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ENERGY PARTITIONING IN THE REACTION O(lD) + H,O + OH + OH. 
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For the exothermic reaction O(lD) + Hz0 - OH + OH the rate constant and its energy dependence were determined 
by monitoring the concentration of the OH product. This was done by mtegrating the distrtbution of product molecules 
over al.I accessible states. The rate constant, determined at different velocity distributions of the reacting metastable over a 
wide range, is energy independent. 

Oxygen atoms in their firs’ excited state - that is, 
the O(lD) state - are of considerable significance for 
atmospheric chemistry_ They have an excitation energy 
of ~45 kcal/mol and are chemically very reactive_ In 
particular they react with water vapor in the atmo- 
sphere, forming OH radicals in the exothermic reaction 

AH = -28-4 kcal/mol . 
(1) 

Excited O(lD) atoms are formed in the atmosphere 
by photodissociation of various oxygen-containing 
molecules, the principal source being the photodisso- 
ciation of ozone below 3 10 nm: 

0, +hv(<310 nm) + O(lD) + O,(lA,) . (2) 

The quantum yieId for this process is aO.9 [l-3] _ 
Since the OH radicals that are formed react with many 
important trace constituents of the atmosphere, they 
play a key role in atmospheric chemistry. For this 
reason, investigations of reaction (1) are always of 
special interest to those studying the chemistry of the 
atmosphere _ 

The rate constant k, of reaction (1) has been deter- 
mined in a number of studies [4-16]_ In these 
measurements the rate constant of the reaction was 
obtained from the rate of consumption of O(l D) 
atoms. While the chemical methods were frequently 
used for the determination of relative rate constants, 

a few absolute determinations have also been per- 
formed, especially in recent times. However, these 
methods yield an upper limit for the rate constant, 
since the measured values may reflect other mecha- 
nisms consuming O(lD) atoms besides the process of 
interest. 

The present experiment exploits for the first time 
the possibility of directly measuring the rate constant 
by determination of the concentration of the OH mo- 
1ecuIes which are produced_ A laser system consisting 
of a Nd : YAG laser and a dye laser was employed for 
this purpose [ 17]_ The Q-switched Nd : YAG laser is 
frequency doubled (532 nm) and quadrupled (266 
nm); the pulse length At = 6 ns. The UV flash is used 
for the photolysis of ozone, which flows through the 
reaction chamber with water vapor. The partial pres- 
sure of ozone is held constant at 1.5 Torr, while the 
partial pressure of water vapor is varied between 2.5 
and 19 Torr. The O(lD) atoms produced by the 266 
run radiation react with water as in eq. (l), producing 
OH molecules. The range of pressures employed in 
the present study leads to reaction times between 8 
and 40 ns. 

The product OH molecules are observed through 
their absorption around 308 nm. By utilizing the 
known transition probabilities, the absolute quantity 
of OH molecules can be determined from the strength 
of their absorption [ 181. For this purpose the fre- 
quencydoubled light (532 nm) of the Nd I YAG laser 
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is used to pump a narrow-band dye laser whose emis- 
sion is frequency doubled in a KDP crystal. This nar- 
row-band UV laser (An m Z S GHz) is selectiveiy 
tuned to the desired molecular transitions of OH by 
pressure tuning_ In order to allow the O(‘D) atoms 
an opportunity to form OH molecules by reaction 
with Hz0 while keeping the product OH molecules as 
collision-free as possible, the UV impulse of the dye 
laser (At 52~ 5 ns) is delayed by 10 ns relative to the 
photolysis flash. 

For OH molecules at room temperature, the 
Doppler width of the resonance transition is ~3 GHz, 
Therefore the small b~d~d~ of the laser permits 
the linewidth of the absorption to be determined_ 
Thus, not only the rotational and vibrational state of 
OH -its internal energy -but also its external energy, 
the energy of translation, can be determined [ 191. 

To obtain the rate constant of reaction (I), the dis- 
tribution of the product OH molecules over the va- 
rious rotational and vibrational states of the electro- 
nic ground state was measured at four different partial 
pressures of water vapor. By sumrring the populations 
of the individual states, the total amount of OH is ob- 
tamed, and the rate constant of the reaction deter- 
mined. 

The number of OH molecules at time t in a partic- 
ular state i is given by the equation 

k, W201 

Ni = A kl [H,O] + k2 [OS] 

X fl - exp t--fkl EH$l + k2 IO3llf31 - 01 

The proportion~ty constant A incorporates all neces- 
sary information about the intensity of the photolyz- 
ing radiation, the photodissociation cross section of 
ozone at 266 nm waveIength, and the quantum yield 
@(O(l D)). Here kli are the individual rate constants 
and k2 is the rate constant for the reaction of O(lD) 
with OS_ If the effect of ozone on the O(lD) atoms 
is small compared with that of water, eq. (3) reduces 
to 

j’$ * @ok, &) 11 - exp (-“I &O] 03. fir-) 

The rate constant kt then follows from the summa- 
tion 

By measuring the Ni at various partial pressures of 
H20, k, as well as ?cz can be determined. Xn the prac- 
tical ~pIementation of the present work, however, 
the determination of k2 was dispensed with. 

Experimental results for four different partial pres- 
sures of Hz0 are shown in fig. 1. Calculations based 
on these results lead to a value 

kl = (1.90 rt: 0.48) X iOS1* cm3 molecule-1 s-l 

for the rate constant of reaction (1). 
This procedure for determination of rate constants 

has advantages. in the first place the rate constant for 
the production of OH molecules in reaction (1) is 
based on direct observation of product molecules_ 
Secondly, all product molecules are detected. This 
latter point is of special importance if, for instance, 
the molecular product is determined by resonance 
fluorescence; the population numbers of the molec- 
ular states change by relaxation as a function of the 
changing total pressure during a series of measure- 
ments. 

The translational energy distributron of excited 
oxygen atoms formed in the photolysis of ozone de- 
pends upon the quantum energy of the radiation em- 
ployed for photoiysis. This energy distribution was 
determined by Sparks et al. [I ] for the case of 
photolysis by the 266 run radiation of the Nd : YAG 

laser. They found a mean energy of 4.6 kcal/mol for 
the oxygen atoms, so that the present experiment 
deals with the reaction of energy-rich O(l D) atoms. 

t I t I 1 I 
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Fig_ 1. ExperimentaIIy observed number of OH product mole- 
cules at 10 ns delay time for a laser pulse width of 5 ns as func- 
tion of water vapor pressure. 

219 



Volume 8 1, number 3 CHEMICAL PHYSICS LETTERS 15 July 1981 

It has previously been established that reactions 
involving O(LD) atoms occur without activation 
energy, so that the rate constant of reaction (1) should 
be energy independent [ 121. However, the experi- 
ment here described in principle allows this question 
to be investigated over a very wide range of energies 
O(LD) is demonstrably only weakly quenched by ad- 
dition of inert collision partners such as helium or 
argon. Thus the effect of collisions with helium or 
argon is primarily a relaxation of the translational 
energy [ 11,14,20] _ For this reason a further experi- 
ment was performed in which the 03/H,O mixture 
was augmented with 40 Ton of argon. The relaxing 
effect of the argon can be distinctly observed by the 
diminution of the linewidth of the OH absorption 
(fig. 2). Since argon reacts neither with O(l D) nor 
with OH, the observed total number of OH molecules 
produced is a direct measure of the rate constant of 
the reaction of the now slow O(l D) atoms with water 
vapor. 

The observations lead to the following value for 
the rate constant k, : 

k, = (2.2 + 0.6) X lo-lo cm3 molecule-l s-l . 

The velocity distribution of 0 (l D) upon addition of 
40 Torr of argon can be estimated from the distribu- 
tion for OH. If the absorption line of OH is interpre- 
ted as a Doppler profile, an equivalent translational 
temperature can be calculated from the linewidth. 

WAVELENGTH 

Fig. 2. Absorption line shapes of Qr(S) at 32403.47 cm-l 
[ 181 as measured with a laser of linewidth Aq_ = 0.05 cm-r 
showing translational cooling by added argon. (a) 15 Torr 03, 
5Torr H20:Av-'- 40To~Ar~Av_~~0-23cm~~~@)1~Torr0~,5To~H~0, 

D - 0.13 cm- _ AND 1s corrected for the laser 
linewidth A uL. 

For OH this temperature is 1750 K when the partial 
pressure of Hz0 is 5 Torr. An extrapolation of observ- 
ed values to pFJ2Q = 0 results in a translational tempe- 
rature of =3500 K for nascent OH. The addition of 
40 Torr of argon reduces the translational temperature 
of OH to 450 K, as can be seen by comparison of the 
linewidths in fig. 2. For the absorption line Q1(5) in 
fig. 2,l.S Torr 0, and 5 Torr H20 must be taken 
into account in addition to the 40 Torr of argon. OH 
molecules and O(lD) atoms are nearly equal in mass. 
Collisions with ozone and with water are effective for 
relaxation of OH molecules, while such collisions 
with O(l D) result in reaction, and thus in the remov- 
al of 0 ( 1 D)_ Therefore only collisions with argon are 
effective in the translational relaxation of O(lD). The 
mean translational energy of OH (without argon) and 
that of 0 (l D) in this experiment differ by less than 
20%. In the case of added argon, to be sure, a some- 
what higher translational energy must be assigned to 
O(l D) than to OH in view of the ineffectiveness of 
collisions with water molecules. It can be assumed 
that, in the case of 40 Torr of argon, O(lD) still re- 
tains roughly l/3 of its original energy (that is, a 1.5 
kcal/mol)_ This agrees well with Luntz’s discussion 
[20] of the translational relaxation of O(lD) in colli- 
srons with argon. 

An accurate determination of the distribution of 
product OH molecules over the energetically possible 
rotational and vibrational states, with and without ad- 
dition of argon, permits calculation of the effect of 
the translational energy of O(lD) on the distribution 
of internal energy in the reaction as well as the extent 
of relaxation of these molecular states by added gas. 
Results will be published elsewhere [21]. 

The translational energies of the O(l D) atoms 
reacting in (1) correspond roughly to 2 to 5 times the 
energy at room temperature. However, the velocity 
distribution of the oxygen atoms cannot be exactly 
described by a thermal distribution_ The experimental 
results show that the rate constant of reaction (1) re- 
mains independent of energy within 15%. This result 
is in excelLent agreement with earlier determinations 
of the temperature dependence of the reaction [ 12]- 
However, such a comparison is of limited validity be- 
cause only relative velocities have been changed, not 
the internal energy content of the water molecule. 
The two series of measurements yield a weighted 
average for the energy-independent value of kl I 
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Table 1 
Absolute rate constant of the reaction of O(‘D) with H,Oa) 

Authors Year Ref. 1O’O kl 
(cm3 molecule-’ 5-l) 

Remarks 

Paraskopoulos and CvetanovlE 1971 
Scott and Cvetanovic 1971 
Fortin et al 1972 
Simonaitis and Helcklen 1972 
Gauthier and SueUing 1973 
CvetanovtC 1974 
Hampson and Garvin 1975 
Davidson et al. 1976 
Davldson et al_ 1977 
Amimoto et al. 1979 
Lee and Slanger 1979 
Baulch et al 1980 
Wine and Rivishankaras 1980 
this work 1981 

f54! 

t61 
[71 
[81 
191 
t101 
[ill 
1121 
[I31 
1141 
I151 
I161 

4.75 b) 
4.95 b) 
1.93 b) 
4.95 h) 
3.33 b) 
3.5 c) 
35 c) 
2.1 
2.3 
1 95 
2.6 
2.8 c) 
1.95 
2.0220 41 

a) AlI literature values are for 298 K The new value given in this work was taken as a mean from two velocity distributions. 
b, From relative values [9] based upon COz. 
c, Referred to as “preferred value”. 

k, = (2.02 kO.41) X 10w10 cm3 molecule-1 s-l_ 

Table 1 presents a summary of determinations of the 

rate constant for the reaction of O(lD) atoms with 
Hz0 carried out during the last 10 years [4-10,13, 
15,16]_ For this context, the relative values of the 
rate constant taken from the survey by Cvetanovit 
have been converted to absolute values by appropriate 
multiplication. It will be noted that these rate con- 
stants exhibit a consistent trend with time. The latest 
results approach a value around 2.0 X lo-lo cm3 
molecule-l s-1. Although the values for k, found in 
the present work cannot be referred to dermite tem- 
peratures, they nevertheless strongly support the as- 
sumption that k, can be viewed as energy independent 
over a very wide range. 

This work has been performed as part of the pro- 
gram of the Sonderforschungsbereich 73, Atmospheric 
Trace Substances, and has received fmancial support 
from the Deutsche Forschungsgemeinschaft. 
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