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Photochemical and rate data have been evaluated for 28 gas phase reactions of interest for the 
chemistry of the stratosphere. The results are presented on data sheets, one per reaction. For each 
reaction, the available data are summarized. Where .possible there is given a preferred value for the 
ratc constant or, for the photochemical reactions, preferred values for primary quantum yields and 
optical absorption coefficients. 
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268 HAMPSON, ET AL 

Summary of Evaluated Rate Data 

Reaction Rateconstantk(cmS moleoule-' 6-') 

H+HNO H.+NO > 5 X 10-1• 

7 X 10-12* 
H+HNO. ~ Products No recommendation 
H+HNOa """" Products < I X 10-13 

H+H.O. H.+HO. 2.8 X 10-12 exp (-l900/T) 
H.O+HO No recommendation 

H+NOz' ...... HO+NO 4.8XlO-1l 

H+Os """" HO+O. 2.6 X 10-11 

HNO+HO """" HzO+NO 7 X 10-"* 
HNO.+HO ~ H.O+NO. No recommendation* 
HNO.+O """" HO+NO. 'No recommen:<j.ation' 
HNOa+HO H.()+ NOa 6 X 10-13 exp (-400fT) * 
HNOa+O """" HO+NOa < 1.5 x-lO~14 

HO+H.O. ."""" HO.+HzO L 7 X 10-11 exp (-910fT) 
HO+Oa ~:HO.+02 1.6 X 10-u exp (-loooiT) * 
HO.+HO. .. """" HzO.+O. 3 X 10-11 exp (- 500fT) (a)* 
HzO+ NO + NOll. --» 2 HN02 < 1.IX 10':'ss (c)* . 

HzO+ N.O, ,->-'2 HNOa 
.. 

',,< 1 X 10-2°* . 
H.O+O(lli) """" 2HO 3.5 X 10-10* 
H.O.+l';lO """". HO+HNO. < 5X1O-:2,o* 

, :... 2 X iO:-2O 

·NO+Oa ~ NO. +0. ' 9 X 1O-13 exp (-:-12oo/T) 
NO.t()a """" NOs+()a 5 X 10-17* . 
N2O+O('D) N2+0. 1.1 X 10-10* 

"""" 2NO 1.1 X 10-10* 
0+03 """" 20. 1.9 X 10-11 exp'(-23OOjT)* 
02(IA)+M """" 02+M 2.2(T/300)o.sx 10-'8(M= 02) 

< 2X 10-20 (M=N2) 
Oz(IIj+M """" O.+M 1.5 X lO-16(M=0.) 

2.0 X 1O-'S(M= N.) 
4 'x 10-12(M= H2 O) 

(a) -d[HO.]/dt;"'Zk[H02]2; 
(b) Error in log k increases to,±l at 1000 K. 

Temperature Uncertainty 
range (K) in log k 

211-703 
2000 ±0.3 

300 
300-800 ±0.3 

300 ±O.l 
300 ±O.l 

1600-2100 ±0.7 

3()(}-650 ±0.5 
300 

300-800 ±0.2 
220-450 ±0.3 
300-1000 ±0.3(b) 

300 
300 
300 ±O.l 
300 
550 

198-330 ±O.ll 
298 ±0.2 
300 ±O.l 
300 ±O.l 

200:-1000 ±O.l 
285-322 ±O.l 

300 
300 ±0.12 
300 ±O.l 
300 ±O.lS 

(c)-d[NO.Jldt= k[NO].GNO.] [H:.O]'. V alue'of k is fot a surface reaction. This is adopted as the upper limit for 
the gas phase rate constant. 

*Changed from v'aiue recoml)Jended in NBS ~eports 10692 (J an. 1972) and 10828 (April 197Z). 

Summary of EvalliatedPhotochemical Data 
. 

Wavelength range 
Reaction 'Quantum . Wavelength nm, for absorption 

yield, t/>(X) X,nm coefficients 

HN03+hp~HO+N02 norecommendation* 190-370* 
H.02+hv~2HO 1 200:-300 185-225 

254 
0 3 +hv (vis) """"0 +Oz 1 450-750 440-850 
Oa+hp(uv)~ O(ID) +02(IA) 1 250-310 200-360 

0 >310 
"""" O(lD) +02(3Iii) 0 <350 
"""" O(SP) +02 (Singlet) 0 <310 

-1 310-350 
"""" 0 (total) + 0 .. 1 250-350 
""""p(lDH-02(IIt) 0 250-350 
~ o(ap) +0. (3Iii) 0 250-350 

*Changed from value recommended in NBS Report 10828 (April 1972). '. 
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KINETICS OF ATMOSPHERIC REACTIONS 269 

1. Introduction 

This review presents data sheets on the chemical ki­
netics and photochemistry of 28 gas phase reactions. 

These reactions were selected for review on the basis 
that they are potentially important reactions in the chem­
istry and photochemistry of the stratosphere, the values 
for their rates and quantum yields were needed in mod­
els, and what value should be used was uncertain. Some 
of them had not been reviewed. For others, an updating 
or validation of an existing evaluation appeared desir­
able. Most of them also apply to tropospheric chemistry. 
They are part of a larger set of reactions that must be 
considered in models of the chemistry of the st~ato­
sphere. These data sheets are the first of a group that 
will cover this larger set of reactions. 

The data sheets provide for each reaction: 
An estimate, if possible, of the most reliable value for 

the rate constant or in the case of a photochemical sys­
tem, for the photo absorption coefficient and primary 
quantum yield. 

An estimate of the reliability of that value. 
Sufficient information to make apparent the basis for 

that value. 
A summary of the available data. 
The data sheets were prepared during the period July 

1971-January 1973. The conclusions in them are 
based on the experimental work published or privately 
communicated to the reviewers or editor in completed 
manuscript form up to the date of preparation (which 
is shown on each data sheet). Summaries of data in each 
evaluation show all the work considered to be pertinent. 
Reference lists also include other papers examined by 
the evaluators. 

Most of these data sheets were originally issued in 
references [1] and [2]. 

In some instances, the recommendation has been 
changed by consideration of data published since the 
publication dates of these reports. These changes in pre­
ferred values are indicated in the data sheets. 

2. Evaluation of Data 

,Each data sheet has been prepared by chemical ki­
neticists or photoch~mists who are familiar with the 
measurement techniques and may have done research 
on this or closely related reactions. The evaluators are 
identified on each data sheet. Their conclusions are 
based on a critical examination Qf the available experi­
mental data, an assessment of the techniques used, and 
a consideration of the behavior of related chemical 
systems. 

The reader is warned that the state of the art varies 
sharply from reaction to reaction. In some cases a firm 
statement may be made about the rate constant or quan­
tum yield. In others, all the evaluator can do is to point 
out the lack of data or the low reliability of the existing 

measurements. That type of information is important 
and must be considered by the user. 

The conclusions of the evaluators are, necessarily, 
tentative. Atmospheric chemistry is an active research 
field. New data and new understanding of the experi­
mental techniques will dictate revision of some of the 
results presented here. All that we can hope is that our 
recommendations reflect the best judgments of the data 
evaluators about the current state of the art. 

3. Description of Data Sheets 

The general form for a data sheet is described imme­
diately below. Although this usually is followed, some 
modifications have been made, dictated by the type of 
material to be handled. Some conventions are explained 
in following section. 

3.1. Format of a Typical Data Sheet 

a. Statement of the chemical reaction or photochemi­
cal process considered and explicit definition of the 
chemical kinetic rate constant evaluated. 

b. Auxiliary data (e.g. thermochemical data) and state­
ment of related chemical reactions. 

c. Summary of experimental chemical kinetic or pho­
tochemical data. Values of directly measured quantities 
are given rather than derived values based on auxiliary 
data. A brief statement of experimental conditions is 
included. 

d. Preferred, selected, or estimated value, for the 
quantity evaluated, i.e. chemical kinetic rate constant, 
photoabsorption coefficient, or primary photochemical 
quantum yield. A statement about the reliability of this 
value follows. . 

e. Remarks indicating the basis for the preferred val­
ue, comments on individual data items, and general dis­
cussion of the chemical system.' Sometimes specific 
recommendations are made for additional studies to 
clarify areas of disagreement. 

f. References. The name of the evaluator and the 
date of preparation follow the reference list. 

3.2. General Conventions 

a. Each Data Sheet is an independent entity. Refer­
ences to other data sheets are treated on the same basis 
as those to journal articles and reports. 

b. Reactions and photochemical processes are num­
bered in a single sequence. This numbering is independ­
ent of that used in other data sheets. References are 
keyed by letters. 

c. Physical quantities are given in units consistent 
with the (metric) International System of Units. Occa­
sionally these are supplemented by values in units hal­
lowed by tradition, e.g. kcal mol-1 in addition to kJ mol-I. 
In all cases the units are identified. 

The value of a physical quantity shows only the sig-

J. Phys. Chern. Ref. Data, Vol. 2, No.2, 1973 



270 HAMPSON, ET AL, 

nifieant figures. The last figure shown is, in most cases, 
subject to some uncertainty. 

Charts are included (Appendix) for' conversion of 
quantities from one system of units to another. Defini­
tions and conventions concerning specific properties 
are given below. 

Rate Constant 

A rate constant for a chemical reaction, k, is a measure 
of the change in concentration of a species per unit con­
centration per unit time. 

Almost all of the reactions evaluated here are elemen­
.tary pr(lcesses. For them the rate expression is derivable 
from the statement of the reactions: 

PAlLA] + lIB[B] ~ lIe[C] + vD[D], 

k[A]v A[B] " B= (-l/vA)d[A]/dt= (-l/vB)d[B]ldt,. 

(l/vc) d[C] Idt (llvD)d[D]ldt, 

as an example, for the reaction A + 2 B ~ AB2, 

-d[A]ldt=- (1/2)d[B]ldt=d[AB2]/dt=k[A] [B]2. 

Wherever there may be any doubt.an explicit rate ex­
pression is given. 

Rate constants are· expressed using concentrations 
in (molecules cm-3 ) and time in seconds. This means 
that the !.Jnits for integral order reactions are: 

1st order 
2d order 
3rd order 

S-1 

cmS molecule-1 S-1 

cnP molecule-2 S-1 

Tables of conversion factors for units of rate constants 
are given in the Appendix. 

Norinally, the temperature dependence of a rate con­
stant is shown using the Arrhenius expression: k=A 
exp (-CIT) where C is the activation energy divided by 
the gas constant, i.e. E*IR. 

Equilibrium Constants 

Equilibrium constants, K, are given in concentration 
units. They are for mixtures of ideal gases. They are re­
lated to the usual equilibrium constants for pressure 
.units by 

log K=log Kp-An log (RT) 

Quantum Yield 

A quantum yield is a measure of the chemical change 
per quantum of light absorbed. Overall quantum yields 
in a system, indicated' by the symbol uppercase phi, q" 

include all changes caused by the primary light absorb­
ing process and secondary reactions that follow it. The 
initial quantum yield, indicated by lowercase phi, cp, 
is a measure of the change occurring solely in a single 
light absorbing step. Occasionally, it is desirable to in­
dicate what species was measured or the formal hasis 
for recording the quantum yield, as for example, <P 
( - H202), for the total disappearance of hydrogen 
peroxide in its photolysis, or cp(OH) for product forma­
tion in H20 2 + hv ~ 2 OH. 

Optical Absorption Coefficie';'ts 
Optical absorptio~ coefficients are measures of the 

fraction of incident light ~r~n13mitted by. a sample per 
unit concentration and per unit length. They are de­
fined and ~scussed in the introduction to a conversion 

. chart in the Appendix. They are reported in data sheets 
either in figures or as numerical values. While we have 
attempted to ·use .11 consistent set of.units for the numer­
ical values, the figures retain the ordinates and abscissae 
used in the original publications. 

d. The uncertainty in a preferred value given in' a 
data sheet is the ,evaluator's estimate of that value's 
reliability. This isa subjective j1,ldgment that, to a high . 
degree of probability, the true. value of the quantity lies 
within the bounds indicated . 

. Uncertainties are indicatedin several ways: 
A < k < B means.k lies in the range between A andE. 
k < B means B is an upper limit., 
k - B means that B is only a rough guide to the value 

of k. 
. k=A±B means that a reasonably reliable estimate of 
the likely error can be stated. This is an estimate by the 
evaluator of the absolute accuracy of the preferred value. 
It is a subjective judgment derived from intercomparison 
of data sets, consideration of related reactions studied 
with the same technique, estimates of how well the 
parameters could have been controlled, and comparison 
with theory. It means that' in the evaluators judgment, 
the true value will lie within the indicated limits to a 
high level of confidence (90 to 95 percent ). 

Sometimes it is more appropriate to give loglO k = C ± 
D, "k uncertain toE percent" or "k uncertain to a factor 
of F", all three of which are equivalent statements of 
multiplicative limits. The statement that k has the value 
ko and is uncertain to a factor ofF means kolF < k < keF. 

where An is moles of products minus moles of reactants, Formally, substantial sets of parentheses are required 
R is the gas constant, and T the absolute 'temperature. when stating uncertainties using the plus or minus 
in Kelvin. The gas constant must have units consistent . sign, e.g. 
with the concentration units and the pressure units, e.g. 
dm3 atm mol-1K-l or cm:! atm molecule-1K-l. 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 
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KINETICS OF ATMOSPHERIC REACTIONS 271 

These conventions are difficult· to! enforce. Therefore 
we permit the convention 

k = 1.2 ± 0.3 X 10-9 exp (-3.0 ± 0.5 X 103fT), 

based on the hierarchy of operators 

±> (X,+) > (+,-). 
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4. Data Sheets 

H + HNO...-.? H2 + NO 

4.1. The Reaction Between Hand HNO 

kl 

Auxiliary Data 

AH"298 =-227 kl/mol (-54.3 kcal/mol) 

>SXlO-l4 
(211-703 K) 

lO±SX lO-u 
(1600-2000 K) 

Data 

NO, H2 discharge, flow system .. 

Clyne, Thrush, 1962 (b); Thrush, 1965 (d). 

Bulewicz, Sugden, 1964 (c). 

(a) 

Preferred Value 

Changed from that in NBS Report 10692 (Jan. 1972).} 
kl (211-703 K) > 5 X 10-14 ems molecule- l s-'. 
k, (2000 K)=7 X 10-12 cm3 molecuIe-1 8- 1• 

k. (2000 K) good to a factor of 2 and may be good to a factor of 1.5. 

Remarks 

. Value of kl (2000. K) chosen as .simple . average of 
values in ref. (c), (e), and (f) .. The combination of this 
result with the lower limit from (b, d) leads to an upper 
limit ono kl/mol (2.3 kca1/mol) for any activation energy. 

References 

S±2x 10-12 

(2000K) 
H2, O 2, N2 , NO flames. Measured [H] as function 

of time. 

(a) D. R. Stull and H. Prophet, JANAF Thermochemical Tables, 
2d Ed. Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.), 37 
(June 1971). 

(b) M. A. A. Clyne and B. A. Thrush, Disc. Faraday Soc. 33, 139 
(1962). 

Halstead, Jenkins, 1968 (el. (c) E. M. Bulewicz and T. M. Sugden, Proc. Roy. Soc. (London) A277, 
143 (1964). 

3.9±1.9x 10-12 

(2117 K) 
CJls, 0., N2, NO flames. Measured [HJ as 

function of time. 
(d) . B. A. Thrush, Progr. React. Kin. 3,63 (1965): 
(e) C. J. Halstead and D. R. Jenkins, Chern. Phys. Lettrs. 2, 281 

(1968). 
Smith, 1972 (t). (f) M. Y. Smith, Combustion and Flame 18,293 (1972). 

R. Brown' 
July, 1972 

4.2. The Reaction Between H andHN02 

H + HN0 2 ...-.? H2 + N0 2 

...-.? H20 + NO 

Auxiliary Dat~ 

aH298 (1)=- 105 kl/mol (-25.2 kcal/mol) 
AH:W8 (2)=-290 kl/mol(-69.3kcal/mol) 

Data 

No data exist on these rate constants. 

Preferred Value 

None. 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

kl Remarks 

k'J. No information is available. The upper limit for the 
reaction k(H + HNOs -- products) < 1 X 10-13 cm3 

molecule-1s- 1 by Morris and Niki (b) may be applicable. 
(a)' The only justification is on the basis of structural and 
(a) energetic similarities. Clearly, if this should turn out 

to be an important reaction, its rate must be measured. 

References 

. (a) D. D. Wagman, et aI., NBS Technical Note 270-3' (Jan. 1968). 
(h) E. D. Morris, Jr. and H. Niki, J. Phys. Chern. 75, 3193 (1971). 

W. Tsang 
AUlrust.1971 
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KINETICS OF ATMOSPHERIC REACTIONS 273 

4.3. The Reaction Between Hand HNOa 

H + HN0 3 ~ OH + HN0 2 

~ H2+NO a 
~H20+N02 

Auxiliary Data 

Alf0298 (1) = -123 kl/mol (-29.5 kcal/mol) (a,b) 
ll.Hoz98 (2) = -12 ± 21 kl/mol (-3 ± 5kcal/mol) 
ll.HoZ98 (3) -292 kl/mol (-69.7 kcal/mol) 

Quantity measured 

k(H + HNOs) all channels 

k (Ii + trans-2-butene) 

k (Ii + N0 2)/k l 60 ± 30 

Data 

System 

Discharge-flow system coupled 
<0.1 with mass spectrometer. Traces 

of HNOa (1012 molecule 
~m -3) added to H-atom rich 
(1014 atom em -3) system. 
Rate of decay of fiNO s 
(monitored by m/e ,46 
peak, N02+) compared with 
rate of decay of trans-2· 
butene under similar 
conditions. 

Morris, Niki, 1971 (ref. d). 

(ka + k2)/k, = 0.06 ± 0.02 
Photolysis of HNOa at 265 nm. 

in presence of H2• Relative 
quantum yield of decomposi­
tion of HNQa (monitored 
hy meas. of [NO z]) in 
presence and absence of Hz 
measured. Many step 
mechanism used to interpret" 
data. 

Berces, Forgeteg, 1970 (ref. c). 

Preferred Value 

(k1 + k2 + ka) < 1 X 10-13 cmS molecule-1 S-1. 

Remarks 

The preferred value is the upper limit derived in (d). 
It is based on the value of k (H + trans-2·butene)= 
9 X 10-13 cm3 molecule-1 S-1 given in (e). 

This relatively low value of k suggests an flctivation 
energy in excess of 12 kl/mol (4 kcal/mol). 

Comments on Measurements 

Ref. (c) 

Rejected. 
Johnston (f) has criticized the work in ref. (c) on the 

grounds of heterogeneity. He claims that the processes 
N02+hv~ NO+O; 4HN03+2NO~ 6NOz+2H20 
(heterogeneous) are of major importance. Note that the 
photolytic results are from the latter stages of the reac· 
tion and thus a large quantity of N02 is in fact present. 
The HNOs/H2 ratio is also very close to the limit above 
which the authors feel that quantitative results are no 
longer valid (due to the considerations raised by John­
ston). 

Ref. (d) 
This direCt method accepted in preference to indirect 

method in (c). 
It should be noted that the validity of the result in (d) 

ma y be affected by the fact that the mass 46 peak is also 
of importance in the mass spectra of NO: and NOs. 
However the reaction of H atoms with N02 (and possibly 
with NOs) is very fast. This will reduce the concentra­
tions of these latter compounds. 

References 

. (a) D. D. Wagman, et al., NBS Technical Note 270-3 (Jan. 1968). 
(b) D. R. Stull and H. Prophet; JANAF Therm~chemical Tables, 2d 

Ed. Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.), 37 (June 
1971). 

(c) T. Berces, S. Forgeteg, and F. Marta, Trans. Far. Soc. 66, 648 
(1970). 

(d) E.D. Morris, Jr. and H. Niki, J. Phys. Chern. 75,3193 (1911). 
(e) E:E. Daby and H. Niki,J. Chern. Phys. 51, 1255 (1969). 
(f) H. S.· Johnston, Formation and Stability of Nitric Acid in the 

Stratosphere, typescript, University of California, Berkeley, 
California (1971). 

W. Tsang 
January, 1972 

4.4 The Reaction of H with H20 2 

Two channels are possible for this reaction; they are 

H+ H20Z~ Hz+ HO: 
H+H20Z~ HzO+HO 

Auxiliary Data 

Affl98 (l)=-61±8 kl/mol (-14.5±2 kcal/mol) 
I::..H~98 (2) =-284 kl/mol (-68.0 kcal/mol) 
loglo Keq. (I) =0.342+3.26 (1000IT) 
10glO Keq. (2) =0.877 + 14.98 (lOOOjT) 

(a) 

(a) 
(b) 
(b) 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 
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Dota 

The available rate data have been presented and 
evaluated by Baulch, Drysdale, Horne, and Lloyd (0). 
There have been no more recent measurements. 

Albers et al. (d) measured the total rate of removal of 
D atoms in a discharge-flow reactor from 294 to 464 K 
'with 5-:-8 tori: H2 0 2 and added 0 atoms to suppress the 
chain decomposition initiated by OH. D atoms were 
mOilitored by ESR and mass spectrometry. They esti­
mate the kl/k2 = 10 for D atoms at 421 K. Also they find 
k~H)/k~D)=O.43 at 375 K. They give the result that 
kf)+MD) = 1.2 X 10-11 exp (-4200/RT) cmS molecule-l 

. s -1. (294--464 K). 
Baldwin et al (e) studied the decomposition of Hz0 2 

in the presence of Hz from 713-773 K. They report 
kl/k2 to have the value 0.143 over this temperature 
range (note: in the abstract this is incorrectly given as 
0.125). Also they measure the ratio k2/kawhere (3) is 
H + O2 + M - HOl! + M. From this ratio and their 
previously measured values of ks/k4 where (4) is H+ 
02 - HO+ 0 they derive values of k2Ik4.Baulcli, et al 
(c) use the values kl/k2 .and k21k4 in (e) with their own 
recommended expression for k4 to obtain values of k1 • 

(Note: Because Baulch,et al used the value of kl/k2 
In Baldwin's 'abstract, the. calculated values of kl given 
on p. 212 should he increased. by 14%; however this 
wiUnot seriously affect therr evaluation). 

Preferred Value 

kl = 2.8 X 10-12, exp (-:1900IT) cm3 molecule-1 S-1 

(300-800 K). 

Uncertainty: factor of two. 
No value is recommended for k2• 

Remarks 

The recommendations of Baulch, et al. have been 
adopted. The value derived there for k2 = 3. 7 X 10-9 

exp (-5900IT) cm3 molecule-1 S-1 as noted there can 
not be recommended with any confidence because of 
the unreasonably high value of the pre-exponential 
factor,. By extrapolation, k1at stratospheric temperatures 
(220 K) is estimated to be 5 X 10-16 cms molecule-1 S-I. 

From these expressions k21kl at 220 K is estimated to 
be 10-5 ? subject to a large uncertaint y. 

References 

(a) D. D. Wagman, et al .. , NBS Technical Note 270-3 (Jan. 1968). 
(h) V. N. Kondratiev, Rate Constants of Gas Phase Reactions­

Reference Book, R. M. Fristrom, editor. National Technical 
Information Service, Springfield, Virginia COM-72-10014 
(J-~ro ' . " 

. (c) D. L, Baulch, D. D. Drysdal~. D. G. 'Horne. A. C. Lloyd, Evaluated 
Kinetic Data for High Temperature Reactions volume 1, Homo­
geneous gas phase reactions· of the H.,O. system, Butter­
worth & Co;. London (1972). 

(d) E. A. Albers, K. Hoyerl!lann, H. Gg.Wagner, J .. Wo)frum, 13th 
Combustion Symposium, 81 (1971). 

(e) R. R. Baldwin, D. Br~ttan, B. Trinnicliffe, R:' W~ 'Walker, S: J. 
Webster, Combustion and F1ame 15. 133 (1970). 

M. D. Scheer 
September, 1972 

H+N02 - OH+NO 

4.5. The Reaction Between Hand N02 

kl Preferred Value 

Auxiliary Dot~ 

AH0298 = -122 kl/mol (-29.1 kcal mol) 

Quantity measured 

k. = 4.8 X 10-11 cm3 mole· 
cule-'s-I 

kdk (H+ Cb}=O.16 exp 
(L58 X 103fT) 

Dato 

System 

Flow system, NO:!. microwave 
discharge in H2/ Ar on H2/He 
mixt .. 

A[H], MN02] me~s. 298 K. 

Phillips. Schiff, 1962 (h). 

Rosser, Wise, 1961 (0). 

Hz, O2 , NO. 633 K. 

(a) 

kl/k (H + O~ + M) = 6 X 1021 

molecules cm-3 M = H2, Also values for M = 
0., N2 , CO2 , H20, He. 

Ashmore, Tyler, 1962 (d). 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

Estimated uncertainty: ± 25 percent. 

Remarks 

The above value and error limits are those given in 
(h). The rate was measured in Ar and He carriers and 
is 10 percent larger in He than in Ar. The difference is 
statistically significant and suggests that the, observed, 
reaction rate was· pa.rtially limited by diffusion mixing 
of the reactants, An activat,ion energy of 2 kcal/mol-,l 

, (8, kllmol) results' from: combining the results at 298 
K (b) and 633 K (d) using k (H + O2 + H:t) = 5 X 10-32 

cm6 molecule-2 S-l at 633 K (g), following Schofield (f). 
A lower activation energy, 1.5 kcal/mol-1 (6 kllmol) 

'results from combining the data in (b) and (c) using 
k(H + Clz) = 4.5 X 10-11 cm3 molecule-I S-I, extrapolat­
ing the evaluation in (h). There is no good basis for 
choosing between these. Measurements at temperatures 
below 273 K are needed. If the upper limiting value of 
2 kcal/mol for the activation energy is used, then the 
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estimated value for the rate constant at 220 K is one-third 
the value at 298 K. The uncertainty at this temperature 
is unknown. A recent mass-spectrometric study of the 
stoichiometry of the reactions of OH generated by this 
reaction is reported in (e). 

. References 

(a) D. D. Wagman, et ai, NBS Technical Note 270-3 (Jan. 19(8). 
(h) L. F. Phillips and H. I. Schiff, J. Chern. Phys. 37, 1233 (1962): . 
(c) W. A. Rosser and H. Wise, 1. Phys. Chem. 65, 532 (1961); 65, 

2277 (1961). 
(d) P. G. Ashmore and B. J. Tyler, Trans. Faraday Soc. 58, llOO 

(1962). . . 

(e)M. F. R. Mulcahy and R. H. Smith, J. Chem. Phys. 54, 5215 
(1971). 

(f) K. Schofield, Planet. Space Sci. 15,643 (1967). 
(g) D. L. Baulch, D. D. Drysdale, and A. C. Lloyd, High Temperature 

Reaction Rate Data, Report No.3 (April 1969), Department of 
Physical Chemistry, The University, Leeds, England. 

(h) V. N. Kondratiev, Rate Constants of Gas Phase Reactions­
Reference Book, R. M. Fristrom, editor. National Technical 
Infounation Service, Springfield, Virginia, COM-72-10014 
(Jan. 1972). 

R.LBrown 
February 1972 

4.6.. The Reaction Between H and O~ 

H+03~OH (X 2ll,v>0)+02 

Auxiliary Data 

aH;9S=-322 kJJmol (-76.9 kcal/mol) (a) 

Data 

(2.6±O.5) X 10-11 Room temp. flow system. H·atom from 

-2><10-11 

(4±-I)XI0-12 

electric discharge. 03 or H at pressure 
< 5 X 10-4 torr. 0.17 < H/Oa < 3. Total 
pressure 0.5 torr (He or Ar). Mass spec. 
measurement of H, 03. Reaction time - a 
few ms. 24 measurements. 

Phillips, Schiff, 1962 (b). 

Room temp. flow system. 03 (in 02 mixed 
with H and H2 (in Ar)[H] - [03]- 6 X 1011 
molecule cm-3 with tot:iI [Ml/[Oa] - 100 
Emission from HO:!: measured. 

Potter, Coltharp, Worley, 1971 (1). 

Room temp., Polanyi diffusion flame Os 
mixed into H/H2 atmosphere. Pressure 
- 0.08 torr.. 7 <. H/03 < 20. Measured 
spatial distribution of OH emission. 2 
measurements. 

Garvin, Mcl9n1ey, 1956 (c). 

Preferred value 

kl (298 K) = 2.6 X 10-11 cm3 molecule-I 6-1• 

Estimated uncertaint y: ± 25 percent. 

Remarks 

The OH is formed to a large extent in vibrational levels 

4-9 of the ground state. At ~ 1 torr significant collisional 
and reactive quenching occurs in the rate experiments, 
The most recent effort to determine the initial vibrational 
level populations. is by Charters, MacDonald, and 
Polanyi (d). Earlier work is summarized there. 

. The suggested rate and uncertainty are quoted from 
~ef. (b), the most extensive study. This value also was 
selected by Kaufman (e). The validity of the result 
depends upon whether or not the reaction times (1 to 
5 ms) are short enough to support their assumption that 
reaction (1) is "extremely rapid in comparison with the 
secondary reactions". OH* + 0 3 ~ H02+ O2 is the 
primary worry (e). The approximate value from ref. (f) 
supports this selection. 

The other rate measurement (ref. c) depends strongly 
upon· the choice of a diffusion coefficient, the precise 
shape of the distribution of OH radiation, and the extent 
of rapid secondary reactions (ref. e). (The last would 
increase the observed rate.) Likely reactions are 
OH*+ H2 and OH*+ H. Because of these uncertainties 
this me?stirement is rejected. 

Reference$ 

(a) D. D. Wagman, et ai, NBS Tech. Note 270-3 (Jan. 1968). 
(b) L. F. Phillips and H. I. Schiff, J. Chern. Phys. 37, 1233 (1962). 
(c) D. Garvin and J. D. McKinley, J. Chern. Phys. 24, 1256 (1956). 
(d) P. E. Charters, R. G. MacDonald, and J. C. Polanyi., Applied 

Optics 16, 1747 (1971). 
(e) F. Kaufman, Can. J. Chern. 47, 1917 (1969); F. Kaufman, Ann. 

Geophys. 20, 106 (1964). 
(f) A. E. Potter, Jr., R. N. Coltharp, and S. D. Worley, J. Chern. 

Phys 54, 992 (1971). 

1. D. McKinley, D. Garvin 
January, 1973 
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4.7. The Reaction Between HNO and HO 

kl Remark. 

Auxiliary Data 

t:.H0298 -290 kllmol (-69.4 kcal/mol) (a) 

1.5 ± 0.5 X lO-w 
(T = 1600 - 2000 K) 

0.6±0.2 x 10-10 

(T=2000 K) 

Data 

System 

Flame photometric studies of hydrogen­
oxygen-nitrogen flames with added NO. 
[NO] and [H] measu'red. ' 

Bulewicz, Sugden, 1964 (b). 

I Flame photometric; same as (b). 

Halstead, Jenkins, 1968 (c). 

kl = 0.18 ± 0.02 X 10-10 • Flame photometric studies of propane­
(T=2117 K) oxygen nitrogen flame ,with added NO. 

Smith, 1972 (d). 

Preferred Value 

Changed from that in NBS Report 10692, (Jan. 1972). 

k1 = 7 X 10-11 cms molecule- 1s-1 over telllperature 
range 160o-2100K. The three reported, values have 
been averaged. Absolute uncertainty is no less than a 
factorof5. 

For all three systems the postulated mechanism is: 

H + NO + M ~ HNO + M 
HNO +H......;.H2 +NO 
HNO + HO ......;. H20 + NO 

The experimentally determined quantity is Kak1' 
Ka is derived from JANAF tables (a). The data from ref. 
(d) is from a more complex system (C, H. o. N) than in 
(b) and (c) (H. 0, N). Thus additional complications 
may be present. Experiments in (d) are also carried out 
at considerably higher [OH]f[H] levels than in (b) 
and (c). 

References 

(a) D. R. Stull and H. Prophet JANAF Thermochemical Tables 2d 
Ed. Nat. Stand. Ref. Data Ser., National Bureau of Standards 
(U.S.), 37(Junel971}. ., 

(b) E. Bulewicz and T. Sugden, Proc. Roy. Soc. (London)A277, 143 
(1964). 

(c) C. J. Halstead and D. R. Jenkins, Chemical Physics Letters. 2,281 
(1968). 

(d) M. Y. Smith, Combustion and Flame, 18,293 (1972). 

W.-Tsang 
July, 1972 

4.8. The Reaction Between HN02 and HO 

Auxiliary Data 

t:.H~98=-168 kl/mol (-40.2 kcal/mol) 

Data 

No data exist on the rate of this reaction. 

Preferred Value 

kl Demeljian, Kerr, and Calvert (b) prefer a value of 
7 X 10-12 emS molecule-1 S-1 using as a basis the 
reported value of 14X 10-12 cm3 moleeule-:1 S-1 (c) for 

(a) the reaction HO+ H2CO......;. H20+ HCO and the argu­
ment that since the enthalpies of these hydrogen atOin 
abstraction reactions are similar; the rate constants per 

. abstractable hydrogen atom must be similar. 
Clearly, if this reaction is of any importance, a direct . 

measurement.ork! is needed. 
(Changed from that in NBS Report 10692 (Jan. 1972).) 

None 
References 

Remarks 

The Arrhenius expression for the rate constant may 
be similar to that for the reaction of HO with HN03 , for 
which the rate expression is (see separate data sheet): 

k(HO+HNOs """;' H20+NOa)=6X 10-13 X 

J. Phys. Chern. Ref. Data, Vol. 2, No.2, 1973 

(a) D. D. Wagman, et al., ~'BS Technical Note 270-3 (Jan. 1968). 
(b) K. L. DemeIjian,]. A. Kerr, and J. G. Calvert, The Mechanism of 

Photochemical Smog Formation, typescript, Ohio State Univ. 
(1972) [to appear'in' Adv. in Environmental Sci. and Technology, 
J. N. Pitts,,Jr., and- R. L. Metcalf, editors, Wiley·Interscience 
(Vol. 4, 1974)]. 

(c) E. D. Morris and H. Niki, J. Chem. Phys. 55, 1991 (1971). 

W. Tsang 
August, 1971 
Revised: January, 1973 
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4.9. The Reaction Between HN02 and 0 

HNO z +0 -,» HO + N0 2 

HNOz+O-'» HNO+02 

Auxiliary Data 

MI~9& (a) = ~ 98 kJ/mol (-23.3 kcal/mol) 
Mlg98 (b) = -70 kJ/mol (-16.8 kcal/mol) 

Dafa 

(a) 
(a) 

There are no published data on the rate of this 
reaction. 

, Preferred Value 

None. 

Remarks 

Note that there are two possible reactions: the 
H-atom abstraction (I a) and the O-atom abstraction 
(Ih). 

References 

(a) D. D. Wagman, et at, NBS Technical Note 270-3 (Jan. 1968), 
Data on HNO from D. R. Stull and H. Prophet, JANAF Thermo­
chemical T:'lbles, 2d Ed., Nat. Stand. Ref. Data Ser., Nat. Bur. 
,Stand. (U,S.), 37 (June 1971). 

J. T. Herron, R. E. Huie 
February, 1972 

4.10. Photolysis of HNOa 

Primary Photochemical Transitions 

b.H~ 

Reaction - Athreshol(Unml 

'kl/mal (kcal/mol) 

HNOa ,-,> HO + NO. 200, . " (48) 600 (1) 

HNO~->- HNOi!+ 0 ' 298 (71) I: (2) 

HNOa-H+NOa 411r (l00) (3) 
• 

Ang calculated from An'} values in ref. (a) except for An, (NO.) 

which is from ref. (b) but is consistent with ref. (a). 

Data 

Absorption coefficient 

37o-190nm [HNOaJvaried 'between 8 X 1013 

and 6 X 1016 molecules em-a. 
Path lengths were 8.6 to 34.4 
m. Data given in table 1 and 
shown in fig. 1 for 325-190 nm. 
Absorptiun cross section 
(j« 10-22 cm2 for 3.10-330 
nm. 

Johnston, Graham, 1973 (f). 

320-168 nm [RNOaJ varied between 2.5 
'x 1016 and 1.5 X I018 molecules 
cm'-a. Path length was either 
12.31 or 0.97 cm. 

Schmidt, Amme, Murcray, 
Goldman, Bonomo, 1972 (h). 

300-230 nm Densitometry of photographic 
plates. [RNO.] = 5 x 1016 11).01. 

ecules cm-s. Path length 
= 75 cm. See table 1. 

Dilmon, 1943- (e). 

Absorption, cross section 0-=2.6 Berces, Forgeteg, 1970 (c). 
X 10-20 cm2 at 265, 254 nm 

.. 

265 urn 
254 nm 

Quantum yields 

<I>(-HNOs) 

0.2 ± 0.03 Steady room temperature photolysis 
0.6 ± 0.07 of pure HNo.. and HNOa-o.. mixt. 

HNOa-NOz, HNOs-H:, and HNOs -
CO mixtures photolyzed at 265 nm. 

, Berces, Forgeteg1 1970 (c). 

Preferred Value 

(Changed from that in NBS Report 10828 (April 
1972).) 

Absorption coefficient 

370-190 nm Use data in ref. (f). See figure 1 and table 1 for 
325-190 nm. Absorption cross section 0- <!\l 10-22 

cm2 for 370-330 nm. ' 

Remarks 

Absorption Coefficients 

The recent measurements by Johnston and Graham 
(f) are in good agreement with the earlier results of 
Dalmon (e) over the common range 300-230 nm except 
near 300 nm, which it is suggested in (f) can be ac­
counted for by a 1.5 percent N02- impurity in ,the nitric 
acid used in (e). 

Schmidt (private communication) has stated that the 
data shown in ref. (h) for A > 320 nm are 2nd order 
grating spectra and should be disregarded and also 
that the NOz impurity in the nitric acid was over­
estimated. Their results now agree favorably with those 
of Dalmon (e) and also with those of Johnston and 
Graham (f). A statistical band model analysis is cur­
rently being developed by S. C. Schmidt and A. Gold­
man to interpret their observed pressure dependence 
o,f the absorption coefficient. 

Quantum Yields 

No value is recommended for the primary quantum 

J. Phys. Chern. Ref. Data, Vol. 2, No.2, 1973 
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yield of decomposition of nitric acid. Measurements of 
this quantity are now in progress ref. (g) and preliminary 
results indicate that the primary quantum yields <PI 
is equal to unity throughout the wavelength region 
300-190nm. 

Process (1) appears to be established from the 
production of HO in the flash photolysis of HNOa 

-(3-10 torr) in presence of 500 torr Nil (ref. d). 
There is rio positive evidence that processes (2) and 

(3) are of importance in the region 200-300 nm. Assum­
ing that (1) is the only primary progess, the complete 
mechanism of photolysis is the following: . 

HNOa+hv 4 HO + N02 <pIIa 
HO+N02 +M ~ HNOa+M k4 

HO + HN03 ~ H20 + NO:i ks 
N03+N02~NO+N02+02 . ks 
NOs + NO ~ 2N02 k7 

The quantum yield of . HNOa disappearance, 
<PC -HNOa) is: 

where <PI is the quantum yield of process (1). 
In the photolysis of pure HNOa at low conversion 

k4 [N02 ] [M] ~ ks[HNOa] and therefore, 

lPl= (1/2) X <p(- HNOa). 

References 

(a) D. D. Wagman et at, NBS Tech. Note 270-3 (Jan. 1968). 
(b) D. R. Stull and H. Prophet, JANAF Thermochemical Tables, 

2d Ed., Nat. Stand.· Ref. Data Ser., Nat. Bur. Stand. (U.S.) 
37 (June 1971). 

(c) T. Berces and S. Forgeteg, Trims. Faraday Soc. 66, 633, 640, 
648 (1970). 

(d) D. Husain and R. G. W. Norrish, Proc. Roy. Soc. (London) A273, 
165 (1963). 

(e) R. Dalmon, Mem. servo chim. etat, 30, 141 (1943). 
(f) H. Johnston and R. Graham:, J. Phys. Chern. 77.62 (1973). 
(g) H. Johnston, private communication. 
(b) S. C. Schmidt, R. C. Amme, D. G. Murcray, A. Goldman, and 

F. S. Bonomo, Nature 238, 109 (1972). 
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TABLE L Ultraviolet absorption spectrum for nitric acid vapor 

A <F,cm2 (1'2 

nm Dalmon This work 

190 1.32 (-17)* 
195 9.1 (-18) 
200 5.5 (-18) 
205 2.55 (-18) 
210 9.7 (-19) 
215 3.28 (-19) 
220 1.44 (-19) 
225 8.51 (-20) 
230 5.35 (-20)* 5.63 (-20) 
235 3.59 (-20) 3.74 (-20) 
240 2.56 (-20) 2.60 (-20) 
245 2:10 (-20) 2.10 (-20) 
250 1.93 (-20) 1.95 (-20) 
255 1.91 (-20) 1.94 (-20) 
260 1.93 (-20) 1.90 (-20) 
265 1.91 (-20) 1.80 (-20) 
270 1.64 (-20) 1.63 (-20) 
275 1.34 (-20) 1.40 (-20) 
280 1.07 (-20) 1.14 (-20) 
285 8.79 (~21) 8.77 (-21) 
290 7.26 (-21) 6.34 (-21) 
295 5.73 (-21) 4.26 (-21) 
300 '.4.59 (-21) 2.76 (-21) 
305 1.68 (-21) 
310 9.5 (-22) 
315 4.7 (-22) 
320 1.8 (-22) 
325 2 (-23) 

*5.35 (- 20) means 5.35 X 10-2°; In (1011) = (1'[HN03 ]L. 
From Johnston, Graham (f) with permission of authors. 

Standard 
deviation 

3 
3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
5 
5 
5 
5 
5 
5 

>10 

£ IO-201o-.---+----i---,."""'+---'-l-~::_+---i--__=l 
.Q 

<r. 
.c 

'" :::J !O-Zll=--·---~--r'-~·--- ·--+--~1-'-·~--+-- ..... -""---... 

10-22L:--'----::-l-~"'--._:_'_---"---:~--'----:-:=---'---:::-:-::__~:_':_::_--'-~ 
190 250 290 310 330 

Nanometers 

FIGURE 1. The ultraviolet absorption spectrum of nitric acid vapor; 

In (loIl)=o{HNOs]L, where [HNOa] is in molecules cm-s and L is 
optical path in cm. The percentages at the top of the figure refer to 
the standard deviation based on 15 gas samples (from' Johnston, 
Graham (1) with permission of authors). . 
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4.11. The Reaction Between HNOa and HO 

Auxiliary Date 

il.H;9~= -76.±21 k]/mol(-18±5 kcal/mol) (a) 

Data 

Quantity measured System 

k,(cm3 molecule-' s-') 

1.6 X 10-13 

(T=300 K) 
Flash photolysis of HNOa vapor. 

[OH] measured. 

1.3 X 10-13 

(T=300 K) 

kt!k(OH+N02~ HN03 ) 

0.26 (T;=670K) 

0.345 (7'=622 K) 

kd k( OH + CO -'> CO2 + H)= 0.093 
kdk(OH+H2~ HzO+H)=1.95 
kdk(OH+C2H6~ C2 Hs+H20) 

<0.1 
k,/k(OH + i-C4Hlo~ C4H9 + H20) 

<0.02 

Husain, Norrish, 1963 (b). 

Flash photolysis.of HNOa• 
[OH] measured. . 

Morley, Smith, 1972'(g). 

Thermal decomposition of HNOa 
vapors. [HNOsl and [N02] 
measured. 

Johnston, et aL,,1953 (~) .. 

Similar to (c). 

Godfrey, et aI., 1965 (d). 

. Room temperature photolysis 
at 265 nm. of HN03 in 
preSence of additive. 

Berces, et aI., 1970 (e). 

. Preferred Value 

(Changed from that in NBS Report 10692 (Jan. 1972).) 

k 1 (300 K)=1.4XIO-13 cm3 molecule-1 S-I, 
kl (650 K)=3 X 10-13. 
Estimated uncertainty is a factor of three. 
Inserting these values into the Arrhenius equation 

gives: 
k=6xIO-13 exp [-400/T] cm3 molecule-1 S-I. 

Remarks 

Ref (b) 

Value is undoubtedly a good upper limit. 

Ref (c) 

Reaction is homogeneous at T> 570 K. The mecha­
nism considered is: 

HN03~ HO+N02 

HO+HN03-4 H20+N03 

At 670 K, k2 =0.16 S-1 and kl/k3=0.26. From data in 
ref. (a),kz/k3= 1.8 X 1011 molecules/cm3, and the derived 
value of kl is 2.4X 10-13 cm3 molecule-1 S-I. This 
result will not change even if reaction (3) is not truly 
bimolecular. 

Ref (d) 

The mechanism considered is the same as in (c). At 
622 K 'and 680 torr total pressure k2 =0.0125 S-1 and 
ktlk3 =0.345. Fromdata in ref. (a), k2/k3=lX 1010 mole­
cules/ cm3 ,and the derived value of kl is 4 X 10-13 cm3 

molecule-1 S-1 in excellent agreement with (a). However 
lowering the total pressure to 230 torr results in a de­
crease in value of kl which conflicts with the mechanism 
and disagrees with (a). 

. Ref (e) 

The qu'!-ntum yields for disappearance of HN03 in the 
presence land absence of added gas were measured. For 
CO and H2 as additives, from the measured ratios and 
the well established values of k(OH+ CO) and k(OH + 
H2)(f), the value 0(k1 is calculated to be 1.3 X 10-14 

cm3 molecule-1 S-I~ The values based on the reactions 
with hydroc.arbons are rough estimates. The value of the 
rate constant derived from these experiments is a factor 
of 1O·lower than the direct determinations (b, g). Since 
it must be derived -on the basis of a complex mechanism 
and difficult experiments, it is rejected in favor of the 
direct measurements. 

References 

(a) D. R. Stull and H. Prophet, JANAF Thermochemical Tables, 2d 
Ed., Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.), 37 
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(d) T. S. Godfrey, E. D. Hughes, and C. Ingold, J. Chern. Soc. 1063 
(1965). 

(e) T. Berces, S. Forgeteg, and F. Marta, Trans. Far. Soc. 66, 648 
(1967). 
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4.12. The Reaction Between HN03 and 0 

Auxiliary Data 

~H~98 = - 4 ± 21 kJ/mol (-I ± 5 kcal/moI) (a) 

Data 

k. (cm3 molecule-I S-I) System 

- 10-" Photolysis of NO. at 366nm in presence of 

_10-10 

HN03. Postulated 10 occur in multistep 
mechanism used to interpret overall 
quantum yield meas. 

Jaffe, Ford, 1967 (b). 

Photolysis mixtures of HN03 and NO. in 
265~m. Value inferred from overall 
quantum yield meas. interpreted accord· 
ing to multistep mechanism. 

Berces, Forgeteg, 1970 (c). 

kl/k (0+C2H2) <0.1 Directly studied at room temp. in flow sys· . 
k.Jk (O+C.H.) <0.1 tern with mass spectrometer. 

k, < 1.3 X 10-14 

Morris, Niki, 1971 (d). 

Flash photolysis of NO. in presence of 
HNO. and He. [NO.j=O.l torr; [HN031 
= 1.8 torr. Unable . to detect OH by 
resonance absorption. 

Morley, Smith, 1972 (i). 

Preferred Value 

kl (298K) ~ 1.5 X 10- 14 cm3 molecule-I S"'I. 

Remarks 

the only direct study is that of Morris and Niki (d). 
Under the experimental conditions [0] ~ 1014 molecule 

. em -3 , [HN03] ~ 1012 molecule em -3, reaction time as 
great as 20ms, little or no change in the HN0 3 concen· 
tration was observed as monitored by the m/e 46 peak. 
Comparison with the rate of loss of ethylene and 
acetylene under identical conditions led to the eonclu-. 
sion that the rate constant kl was at least 10 times 

smaller than the rate constants for the reactions of 
atomic oxygen with either ethylene or acetylene. The 
rate constant for the reaction of atomic oxygen with 
acetylene (which is slower than the corresponding 
ethylene reaction) is 1.5 XIO-13 em 3 molecule- l 

S - 1 (e) (f), hence kl ~ 1.5 X 10-14 cm 3 molecule-I S - I. 

This limiting value is supported by the work of Morley 
and Smith (i) who produced 0 atoms by the photolysis 
of N02 in a mixture of HN03 and He, and were unable 
to detect any OH by means of resonance absorption. 

. They derived an upper limit to the rate constant 
kl ~ 1.3 X 10-14 cm3 molecule- t S-I. 

Using a pulsed uv photolysis chemilumineseent tech­
nique under conditions of excess HN03 Stuhl (in a 
private communication quoted in (d» observes that kl 
is several orders of magnitude slower than inferred from 
the photolysis experiments at 366 and 265 nm (b) and (c). 

Johnston (g) has · argued that this discrepancy in kl 

is a consequence of unrecognized heterogenous reac· 
tions occurring, specifically NO+ HN03 , in the case of 
(b) and (c), citing the experience of Smith (h). The 
direct observations (d) are accepted. Note that there 
is an alternative path 0 + HN03 ~ Oz + HN02, 

~H~9S ~-194 kJ/mol (-46.3 kcal/mol) (a). 

References 
(a) D. D. Wagman, et al., NBS Technical Note 270-3 (Jan. 1968). 

Data on NO. from D. R. Stull and H. Prophet, JANAF Thermo· 
chemical Tables, 2d Ed., Nat. Stand. Ref.· Data. Ser. · Nat. 
Bur. Stl;lnd. (U.S.), 37 (June 1971). . . . 

(b) S. Jaffe and H. W. Ford,J. Phys. Chern. 71,1832(1967). 
(c) T. Berces and S. Forgeteg, Trans. Faraday Soc. 66,640 (1970). 
(d) E. D, Morris, Jr. and H. Niki, J. Phys. Chern. 75,3193 (1971). 
(e) K. Hoyerman, H. Gg. Wagner, and J. Wolfrum, Z. Physik, Chern. 

(Frankfurt) 63, 193 (1969). 
(f) A. A. Westenberg and N. De Haas, J . Phys. Chern. 73,1181 (1969). 
(g) H. Johnston, Formation and Stability of Nitric Acid in the Strato· 

sphere, typescript, University of California, Berkeley, California 
(1971) . 

(h) J. H.Smith,J. Am. Chern. Soc. 69,1741 (1947). 
(i) C. Morley and I. W. M. Smith, J. Chern. Soc. Faraday Trans. 

II, 68, 10 16 (1972). 

J. T. Herron, R. E. Huie 
February, 1972 
Revised: January, 1973 

4.13. The Reaction of HO with H20~ 

Auxiliary Dala . 

AHg9s =-124.3 kJ mol- l (- 29.7 kcal mol-I) (a) 

loglo KeQ = - 0.329 + 6.612 (lOOO/T) 

Data 

The available data prior to 1972 have been described 

J; Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

and evaluated by Baulch et at (h) and by Drysdale and 
Lloyd (i) . . 

Upper and lower limits for kl at 298 K have been 
derived from studies employing flash photolysis (b) 
and electric discharge (c) of HZ0 2• 

Absolute values of · k 1 · over the temperature range 
307 - 462 K have been determined in flash photolysis . 
studies by following the OHdecay by kinetic spectros­
copy. 
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KINETICS OF ATMOSPHERIC REACTIONS 281 

Rate ratio data at higher temperatures , extends the 
, range. A kd kz ratio was determined at 798 K using the 

thermal decomposition of HzOz in the presence CO (d). 

CO+HO~C02+H (2) 

The rate relative to reaction (3), 

(3) 

has been determined between 700 and 800 K by examina· 
, tion of the inhibition of the second explosion limit of the 

Hz/O z system by HzO z (e), in studies of the decomposi­
tion of HzOz in the presence of Hz in boric acid coated 
vessels (f) and from studies of the HzfOz/Nz system (g). 

Recent Measurements 

There has been only one measurement involving the 
rate of this reaction since the 1972, review by Baulch" 
et a1. (h). 

Quantity measured 

kdk2;= S.13±0.56 
where k2: HO+CO­

CO.+H 

System 

, Photol};.sis of H.OdO.94, torr) at 
254 nm in presence of O. (5.4 
torr) and CO (3-32 torr). 
Measured initial rate of 
formation orco •. 

Gorse, Volman, 1972 (k). 

Preferred Value 

k 1= 1. 7X 10-11 exp (-910fT) cm3 molecule-l s-l for 
' 298 < T <800. 

k1(300 K)=8.2X 10-13 cm3 molecule-1 S-I. This is the 
evaluation given in refs. (h, i). It fits the measured data 
within 50 percent. 

Remarks 

'Reaction 1 is a simple Hatom abstraction 

and is ·the only interaction expected in this system. The 
evaluation relies heavily on the data of Greiner which are 
the only absolute rate measurements available. The 
flash photolysis study is subject to some uncertainty due 
to the method of temperature ineasuren:tent. The tem­
perature was varied by changing inert gas pressures 
thereby lowering the effect of flash heating. This coupled 
with the normal experimental uncertainties gives a re­
liability.factor of approximately 2 to the data. Thus, the 
expression given above probably predicts the value for 

kl within a factor of 2 over the temperature range 298 to 
800 K. At strat~spheric temperatures 200-240 K the un­
certainty is considerably larger (probably at least a factor 
of 4). Thus a number onower temperature measurements 
are in order. 

A value of kl can he derived from the recent relative 
rate measurement ill ref. (k) by selecting a value for k2 : 

HO + CO ~ CO2 + H. We select as the best value for 
kz that recently measured directly byStuhl and Niki 
(1): kz =:= 1.35 X 10-13 cm3 molecule-I S-I. Using this 
value, we derive the value k l = (1l±3) X 10-13 cm3 

molecule"': 1 S-:I from the ratio measured in (k). ' We con~ 
sider this to be in substalltial agreement with the value kl 
(300 K)= 8.2 X 10-13 cm3 molecule-I S-I recommended 
in the Preferred Value section. The combined un­
certainties in the measured values of (kl/kz) and kz 
and the complexity of the mechanism used in (k) do 
not justify changing the recomniended value of k1. 
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geneousgas phase reactions of the H.·O. system, Butterworth 
& Co., London (1972); also in D. L. .Baulch, D. D. Drysdale, 
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(i) D. D. Drysdale and A. C. Lloyd, Oxid;ltion and Combustion Re· 
views, 4, 157 (1970). 
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(Jan. 1972). 
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4.14. The Reaction of HO and 03 

HO +0. -> HO.+O. 
HO+O. ->H+20. 
HO+O. ->HO+O.+O 
HOt+Os-> all channels 

kJ mol-\ 

-160±8 
+36.4 
106.3 

!lEr..98 (a) 

(kcal mol-I) 

(-38±2) 
(+8.7) 

(25.4) 

tA dal;ger following a formula or reaction number, e.g. HOt, 

kl t, means vibrational excitation. 
kl=k1a + klb + klc-

. Auxiliary Data 

Excitaticih energy of H() in. vibrational levels 1-9 of the ground st~~~. 
No Totational energy included (h).' , . 

v kJ mol-1 kcal mol-' v kJ mol-' kcal molr
• 

'. 

0 0.0 0.0 S 193.9 46 .. 3 

1 42.7 10.2 6 226.8 S4.2 

2 83.4 19.9 7 257.7 61.6 

3 122.2 29.2 8 286.6 68.5 

4 159.0 38.0 9 313.4 74.9 

. Subtract. (add) values above t6 !lHof reactioh if HG. is a reactant 
(product) to obtain Wfor HO in a specific ieveC . 

AH.t;'98(R0) =39.0 kJ mol- 1 (9.31 k:t;al mol~')(a); 

Closely related reactions 

HO+H.->H.O+H 
HO (v')+M->HO(v")+M 
HO + H20. -> HO.+ H20 
HO+O->H+02. 
H+03->HO+0. 
RO. +03 -> HO + 20. 

kJ mol-' 

-:62.8 

-125±8 .. 
-70.3 
~321.7 

-125±8 

Data 

(kca). mol-I) 

(-15.0) 

(-30±2) 
(-16.8) 
(-76.9) 
(-30±2) 

Measurements' 

k's in cm3 molecule-I 5-1* 

I£t t (HO, v=9)=(7.7 ±0.3) 
. X 10-12 

. to 
kl t (RO, v=2)=(1.9±1.l) 

X 10-1• 

extrapolating 
kl (RO, v=O) _10-12 

System 

Flow system, p - 0.3-0.6 torr, 
Ar carrier. 
H +03 -> HOt+02, 
[0.], [H] -'- 10-5 -10-< torr 

[02]/[03] - 20. 
Emission from HO meas. as fn. 

of distance. 

Coltharp, Worley, Potter, 1971 
(c). 

Steady photolysis of O2 and H 20 
at A = 184.9 nm in presence and 
absence of CO. P(Oz) =300 
torr, P(H.0)=4.6 torr. [0,] 
meas. by absorption at A=254 
nm, before and at steady state. 

Del'\fore, 1972 (m). 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

Measurements - Continued 

k's in em' molecule-' 8-1* 

kla= (S.5 ± 1.5) X 10-14 

at 298 K 
E/R =0.90 X 10' 
220 <T<450 K 

kla/k.= 1/12 
. See remarks .. '. 

k,.;"'·7 X 10-14 

See remarks. 

. k. < 5 X 10-13 

k" no reaction 

Iv. Yk. t> 10" 

System 

Fast flow reactor, [HO]- 3 X 1011, 

[03]= 1-6 X 10" molecules cm-3, 

added He to make P(total)= 
2-S.5 torr .. [HO] vs distance 
measured by resonance 
fluorescence at A = 309 nm, [03 ] 

meas. by absorption at A = 254 
nm. HO from H+NO.->HO + 
NO. 

Anderson, Kaufman, 1973 (p). 

Photol ysis of Os, A = 254 nm in the 
presence of H.O. in a flow 
system, 25 to 100 ·C. 
(03]/[HiO.j=0.7 to 10, [03]=' 
(2.7 to IS) X 10-8 mol em-a, [0.] 
to make up a total pressure of 
1 atm, (4 X 10-5 mol/em') 
1l03{llt, 1lH,0,{llt meas. 

Volman, 1951 (j) . 

From data of ref. (j) and an 
evaluation of k4 = 0.16 X 10-10 

exp (-0.9 X lOS/T). 

Drysdale, Lloyd, 1970 (k). 

Estimates 

Flow systems, p - 1 torr. 
H + NO. -> HO + NO. 
fl[HO]/llt meas. in presence 
and absence of Os. 

Kaufman, 1964 (f). 

Liquid phase, photolysis of 0 3 , 

lI. == 254 nm, in Hz/0 31 Ar 
solutions at 87 K. .p(03) meas. 
in presence and absence of 
added O •. Hz/03 - 200. 

DeMore, 1%7 (g.) 

Flash photolysis of Oa{H,O/Ar 
mixtures. (03]= 1 torr, [H.O]= 
1,5,10 torr, [Ar] = 100 torr. 
!l03/llt meas. 1l03/llt decreases 
as [H20] increases. 

. Langley, McGrath, 1971 (h). 

Estimatebased on interpretation 
of quantum yields in the 
photolysis of 0 3 in the presence 
of water in terms of chain: 
reactions (1) and (7). 

Johnston, 1968 (i). 

* At room temperature unless otherwise indicated. 
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KINETICS OF ATMOSPHERIC REACTIONS 283 

Preferred Values 

(Changed from that in NBS Report 10828 (April 1972).) 

k1a = 1.6 X 10-12 exp (-1 X 103fT) cm3 molecule-1 S-I. 

220 < T < 450K,log k±0.3. 
k1a = 6 X 10-14 at 300 K. 
The results in reference (c) may be used as an upper 

limit for reaction (1 t). 
. kl t(HO, v=9) < 7.7 X 10-12 cms molecule-1 S-I. 

This is a sum over all channels, not an elementary 
process. There are no data on reactions (lb) and (lc). 

Remarks 

The preferred . valu~ is appr~ximately that from the 
current experiments of Anderson. These are . the most 
direct . measurements of k1a and are preferred for that 
reason. The error limit is broad, and reflects the dis­
agreement between reference (p) and the only other 
recent quantitative measurement, reference (m). The 
earlier quantitative result· G) has been reinterpreted 
to exclude reaction (Ia). All ofthe earlier limit estimates 
should now be · disregarded. Reaction (Ia) should be 
·~onsidered an O-atom transfer reaCtion with a normal 

· rate constant. 
DeMore's steady state photolysis expenmeriis{ref. m) 

yield an approximate value that is fifty percent larger 
. than reported in (p). This is good agreement if the very 
· different technique and greater complexity of the ex­

perimental system are considered. 
More experiments on reaction . (Ia) are needed in 

order to establish the value and narrow the error bounds. 
A rate constant of this magnitude makes reaction (1) 
an important component of mechanisms of stratospheric 

· .chemistry. 
DeMore's work (m) is especially important for an 

understanding of the OsfHOx system. It has been 
evident since the studies of Forbes and Heidt in the 
early 1930's (q) that there is a chain reaction sequence 
involving HOx that destroys 'o~one. The simplest chitin 
is that proposed by Norrish and Wayne (r) 

(la) 

(7) 

Most studies of the OafHOx system have used high. 
[031/[02] ratios and photolysis of 0 3 of wavelengths less 
than 300 nm. Energy transfer steps and reactions of 
electronically excited 0 and O2 could not be ruled out. 
DeMore's experiments, in which Oep) alone is formed 
and in which there is a high [021/[03] ratio indicate 
that the chain must inv-olve only normal (thermally 
equilibrated) species. 

Under his experimental conditions reaction (7) is 
the most likely step regenerating hydroxyl The occur· 
ence of this reaction has been questioned, because it 
is difficult to formulate a transition state. The reaction 
could be an O-atom transfer followed by rapid decom­
position of an unstable 0 4 complex. Unfortunately, 
analogous processes cannot be cited. The systems in 
which the OsfHO x chain have been studied are complex. 
They require · elaborate mechanisms for complete 
interpretation. Thus the importance of reaction (7), 
although probable, is not firmly <,;stablished. Experi­
ments are needed in which other species than 0 3 are 
measured. 

Comments ~n specific studies follow. 

Ref. (c) 
. . The t6tal~ate of reaCtion of HO (v=2 to 9) in the 
presence of Oa was measured. This is based on' infrared 

. emIssIOn bands. Corrections were made f~r loss by 
radiation and at the walls. Both corrections are large. 
Physical quenching · appears to be minor (d). Thus, 
these rates are summations for the chemicalreaptions 
in. the system. .. . . 

When extrapolated to HO (v=O), k1 -10-12, in 
reasonable agreement with the experiments in (p), 
since the extrapolation preSupposes no energy parrier. 
This extrapolation depends heavily on the radiative life 
time for HO (v = 9),7"9 = 6.4 X 10- 2 s, and on the relative 
transition probabilities for the lower states. 7"9 is surpris­
ingly long. 

The experiments are extensive, but are not described 
in sufficient detail to permit estimates of concentrations 
in . the measurement region of the flow tube. As is the 
case with most studies of secondary reactions, the · 
measured phenomenon occurs in a region where there 

. is· a buildup of product. FQr HO (v=9), 50 percent of 
reaction (1 t) must have occurred before the earliest 
measurement. Water is an effective quencher (e) and 
may be troublesome. So might reaction with H2 (reaction 
(2 t) . although DeMore's data suggest this is not im­
portant (g). Experiments in the absence of excess 0 3 

would be desirable to test this point and to determine 
the "background" decay rate. Direct, optical, measure-
ments of [03] also are needed. . . 

Ref (f) 

This upper limit is based on the absence of an effect 
of 0 3 oil. the rate of disappearance of HO and on an 
estimate of instrumental sensitivity. 

Ref (g) 

Absence of a reaction of thermal HO at 87 K does not 
rule out a gas phase reaction at room temperature if 
there is an activation energy. However, the experiments 
suggest that it will beslow. 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 
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284 HAMPSON, ET Al 

The two results (no reaction of thermal HO, reactil)n 
of excited OH) are based on quantum yields of 0 3 

destruction and water formation in the presence and 
absence of small additions of O2• The pertinent reactions 
are: 

03+hv~ OeD) +02 

oeD) +H2~H+HO 
H+02+M~H02+M 

HO+03~H02+02 

H02+03~Hot +02 

H+03~ Hot +02 

Hot +03 ~ H + 20 2 

(8) 

(la) 

(7) 

(6) 

(lb t) 

The interpretation, which we accept, may be summar­
ized as follows. In the presence of O2 , reaction (8) 
scavenges H atoms. Then .:l03 == aH20 where water is 
the ultimate product formed from radicals and peroxides 
in the system. This is interpreted to mean that reactions 
(la) and (7) do not occur, i.e. , HO and H02 are unreac­
tive. In the absence of sufficient O2 to scavenge H atoms, 
a03 > aH20. This is interpreted as due to the chain (6) 
followed by some reaction of HOt with 03- The chain 
(6) and (lb t) is favored over (6), (la t), and (7) because 
(7) is ruled out by the experiments with added O2• 

Ref (h) 

A preliminary report on flash photolysis experiments. 
Details not given. No evidence was found for a chainre­
action in a system containing 0 3 and HO, either imme· 
diately or at long times after the flash. Hydroxyl is 
formed in the sequence 

with little, if any excitation of theHO. At short times the 
quantum yield, 1> (- 0 3), is - 2. This is in contrast to the 
steady photolysis of 03/H20 mixtures in which high 
quantum yields are found: (<I> (~03) up to 100). The au­
thors argue that their results rule out reactions (la) and 
(7) in both types of photolysis. The upper limit is based 
on absence of an effect and an estimate of instrumental 
sensitivity. Fortin, et al. (0) have criticized the interpre­
tation given in ref. (h). They studied the flash photolysis 
of moist ozone, show that a very extensive mechanism 
must be used to interpret the intermediate quantum 
yield, and state that reactions (la) and (7) would con­
tribute very little even if both had rate constants 
- 5 X 10-13 cm3 molecule-1 S-I. 

Ref (i) 

This lower limit estimate is based on the chain mech­
anism .(la, 7) and on an estimate of [H02 ]. The estimate 

J. Phys. Chem. Ref. Oata, Vol. 2, No.2, 1973 

is too indirect to be useful. 

Refs. U and k) 

These data were, prior to 1972, the only quantitative 
measurements on reaction (la). Volman has recently re­
examined and reinterpreted them (n) in the light of the 
now known kinetics of reactions of OeD). He concludes 
that reaction (la) is probably not important, but that 

OeD) + I-L02 ~ HO + H02 

controls the variation of a[O~ll a [HZ02] with reactant . 
concentrations. The rate constant klO may be up to 10 
fold faster than OeD) + H 20, that is, it occurs .essen­
tially at every collision. 

We agree with the reinterpretation but also note that 
we have been unable to model these experiments using 
modern rate data to the point that the observed concen­
tration changes can be reproduced. The modelling gives 
smaller 0 3 and HzOz destruction. 

These experiments remain important for interpreta­
tion ofthe 0 3 photolysis in the presence of water. Volrnan 
gives evidence that there is no chain process. This is 
contrary to the results in reference (m). The two studies 
are sufficiently similar that they should agree on the 
point. We have no explanation. 

Ref (m} 

Steady photolysis of O2 and H20 at A= 184.9 nm in 
excess O2 produces 0 3, HO, and H02 

02+hv~ 20 

0+02+M~03+M 

H20+hv~H+HO 

. H+02+M~H02+M 

Photon absorption in this optically thick system was 
. determined from rale of 0 3 formation in calibration 
experiments . . Only slight 0 3 photolysis occurs. Rate 
of O2 photolysis is 9 fold greater than that of IhO for 
P(Oz) = 300 torr and P(HzO) = 4.6 torr. A steady state 
in 0 3 is reached at long times (more than 100 min) that 
indicates chain destruction of 0 3 by HO and H02. 
Interpreted as 

HO+03~ H02+02, 

H02+03~ HO+202• 

Competition experiments with added co (removing HO 
and forming H02) 

CO+HO~COz+H, 

were used to obtain approximate values kl~ - 8 X 10-14 

and k7 - 3 X 10-15 cm3 molecule-I S-I. These are only 

. ; 
! 

lpaek

lpaek

lpaek



KINETICS OF ATMOSPHERIC REACTIONS 285 

approximate because the system is optically thick 
and the concentrations of intermediates are intensity 
dependent. 

Ref(p) 

These experiments measure the total rate of dis­
appearance of HO iIi the presence of excess Os. The 
method is ·similar to that used' by the same authors for 
studying the reaction ofHO with N02 (s). Tests indicated 
no measurable concentration of 0 atoms. The hydroxyl 
radicals used should be almost exclusively HO(v=O). 
The. pre-exponential factor is -10-12 cms molecule-I 
S-I which is consistent with the extrapolated value from 
reference (c). 

These are the most direct measurements, to da~e, of 
. k1• Interference from H02 + 0 3 or NO + 0 3 should be 
unimportant. 
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4.15. The Reaction of H02 with H02 

Auxiliary Data 

AH~9ii = -178 ± 16 kJ/mol (-4-~.6±4 kcal/mol) (a) 

Preferred· value 

(Changed from that in NBS Report 10828 (April 1972). 

kl (300)=6XlO:-12 cm3 molecule-1 S-I, estimated un· 
certainty: a factor of two. 

kl = 3 X 10-l1 exp (-500IT) cm3 molecule-Is-I 
(300-1000 K), estimated uncertainty is an order of 
magnitude atlOOO K. 

- d[H02 ] Idt = 2kl [H02] 2. 

Remarks 

There are four studies , three of which (b, c, i) indicate 
a rate constant in the range 0.3-1.0 X 10-11 • For this 
reason the other (d) is · rejected. Only the two latest 
measurements (b, i) need be considered. Th~ techniques . 
are sufficiently difficult and different so that the dis­
crepancy in rates is not surprising. Paukert's rate (b) 

9.5 ± 0.83 X 10-12 

3.6± 0.5 X 10-12 

3 X 10-12 

Ll X 10- 10 

Data 

System 

Flash photolysis of HiO/O~ 

mixtures in H2 , He, Ar, total 
pressure: 1 atm.· [HO.] vs 

. time measures. 

Hochanadel,et al., 1972 (i). 

Photolysis of H20 2 • H02 

absorption measured. 

Paukert, Johnston, 1972 (b). 

Electrical discharge through 
H20 2 • HO. detected by mass 
spectrometry. 

Foner, Hudson, 1962 (c). 

Hg photosensitized hydrogen· 
oxygen reaction 293-319 K 
Measured temp. rise. 

Bur~ess, Robb,1957 (d). 
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depends upon the absolute value of the absorption co­
efficient for H20 2 , while Hochanadel's depends upon 
that for H02• Both measured the extinction coefficient 
of H02 at 210 nm in units of dm3 mol- 1 cm- I base 10: 
1200 (b), 1770 (i). If the former is correct then the rate 
constant in (i) should be reduced to 6.5 X 10-12. cm3 

molecule-Is-I. A similar argument may not be made to 
raise the rate in (b). That rate ' is based on € (H202) 
at 200 nm reported in ref. (g). A value twice as large 
has also been reported (h). . 

Because of the uncertainty in € (R02 ), we simply have 
. averaged the two rates(b, i), and hav~. adopted· the 
·~ctivation -energy estimated by · LIoyd . (e). }fis room · 
temperatur~ rate . constant IS, however, 3.3 X 10-12 

based ori (b) and (c). 

.. .... 

. llHo298 = -40.6 kJ/mol (-9.7 kcal/mol) (a) 
llGo298 = - 1.34 kJ/mol ('- 0.32 kcal/mol) 
Kp = 1.7 atm -I (value calculated from above value of 
llGom ) 

Preferred Value·'· 

No . recommendation can bemcide for the villueof 
, the rate constant for the homogeneous gas-phase 
reaction of H20, NO, and N02 since the only nite data 
reported '(ref. '(b) and (c)) refer to the heterogeneous 

.. reaction occurring on the vessel walls (see Remarks). 

Remarks " 

All that. can be said aboQt the value of the hoino­
geneous gas-phase reaction rate constant is that it must 
be less than the values in (b) and (6) whi~hpertain to 
the dominant heterogeneous reaction. Therefore, for 
the rate expression 

-dP No.1 dt = kP NaP N02P~~6' 

.. . . . 
an upper limiting value for the homogeneous gas-phase , 
reaction rate constant is (from Graham and Tyler): 

k ~ 1.1 X 10-55 cm9 molecule-3 S - I. 

(Changed from that in NBS Report 10692 (Jan. 
1972).) 

The following mechanism was considered in ' both 
stl,ldies: 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 
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There . are "no · direct data on the rate of the homo­
. 'gen'~ous gas ,phase reaction between H20, NO, and N02 . 

However the following data on the rate of the hetero- . 
geneous reaction can be used to set an upper limit to 
the rate of th,e homogeneous reaction. 

, k ,= 1.1 x 10-55 cin 9 

molecule-3 s-I. 
-dPNOJdt~ 

k P NcI' NO,pzH,o 

k = 1.2 x 1O-:u em6 

molecule -. S-I 

-2 dP NO Jdt = dPHNOJdt 
kPf>iu,o with 

. P NO = 1 atm · 

P = PNO , + PN,o. 

Cylindrical stirred flow reactor 
5.8 cm long, 6.0 cm i.d. PNO. 
meas. by optical abs. as fct. 
of time after· introduction of 
H20 into stream of NO, 
NO., and N2• Range of 
exptL conditions was: 

PNO. 0.002 - .01 atm 
P No,0.057 - .27 atm 
PH• O 0.0063 - .019' atm 

and N 2 added to. give P IiJUiI =:= 1 
atm. 

Graham, Tyler, 1972 (b). 

Rate of approach to equilibrium 
of trapped , non·equil. mixt. of 
NO, N02 , and H 20 de· 
termined from meas. of 
P NO. as fct. of time by 
optical abs. Capillary tubing. 

Range of expd. conditions was: 

PNO. 0.005-.033 atm 
P H,O .009-.025 atm 
P NO 1 atm 

Wayne, Yost,,1951 (c). 
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NO + N02 + H20 =2HN02 

N20 3 + H 20 = 2HN02 

NO + N02 =N20 3 

(1) 
(2) 

(3) 

Neither study distinguished between (1) and (2) because 

of the rapid attainment of equilibrium in (3). 

Remarks on Specific References 

Ref (b) 

This study verified the second-order dependence of 
the rate on [H20] suggested in (c). Afirst-oxder de-

. IJen?ence on [NO z] .andon [NO] was found. The surface­
to-volume ratio was (1/40) the value in (c); and the rate 
constant was (1/36) its value in (c)" similarly defined. 
This strong dependence of k on (s/v) was interpreted as 
evidence for the heterogeneous nature of the reaction. 
They attempted to fit ' the data to the stoichiometry 
indicated by eqn. (1), i.e. first order 'in H20, NO; and 
N02. Although the derived rate constant was not in­
dependent of [H20], the values were within a factor of 
2 of the mean value of 2.0 X 10-3 m4 kN:-2 S-I, equal to 
3.4 X 10-38 cm6 molecule-2 S-I_ This can be taken as an 
upper limiting value to the rate constant for the homo­
geneousgas phase reaction whose stoichiometry is 
. given by eqn. (1). An overall rate in terms of [N203J is 
also given. 

Ref (c) 

This study was performed in a 1 mm diameter 
pyrex tube and no precautions were taken to avoid 

surface' reaction. In view of the results in (h) these meas­
urements are reiected as gas phase rate' data. They 
might be useful in defining the rate in a heterogeneous 
converter. Note that the reported rate does not reflect 
the dependence on [NO] which was fixed at 1 atm. This 
is unity (b). If this is introduced: 

d[HN02 ]/dt = k' [NO] [A] [H20)2, 
where 

k' = 5 X 10-54 cm9 molecule-3 S-I, 

and 

[~}= [NOz]+ [N20 3]. 

Note that the rate quoted from (c) in the Data section 
has occasionally been cited incorrectly as applicable in 
the rate. expression 

dP HNO./ dt = kP NOP NO.P H.O, 

. that is without the second order dependence on water. 
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4_17. The Reaction Between H20 and N20 s 

Auxiliary Data . 

Am98 = -40 kJ/mol (.....:·9.5 kcal/mol) (a) 

Data 

There are no pUblished quantitative data on the rate 
of this reaction. 

Preferred Value 

(Changed from that in NBS Report 10692 (Jan. 
1972).) 

kl (300 K) < 10-20 cm3 molecule-I S-I. 

Remarks 

There is no evidence that this reaction occurs. It 
has been postulated as a possible regenerative step for 
HN03 in the photolysis of mixtures of N02 and HN03 

at 366 nm (b), although it was not considered to be im­
portant in a similar study at 265 nm (c). Other homo­
geneous and heterogeneous reactions may serve the 
same purpose, so that the value in (b) must be consid· 
ered an upper limit. It is not clear how this value was 
obtained_ 

H. 10hnston (d) in a discussion of his earlier work on 
the effects of foreign gases on the decomposition of 

N20 S (e) suggests that kl (323 K) is less than 2 X 10-19 

em3 molecule-I S-I and that Jaffe and Ford were ob­
serving Ii heterogeneous reaction. Niki, et al. (f) on 
the basis of a photochemical smog model estimate 
kl = 10-21 cm3 molecule-I S-I at 300 K, a value sup­
ported by preliminary results from a direct study of 
the reaction which indicate kl < 10-20 cm3 molecule-I 
S-I (g). The latter is tentatively accepted as a realistic 

. upper limit for the rate constant. Assuming a normal 
pre-exponential factor this reaction would have a rate 
constant at least 100 times slower at stratospheric 
temperatures (220 K) than at 300 K. 
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4.18. The Reaction Between H20 and 0(1 D} 

H,O+O('D) ...... HO+HO, -U9.2kJ mol-' (-28.50kcalmol-') k'a 
-.0(3P)+H,0 -189.8 (-45.36) k'b 
...... H,O, -333.4 (-79.69) k't 
-.H,+O. -197.1 (-47.11) k'd 

Auxiliary Data 

Reaction (1) has been studied only in relative rate 
experiments. 

Comparison reactions are: 

.. flH~.(a, b) 

N, +O('D) ...... N,+0(3P) -189.8 kJ mol-' (-45.36) kcal mol-' k, 
0('D)+03 ...... 0'+0' -581.6 (-139.01) k3 
O('D) +0, ...... 0(3P) +0. -189.8 (- 45.36) k. 
C.H12 +O('D) ...... C,H"OH -589.1 (-140.8) k. 
N,O+O('D) ...... N,+O, -521.0 (-124.52) ka, 
N.O + O('D) ...... NO + NO -340.5 (-81.38) kab 

CO +O('D) ...... CO+0(3P) -189.8 (-45.36) k, 

Preferred Values 

(Changed from that in NBS Report 10828 (April 1972).) 

Ratios (0) 

k 1(HzO)/k3 (03) ~ 0.70 
k1 (H20)/k4 (Oz)';'" 4.7 
k1(H zO)/k2 (Nz) = 6.4 at 300 K. Reproducibility 

20-30 percent. 

Absolute Value 

kl=3.5 X 10-10 cm3 molecule-I s-I. 
Uncertainty: log k±O.l 

Remarks 

The preferred values are those developed by Cve­
tanovic (0), see below, from an analysis of all rate ratio 
data for reactions of O(ID). The ratios are more reliable 
than the absolute value since the uncertainty in thelat­
ter must reflect the errors in the available-absohite mea­
surements ofO(ID) rate constants. 

The rate ratios probably are sufficiently accurate for 
atmospheric modelling. All of the reactions of 0<' D) 
with major and trace components of the atmosphere are 
very fast, only the competition among them is important. 

. For . this reason the rate ratios are more important than 
the absolute values. 

Comments on Measurements 

Ref (c) 

Large extent of decomposition of 0 3 during and 

immediately after the (relatively long) flash make it 

difficult to assess the primary quantum yield and con­
tribution from other reactions. (The value 0.45 is not 

given in the paper. It has been derived from the data and 
mechanism. 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

kdk3 

0.45 ±0.2 

0.5 

0.25±0.06 

1.5 

kd (ks. + ksb ) = 
1.50±0.06 

kilk=0.38±0.03 

k./(ks.+ksb ) =2.1 
k •• /k. > 0.9 

kdk. = 5.0 

kdk2=3.5 

k./k1 = 
3.0 (300 K) 
1.67 (423 K) 
0.385 exp (+600jT) 

Data 

Conditions 

Room temp, uv flash photolysis of 03/H2 0/He 
mixtures. 0 3 decomp. meas. 

Biedenkapp, et aI., 1970 (c). 

Room temp, uv flash photolysisof03/H20/Ar 
mixtures. 0 3 decomp. meas. 

Langley, McGrath, 1971 (d). 

Room temp, steady; ~ = 253.7 nm, photolysis 
of 03/H20·8 mixtures, .80 exchange meas. 

Katakis, 1967 (e). 

Room temp, steady . photolysis of 0 3 , 

~=228.8, 253.7, 280.0 nm in presence of 
water and He. <1>(-03 ) obtained from 
A[03] (photometric) and actinometry 

using HEr photolysis. 

Lissi, Heicklen, 1972 (k). 

Uv flash photolysis of 0 3 in 03/N20/H20 
mixt.vs. ·the same 03/N20 mixt. at 23± 1 
°C. [03]=0.4-2.3 torr, [N20]=25-400 
torr, [H2 0]/[N20] < 1. N2 production 
meas. 

Scott, Cvetanovic, 1971 (f): 

Steady photolysis of N20, ~= 213.9 nm. in 
N.0/CsH..!SF./H20 mixtures at 25°C. 
[N20]=3 torr, [CsH.o]= 10 torr, [SF.j= 
300 torr, [H20] = 5 - 21 torr. A CsHII 0 H/ 
AN2 meas. 

·Same expts, I-butene added as a test for 
0(3P). H20 had no effecL 

Paraskevopoulos, Cvetanovic, 1971 (g). 

Steady photolysis of N20 in presence of 
H20 and CO. Relative yields of CO2 and · 
N2 measured. 

. Simonaitis, Heicklen, 1972 (1). 

Quenching of radiation from O,('l) in 254 
nm photolysis of 0 3 . 

Gauthier, Snelling, 1972 (m). 

Flash photolysis of 03/H20/N2 mixtures. 
[03] vs. t measured. 

Fortin, Snelling, Tardif, 1972 (n). 

Steady photalysjs of N02, ~ = 228.8 nm in 
N02/H20/CO/He mixtures. Actinometry 
using NO./N.O mixtures. <I>(CO.) me as. 

Simonaitis, Heicklen 1972 (j). 
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Ref (d) 
Pending a more detailed report of the measurements , 

the [H20] at which a limiting quantum yield is reached 
cannot be assessed. This' limit is used in 'setting the rate 
ratio. 

Ref (e) 

O-atom exchange was measured in steady photolysis 
of 03/HzO mixtures. The resultant rate ratio is strongly 
dependent upon the mechanism and on the efficiency 
of a chain reaction in recycling the oxygen. 

Ref (f) 
Simultaneous photolysis of two mixtures, one con­

taining a quenching gas (HzO, Xe, He, SFs, Oz, COz, 
neopentane). Results do not depend upon kaalkab. 

Ref (g) 

Water decreases the production of CsHlI OH. Effect 
assigned to competition between reactions (la) and 
(5) since reaction (lb) was shown to be unimportant. 
Results consistent with kl / ks = 0.35 ± 0.03 derived from 
ref (f). Results do not depend upon kaalkab. 

Ref (j) 

In this study kIf k7 and the ratio of rates for 

HO+ NOz(+ M) --7 HN03 
HO+ CO--7 CO2+ H 

were determined simultaneously. Experiments under 
extreme conditions permitted both ratios to be estab­
lished. The temperature coefficient is believed to apply 
to k7 , not kl • 

Ref (k) 
The experiments show <1>(-03) to rise from a mlll!­

mum value - 5.5 when P(H20) =0 and pass through a 
maximum at P(HzO) - 4 torr. See fig. 7 in ref. (k). At 
low [HzO], <I> is proportional to [HzO]0.5. The authors 
estimate kl / k3 - 1.5 from <I> at (<I> max -<l>0}/2. At this 
point ka[03] = 3k l [HzO]. The mechanism is complex, . 
the estimate approximate. . , 

Ref (l) 

These experiments determine the relative rates .of 
reaction of H20 and NzO with O('D) by following CO2 

production from CO + HO --7 COz + H as a function of 

[NzOJ/[H20]. The ratio applies to the sum of the 
following four reactions 

O(ID) + HzO--7 2HO > 90% 
--7 HzO + O(3P) < 4% 
--7 HzOz < 5% 
--7 Hz + Oz < 0.4% 

the relative importance of which is shown at the right. 

Ref (0) 

An evaluation of all data available in Nov. 1972 for 
reactions of O(ID) with ClL, C2H6, C3Hs, CSHI2 , CO, 
COz, Hz, HzO, Nz, NO, NOz, NiO; Oz, 0 3 and the rare 
gases. These rate ratio data form a'n interconnected 
net, solution of which yields a self consistent set of 
rate ratios. The data network'is displayed in the data 
sheet on O(lD)+NzO. The relative rates pertinent to 
the data listed in this review are 1.0(COz}, 0.42(Oz}, 
2.8(03}, O.30(Nz}, 1.22(N20}, 0.42(CO}, 1. 95 (Hz 0). 
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4.19. Photolysis of H20 2 , A < 300 nm 

Primary Photochemical Transitions 

M~ 
Reaction A threshold 

kllmol . kcallmol (nm) 

H202~ 2HO(X'n) 207 (49.6) 577 (1) 
-> HO(X2n) + HO(A'L) 598 (142.9) 200 (2) 

- H+H02 371 (88.7) 322 (3) 

- 2H+0.(X3!i) 562 (134.3) 213 (4) 

.- ff2+02(a 'Llg) 224 (53.6 ) 533 (5 ) 
~ Hz + Oz (b'~d) 287 (68.6) 417 (6) 
'"'+ H2 +20 (3P) 624 (149.0) 192 (7) 
-> H20+ O('D) 328 (78.3) 365 (8) 

8~ calculated using ~H; values in (a) and excitatiQn .energies ·of 
OH(2~), 02('Ll), and 02(.'~l.from (b). 

Data 

Absorption spectrum and absorption coefficient 

W'a velenith ' range ' 

;275-215' l\ll'l ',' ' 

225-185 nm 
254nm 

200~120 nm 

300 > A > 200 nm. 
<ps(O(,D»/<p, (OH) < 0.10 

A=253.7 nm 
<P (-H20 2)=1.7±0,4 

. i/>s(O(ID» < 0.01 

A= 147 nm ' 
<p2(HO(A2};» > 0 
<ps(O('D» < 0.01 

A= 123.6 nm . 
.p.(HO(A2~» > 0 
<ps(O(lD» < o.oi 
ch + ~s + <P7 = 0.25 
4>a + <P. E; 0.25 ' 
<PI + <Pz ~ 0.50 

Observation 

. Continuous abs. spectrum; .samevwile · of . 
, ,', abs9rptioll coelfici'e~t for . vapor and 

sQI'n. 

Urey,.et al., 1929 (c). ' 

Continuous, abs. spectrum; value of ~bs. 
~o~fficient increases ~teadily as ~ de· 
creas~s . See table { and fig. 1. ' 

Holt, et al.,.1948 (d). 

Some structure. Bands beginning at - 185 
nrn; 165 nrn., and possibly at - 145 hm. 
Structure is superimposed on broad 
underlying continuum resembling H20. 
Contributio~ of H20 to absorption for ' 
A < 180 nm not known. At 200. nm value 
of abs: eoeff. is nearly twice that in (d). 

Schiirgers, Welge, 1968 (e); 

Quantum , yields 

[OH] and [OD] observed in absorption. 
<PI (OH)=2,<p, (-H.O,). 

Greiner, 1966(f). 

. Based on <P (acetone)= 0.8. 

Vol man, 1949, 1963 (h) . . 

Stief, DeCarlo, 1969 (g). , 

HO (A-X) emission obs. 

Stief, DeCarlo, 1969 (g). 

Inferred fro'm meas. <PiH,) = 0.5'0, half of' 
which is scavenged with C. D.. No 
direct observation of O2* in (5) or (6). 

Stief, DeCarlo, 1969 (g). 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

Preferred Values 

Absorption coefficients, 200 < 11.<300 nm: Data of 
reference (d) see table I and fig. L 

Quantum yields, 200 < 11.<300 nm: cf>, (-HzOz) - L 
11.< 200 nm: No recommendation. 

Remaoo 

Absorption Coefficients 

The corrected data from ref. (d) are selected here. 
Relative absorption coefficients (i) match the wave­
length dependence. There is good agreement bet}Veen 
(d) and {~)at 220 nm .. Measurements in the vacuum uv 
(e) give ' an absorption coefficient 2 times the value in 

. (d) at 200 ilm. The cause of the discrepancy is unknown. 

Quantum yields 

11.>200 nm 

The ,only data are from one study (h) in which the 
overall quAntum yield is <P (-H 20z) =1.7 ± 0.4 based 

. on the mechanism: 

(1) 

This leads to cf>1 (-H20 Z) - 1, which is reasonable. 
Greiner has criticized some of the tests in support of 
the above mechanism and suggests that 0 atoms could 
be formed in the photolytic step and still give . the 

. 'Qbse;ved quantum yield. Then~ are no, data on, this point. 

, A< 200 nm, . 
. . 

These data, ref. (g), are important primarily because 
. they indicate what ' photolytic processes , occur. The 
numerical values are based on ' Hz production in the 
absence and presence of C 2D 4 (which scavenges H 

, atoms), and are put on ail absolute basis by using CO 2 as 
an actinometer. Although the trends reported clearly 
are present, the absolute values for the cf>'s may have a 
large uncertainty. 

References 

(a) D. D. Wagman, et aL, NBS Technical Note 270-3 (Jan. 1968). 
(b) G. Herzberg, Spectra of Diatomic Molcules, D. Van Nostrand Co. 

Inc., New York (1950). 
(c) H. C. Urey, L. H. Dawsey, and F. O. Rice, J. Am. Chern. Soc. 51, 

1371 (1929). 
(d) R. B. Holt, C. K McLane, and O. Oldenberg, J. Chern. Phys. 16, 

225,638 [erratum] (1948). 
(e)M. Schiirgers arid K H. Welge, Z. Naturforsch. 238, 1508 (1968). 
(f) N. R. Greiner,]. Chern. Phys. 45,99 (1966). 
(g) L. J. Stief, and V. J. DeCarlo, J. Chern. Phys. 50, 1234 (1969). 

( , ' 

lpaek

lpaek

lpaek

lpaek



KINETICS OF ATMOSPHERIC REACTIONS 291 

(h) D. H. Volman, 1. Chern. Phys. 17,947 (1949); Adv. Photochem. 1, 12 0 
43 (1963). 

(i) T. T. Paukert and H. S. Johnston, J. Chern. Phys. 56,2824 (1972). 

A. H. Laufer, M. J. Kurylo, W. Braun 
March,1972 

TABLE I. Values of absorption coefficient of H20., 185-225 nm. 
(read from corrected figure lof ref. (d), J. Chern. Phys. 16,638 (1948» 

A(nm) 10.0 (T, em" 

190 80 
195 60 
200 54 
205 46 
210 40 
215 34 
220 28 
225 24 
254 7.4 

The absorption coefficient is defined by the eqn: 

(T= (l/cl) log. (Io/I) , 

where c is cone. in molecules/cm3, l is 'the path length in em, 10 and I 
are the incident and transmitted light intensities. ' The value for 254 nm 
is from the original paper by Holt, et al., J. Chem. Phys. 16,225 (1948). 
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Q 

I­
Z 
UJ o u: ... 

9 o \ 

.... 60 
8 
z o 
i= 
0.. 
II:: 
o 
CIl 

~ 

30 

o 
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WAVELENGTH IN A 

2150 

~ 

2250 . 

FIGURE 1. Absorption coefficient (T for H20 2 vapor. San'te data as in 
table I. Units of II are em". For definition of II see footnote to 
table I. Holt, et al. (corrected fig. 1 of ref. (d), J. Chern. Phys. 16, 
638 (1948)). 

4.20. The Reaction Between H2 0 2 and NO 

H20 2 + NO-'» H20+ N02 (overall reaction) 
-'» HNO+ H02 
~HN02+0H 

-'» HN03 + H 

Auxiliary Data 

llH;98(O)=-163 kJ/mol (-38.9 kcal/mol) 
llH;9s(la)= 166kJ/mol (40 kcal/mol) 
llH~9s(lb)= 5.5 kJ/mol (1.3 kcal mol) 
llH;9s(lc)= 129 kJjmol (30.8 kcal/mol) 

Data 

k(S-I) T(K) System 

. (a, b) 

0.032 491 H20. (2-12 torr) and NO (3-40 torr) allowed 
.115 521 to react in excess N2 , He, or CO2 • Meas· 
.42 550 ured initial d[NO.]/ dt and initial dP/ dt. 
.76 569 

1.57 588 Asquith, 1969 (c). 
2.53 601 

d[N02J1dt (initial)=k[H20.J2/[Mj. When data for k are expressed 
in Arrhenius form: A =7 X 108 S-I and E= 23.4 kcal/mol (98 kl/mol) 
(k,Jk.)r.= K = 3.7 X 10-5 mol/cm3• Asquith, 1969 (c) (see Remarks 
section for definition of rate constants). 

Quantity Measured System 

kl < 5 X 10-20 H.02 (0.5-1.5 torr) and NO(I-12 torr) 
cm3 molecule-Is-I allowed to react in presence of 1-2 torr 
(T = 298 K) Ar. [NO], [H2 0.], [N02] followed by mass 

spectrometry [N02] also measured by 
optical absorption . 

, Gray, Lissi, Heicklen, 1972 (g). 

Preferred Value 

(Changed from that in NBS Report 10828 (April 1972).) 

k, (550K) - 2 X 10-20 cm3 molecule-'s-'. 
k, (300 K) < 5 X 10-20 cm3 molecule-Is-I. 

Remarks 

The data in (c) are interpreted acco,rding to the follow· 
ing mechanism: 

H20 2 + NO -'» HNO + H02 

-'» HN02 + OH 
-'» HN03 + H -'» OH or H02 

J. Phys. Chern. Ref. Data, Vol. 2, No.2, 1973 
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292 HAMPSON, ET AL 

OH + HzOz ~ HOz + HzO 
HOz + NO~ OH+ NOz 
OH + NO + M ~ HN02 + M 
OH + N02 + M ~ HN03 + M 

This mechanism leads to the expression: 

From the measured values of k = klk2/k4 and of k2/k4 
at 550 K the value of kl at 550 K is obtained. From the 
measured value of 23.4 kcal/mol for E = EI + E2 - £4 
one can geL an estimate of E i. The value ofE2 has been 
estimated to be 1.8 kcal/mol (e). The author in (c) 
estimates E4t~ be ~'7.5 kcal/mol~s-suming it to be 
equal to the value estimated for E5 in (f). Although the 
magnitude of this number seems much to'o large it can 
be used to set a lower limit to the value of E 1 of 14 kcal/ 
mol. This leads to kl (300 K) < 10-24 cm3 molecule-I S-I. 
Choosing the value of E4 to be near zero permits one 
to calculate an upper limit of 22 kcal/mol for the value of 
E I . It is likely that reaction (1b) is the initiating step, 
since it is the only elementary reaction with a flH less 
than the observed E 1• 

The mecha.nism used in (c) was originally used in (d) .. ' 
There, in a detailed study at 572 K, NO (up to 25 torr) 
and HzOz (up to 14 torr) in excess .N2 were allowed to 

. react and the over,all reaction shown to correspond to 
(1). The initial rate of formation of NOz was found to be 

independent of [NO] and vessel diameter and to be of 
the form d NOzJ/dt (initial) = k[Hz0 2]x/ [Nz] where 
1.6 < x < 1.9 depending on [N2]. The deviation of x 
from the value 2 can be accounted for by participation of 
HzOz as a third body in reaction (4). 

The. upper limiting value of kl (300 K) in (g) is derived 
on the basis of the observed decay of H20 2 in the pres­
ence of NO. It is far larger than the upper limit derived 
from the high temperature data (c). The possibility 
that the room temperature results are due to hetero­
geneous reactions cannot be ruled ouL 
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4.21. The Reaction Between NO and 0 3 

kl Dat~ - C~ntinued 

Auxiliary Data 

flH29S=-200 kl/mol (-47.7 kcal/mol) (a) 

Data 

1.3 X 1O~12 exp (-1.25 X 103fT) Stopped·flow technique. Meas. at 

5X 10-1< 

198 and 230 K (total of 65 expts.) 

Johnston, Crosby,1954 (b). 

Photolysis of NO. in air, in a 50 
liter stirred flow reactor, 302 K. 

Ford, et aI., 1957 (c). 

9.5 X 10-13 exp (-1.23 X 103fT) Flow system, infrared chemilumi· 

1.4 X 10-1< 

nescence, 216-322 K. 

Clyne, et aI., 1964 (d). 

Flow system, infrared chemilumi­
nescence, 293 K. 

Clough, Thrush, 1967 (e). 

J. Phys. Chern. Ref. Data, Vol. 2, No.2, 1973 

k, (cm" molecule-1 8-1) System 

2.1 X 10-1• Flow system, mass spec. 298 K. 

Phillips, Schiff, 1962 (f). 

2.1 X 10-'" Flow system, mass spec., 296 K. 

Sharma, et al., 1970 (g). 

2.0 X 10-12 exp (-1.28 X 103fT) Supersonic nozzle. Meas. 6(03 ) 

by absorption at 254 nm. 245-
345 K (total of 80 expts.). 

Marte, et aI., 1963 (h). 

Preferred Value 

k(198-330K)=9XlO-13 exp (-1.2X1()3/T) cm3 

molecule- I S-I, estimated uncertainty: ±30 percent 
over indicated temperature'range. 

k(298 K)= 1.6 X 10-14 cm3 molecule-:- I S-I. 
k(220 K)=3.8 X 10- 15 cm3 molecule-I S-I. 
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Remarks 

The' rate constant is given for the overall reaction. 
Then~ are two reaction channels which have been 
identified, one leading to ground state NOz, the other 
to NOt (probably N02 (2B d) (d, e, i). The rate constant 
for the latter is reported to be 1.3 ± 0.2 X 10-12 exp 
(- 2100 ± 150/T) cm3 molecule-I s -I (e), which corre­
sponds to about 2 percent of the total reaction at 220 K. 

The preferred values are derived from an Arrhenius 
plot of the data in (b) and (d). Although the total pres­
sures used in (b) are not given, in the one case noted 
the total pressure was 56S torr. Tn (cI) total pressure 
varied from 0.8 to 3 torr. 

The other extensive set of data (h) is in good agree­
ment with the preferred values. Because of the scatter 
in the data (about a factor of three at any given tempera­
ture) it was not used in arriving at the preferred value. 
With the exception of the data in (c), all the ,data ob-

tained at or near room temperature (e, f, g) are also in 
good agreement with the preferred value. 
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4.22. The Reaction Between NOz and 0 3 

kl Preferred Value 

Auxiliary Data 

AH~98 = -105 ± 21 kl/mol (- 25 ± 5 kcallmol) (a, b) 

(cm3 molecule-I S-I) 

k= 1 X 10-11 exp (-3.5 X HFjT) 
k(293-295) =6.1 X 10-17 

kl = 3.3 X 10-17 

k = 1.3 X 10-17 

kl =6.5 X 10-17 

kl =4.4X 10-17 

Data 

System . 

Stopped-flow technique. 
[NOz)- [03)-1-10 torr. 
[NOz) measured by optical ab­
sorption. 27 experiments at 293-
295 K. Arrhenius expression 
derived from consideration of 
set of 22 experiments 286-302 
K. 

Johnston, Yost, 1949 (c). 

50 I stirred flow reactor, 298 K. 
[NO~]- [03]- 1 ppm. [NOz) 
and [03) followed. 

Ford, Doyle, Endow, 1957 (d). 

Flash photolysis of 03-NzO mix· 
ture at room temperature. 

Scott, .et aI., 1971 (e). 

Photolysis of NO. in 1 atm. air. at 
298 K. [NO.] - 1-10 ppm. [03) 

followed by NOjO. chemilumi­
nescence detection. 

Stedman, Niki, 1972 (f). 

Same system as in (f). 

Niki, 1972 (g). 

(Changed from that in NBS Report 10692 (Jan. 1972).) 

k(298) = 5 X 10-17 cm3 molecule-I S-I. Estimated 
uncertainty: ± 50%. 

Remarks 

The recommended rate is based on the data of (c, d, 
and g). 

There are no satisfactory data on this reaction ex­
tending over a meaningful range of temperature. In 
the work of Johnston and Yost (c), rate constants were 
measured over the range 286 to 302 K. The accuracy of 
the temperature measurements was stated to be ±2 

. degrees. From these data they derived the Arrhenius 
expression k= 1 X 10-11 exp (-3.5 X 103/T) cm3 mole­
cule :- I S· I. Although the pre-exponential factor appears 
to be reasonable, the uncertainty in the data makes an 
extrapolation to 220 K extremely unreliable. An un­
certainty of 10:!:1 is therefore attached to the value of 
the rate constant at 220 K, about 10-18 cm3 molecule-I 
S-I. 

The other reported values (d, g) for the rate constant 
are all near room temperature_ The preferred value at 
298 K is an average of these values and that predicted 
by the Arrhenius ~pression given in (c). At present 
not enough data is available to make a cl~ar choice of 
the "best" . value at 298 K. These data (d, g) however 
confirm the approximate correctness of the data of (c) 
near room temperature, and in turn the reasonableness 
of the derived Arrhenius expression. 

In these studies, reaction (1) was assumed to be fol­
lowed by the reaction: N02 + N03 -+ N20 s. Information 
on the overall stoichiometry, however, is available only 
in (d), where only two of six runs matched the assumed 

J. Phys. Chem, Ref. Data, Vol. 2, No.2, 1973 
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294 HAMPSON, ET AL 

stoichiometry, i.e. a[N02]Ja[Oa]= 2. Values of this 
quantity ranged from 0.9 to 4.8. Thus the interpretation 
of (c) and (d) is uncertain. 

The result in (e) is based on widely scattered data and 
an assumed stoichiometry determined by a seven-step 
mechanism for the flash . photolysis of 0 3 in presence of 
N20. 
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4.23. The Reaction Bet~ee,,! N~Oarid O( ID) 

t:.Ir...(a, b) 

N.O+O{lD)-+N.+O, -521.0kJ/mol (-124.52 kcal/mol) . k'a 
N,O+ O('D) -> 2NO - 340.5 (-81.38~ , k,. 

Auxiliary Data 

Reactio~ (1) hasheen ' studied in. relativerateexperi-
ments only. Comparison reactions are: ' 

O(,D) +0,-> 0(3P) +0. 
,O('D) +0. -+ 20 • . 

t:.H~(a, b) 

-189.8kJ!mol (-45.36 kcai/m~l) 4 
-581.6 (-139.01) k3 

In addition to the reactions with O2 and Oa for which 
. absolute' values , of the rate constants are available, 
reaction (1) has heen studied in competition with the 
deactivation or reaction of O(1D) with the . following 

. species: N2, CO, CO2, H2, H20, NO, N02, Xe, CH4, 

and neopentane. 
D'lta 

Note: Only tpe data comparing kl with ~ or ka are 
given . here. they are chosen from the very large set of 
data for relative values for k(O(lD) +N20) (37 meas­
ured values of 12 ratios) because absolute values have ' 
been measured only for k2(j) andk3(k, q). 

2.8 

3.4 

4.4 

5.0 

Conditions 

- 250 nm photolysis of 0 3; decrease in 
yieid of N. measured. 

Sc<;>tt, Cvetanovic, 1971 (ref. c). 

228.8 nm photolysis of NO.; decrease in 
yield of N. measured . . ' 

Paras~evopoulos, et al, 1971 (ref. d). 

147.0 nm photolysis of 0.; change in yield 
of 0(3P) measured. 

Young, et al, 1968 (ref. e). 

253.7 nrn photolysis of 0 3; change in yield ' 
of N.O. measured. 

J. Phys. Che",. Ref. Data, Vol: 2, No.2, 1973 

3.6 

0.39 . 

0.25-0.67 

1.0l±0.06 

0.99±0.06 

0.S9±0.01 

0.50 ± 0.1; 0.59 ± 0.1 

0.69±0.05 

0.83±0.{)6 

Data - Continued 

Conditions 

De More, 1970 (ref. f). 

Quenching of radiation from O. ('!.) in 254 
nm photolysis of 0 3. 

Gauthier, Snelling, 1972 (re(. n). 

254 nm photolysis of 0 3 in presence of N.O; 
.,p (N.) meilSured. 

G~ldman, eJ aI., 1971 (ref. i). 

Photolysis of 0 3 in presence of N.O at 228.8, 
254, and 280 nrn, <1>(-03 ) measured. 

Lissi, ReickIen, 1972 (ref. 0) . 

NO. photolysis at 228.8 and 242 nm, yields 
of NO and N. measured. 

0 3 photolysis at - 250 nm, yields of NO. 
and N2 measured. 

Scott, et al, 1971 (ref. g). 

N20 photolysis at 213.9 nm, quantum yield 
of O. measured. 

Greenberg, HeickIen; 1970 (ref. h). 

OJN20 mixture photolysis at 228.8 and at 
253.7 nm, ¢(N2) meas. 

Goldman, et aL, 1971 (ref. i). 

N20 photolysis at 213.9 nm and 184.9 nm. 
Measured <I>(Nz)/<I>m(02) where <1>.,(0.) is 
the measured quantum yield of O. 
formation. 

Sam'e system as above with excess He 
added to remove translational energy of 
O('D). 

Simonaitis, Greenberg, HeickIen, 1972 (ref. 
m). 
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Preferred Values (300 K) 

(Changed from that in NBS Report 10828 (April 
1972).) 

Ratios (p) 

k1(NzO)/kz(Oz)= 2.9. 
. . k l (NzO)/k3(03) = 0.44. 

k 1alhb=71.0. 

Absolute Values 

kl = 2,2 X 10-10 cm3 molecule- I S-I. 
kla = 1.1 X 10-10. 

klb= 1.1 X 10-10• 

Uncertainty: logk±O.1. 

Remarks 

The preferred values for kdkz, kdk3, and kl are those 
developed by Cvetanovic (p) from an analysis of all rate 
ratio data for reactions of OeD). 

This consisted of an evaluation of all data available in 
Nov. 1972 for reactions of O(1D) with CH4, CzHs, 
C3 Hs , neopentane, CO, COz , Hz, HzO, N z , NO, N02 , 

N20, O2 , 0 3 , and the rare gases. These rate ratio 
data form an interconnected network, the solution to 
which yields a self-consistent set of rate ratios. This 
data network is displayed in fig. 1. The relative rates 

. pertinent to the data listed in this data sheet are: 
1.0 (C02), 1.22 . (N20), 0.42 (02), 2.8 (03), 0.30 (N2), 
0.42(CO), 1.61(H2), 1.95(H20), 1. 17(NO), 1.55(NOz), 

. 0.78(Xe), 2.22(CH4), 6.8 (neopentane). 
kia/ klb value in (g) selected as best value for thermally 

equilibrated O(1D) atoms. 

Comments on Measurements 

Ref (e) 
Relative values put on an "absolute" basis by taking 

k3 to be the mean of estimated upper and lower limits. 
Reported value for overall rate agrees with value chosen 
here for (k l + k2)' 

Ref (g) 

From the limiting relative </J(N2 ) at high additive 
pressure in the 228.8 nm. photolysis of N20; the value 
of kd(k2 +kd) was estimated to be 1.08±0.19, wherekd 

is the rate constant for the deactivation of O(ID) by 
N20. They take this as confirmation of the two reported 
values of (kdk2) and also as an indication that kd is 
small relative to k2 • 

Ref (h) 

A less precise value of. kdk2 = 1.04 (+0.59, -0.37) 

based on <P(Nz) also reported. 

Ref.(m) 

Authors conclude that value of kdkz = 0.65±0.07 
for O(ID) atoms possessing greater than 10 kcal/mol 
translational energy and that for thermal OeD) atoms 
kdk2=O.90±O.1O. 
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FIGURE 1. Rate ratio network for O(ID) reactions. Each line indicates 
that the raiio of the rates of reaction of O('D) with the two species 
has been measured, e.g. the ~easured ratio k(0*+ 03)/k(0· + N.O) 
·is indicated by a line between 0 3 and. NzO. 
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296 HAMPSON, ET AL. . 

4.24. The Reaction of Oxygen Atoms with Ozone 

AH~ •• (a) 

k.J mol-' . . kcal mol-' 

-391.6 -93.6 . 'kt 

*For k" k., and leo the numbering used in NSRDS-NBS 20 (ref. b) 
is maintained in these data sheets. 

Auxiliary Data. 

. Related reactions 

03+M-+O(3P)+0.+ M 106.3 kJ mol~' 25.4 kcal mor' . k, 
0("P)+02.+:M-+ o.+M -106.3 :-25'.4··. · '. Ii. 
O(,P) + OCS -+ CO+ SO -211.3 -50.5 Ie. 

Equilibrium constant: K,. = k,J70. 

l(jgJ(iK;~:=, 25;565 - 5.422(I000fT) inolecules' cm-'3(table iII) 

. Delta 

. Direct measurements 

k in cm3 molecule-' s-' 

log k3 (range) 
:-11.62 to -12.19 

k3 =(1.05±0.18) X 10- 11 

.. exp [(--: 2.169 ±0.05).x 103 fT] 

Uncertainties: I CT 

. k3(298) = 7.5 ± ·0.6 X 10-'5 

. k3 = (1.46 ± 0.06) X 10-14 

at 296.4 K 

k3= l.8 X 10-11 

. exp (- 2.11 X 103fT) 
'247 < T< 345 K 

Shock wave decomposition of 
Os, 769~910JC.[O,) vs tiine 
meas. See table I. 

. . 

Jones,Davidson, 1962 (ref. c). 

Flow system mixing 0, 03, 
Ar, and small amounts of 

No.. 269-409 K. Chemi' 
luminescence of 0 + NO , 

. ~eaS. vs dlstanc'e: See 
table I. 

McCrumb, Kaufman, 1971 
. (ref. d). 

Flow system, mixed Ar, 0 3 , 

N.O, and 0, with Opr{)' 
duced by decomposition of 
N.O on Nernst glower. 
Calorjmetric detection of 0 
atoms. 

Lundell, 'et aI., 1969 (ref. e). 

Quotation, no data points 
. available. 

. Schiff, 1972 (ref. O. 
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Data - Contined 

. Direct measurements 

k in cm" molecule-' s-' 

ks = (1.16 ·± 0.1) X 10-11 

exp «-1.93 ±0.08) X 103fT) 
k.(298) = l.8 X 10-14 (calc.) 

k3= 1.3±·0.5 X IO-I4· 
T-300 K. . 

k3 =2:02±O.19X 10-11 

exp . (~ 2.28 X. 103fT) . 
220<T<355K 

. ~3~' 1:08 X 10-", T=298 K 

Flow system mixing 0 from 
discharge in O. + Ar? with 
0 3• Press. - 0.9 torr, 
292 < T < 370 K. (03)- 0.1-
0.2 torr, (03)/[0] > 10. ESR 
detection of A [ 0] . Sel: 
table 1. 

Balakhnin, Egorov (ref. g) . 

. Ultraviolet flash photol;sis of 
0 3 in - 150 torr of N.; [0) vs _ 
time meas. by absn. at 
130 nm. See table I. 

Husain, Kirsch, Donovan, 1972 
(ref. I). 

. Flash (jaser) .photo[ysis of 0 3 

.. at A=590 nm, P(03)=0.1-

14 torr, P(He or N.)=5O-300 
. torr. [0) meas. vs time. by 

atomic resonance 
fluorescence. See table 1. 

Davis, Wong, Lephardt, 1972 
(ref. m). 

Indirect measurements in the ozone·oxygen system, k./k3 and 
kJ= k,k3/k. 

k.fk3= 2.3l, X 10-" X 

exp (+ 3.47 X lO3/T) 
cms molecule-' 

200 < T<900 
Uncertainty: log (k./k.) ±0.3 
kJ=7.16x 1O"x 
. exp (~14~9 X 103/T) s-' 

200< T< 900 K 
Uncertainty: log kj±O.3 . 

k,,= (l.7±Q.5) X l(}I< x 
exp [(-14.14±0.1) XI03/T] 

409 < T<449 K 
Unce'rtainty: I CT 

Data. evaluation, based on k" 
Ii., ""/ k3, kJ and leo. See ref. 
(b) for tables of-data. Un· 
certainties ate evaluator's 
overall estimates. 

10h!lston, 1968 (ref. b). 

Thermal decomposition of 0 3 

(- 2.5% in 0.) at atmos· 
pheric pressure. AOs and 
At measured. kJ recalculated 
here from points and k,. See 
table II. 

Intezarova, Kondratiev, 1967 
(ref. h). 

Indirect measurements not in the ozone·oxygen system 

Ieofle. T,K Steady photolysis of 0 3 in 03/ 
0.92 ±0.03 197 OCS mixtures. <f>(CO) and 
l.28±O.Hi 228 <f>(CO.) measured. Values 
0.86±0.04 273 recalculated here. 
0.88 ±0.02 298 
Average: 0.98 Krezenski, et aI., 1971 (ref. i). 
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k in em' molecu1e-1 5- 1 

ka=2.00 X 10-11 

e:xp (- 2.41 X 10'jT) 
for 200 < T < 1000 

Uncertainty: log k3:!: 0.2 

kJ= 1.9 X lO- il 

exp (-2.3 X 1031T) 
220 < T < 1000 

Uncertainty log ka ±O.l 

Data - Continued 

Data evaluations 

Data evaluation based on meas· 
surements for kl> hz, and 
ka and Keq=k,lk. 

Johnston, 1968 (ref. b). 

Data evaluation based on 
references c, d, I, and m. 

Davis, Johnston, Schiff, 1972 
(ref n). 

Preferred Value 

(Changed from that in NBS Report 10828 (April 
1972).) 

k3=1.9XI0-1l exp (-2.3X103/T) cma molecule-I S-I. 

. E* = 19.1 kJ mo}-l (4.57kcal mol-I). 
Uncertainty log ka ±O.1. 

Remarks 

Recent direct measurements of k3 (d, e, g, 1, m) 
provide data over the range 22{}-410 K. In this tempera- . 
ture range only rate ratios; k2/ka, were available in 1968 
when the ozone data were evaluated by Johnston (h). 
The preferred value, which is the evaluation by Davis 
et al. (n), takes into accoilnt the new measurements. 
It is based solely on the direct measurements (c, d, 1, m). 
It emphasizes the low temperature work and uses those 
near 1000 K (c) only to extend the temperature range. 

A least squares · fit to the data in table I, excluding 
those from (g), gives the };ame result,. This ka passes 
through the center of the high temperature data (c) 
and lies between the results in (d, m). The net result 
of the new evaluation is to Iower the activaTion energy 
by about 0.9 kJ (0.2 kcal) and reduce the error bounds. 
These ate now log ka ± 0.1 or ka ± 25 percent. They 
define a range about equal to the spread between the 
data reported in (d) and (m). 

A caveat is in order. These error limits may be opti­
mistic since the other low temperature data (e, g, 1) 
are all higher than those from (d) and (m) by factors of 
1.5 to 2.5 in ka. We believe these other studies are less 
reliable but that the total spread is not surprising since 
five different methods have been used. 

No significance should be attached to the slightly 
different activation energies reported in various studies. 
Temperature coefficients are more likely to be affected 
by systematic errors than are absolute values of rate 

. constants. 
The overall situation is that there are now . two quite 

consistent studies (d, m) of ka covering the temperature 
range 220-410 K and very rough measurements at 
1000 K. The latter should be repeated. 

Ref (6) 

Evaluation of data available in 1%7. Three rate 
constantsk l , kz, and h were derived using the following 
scheme, after it had been justified. In the chart below 
k (obs) means data points, k(T) a function. KI2 = kdk2' 
the equilibrium constant. 
kl (obs) and k2 (obs) KI2 (T) ~ kl (T). 
kl(T)IKJ2~ k2(T). 
ka (obs) and k2 (T)/(k2Ika) (obs) and kJ (obs)IK I2 (T) ~ 
k3 (T). 

Ref (c) 

These are the only high temperature measurements 
for k3• They scatter badly. Undoubtedly higher precision 
could be obtained today with the same technique. 

Ref (d) 

o atoms (produced by decomposition of Oa on a 
. Nernst glower) reacted with Oa. NO added (to monitor 
the O-atom concentration). In all experiments [NO] < 
[0] ~ [OaJ. NO also reacts at an appreciable rate with 
0 3 and decreases during the reaction. The simultaneous 
differential equations for the system were integrated 
and k3 matched to the observed decay of [0]. This 
analysis is dependent upon the rate coefficients for 
O+N02~ Oz+NO and Oa+NO~ N02+02 • The 
scatter of the data is small, as shown by the range of 
rates at 298 K (0.62 - 0.84 X 10-14). 

Ref (e)and(J) 

Wall effects (decay of 0 in the absence of Oa) were 
observed (25 to 50% of overall rate). [N20] probably 
equals 50-100 [0]. No production of NO was found in 
the pyrolysis of N20. This is contrary to the later 
experience reported in ref. (d). The two studies would 
agree if [NO]/[O] - 0 .. 4 here. This would lower ka• Other 
heat producing reactions would raise ka.' Schiff (private 
communication) believes that the uncertainty in [NO] 
could not be large enough to account for the discrepancy. 
He also states any likeiy impurity reaetiORS would have 

. very little effect on the temperature coeffi.cient. although 
they might raise the absolute v~ue of the rate constant. 

Ref (g) 

The information in this paper is insufficient to permit 
a detailed comparison with other work. Only by in­
ferencesdrawn from other work by the same authors 
can the method, gas composition, and contact times be . 
guessed at. The reported rates are 2 to 2.5 times faster 
than those of McCrumb and Kaufman (ref. d). 

These data are not used here primarily because an 
electric discharge was used to produce the O-atoms: 
there may be other energetic species present. (The 
objection may not be as valid as it is for some of the 
older work since, apparently, only a smaIl percentage 
of O2 in Ar was passed through the discharge.) 
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298 HAMPSON, ET AL 

Ref (h) 
Experiments at constant mole fraction of 0 3 and 

constant (NTP) flow rate. Corrections made for reaction 
being in the intermediate region (both kl and kJ im­
portant). Because of the constant input conditions ' and 
the sharply different percentage conversions at the ends 
of the temperature range, there could be substantial 
systematic errors that would affect the results. Au­
thi)fs report k2/k3 based on a selected kl = 1.29 X 10-9 

exp (-11.75 X 103/T) for M= O2• Expression and points 
reported here ' (table II) are calculated kJ = kJka/ k2 using 

, their kl (T) and ki/ k3 points. There are insufficjent data 
, in these ' experiments to permit extractIon ' of both kJ 

and · . k2/ k3 • Because k2/ ks is a 'correction term ' in the 
analysis, its value is probably 'less reliable than kJ • The 
temperature dependence of k2/ k3 depends strongly on . 
k l • Using Keq from , table UI this data set yields log 
k =....: 11.34 - O. 73 (lOOO/T) cms molecuie-1s-I .· 

Ref (i) 
Valuesforkalk4 recalculated from data in table IV, . 

ref. (h), pooling all datil at each C temperature and' 
fittingl<fJ(CO)+<P(CO~)J;"i..~ 1 =k~[03]lk4{OCS]"by 
least squares. We assign k3/~ =0.98, 197 < T -< 298, 
(Authors mllde a <;lifferentfit, ,obtaining ks/k4=O.98, 

'· 1.05, 0.925,0.901 at 197,228, 273,298 and calculated 
ks/k4=0.64 exp (+ 100fT),) The available data for re­
action (4), measured. 298::'1100 K are not reliable ' enough 
to be extrapolated to lower temperatures. The reported 

. kfk4, should be used to establish k4" not k3• See ref. (i) 
for an analysis, based on the rate of 0 + i-butene and . 
3 rate ratios that yields k:i in agreement with ref. (d). 

Ref (l) 

These experiments determine the rate of disappear­
ance of O-atoms after flash photolysis of ozone. They , 

• ~ere interpreted using the mechanism 

03 + hv~ O(1D) + 02(1Ll) 
0(1D)+N2~0+N2 fast 
o + 03~ 202 

02(Ia) + 0 3 ~ 0 + 202 

0+ X ~ products 

where X is 'impurities or walls. 'Corrections were ' made 
for 0 + 0 and 0 + O 2 combination. Assuming reaction 
(5) converts all O{ID,) to 0, which is reasonable here, 

, fO] - [02 (Ill)] at t = 0 and the measured rate constant 

J. PhYI. Chern. Ref. Data, Vol. 2, No.2, 1973 

is k7 + (kl - k6). The final value of kl depends upon 
the choice for k6, here 3 X 10-15 cm3 molecule-I S-I and, 
indirectly, upon the absolute value of the absorption 
coefficient for O-atoms. The undefined path, reaction 
(7) accounts for more than 50 percent of the O-atom 
disappearance in 11 of 12 runs. These factors'lead us ' 
to place little reliance upon the absolute value of k1• 

The data are ,summarized as one point in table I. 

Ref (m) 

The rate constant was determined from the time 
history of [0] determined by atomic resonance fluores-

, cence. after6ash photolysis of 0 3 at 590 nm. This 
source produces only 0 (3P). Variation of total pressure 
produ~ed no change in k, indicating that combination 
reactions are unimportant. [02] - 0.06 [03]. Precision of 
11 percent claimed. The Arrhenius expression quoted . 
in the'! data section is a weighted least squares fit. 
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. TABLE I. Observed values of k3, cm3 molecule-I S - I. This table incorporates table 25, ref. (b), and the later measurements in refs. 
(d), (e), (g), (1) and (m). 

T/K l000/T· M log k3 Ref. T/K l000/T M log k3 Ref. 

769 1.300 Ar -11.98 (c) 330 3.030 -13.812 (d) 
812 1.230 -12.19 338 2.956 -13.708 
827 1.209 -11.89 347 2.882 -13.728 
840 1.190 -12.16 359 2.786 -13.578 
846 1.181 -11.85 363 2.755 - 13.587 . . 
876 1.140 -11.62 
910 1.098 -11.74 378 2.646 -13.462 

384 2.604 -13.446 
788 1.269 N. -11.90 (c) 388 2.577 -13.424 
831 1.202 -11.80 409 2.445 -13.315 
837 1.193 -11.87 
863 1.158 · -11.82 296.4 3.374 -13.836 (el 

298 -3.356 Ar -14.102 (d) 292 3.424 Ar? -13.80 (g) 
298 3.356 -14.114 311 3.215 -13.63 
298 3.356 -14.114 316 3.165 -13.56 
298 3.356 -14.076 334 2.994 -13.46 
298 3.356 - 14.137 · 370 2.703 -13.19 

298 . 3.356 -14.119 - 300 3.33 N. -13.89 (I) 
298 3.356 -14.149 
298 3.356 -14.125 220 4.545 He -15.222 (m) 
298 3.356 -14.108 240 4.167 -14.786 
298 3.356 -14.180 266 3.759 -14.439 

298 3.356 -13.979 
298 3.356 -14.167 298 3.356 "':'13~987 
298 3.356 -14.208 298 3.356 - 13.947 
269 3.717 -14.539 353 2.833 - 13.544 
273 3.663 -14.457 353 2.833 -13.527 
314 3.185 . -13.941 

log ~= (-10.712 ±0.05) - (1.007 ±0.017) (1000/T). Uncertainty: E*=18.8 kJmol-1 (4.50 kcal mol-I). 
I CT. ResidUal standard deviation: 0.11. Data from ref. (g) were not used in deriving log ~ above. 

TABLE II. Observed values of the Jahn rate constant, klk3/k •• This table supplements , but does not incorporate, table 22, ref (b). 

log ka was calculated using the equilibrium data in table III (2 constant equation). 

T* l000/T log k*t log k3(CalC) 

498 2.005 1.885 -12.809 
498 2.010 1.833 -12.833 
485 2.060 1.611 -12.784 
484 2.065 1.590 -12.779 
472 2.120 1.175 - 12.895 

472 2.120 1.195 -12.875 
472 2.120 1.161 -12.909 
467 2.140 1.041 - 12.921 
464 2. 155 0.945 -12.936 
458 2.185 0.794 -12.924 

458 2.185 0.852 - 12.866 
458 2.185 0.768 -12.950 
446 2.240 0.381 -13.039 
446 2.240 0.423 -12.997 

. *Calculated from 1000/T, rounded to nearest degree. 

Ref . . 

(b) 

M=O. 

T* l000/T log k*t log k3(calc) Ref. 

446 2.240 0.437 -12.983 

435 2.300 0.061 -13.033 
435 2.300 0.083 -13.011 
429 2.330 -0.104 -13.036 
429 2.330 -0.092 -13.024 
427 2.340 -0.093 -12.971 

426 2.350 -0.144 -12.%7 
425 2.355 -0.260 -13.056 
417 2.400 -0.547 --13.099 
417 2.400 -0.535 -13.087 
410 2.440 -0.889 -13.244 

409 .2.445 -0.879 · -13.127 
409 2.445 -0.741 -13.049 

**See note on reference (b) for method of calculation. 
log kJahn=(14.23 ±0.15)-(6.151 ±0.065)(1000/T) for kJahn in S- I. 

Uncertainty: 1 CT. Residual standard deviation 0.045. 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

I 
I 
I 
I 
I 
I 
! , 

I 

I 
I 
J 

, . 
1 
1,' 

lpaek

lpaek

lpaek

lpaek

lpaek

lpaek

lpaek



300 HAMPSON, ET AL 

TABLE III. Equilibrium constant, KI for the reaction 0 3 = O2 + 0 
(molecules cm-a) based on log K, from the JANAF Tables (ref. j) 

with additional points calculated at 188 and 250 K. This replaces 
table 16 (ref. b) in which the points at 400 and 500 K are incorrect. 
The two functions, log K 12 (T) have been recalculated, and are 
iinproved fits to the tabulated values. 

T lOoo/T . log KI2 

188 5.319 -3.271 
200 5.000 -1.5'W 
250 4.000 3.866 . 

300 3.333 i485 
400 2.500 . 12.018 

, 500 2.000 i4~ 738 
600 1.667 16.546 
700 1.429 17.831 
800 1.250 18.789 
900 I.UI . 19.528 

1000 1.000- 20.117 

log K12 =25.565 - 5.422 (1000/T). Residual standard deviation: 
0.014. Range of deviations +0.01~ (600 K) to -0.0~6 (1000 K). 

log K'2=25.982-5.444 (l000/T)-0.136 log .T .. Residual standard 
deviation: 0.013. Range of deviations + 0.0124 (188,K) to - 0.0153 (at 
250K). 

l()g KI2 so log Kp-log RT+log N~, where Kp is the thermodynamic 
equilibrium constant in atm~spheres, · NA = 6.02 X 10' 3 molecules 
mol-I and R=82.05 cm3 alm mol-I K-'. 

4.25. Colli.sional Quenching of O2 (a l,ig) 

Data - Continued 

Auxiliary Data 
Units of k, are ems molecule-I S-I; all data at 300 K except in (I) 

AH~98 = -94kJ/mol (~22.5 kcal/mol (a) k,(M= 0 ,) System 

Data 

Units of k, are emS molecule-I s-I; aU data at 300 K except in (I) 

k,(M=O,) 

2.4±tl.2 X 10- 18 

. '. 

2.04 ± 0.23 X 10-18 

. 1.7±O.1 X 10- 18 

System 

02(1,i) produced by electric discharge 
in O. and detected by photoionization 
with· argon resonance lamp. Flow 
system. 

Clark, Wayne, 1%9 (b). 

O.('tl.) produced by electric discharge 
. in 0, and detected by emission at 1.27 
/Lm. Flow system . . 

Steer, et aI., 1%9 (c) . . 

O.(ltl.) produced by electric 
discharge in 0 •. Static system. Meas­
ured exponential time decay of 1.27 
J.l.m emission. 

Becker, et aI. , 1971 (d). 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

2.17 ± 0.12 X 10-18 

2.22 X (T/3OO).D·78 X 10- 18 

(285-322 K) 

k,(M= N,) 

~ 1.1 K I0-19 

~ 1.4x 10-19 

"" I X 10-20 

. ~ 3 X I0-21 

0.(1,i) produced by benzene 
llhotosensitixation, Static system .. 
Measured exponential time decay 
of 1.27 J.l.m emission. 

Findlay, et aI., 1%9 (e). 

Same conditions as (e). 

Findlay, Snelling, 1971 (I). 

References 

Clark, Wayne, 1969 (lr). 

Steer, et aI., 1%9 (c). 

Becker, et aI., 1971 (d). 

Findlay, et aI., 1971 (e) . 
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Preferred Value 

kl (M = O2) = 2.2 ± 0.5 X (T/300) 0.8 X 10-18 em3 

molecule-I s -I, over temperature range 28S:"'-322K. 
Estimated uncertainty in k: ± 25 percent thioughout 

this temp. range. 
Although the tempe~ature dependence has not been 

determined over a large temperature range, because 
this dependence is very small the above expression 
can probably be safely extrapolated to stratospheric 
temperatures. 

kl (M = N z) ~2 X lO-20 em3 molecule-Is- I at 300 K. 

Remarlcs 

For M = O2 , all the recent room temperature measure­
ments (b), (c), (d), (e), (f), are in good agreement. A 
simple average is given as the preferred rate at 300 K 
and the temperature dependence in (f) is accepted. 
Preliminary data given in (g) were not used nor were the 
earlier discordant data ofCh). 

For M= N2 values from 10-19 to 10-21 are reported. 
Only an upper limit is given here. Data in support of 

the lower value in (d) are not given in suHicient detail 
to permit reevaluation, and the very low value in (e) can 
not be substantiated by the data. 

, References 

(a) G. Herzberg, Spectra of Diatomic ' Molecules,D. Van Nostrand, 
Princeton, N.J., 1950. 

(b) I. D. Clark and R. P. Wayne, Proc. Roy. Soc. (London) A314, III 
, (1%9). 
(c) R. P. Steer, R. A. Ackerman, and J. N. Pitts, Jr., J. Chern. Phys. 

51 , 843 (1969). 
(d) K. H. Becker, W. Groth, and U. Schurath, Chern. Phys. Letters 8, 

259 (1971). 
(e) F. D. Findlay, C. J. Fortin, and D. R. Snelling, Chern. Phys. Letters 

3, 204 (1969). " 
(f) F. D. Findlay and D. R. Snelling, J. Chern. Phys. 55, 545 (1971). 
(g) I. D. Clark and R. P. Wayne, Chern. Phys. Letters 3, 93 (1969). 

Superseded by (b). 
(h) A. M. Winer and K. D. Bayes, J. Phys. Chern. 70, 302 (1966). 

J. T. Herron, R. E. Huie 
March 1972 

4.26. Collisional Quenching of O2 (1 :k 9 +) 

Auxiliary Data 

I1H0298 = -157 kJ mol-I (-37.5 kcal mol-I) (a) 

Datci 

Units of kare cm3 molecule-Is-I; all data at 300 K; (02e~» determined 

Data- Continued 

Units of k are crn3 rnolecule-1 5-1; all data at 300 K; (02(1~) deter· 
mined from intensity of 762 nrn emission(bl~ .". X3~) 

Conditions 

2.0±0.5 x 10- 15 ' Noxon, 1970 (b). 

1.8 X 10-15 Filseth, et aL, 1970 (d). 

from intensity of762 nm emission (bl:£- X3:£) , 3 ± I x 10-15 O'Brien, Mye.r~, 1970 (e), 

1.5 ± 0.5 X lO-16 

4.5'X 10-16 

- 1 X 10-15 

Conditions 

02(1~) produced by vacuum uv photolysis 
of O2 to give O(ID), then O('D) + O2 -
Oep) +02('~). Steady state (02(1~» 

measured. 

Noxon, 1970 (b). 

Flash photolysis of O2 in vacuum uv. 
Followed decay of (02(1~ ». 

Filseth, et al., 1970 (d). 

Flow system. 02('~) produced by micro­
wave discharge in O2. Measured relaxa­
tion rate of (02(1~ ». 

O'Brien, Myers, 1970 (e). 

kl (N2 )/k, (02 ) = 1.5 Stopped flow reactor. Microwave .discharge 

k, (M= H20) 

3.3XlO-12 

4±O.6X 10-12 

5.5 X 10-12 

kl (HzO)fk l (0 2 ) 

=3.3±O.7)X 10< 

in O2. Steady state (02 ('l» measured. 
Relative values of kM converted to abso· 
lute values by adopting value of k (M=02) 
in (b). 

Becker, et aI., 1971 (g). 

Filseth, et aI., 1970 (d). 

O'Brien, Myers, 1970 (e). 

Same conditions as (d). 

Siuhl, Niki, 1970 (f). 

Becker, et aL, 1971 (g). 

J . Phys. Chem. Ref. Data, VoL 2, No.2, 1973 

I 
I 
I 
I 
I 
I 

I, 

I 
1 
i 
j. 
]' 

I, . 

lpaek

lpaek



302 --HAMPSON, ET AL 

Prefened Values 

M kM Estimated uncertainty 

O. 1.5 X 10-16 em' molecule- I S-I ± 33% 

2.0X 10-15 ±25% 

4X 10-12 ±5O% 

Remarks 

·The values in (b) are adopted for M=N. and O •. ·The value for 
H20 is based on (d) and (f) .. The preferred values .are suppprted by 
both the photolysis and flow type experiments, A. .. possible.source of 
uncertaintym the value of kl (M= O2 ) is the obsen:ed pressure effect 
on th~quenching r~te (d). F'ilsedi, et al.{d) recominend the value . .. '" . , . 

4.5 X 10-16 for k (M= 0.). However stopped Bow experiments (g) 
give the relative rate ratio for O. and N. the same as in (b). Earlier 
literature is discussed in (b) and (d). 

References . 

(.a) G. Herzberg, Spectra of Diatomic Molecules, D. Van Nostrand and 
Co .. , Princeton, NJ., 1950. . 

(b) J. F. Noxon,J. Chern. Phys., 52,1852 (1970). 
(c) F. Stohl and K. H. Welge, Can. J. Chem.,4 7,1870 (1%9). 
(d) S. V. Fi]seth, A. Zia, and K. H. Welge, 1. Chern. Phys., 52, 5502 

(1970). 
(e) .R.J. O'Brien,Jr., and G. H. Myers,1. Chern. Phys., 53, 3832 (1970). 
(f) F. Stuhl and H. Niki, Chern. Phys. Letters, 7,473 (1970). 
(g)K. H. Becker, W. Groth, and U. Schurath, Chern. Phys. Letters, 

8, 259 (1971~. 

. J. T. Herron, R. E. Huie 
.. December 1971 . 

4.27. Photolysis of Ozone in Red Light (~-6OO nm) 

which is followed by the reactions . 

O+02+M~03+M. 

Auxiliary Data 

Thennodynamicthreshold: ·X = 1180 nm. 

aH~(3)=-392.1 kl/mol (=-93.72 kcal/mol) 

Absorption Spectrum 440-850 nm. (figure 1). 

7~ 

;:.0 
~ 
U 
;;: 
!!:t.02 
o 

" z 
o 
~.Ot 

. ~ .. 
WAV[L(NG.TH I A I 

_ PREStNT WORK 
·····INN AND UNAKA 

• VIGROUX 

FIGURE 1. . Absorption coefficient of ozone, 440--850 nm (Chappuis 
bands). Absorption coefficient in units of cm-I (aim at 273 K)-I 
base 10, i.e. k = (lIp· l) log •• (lo//). (Figure 4 from M. Griggs, J. 
Chern. Phys. 49, 857(1%8) with consent of the author.) 

Hearn (e) measured the absorption coefficient at the 
Hg line, X = 576.95 nm, to be 0.0555 ± 0.0010. This 
agrees well with the solid trace in figure 1. 

J. Phy •. Chem. Ref. Data, Vol. 2, No.2, 1973 

Quantum Yield (overall) 
maximum~ 2.0 

Presence of excited ground 
state O2 . 

Data 

570 < ~ < 630 nm, steady 
photolysis at 5, 18, and 25°C . 

. 25 <P(O,) <200 torr. 
1 < P(O.) < 250 torr. 
With and without added He, Ar, 
N., CO 2 tJ. press. vs. tJ.t 
measured.. 

Castellano, Schumacher, 1962 (b). 

~ = 595 nm, flash photolysis 
(OiJ VS. time meas. 

Ellis, McGarvey, McGrath, 1971 (c). 

Recommendation 

Pnmary quantum yield, reaction (1) = 1.0, for 580 
< X < 620 nm. It probably is the same throughout the 
Chappuis band. Mechanism as given in the first section, 
above. 

Expression for quantum yield (steady state in [0]), 
from ' (h) is 

. where 

in which ax is the efficiency of molecule X relative to 
ao, = 1 in reaction (2). 

For 02i N2, CO2, He, Ar, a = 0.44, 0.39, 0.96, 0.34, 
0.25 at 291 K.logiO [(k2/k3 ]/cm 3 molecule-I] = (23.64± 
0.25) + 1.506 (lOOO/T) for 200 < T < 1000 K (from ref. 
(f). 

Comments 

. Steady laboratory photolysis.in the Chappuis bands is 
explainable on basis of the · mechanism in the first sec" 
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tion and q. y. expression in "Recommendation" above. 
The observed quantum yield is well fit by the expression 
for 0.01 < [02]/[Oa] < 40. Extrapolation to higher ratios 
is expect~d to be good. 

Although vibrationally excited ground state O2 has 
been observed, (c), with sufficient energy to decompose 
Oa, no effect has been found in the photolysis. Presum-
ably energy transfer is inefficient. . 

Although the process: Oa + h" ~ O2 ell) + Oep) has 
a thermodynamic threshold of A = 611.0 nm, no effect 
on the q.y. from the reaction of 02(lLl) withOa has been 
observed. (In contrast, silch an effect is postulated in the 
uv photolysis.) For this reason, the primary process is 
given as in the first section above. If 02(lLl) were demon­
strated to be a primary product from absorption in the 
Chappuis bands, the uv photolysis mechanisms would 
have to be reconsidered. 

Ref (h) 

Absolute quantum yields determined by a difference . 
method for many points in each run for up to 25 percent 
conversion. This means that the [02)J[Oa] ratio varies 
sharply in each run. Data fit to the mechanism in 

"Recommendation" (above) to obtain k:Jk2 • The mech­
anism reproduces the observed <I>'s to better than ±O.!. 
The effect of O2 is to decrease the quantum yield, via 
reaction (2). Limit at high [0 2]/[03]: <I> tends to zero. 
Earlier studies showing higher q.y . . discussed and 
refuted. 

Ref (c) 

Presence of 02(X3~g, v > 0) demonstrated with a 
vibrational distribution similar to that observed in uv 
photolysis, both during photolysis and as a slow process 
afterwards. Due to reaction (3). 

References 

(a) D. D. Wagman, et al., Nat. Bur. Stand. Tech. Note 270-3 (l968). 
(b) E. Castellano and H. J. Schumache(, J. Chem. Phys. 36, 2238 

(1962); Z. fur ph)'s. Chem. N.F. 34, 198 (1962). 
(c) -D. M. Ellis, J. J. McGarvey, and W. D. McGrath, Nature Physical 

Science 229,153 (1971). 
(d) M. Griggs,]. Chern. Phys. 49, 857 (1968). 
(e) A. G. Hearn, Proc. Phys. Soc. 78,932 (1961). 
(f) H. S. Johnston, Nat. Stand. Ref. Data Series·Nat. Bur. Stand. No. 

20 (1968) Table 17 (esseptially quoting ref. b), and Table 28. 

David Garvin 
March 1972 

4.28. Ultraviolet Photolysis of 0 3 : Quantum Yields 

Photolysis reactions of ozone pertinent' to laboratory studies, A ~ 334 
nm, with their enthalpies of reaction 

MI(~ .. ) (a, b) 

kJ mol-' (kcal mol-') 

03+h,,-> 0('D)+0.(X3I;) 296.6 (70.9) la 

OC'D) + 02('~) 390.4 (93.3) Ib 
O(ID) + 02('~;) 453.1 (108.3) Ie 

0(3P) + 0.(X 3:t;) 106.3 (25.4) Id 

0(3P) + O.('d) 200.8 (48.0) Ie 
O(3P) + O2 ('~;) 263.6 (63.0) If 

Secondary reactions considered in laboratory studies of ozone 
photolYsis 

02('/l) + 0 3 -> 0(3P) + 20_ 12.6 (3.0) 2a 
O.(I/l) + M -> 0_ + M - 94.3. (- 22.5) 2b 
O('D) + 0 3 -> 0: + 0_ - 581.6 (-139.0) 3a 

-> 20(3P) + O. -83.3 (- 19.9) 3b 
0: + 0 3 -> 0(3P) + 20. 106.3 (25.4) 4a 

-> O('D) + 202 296.2 (70.8) 4b 
O(ID) + M -> Oep) + M - 189.8 (- 45.4) 5 
O(ID) + O2 -> O(3P) + O. ('I;) -32.8 (- 7.8) 6a 

-> O(3P) + O2 -189.8 (-45.4) 6b 
O.(II;) + 0 3 -> O(3P) +20. -50.2 (- 12.0) 7a 

02(':t;) + M-> 0.+ M -156.9 (- 37.5) 7b 

0(3P) + 0 3 -> 0;* + O2 - 391.6 (- 93.6) 8 

O(,P) + 0 • .+ M-> 0 3 + M -106.3 (- 25.4) . 9 

Notes: Enthalpies for reactions 3a, 4a, and 8 are calculated using 
llJ{J=O for 0; and 0;*. When an electronic state designation is not 

shown, the ground state is implied. 

Auxiliary Data 

Threshold wavelengths, at 0 K for reactions la-f, in nm (c) 

0.: X3:t; '/lg 'I+ 
9 

0: 3p 1180 611 463 
'D 411 310 266 

Enthalpies of formation of species (a, b) 

MlO 
0 MI;98 

kJ mol-' (kcal mol-') kJ mol-' (kcal mol-') 

0.: X 3:t; . 0.0 (0.0) 0.0 (0.0) 

'/l 94.30 (22.54) 94.30 (22.54) -
':t; 156.9 (37.S1) 156.9 (37.51) 

0:3p 246.8 (58.98) 249.2 (59.55) 
'D 436.5 (104.34) 438.94 (104.91 ) 

J. Phys. Chem. Ref. Data, VQI. 2, No.2, 1973 
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Absorption Spectra and Coefficients 

140.----.----,----,-----,--,...---.---,-----,---.----. 

" o. 
~ 
a: 
ID 40 .. 

20 

--PRESENT WORK 

_·-----INN ANO TANAkA 

·FIGURE L Absorption coefficient of ozone; 200--300 nm (Hartley 
hand). kin cm-1 (at~ at 273 K)':" base 10. (Figure 2 from M. Griggs, 
J. Chern. Phys. 49, 857 (1968), repri·nted with consent of the author.) 

,-----.,.. I .. ar-r---r---O.lr..:c---.-----.-----,-, 

_. -PRESENT WORK 

O. --... _____ INN AND TANAKA 

0.06 

FIGURE 2. Absorption coefficient of ozone, 300-360 nm (Huggins 
band), k in cm-1 (atm at 273 K)-I base 10. (Figure 3 from M. Griggs, 
J. Chern. Phys. 49, 857 (1968), reprinted with consent of the author.) 

Absorption Coefficients at Hg lines (d) 

>.. (nm) 

253.65 
289.36 
296.73 
302.15 
334.15 

Absorption coefficient 
cm-I (atm at 273)-1 

base 10 

133.9 ± 1.9 
17.2 ± 0.3 
6.969± 0.030 
3.340 ± 0.014 
0.0498 ± 0.0007 

These values measured by Hearn agree well with the traces marked 
"Inn and Tanaka" in figures 1 and 2. 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

Photochemical Data 

Spectroscop~c Evidence for Photolytic Formation of 
OeD), A <300 nm. 

Time rate of decay of O(ID) emission immediately 
following flash photolysis (£). Quenching of emission by 
N2 in flash (£) and steady photolysis (e), due to reaction 
(5). Appearance and growth of emission from O 2(12;) 

with addition of O2 to systems (e, f), due to reaction 6a. 
l 

>"=254 nm steady. 

Gauthier, Snelling, 1971 (e) . 

¢(O (I D) )/cp(02(1I, +)) >"=254 nm flash. 
. g 

;;;'20 
Gilpin, Schiff, Welge, 1971 (t). 

Chemical Evidence on Photolytic Formation ofO(ID) as 
a Function of Wavelength 

Liquidph~se steady photolysis of 0 3 in Ar, at 87 K (g), 
arid in N2 • at 95 K (h). Measurement of quantum yields 

. for ozone disappearance, atom exchange (total atom 
production) and N 20 . formation. These· show sharp 
drops i~<I>(O 3)a~d <I>.(N 20) at A> 300· nm, but no 
change in <I> (exchange). Higher· <I>'s for A < 300 nm 
are attributed to 0(1 D), assuming that excited mole­
cules are quen~hed by the solvent and that O(3P) 
+ 0 3 -? 202 does not occur at these temperatures_ See 
also section on total gas phase quantum yields. 

<I>(03}=0.5 Liq. Ar, >"=313, high [03]limit. 

<1>(0 3)';2.0 Liq. Ar, >"=254, high [03]liinit. 
cp(0('D))=0.25 at >"=313 nm. 
cp(O(1 D), >"=254)/¢o(>"=313)=3.7 
<I> (exchange)=0.70-0.97 Liq. Ar, >.. = 297-334 nm. 

<I>(N.O) 
=0.013-0.016, >...;; 300 nm 
=0.0035-0.007, 
X=302-334 nm 

<I> (exchange) . 
=0.64-0.78, X=300 nm 

¢(O(I D)) -1, >.. < 300 nm 

¢(O('D)) ...; 0.4, >.. > 300 nm 

DeMore, Raper, 1966 (g). 

Liq. N2 , >.. = 248-334 nm. 

DeMore, Raper,. 1962 (h). 

Evaluation of data in refs. (g, h), 
and those in aq. soln. (i). 

DeMore, Raper, 1966 (g). 

Spectroscopic Evidence for the Photolytic formation of 
02(1A) 

Steady photolysis of 0 3 ,1..=254 nm, and measurement 
of the emission from 02(1A), A=1270 nm. Two studies 
(e, j) show the emission to be proportional to [03]. It 
is independent of added O2 and N2 (e). This indicates 
that 0(1 D) is not a precursor, as for example in reac-
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tions (3) and (6). The studies suggest that <p(0 ~ A) is 

dose to unity. For . other evidence of the presence of 
O 2(1 A) in ozone photolysis see (hh, ti). 

. Total Quantum Yields, Gas Phase Photolysis of 0 3 at 
high 0 3/02 Ratios 

Absolute quantum yields for ozone decomposition in 
steady photolysis experiments, at various wavelengths, 
measured as a function of (03], Two distinct sets of 
experiments, show sharply different results. In one 
(k, 1, fl), <1>(03 ) = 6, A < 310 nm independent of [03] 

and <p = 4, A = 334 nm. In the other (c, m, n), <P is - 4 at 
·low {Oal and increases with {Oal for A < 300 nm. This 
increase in <I> is proportional to the surface/volume ratio 
of the photolysis cell. In both sets added N2 and O2 

reduced the quantum yield in a manner consistent with 
other experiments, A < 310 nm. However N2 had no 
effect at A= 334 nm (fl). Both sets used filtered Hg light 
sources, and similar actinometry. 

6 

6 (initial value) 

. - 4+ ar03J 
a(297) - a(254) 

. a(313)/a(297) - 0.1 

- 4+ ar03J 

-4 

4 (initial value) 

4.7 

System 

Steady photolysis, A=254 nm. 
10 < [03J < 100 torr. 

Ellenrieder, Castellano, Schumacher, 1971 
(k). 

Steady photolysis, A=308±24 nm. 
IS < [03J < 300 torr. 

Castellano, Schumacher, 1969 (I). 

Steady photolysis, A=248, 254, 
289/292,297/302,313,334 nm. 
10 < [03J < 50 torr. 

Jones, Wayne, 1970 (c). 

Steady photolysis, A = 254 nm. 
2 < [03J < 50 torr. 

Non-ish, Wayne, 1965 (m). 

Steady photolysis, A = 254 nm, flow system. 
5 X 10-' < [03J < 2 torr. 

Jones, Kaczmar, Wayne, 1970 (n). 
Steady photolysis, A ~ 334 nm. 50 < P(03) 

< 300 torr, P(O. ), P(N2) to 500 torr. 
~ Press/ Ilt meas. 

• Castellano, Schumacher, 1972 (II). 

Deduced from "intermediate" q.y. A=254 
nm and study of 0(1 D) reactions. [03J 
< 1ll-6 moT dm-3• 

Giachardi, Wayne, 1972 (gg). 

Effect of Non-Reactive Gases on the Photolysis of 0 3 

Inert gases have several effects. First they reduce the 
total quantum yield. A<I>(Oa) - 2 for high enough pres­
sures (k, 1, 0, p, s). The efficiency varies considerably 
with the identity of the added gas (1, p, q). This effect, 

due to reaction with 0(1 D ),has been observed only 
below A= 310 nm. At the same time they quench emis­
sion from 0(1 D) (e, f). This effect is attributed to 
reaction (5). The reactions with N2 and CO2 are the most 
effective. In flash photolysis experiments added N2 
changes markedly the concentration-time pattern im­
mediately after the flash (g). In the gas phase only traces 
of N20 are formed (m). Rate ratios, ks/k3, are reported 
in references (6, te, 1, r). 

Second, they reduce the quantum yield via the three 
body reaction (9). This effect is the same, quantitatively, 
as in the photolysis of 0 3 in red light (1, t). 

Third they quench O2 (Id), reaction (2b), andOz (ll;) , 
reaction (7b). These are slow reactions that are relatively 
unimportant in the steady state photolysis of high con­
centration ozone and which occur at long times after 
flash photolysis. 

Effect of Added O 2 on the Photolysis of Oa 

Molecular oxygen has two important effects. First 
it quenches emission from 0(1 D) and, at the same time, 
produces emission from 02(ll;) (e, f). This is due to 

reaction (6a). Because (7b) is slow, this changes the 
concentration-time pattern after flash photolysis (q) 
without affecting the quantum yield (reaction (6a) 
followed by (7a». Rate ratios, k6/ka, are reported in 
references (e, f, k, 1). 

Second, it reduces the quantum yield principally by 
reformation ofOa in reaction (9), but also via quenching 
of 0(1 D), reaction (6b) (k, 1, m) . 

Vibrationally Excited Molecular Oxygen 

Absorption from ground state molecular oxygen in . 
vibrational levels up to v == 30 has b.een observed 
following flash photolysis of ozone. (0, s, u, v, x, y). 
Attributed to products of reactions (3) and (8). In one 
study (y) using a monochromatic flash source at ~ 
=595 nm, excited ground state O 2 was observed. At 

. this wavelength only reaction (8) can occur. To date, 
there is no clear, quantitative evidence that these 
excited molecules affect the quantum yield for Oa 
photolysis .. 

Effect of Reactive Molecules-Impurities 

The principal impurities expected in high concentra­
tion Oa are H 20, NiOs, CO z, and hydrocarbons. These 
either are present in the O 2 from which the 0 3 is made or 
are produced in the electric discharge of the ozonizer. 
They may be concentrated along with the 0 3• 

Photolysis of 0 3 in the presence of Hz and H20 and 
other hydrogen containing molecules shows formation 
of OH and a <I> indicating a chain reaction (c, z, aa, bbl· 
An increased <I> also occurs with CO2 (cc). Nitrogen 
dioxide (rapidly converted to N 20 S) is reported (m) 
to have only a small effect on the photolytic yields in 
high concentration 0 3 hut at the same time introduces 
an important "dark reaction." This is undoubtedly the 
NzOs catalyzed decomposition of 0 3 (dd). 
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Preferred Values 

Quantum yields for primary processes. 
. These · are arbitrary, rounded values. 

O.+hll-+O(lD)+O.(IA) (lb) 
· 250 < }.. < 310 nm ~= 1 
31O < }.. ~=O 

O. + hll-+ 0(1 D)+02(3IQ") (la) 

A. < 350 nm ~= O 

0 3 + hll-+ O(lP) +02('~) or'Q ,(ll; ) (Ie, If) . 

X< 3iOnm ~=O 
310 < X < 350 nm ~ . .-> I 
03 +hll~ O(total)+0 . 

. 250<A.< 350 nm ~=1 ' 

. Other processes (Ie, ld) ~ =0 

. Remarks · 

. Only the quantum yield is assessed here. uV'photolysis . 
of O~ is complex. It provides information on and is 
explained in terms of an extensive mechanism of 
secondary reactions. See reference (ee) for a recent 
reVIew. . . . . 

The preferred quantumyields8.re qmtearbitrary. 
They are step fun~tions (although there must be some 
wavelerigth region in which there is a gradualtrllrtsition) . 
because the data canriotsupport; anything else. More 
studies of cJ>as a function of A 290-330nm are badlY 
needed. 

Photolysis Below 31 0 nm 

.. .. ' : Tile ph~tolytic products.atA=254 ~m areO(lD) and . 

02(lil). There is no evidence for 02(1l;) as a primary 

product, although the threshold ' for reaction ' (lc) is at 
, A:= 266 nm. 

Schumacher's experiments (k, l) s'how the same totai 
quantum yield at A = 254, - 313 nm. DeMore's (h,g) 
show a change in quantum yield at A=300 nm. Wayne's 
show a change between A=297/302 and 313 nm, as 
evidenced by the decreased "chain reaction" con­
tribution. (c). 

These are combined to indicate that reaction (lb) is 
effective at all A shorter than its threshold. 

This choice for the q.y. of (lb) has two assumptions 
behind it: (1) that, the break in q.y. in DeMore's ex­
periments at A = 300 nm (as opposed to A = 310 nm) is 
due to solvent effects, and (2) that wavelengths above 
A = 305 nm (particularly A = 313 nm) are effective in 
Schumacher's even though the absorption coefficient 
.is changing rapidly. If either of these assumpti~ns is 
incorrect, cJ> for reaction (lb) will start to drop at about 
A=3oo nm. 
, There is no evidence concerning cJ> for A < 248 rim. 

Presumably it remains unity throughout the rest of the 
Hartley bands. 

J. Phys. Che",. Ref. Data, Vol. 2, No.2, 1973 

. Photolysis Above 310 nm 

Two processes are assumed to occur (la) and either 
(Ie) or possibly (If) subject to these constraints: 

(1) The total atom production is the same above and 
below A = 310 nm. This means that quenching of 0: 
is unimportant. 

(2) A q~antum yield of 3-4 has been observed at A = 
313, 334 nm (c). This means that one product of photoly­
sis must be excited.. It may be either 0 or02. 

DeMore's estimate (g) for cJ>(1D) is an upper bound. 
This quantum yield decreases slowly with increasing 
A (above 310 nm). The recent gas phase measurements 

. atA=334 nm (ff) show no effect of N2 on <1>. This in­
dicates ' that 0 ( 1 D) is absent. ' Therefore the preferred 
value fo~O (lD) production is given as 0 for A> 310 nm . 

Total Quantum Yields 

, No recommendation is made for expressions relating 
the total quantum yield to the composition of a system 
containing 0.3, O2 , and inert gas. We prefer the results 
in ref. (k, 1) to those in (c). This preferenpe rests solely , 
on suspicion that the evidence for a chain reaction in , 
(c) may be faulty. (See 'ref. (f) for data on reactions iri 
the chain: (3 a) and (4b).) However, we can offer no 
reasonable alternati~e interpretation. 

The discrepancies can be resolved only by newexperi, , 
ments. It ~ould be important in them to use mono­
chromatic light sources, measure the absorption coeffi­
cient, analyze the gas samples for impurities, stir the 
'gases in optically thick systems, and report in detail on 
"dark" reactions. 

Ref (k, l) 

The 'papersinZ: fur Phys. Chern. voL 76 treat the 313 
and 254 rim data according to the same mechanism and 
revise earlier numerical values and correct equations. ' 
This mechanism is Ib, 2a, 3a, 4a, 5, 6a, 6b, 7a, 8, 9. The 
experiments measure (k6a +ksb)/k3a and ks/k3a. They 
use values for k9/ks from red light photolysis (ref. t). The 
deactivation rate ratios measured are sensitive functions 
of k9/ks. Using values from (w) for k9/ks, k6/k3a ~ 0.15 as 
opposed to 0.23. The expressions for <I> should not be 
used far outside the [M)f[03J used in the studies. At 
higher values deactivation reactions such as (2b) and 
(7b) must enter. They would raise <1>. Since similar 
results were obtained at A = 254 and 313 nm, the fact 
that the system at 254 nm was optically thick probably 
is unimportant. 

Ref (c, m,n) 

That this work shows a dependence of <I> on [03] 
suggesting a chain reaction (3a-, 4b) and wall deactiva­
tionof 0 (1D) leads one to suspect impurities. They 
could be concentrated when the 0 3 is condensed or 
absorbed on silica gel. However, a variety of preparative 
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. methods, analytical techniques, and actinometry were 

. used, making this impurity thesis improbable. The 
. presence of NO z (m) has only a slight effect (as it should 

by any mechanism). Water, if present, would be there 
. at about 2 torr, which is unreasonably high (calculated 

from data in ref. (z» . 

Ref (cc) 

The quantum yields in the presence of high pres­
sures of Nz are, in 3 cases, of the same order of magni­
tude as those calculable from the expressions for <P in 
refs. (k,l). One run without added O2 , however, gives a 
<P much smallerthan it should from the same calculation. 
The authors feel that little weight should be given to 
these<P. 
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Notes Added in Proof 

Additional measurements have been reported or 
brought to our attention since the preparation of these 
data sheets. The following notes summarize these points. 
Where a recommendation has been changed, the revised 
value is incorporated in the summary table and in the 
data sheets, but no attempt has been made to discuss 
these new data in the body of the text. 

Section 4.5. TheReaction Between H and N02 

The activation energy that results from combining the 
room temperature value of kl by Phillips and Schiff (b) 

with the 633 K data of Ashmore and Tyler (d) is changed 
from 2.0 to 1.5 kcal/mol when one uses the newer rec­
ommendation of 3 X 10-32 cm6 molecule- 2 S-I for k(H + 
Oz + Hz) at 633 1(.* This improves · the agreement with 
the value of the activation energy resulting from com­
bining the room temperature results (b) with the 500-
540 K data in (c). Using E= 1.5 kcal/mol, then k(220)/ 
k(300) - 0.4. 

·D. L. Baulch. D. D. Drysdale. D. C. Home. A. C. Lloyd. Evaluated Kinetic Data for High 
Temperature Reactions volume 1. Homogenous gu phue reactions of the &o.z systems. 
Butterworth & Co .• London (J 972). 
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308 HAMPSON; El AL 

Section 4.18. The Reaction between H20 and OeD) 

and 

Section 4.23. The Reaction between N20 and OeD) 

Since the preparation of these data sheets, there has 
appeared a preliminary note (a) reporting the following 
values of the rate constants for the quenching (orreac· 
tion) of OeD) at 300 K in units of 10-10 cm3 ·molecule- ' 
s-I: 0 2 (O..7.0)~ N2(0.69)~ CO (0.73); C02 (2.1); H20 (3.0); 
and 03 (2.7). Each is an absolute value determined by 
the tec4nique. of time-resolved atomic absorption spec­
troscopy in the vacuum ultraviolet (b). 

Although these data are not included in the data 
sheets, the preferred values given take . them into 
account. Thes~ preferred values ·are Cvetanovic's revis­
ions of his earlier evaluated valuesin (c). 

(a) R. F. Heidnerand D: Husain, Nature Phys. SCience 241, 10 (1973·): 
(h) .R. F. Heidner, D. Husain and J. R. Wiesenfeld,Chem.Phys. Lett . . 

16, 530 (1972). 
(c) R. J . . Cvetanovic, The Reaction of O('D2), in The Natural Strato­

sphere, E . . Rei\er, edit.or (Climatic Impact . Assessment Program, 
Monograph ·1), · preliminary draft", Nov. 1972. 

. Section 4.19. Photolysis of H20 2 , A< 300 nm 

We are grateful to Professor J. Troe for the following 
comments on this data s-heet: 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

(1) Data on the absorption coefficient of fu02 in the 
wa~elength range 195-290 nm at higher temperatures 
(650 and BOO K) are given in H. Kijewski and J. Troe, 
Helv. Chim. Acta. 55,205 (1972). 

(2) The temperature dependence of the absorption 
coefficient suggest the contribution of a second channel 
for photolysis (in addition to reaction (1» for A < 195 nm. 

Section 4.21. The Reaction between NO and.0 3 

D. H. Stedman and H. Niki (preprint, 1972) have mea­
sured a value of 1.73 ± 0.09 X 10-14 cm3 molecule-1 S-1 

for k, by photolysis of N02« 100 ppm) in air. The reac­
tion was studied by NO/03 chemiluminescence. This is 
in good agreement with other measurements. Our · rec­
()mmendation' is unchanged. 

SeCtion 4.22. The Reaction betweenN02 and 0 3 

Refere·nces (f) and (g) are hoth unpublished. There is 
less scatter to the data in (g). The results in (f) should 
·probt!-bly be considered as preliminary data. 

$ection 4.25. Collisional Quenching of O2 (a1Ag) 

Fi~dlay and Snelling (private communication) have 
reconsidered the data in Findlay, Fortin, and. Snelling, 
Chern. Phys. Lett. 3 ; 204 (1969). They now interpret 
their · results to give the firm upper limit: k, (M = N2) .;;; 
2 X 10-:-20 cm3 molecule-1 S-l. We agree with their new 
interpretation and accept this revised value. 
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~ cm3 

mol-Is-I . 

1 cm3 mol-I 5-1= 1 

. 1 dm3 'mol- l 5.-'= 103 

l,m3 mol.-I S-I = 106 

I, cm3 molecule 71 s-' = 6.023 , 
X 1023 

1 (mm Hg)-:I S-I ~ 6,236 
><10<1' 

1 atm-I 5-1 82.06 T 
, . 

.' 

1 ppm-I min-I':'; ' 4.077 
at 298 K, 1 atm , X 108 

total pressure 

1 iii' kN -'1 S-I ~" 8314T 

KINETICS OF ATMOSPHERIC REACTIONS 

Appendix 

Conversion Tables 

Equivalent second order rate constants 

dm3 , m3 ems (mm Hg)-I 
mol-I 5.-1 mol-I 5-1 molecule-I 5-1 S-1 

10-3 10-' 1.66 1.604 
X 10-24 X 10""" T-I 

, ' . 

1 10-3 1.66 1.604 
x 10-21 X 10-' T-I 

103 . 1 .1.66 ' ' 16.04 T-I 
'. X 10-16 

6.023 ' 6;023 1 '. 9.658 
X 10.0 X 10" X 1016 T-I 

62.36 T 6.236 1.035 1 , 
X 10':' T , .' 

X 1O- 19 T 

8.206 8.206, 1.362 1,316 . 
X 10-:' T X 10-5 T X 10-22 T X 10-3 

4.077 407.7 6.76 21.93 
X 105 X 10-16 . ' 

8.314T . 8.314 1.38 0.i333 
X1O-3T X 10-.0 T 

309 

atm- l ppm-1 
m' kN-I 5-1 

5-1 min-I 

1.219 2.453 1.203 
X 10-' T-I X 10-" X 10-< T-l 

12.19 T-I 2.453 1.203 
X 10-6 X lO-IT-I 

1.219 2.453 12,0.3 T-I 
X 10' T-I X 10-3 

7.34 1.478 7.244 
X 10" T-I X 1015 X 10 '9 T-I 

760 4.56 7.500 
X 10-' 

1 6 X 10-' 9.869. 
X 10-3 

1.667 1 164.5 
X 104 

101.325 6.079 1 
X 10-3 

To convert a rate constant from one set .of units A to a new set.B find the conversion factor. for the row A under column B and multiply the 
old value by it, e.g. to convert em' molecule-I 5-1 to m3 mol-I S-I multiply by 6.023 X 10". 

·Table ,adapted from High Temperature Reaction Rate Data No.5, The University, Leeds (l970). 

Equivalent third order rate constants 

~' em" dm" m" em" (mm Hg)-' atm-' ppm- 2 m4 kN- 2 s- 1 

mol- 2 s- 1 mol-' 5- 1 mol-' 5- 1 molecule-' 5- 1 8- 1 . S-1 min-I 

I cm 6 rnol- 2 s- l = 1 10- 6 10- 12 2.76 X 10-48 2.57 1.48 1.003 1.447 
X 10-10 T-2 X 10-4 T-2 X 10- 19 X 10-8 T-2 

Idm 6'mol-2 s- l = lOR 1 10-" 2.76 X 10-4'2 2.57 148 T' 1.003 1.447 
X 10-4 T-' X 10- 13 X 10-' T-' 

1 m6 mol-'s- l = 1012 lOG 1 2.76 X 10-3G 257 T-2 1.48 1.003 1.447 
X 108 T-' X 10-7 X 104 T-' 

1 cm6molecule-' S·-I = 3.628 3.628 3.628 1 9.328 5.388 3.64 5.248 
X 1047 ' X 1041 X 103s X 1037 T-' X 1043 T-2 X 10.8 X 1039 T-' 

1 (mm Hg)-'S-I= 3.89 3.89 3.89 1.07 X 10-38 T' 1 5.776 3.46 56.25 

X 109 T' X 103 T2 X 10-3 T' X 105 X 10-5 

1 atm- 2 s-'I= 6.733 6.733 6.733 1.86 1.73 I 6x 10- 11 9.74 

X 103 T' X 10-3 T' X 1O-9T' X 10- 44 T' X 10-" X 10-5 

1 ppm -, min -I = at 298 K, 9.97 9.97 9.97 2.75 2.89 1.667 1 1.623 

1 atm total pressure X 10" X 10" X lOG X 10-'· X 104 X 10 10 X lOS 

1 m' kN-' 5- 1 = 6.91 6.91 T2 69.1 1.904 0.0178 1.027 6.16 1 

X 10 7 T' X 10-5 T' X 10-40 T' X 10' X 10- 7 

See note to table for second order rate constants. 
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310 HAMPSON, ET AL 

Conversion factors fot units of molecular energy 

J/mol cal{mol cm 3 atm/mol kWb/mol Btu/lb-mol em -'/molecule eV/molecule 

1 J/mol = 1 2.390057 X 10-' 9.86923 2.77778 X 10-7 0.429923 8.35940 X 10-2 1.036409 X 10-5 

1 cal/mol = 4.18400 1 41.2929 1.162222 X 10-6 1.798796 3.49757 X 10- ' 4.33634 X 10-' 
---

I cm 3 atm/mol = 0.1013250 2.42173 X 10-2 1 2.81458 X 10-8 4.35619 X 10-' 8.47016 X 10-3 1.050141 X 10-6 

1 kWh/mol = 3,600,000, 860,421 3,55292 X 107 1 ,1,547,721 300,938 37.3107 

1 Btu/Ilrmol = 2.32600 5.55927 X 10-' 22.9558 6.46111 X 10-7 1 1.944396 X 10-' 2.41069 X 10-' 

1 cm -'jmolecule = 11.96258 2.85912 118.0614 3.32294 X .10-6 5.14299 1 1.239812 X 10'" 

1 eV/molecule = 96487.0 23060.9 951,252 ' 2.68019 X 10-' 41482.0 8065.73 1 --- " ---

The underlined numbers represent the fundamental values used in deriving this table. The remaining factors were obtained by applying 
. the relatiollships';' "ij=:"Ik' nkj, nfj""nfk • ~kf;= 1. 

Gas constant. R,;=8.3143±O.OQI2 11K m()I;=1.98ii7 caj/K mol=82.056 cm3 atm/i( ,mol=0.695OZ cm:-'/K molecule=8.6170X 10-5 ev/K 
~olecule.(From NBS Technical Note 276-3.) , " " '," ' ' 

Units of Optical Absorption Coefficients 

The molar (linear) absorption coefficiente is defined 
by the Lambert-Beer equation: e= (l/le) loglO (lo/lt) 
where 10 and It are incident and transmitted intensity, 
l is the path length,. and c is the concentration. * The 
units for e are (concentration-I length-I). , , 

A variety of equivalent forms of this equation have 
been used to define reported values of e. Both logarith­
mic bases e 'and 10 have peen used. Length has invari­
ably been expressed in cm. Concentration has usually 
been expressed in (mol/liter). Often a pressure unit has 
been used instead of a' concentration unit, in which case 
the temperature to which the value of the pressure is 
referred must be specified. When pressure units are 
used' the absorption coefficient is usually denoted by 
k (ora) with units of [(pressure (T) )-1 (length)-I]. 

• Commi .. ion on Symbola. Terminology. and Unilo. t.U.P.A.C .• M. L. McGla.han. cbainnan. 
Pure and App~ed Chemi.,ry.21, 1 (1970). 

J. Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 

When the press ute unit used is (1 atmosphere at 273 
K), the value of k is expressed in any of the numerically 
equivalent forms: [(atm at 273 K)-1 cm-I]; [NTPt' 
em-I]; or cm-t • This last form is equivalent to convert­
ing the measured value of L at T and P to its correspond· 
ing value Lo at the reference state To=273 K and Po= 1 
atm 00= L X (P/Po) X TofT» and using theeqn: k= (1/ 

" Lo) log (/o/lt). 
Altern~tively the molecular concentration, n, ex­

pressed in (molectiles/cm3) may be used. Then the 
molec'ular "cross-section", (J, is defined as (J = (I/ni) 
loge (lo/lt) . . 

Because of the diversity of units, when using reported 
values in numerical calculations one must always de­
termine what defining equation was used. When report­
ing absorption coefficients it is recommended that 
the units be given explicitly and that the defining equa­
tion appear in table and figure captions. 

A table of conversion factors is shown below. 

I 
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Conversion factors for units of optical absorption coefficients 

~ (Cross section a") (atm at 273)-1 em-I dm3 mol-I em-I 
cm2 mol-' base 10 em' molecule-I base e basee base 10 

1 (atm at 298)-1 em-I base e = 4.06 X 10-20 1.09 10.6 1.06 X 10' 

0 

2.44 'x 10' 
'. 

1 (atm at 296)-:-1 em-I base 10 = 9.35 X 10-20 2.51 24.4 

1 (mm Hg at 298)-' em-I base 10 = '7.11 X 10-11 1.91 X 103 1.86 X 10' 1.86 X 101 

"I (atm at 273)-' cm-I base e = 3.72 X 10-20 1 9.73 9.73 X 103 

-
1 (atm at 273)-1 em-I base 10 = 8.57 X ~0-20 2.303, 22.4 2.24 X 104 

1 dm3 mol-I ' em - I base 10 = 
, . 3.82 X 10-21 0.103 1 103 

1 em' mol-1 base 10 =: 3.82 X 10-2• , 1.03 X 10'" 10-3 1 

1 cm2 molecule-I base e = 1 2.69 X 10.9 , 2.62 X 1020 2,.62 X 1023 

To convert an absorption 'coefficient from one set of units Atoa new' set B, multiply by the value tabulated for row A under column B, e.g. 
,.to 'conveTl,the,value ofthe absorption co.efficie-lJ.t expr{lJlsed in dm3mol -. cm.-' base-IO to (atm at 273)-' cm -. base e, multiply by 0.103. 

J. Phys. Chern. Ref. Data, Vol. 2, No; 2, 1973 

I 
f 

i 
i 
I 

I 

lpaek

lpaek

lpaek

lpaek

lpaek

lpaek


