which is inserted in the second term of the right-hand side of 
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Eq. (6). Integration ofEq. (6) gives 

[vinoxy] = ka [C2H4 ]S - (1I2)k2ka [C2H4 ]S2 + .... 
(11 ) 

(The second term is derived by partial integration.) Equa
tions (7)-(9) may be integrated in a similar way to give 

[HCO] = kb [C2H4 ]S - (1/2)(k3kb - k2ka )[C2H4 ]S2 

+"', (12) 

[CH3 ] = kb [C2H4 ]S - (1I2)k4kb [C2H4 ]S2 + "', (13) 

[H2CO] = kc [C2H4 ]S 

+ (1I2)(k2ka + k4kb )[C2H4 ]S2 + "', (14) 

from which we derive 

[HCO]l[vinoxy] = (kb/ka) 

- (kb12ka) [k3/ka-k2/kb-k2/ka ] 

X [vinoxy]l[C2H4 ] , (15) 

[H2CO]l[vinoxy] = (kJka) 

+ (kJ2ka) [k2/kc + k2/ka 

+ k4kb/kakc] [vinoxy]l[C2H4 ] • 

(16) 

The observed ratios of [HCO]l[vinoxy] and [H2CO]l 
[vinoxy] are plotted in Fig. 6 as functions of [vinoxy]l 
[C2H4 ] , where the data at t = 2 and 4 ms are employed. As 
expected from Eqs. (15) and (16), both ratios show linear 
dependences on [ vinoxy ]I [C2H4 ]. The intercepts give 
(kb/ka) and (kJka), or the branching ratio to be 
(a):(b):(c) = 1:1.21 ± 0.23:0.31 ± 0.03, where the uncer
tainties represent the confidence intervals of the fit. After 
taking into consideration other sources of uncertainties, the 
relative contributions of the three channels are determined 
to be 0.40 ± 0.1, 0.48 ± 0.1, and 0.1 2 ± 0.05, respectively. 

The increases ofH2CO and HCO with N20 as shown in 
Figs. 4 are qualitatively explained by the present analysis. 
The slopes of the two straight lines in Fig. 6 should provide 

some information on secondary reactions, but we have not 
attempted to analyze them, because other processes such as 
reactions with the cell wall probably need to be taken into 
account, but have not been well understood. 

Ethylene can react directly with Hg*, yielding C2H4, 

C2H2, and H2 as the final products. 24 The intermediates of 
this reaction have been reported to react unimolecularly so 
fast that they will hardly encounter N20 molecules not 
much abundant in the present system, to yield additional 
oxygen-containing compounds. Furthermore, only C2H 3 

and H of such intermediates may live long enough to gener
ate oxygen-containing products, but both of them are known 
as minor intermediate components of the ethylene + Hg* 
reaction. In fact, previous studies 7,25 reported no such prod
ucts generated by Hg-sensitized decomposition ofN20/eth
ylene mixtures. 

Branching ratio and reaction dynamics 

Table II lists the branching ratio obtained by the present 
study to be compared with previous results. The present val
ues agree well with those of Hunziker et al.7 derived for sam
ple pressures of 80 to 760 Torr. Temps and Wagner8 report
ed a branching ratio for channel (b) in good agreement with 
the present result, although they suggested the ratio to be 
pressure dependent. Sridharan and Kaufman9 found no 
pressure dependence of the ratio for the sample pressure 
ranges similar to those of Ref. 8, but their value for channel 
(a) did not agree with those of Ref. 7 and the present study. 

The results summarized in Table II indicate that the 
branching ratio is insensitive to the sample pressure from 30 
mTorr to 760 Torr. This observation does not seem to recon
cile with Hunziker et al.'s view that channel (b) is collision
ally induced. The present sample pressure of 30 mTorr cor
responds to the collision frequency of about 3 X 105 S -1, and 
a collision complex of ° and C2H4, if exists, is unlikely to 
survive as long as 3 X 10-6 s. Therefore, channel (b) must 
take place through an intramolecular path. In fact, Yamagu
chi and Fuen026 have shown by an ab initio calculation that 
the potential surfaces leading to channels (a) and (b) come 
close to each other at some reaction coordinates. According 
to this result, an intramolecular conversion may easily be 
induced between these two surfaces. 

Microwave kinetic spectroscopy 

The present method involves a few points which might 
influence the final result and thus need to be examined in 
some detail. The first point is how homogeneously one can 
produce oxygen atoms in the cell. Fortunately homogeneous 
distribution of oxygen is well guaranteed, because the 
quenching rate of mercury is an order of magnitude smaller 
than the fluorescence rate in an N20/C2H4 mixture of such 
low pressure as that employed in the present study. The sec
ond problem is reactions on the cell wall. An estimate of the 
diffusion coefficient27 and also the diffusion rate28 gives the 
collision rate of a reactive species with the wall to be about 70 
s - 1. In fact, the observed decays of vinoxy and HCO could 
have been explained satisfactorily by adding a first-order de
cay of 50 s - 1 to the homogeneous reactions mentioned 
above, but such an additional path plays minor roles in de-
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TABLE II. Branching ratio of primary channels. 

Researcher Method' Pressure/Torr 

Hunziker et al. 
(1981) a 40--760 

Smalley et al. b 5~100 

Temps and Wagner 
(1982) c 0.75-3.0 

Sridharan and Kaufman 
(1983) d 0.4-6 

Present study e 0.03 

Buss et al. 
(1981) f ~O 

Branching ratio of channel 

(a) (b) 

0.36 ± 0.04 0.52 ~ 0.58 

0.27 ± 0.05 

0.35 - 0.6 

0.79 ± 0.11 

0.4 ±0.1 0.5 ± 0.1 

~ 1.0 

(c) 

<0.05 

0.1 ± 0.05 

Ref. 

7 

10 

8 

9 

5 

• Method: a: Mercury photosensitized decomposition in a static system, phase shift measurement, absorption of vinoxy and HCO. b: Flash photolysis of O2 

and NO in a flow system, resonance fluorescence monitoring for 0 and H atoms. c: Discharge flow method, LMR of HCO. d: Discharge flow method, 
resonance fluorescence measurement of hydrogen atoms. e: Mercury photosensitized decomposition in a flow system, pulse measurement, microwave 
absorption ofvinoxy, HCO, and H 2CO. f: Crossed molecular beam experiments, mass spectrometric measurements ofvinoxy. 

riving the branching ratio. 
The third problem is that reaction intermediates may be 

prepared in vibrationally and/or rotationally excited states, 
because channels (a) and (b) are both exothermic by 17 and 
28 kcal mol-I, respectively. Kleinermanns and Luntz29 sug
gested that the vinoxy radical might be prepared initially in 
excited states of some vibrational modes. However, the re
laxations among the vibrational, rotational, and transla
tional degrees offreedom are rapid for polyatomic molecules 
like vinoxy, HCO, and H2CO. These molecules possess vi
brational modes which are close in frequency to those of 
ethylene, accelerating vibrational relaxation in the three 
molecules. A vibrational transition will thus be induced by 
collisions of 100 or less,30 which corresponds to the relaxa
tion rate larger than 3 X 10 - 12 cm 3 molecule - IS - \ or to a 
lifetime shorter than 0.3 ms at 30 mTorr. The rotational 
relaxation is much faster than the vibrational relaxation. 
Since the present study focused attention mainly to the time 
interval of a few ms, all intermediate species must have been 
relaxed both vibrationally and rotationally. 
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