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MEMORANDUM 

To: 

From: 

All Recipients of the DNA Reaction Rate Handbook 
(DNA 1948H) 

The Editors 

r 

77, 

Subject: Revision Number 6 

"-> 

Enclosed (herewith you will find a copy of Revision Number 6 to 
the Handbook.    ItLcpmprises several re-corrected pages from Chap- 
ters  11 and 16,  and updated versions of Chapters  17 and -r9v4 — t*€eitt/+ 

You should immediately discard the previous copies of the por- 
tions affected,  and place this new material in its proper order in your 
copy of the Handbook. 

You should also enter on page iii in front of your Handbook the 
following information:   Revision Number b; Date of Issue - December 
1975; Date of Receipt - whatever day you receive this; and sign your 
name in the last column. 

We anticipate the issuance of Revision Number 7,  updating Chapter 
20 and revising Chapter 24,   by midsummer,   and  Revision Number 8, 
pr      iding new material for Chapter 2,   shortly thereafter. 

>^/Aci^^'t  *«i   3ri-i.v,^   IVrcrssrs;     «,».J     Chafer 
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CHAPTER 11 

* i '  •  i 

WAVELENGTH (j*m) 

Figure 11-5.   EartKshine in the 1000-1450 cm      region (Reference 11-41) 
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Figure 11-7.   Irrodionce at the top of the atmosphere, for quiet sun 
and two blackbody sources. 
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CHAPTER 16 

* of the wave functions and potential-energy curves to determine the 
repulsive curves,   concluding that the (224) and (B2I1) states were 
important for electron capture by NO+  (v=0) ions.    While the two 
theories disagree by a factor of ~2. 5 (the approximate uncertainty 
in Michels' calculation of the initial capture step),  they both indicate 
~Tg temperature dependence over the whole energy range.    Until 
the reasons for the discrepancies among the various determinations 
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Figure 16-2.     Two-body electron-ion recombination coefficient a (NO*) 
as c function of electron temperature.   Experimental results 
are from Weiler and Biondi (Reference 16-24), Walls and 
Dunn (Reference 16-26), and Huang, Biondi, and Johnsen 
(Reference 16-27).   Theoretical curves are from Bardsley 
(Reference 16-28) and Michels (Reference 16-29). 
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can be clarified it is suggested that the value tt(NO+) = (4. 2 ± 0.2) x 
10'7 (Te/300)-(°-50 ± °-^S) cm3 sec"1 be used over the range 300 - 
5000 K. 

Finally,   as in the case of nitrogen it has been possible to obtain 
a value for the recombination of the dimer   ion (NO*NO )  by in- * 
creasing the partial pressure of NO to ** 0. 2 torr  in the  NO-Ne 
mixtures.    From such studies Weiler and Biondi (Reference 16-24) 
find a(NO'NO+) =(l.7±0. 4) x 10"6 cm3/sec at T = 300 K. 

4°; 
Simultaneous microwave and mass-spectroscopic measurements 

of electron and positive-ion decays in oxygen-neon mixtures have 
been used by Kasner and Biondi (Reference 16-30) to determine tt(Ot). 
A "single-pulse-afterglow" method was used to avoid negative-ion 
accumulation effects and it was found that, in contrast to earlier repeti- 
tive pulse-afterglow studies   (Reference 16-31),   the  O2   ion wall cur- 
rent accurately "tracked" the recombination-controlled electron-den- 
sity decay.    At 300 K,   a value  <*(o£) = (2. 2±0. 5) x 10"7 cm3/sec was 
found from l/(ne)  versus  t plots exhibiting linear regions,   f * 10 
over the ranges   3 x 10"4 < p(02) < 10~2 torr and p(Ne) a= 20 torr.   In 
these studies it is possible that the   3P?   neon metastables produce 
o£  *ons in their ground electronic state and a high vibrational state 
(v £ 20) or even in the first excited electronic state  (a4riu). Intriple 
mixture (Ne:Ar:02)   studies,   attempts were made  to limit the Ot 
ions to the ground electronic and lower  (v £ 5)   vibrational states. 

Mehr and Biondi (Reference 16-21) have used a microwave after- 
glow/mass-spectrometer apparatus employing microwave electron 
heating to determine 01(0^)   in oxygen-neon mixtures.    Good  O?   ion 
tracking of the electron-density decays was obtained and accurate 
values of   6.*(0.>) were determined from comparison of the experimental 
data with computer solutions of Equation (16-10).    At   T    = 300 K a 
value 0f(O2) = (1.9540.2) x 10"' cm3/sec was obtained,   in good 
agreement with Kasner and Biondi's results. 

Previous microwave afterglow work without mass identification 
of the ions by Biondi and Brown (Reference 16-16) and by Mentzoni 
(Reference 16-32) led to values of Of« 3 x 10*7 and 2 x 10-7 cm3/sec, 
respectively,  at low pressures («a 2 torr) of pure oxygen.    However, 
at even lower oxygen pressures in oxygen-helium mixtures Kasner, 
Rogers,   and Biondi (Reference 16-31) found substantial  O3   ion con- 
centrations,   so that the afterglow ionic compositions in the studies 
without mass analysis are in doubt. 

Rtv.non No. 6. Dccambw 1975 
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CHAPTER 16 

$ (XN)+ + Y" t XY + N  , (16-23) 

the rate constant of which was calculated to be k « 1 x 10       cm"/sec 
at 300 K,  and therefore should be of lesser importance than Thomson 
recombination. 

Finally,  the associative ion-ion recombination process,  that is: 

X+ + Y~ + N -XY + N  . (16-24) 

appears (Reference lb-68) to offer a much smaller coefficient,   k ss 
10"" cm   /sec at 300 K, than Thomson recombination; this mechanism 
is neglected in the present discussion,   since its importance seems 
highly questionable. 

16.4  SUMMARY 

Values for the appropriate recombination coefficients for all pro- 
cesses where there is either sufficient experimental and/or theore- 
tical information,  or where there is a critical need for an estimate, 
are contained in Table 16-1.    In general,  those values with larger 
quoted uncertainties reveal a greater degree of guesswork which has 
taken place in attempting to evaluate the kinetics of the process. 

• 
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CHAPTER 17 

17.     ELECTRON ATTACHMENT  AND 
DETACHMENT  PROCESSES* 

A.V. Phelps, Joint Institute for Laboratory Astrophysics 
(Latest Revision 8 June 1973) 

4     v 

17.1 INTRODUCTION 

The purpose of this chapter is to review the available data regarding 
the rates of electron attachment and detachment processes involving 
atmospheric gases.     The   various  types  of attachment-detachment 
processes are considered and the recommended values for the rate 
coefficients are listed.    Next an attempt is made to estimate the sta- 
bility of the various negative ions of ionospheric interest.    Finally, 
the ionospheric significance of these processes is discussed briefly. 
The suggested rate coefficients are tabulated in Tables  17-1 through 
17-6. 

17.2 TYPES OF ATTACHMENT-DETACHMENT 
PROCESSES 

Electron attachment and detachment processes of significance  in 
the normal and disturbed atmosphere are:   radiative attachment and 
its inverse,   photodctachment; dissociative attachment and its inverse, 
associative detachment; and three-body attachment,   with a ground- 
state molecule or an electron as the third body,   and it*> inverse,   col- 
lisional detachment. 

17.2.1   Phot ode tachment and Radiative Attachment: 
e + XrX' + hi» 

Radiative detachment and attachment rates involving negative ions 
of atmospheric gases have been determined from measurements of 
the cross-sections for the photodctachment of electrons from nega- 
tive ions.    Measurements (References 17-1 through 17-6) of photo- 
detachment cross sections of possible interest (References 17-7 

based on work done at the Westinghouse Pesearch Laboratories,   and 
supported in part by the U.S.   Army Research Office—Durham. 

R«v«*on No. 6. Dw» 1975 
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through 17-9) include O",   H",   OH",  O^,   r^O^,   NO",   O^,   NO^.and 
NO? •    Other ions of possible atmospheric interest (References 17-1, 
17-7 through 17-9) which have not been studied are CO^ ,   CO4 ,   HO^ . 
and the hydrates  of the  ions  listed.     Mass-spectrometric  studies 
(Reference   17-10)   in the atmosphere have   shown the  presence of 
negative  ions   such as  O" ,   O^ ,   N°3'(H?°)n •   and  c°4 •     Tne 

simpler ions are  observed at higher   altitudes  and during   periods 
of ionospheric disturbance. 

The measured photodetachment cross-sections for  O"  and O^ as 
a function of wavelength have been integrated (Reference 17-1) over 
the incident  solar  flux to give   daytime  photodetachment   cross- 
sections.   Also, measurements of photodetachment rates under white 
light illumination have been made (Reference 17-5) for  O^   formed 
by the three-body attachment process and for  O3 .    Photodetachment 
cross-sections have been measured (References 17-1,   17-6) for NO?, 
NO3, and NO .    The angular dependence of the photodetachment cross 
sections for O    and H    has been shown to agree with theory (Refer- 
ence 17-11). 

Theoretical calculations (Reference 17-12) of photodetachment 
rates for complex systems are not available because of uncertainties 
as to the range of energies over which threshold laws are valid and 
because of the difficulties of accurate calculations.   Attempts (Refer- 
ence   17-13)  have been made to relate elastic   scattering   cross- 
sections and photodetachment cross-sections. 

Radiative attachment is expected to be of significance only when 
an electronegative neutral species is present in appreciable concen- 
trations,   e.g.,   atomic oxygen.    The rate coefficient (Reference 17-I) 
for   radiative  attachment  to   O   is   (1.3 ± 0. l) x 10"      cm   /sec for 
electron energies below 1  eV.    Because of differences between the 
apparent electron affinity derived from photodetachment experiments 
(References 17-1,   17-2) using theoretical "threshold laws" and from 
attachment-detachment equilibrium experiments (Reference 17-1-/). 
there is considerable uncertainty as to the radiative attachment co- 
efficient tor O2 .    It is probably (References 17-1,   17-14) less than 
2 x 10"18 cm*/sec for   electrons  at   230 K.     Photodetachment   mea- 
surements (Reference 17-4) have been made for  OH  .   but because of 
the effects of rotational structure on the cross-section it has not been 
possible to calculate the radiative attachment rate coefficient for low- 
energy electrons to OH .    Radiative attachment coefficients for Oj 
and NO are unknown.   The other major components of the atmosphere. 

« 

17-2 
Rmmkon No. 6. Dmmbw 1975 

J_* 



CHAPTER 17 

i. e.,   N2t   CO9,   Ar,   and H^O,  do not form stable negative ions by the 
attachment of low-energy electrons.    Recommended puotodetachment 
and radiative detachment rate coefficients are given in Tables 17-1 
and 17-2. 

Table 17-1.   Radiative attachment. 

Reaction 
Rate Coefficient 

(cm3/sec) 
Reference    j 

1.  e + 0 - 0~ + hi/ (1.3 ± 0.1) x 10"15 * 17-1 

1  2. e + 02 - Oj + hv 2xl(f<19il> 17-1, 17-14 

3.  e + OH - ON~ + hi/ 10-05±1) 
17-4 

4. e +O3 - O3 + \v unknown 

All others should be unimportant 

Table 17-2.   Photodetachment.1 

Reaction 
Destruction Frequency 

(sec-1) 
Reference 

1.  hi/+ 0" - 0 + e 1.4 17-2 

2.   hy+Ol - 02 + e 0.3±0.1 17-2,17-5 

3. hy+ O3 - 0~ +e 

4. hi/+ NO2 -   NOo + e 

0.2±0.1 17-15 

17-1,17-16 

5.  hi/+OH" -OH + e ~lb 17-4 

6.  hi/+ CO3 - CO + 02 + e unknown 

7.   hi/+ NO3 -   ? +e unknown 

Notes: 

Values given (Ref* rence 17-1) are integrated cross-sections for solar radia- 
tion without corrections for atmospheric absorption, back-scattering, etc. 

The available photodetachment cross-section data do net appear to have 
been folded into the solar flux distribution .The values quoted are very rough 
estimates based on the cross-sections and photon energy dependences given 
in the references cited 

r 
17-3 
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17.2.2   Dissociative Attachment and Associative 
Detachment: e+XY:X' + Y 

The process of dissociative attachment has been studied extensively 
in atmospheric  gases for  many years.    Energy-dependent   cross- 
sections are available (Reference 17-17) for dissociative attachment 
by electron impact for 03,   NO,  H£,   CC>2>and H~0 at room tempera- 
ture.    In each case the electron energy must exceed some threshold 
value in order for attachment to occur.    Early attempts to predict the 
temperature  dependence of the  dissociative  attachment   reaction 
used the room-temperature determination of the threshold as the ac- 
tivation energy.    However,   later measurements for O^ (Reference 
17-18) and for   N20  (Reference 17-19) have shown that the attach- 
ment cross-section at low electron energies increases rapidly with 
temperature.    Theory is now capable of describing the depenr'   nee 
of dissociative attachment cross-sections on temperature in the case 
of C>2 (Reference L7-20).      In the lower ionosphere it appears that 
the only dissociative attachment process  of probable significance is 
the attachment of low energy electrons to  O3 .   Recent measurements 
(Reference   17-2 1) yield rate coefficients vary ng from 5 x 10"      cm   / 
sec at 200 K to 9 x 10"^ cm^/sec at 300 K.    In this case the negative 
ion formed is expected tu be O    (Reference  17-22). 

The process of associative detachment was predicted theoretically 
(Reference  17-Z3i many years ago as the logical inverse of dissocia- 
tive attachment.    However,   experiment! studies of this process have 
been reported (References l7-7,    17-24,   17-25) more recently.    In 
many cases the observed rate coefficients are a large fraction of the ion- 
scattering cross-section due to the induced polarization interaction between 
the negative ion and the neu:ral atom or molecule (References 17-7,  17-23 
througt» 17-2t>),   i.e.,   (1 -  10) x  10'1    cmVsec.     Associative detach- 
ment reactions involving atomic oxygen (Reference  17-24) are of 
particular importance in the ionosphere (References  17-7 through 
17-9).   There is not much information available as to the tempera- 
ture dependence of the rate coefficient for associative detachment. 
Li many cases,   the associative detachment rate coefficient is essen- 
tially independent of ion energy (Reference  17-25),e.g., for O" + CO 
and O" + H7   *t ion energies below 0. 15eV.    However,   for  O" + NO 
the  rate coefficient decreases (Reference  17-23» by approximately an 
order of magnitude as the average ion energy increases from 0. 04 to 
0.26 eV.    In the case of the detachment of electrons in collisions of 
energetic O" ions with   Oi,   it appears that associative detachment is 
less important than collisional detachment (Reference  17-27) and 
conversion to Oi (References 17-5,   17-25,   17-28).   Associative 
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detachment in collisions of thermal  Ü"   ions   with  N£ has not been 
observed (Reference 17-29) although energetic  O"   ions appear (Ref- 
erence 17-27) to undergo detachment collisions with  N^ •    The neu- 
tral molecule formed by associative detachment is usually inahighly 
excited  state   (Reference 17-26)   so that the detailed-balance rela- 
tions are  not  expected to  be  useful  for  relating   the  associative 
detachment and dissociative attachment coefficients.   Recommended 
dissociative attachment and associative detachment rate coefficients 
are given in Tables 17-3 and 17-4. 

  Toble 17-3.   Dissociative attachment.* 

Reaction 

e + O3 - O" 4 02 

2. e 4 02 - O' + O 

3. e 4 H20 -   H' + OH 

Rate Coefficient 
(cmysec) 

,-12 (T/300) 
(200<T<300K) 

3/2 

<10"16(T<2000K) 

very small 

Reference 

17-21 

17-18 

17-17 

'No temperature-dependent rate coefficients are given for O2 and  HjO 
since the values will be critically dependent upon cross-section at energies 
below 1 eV and no experimental data are available for that region. 

Table 17-4. Associative detachment. 

Reaction 
Rate Coefficient 

(cm3/sec) 
Reference 

1.   O" 4 O -  02 4 e 2xl0"10 17-24,17-30 

2.  O" + 02<lAg)-034e ~3xKr*° 17-30 

3.   O' 4N -  NO 4 e 2.2x 10"10 17-7,17-30 

4.   O' 4 H2 -  H20 + e 7.5xlO"10 17-24,17-25 

5.   C>- 4 NO - N02 4 e 3 x \0~]0(l-ion/30Q)-] 

(30(kTion<2000K) 
17-24,17-25 

6.   O" + N,- N20 4 e 

<4x 10-9exp(-26,000/T.    ) 

17-24 

(4000V Tion< 20,000 K)    '°n 17-27 

Revision No. 6. Dtcembm 1975 
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Table 17M. (Cont'd.) 

Reaction Rate Coefficient             1    pfltapari.fl    I .     0,     .                        Keterence 
(cm°/sec)                    1 

7.  0" + 02 - O3 +e <5x 10"15(300<Tjon<10,000K)    17-25      j 
<2.3x 10-'exp(-26,000A.    ) 
(4000<Tion<20/000K)       '°n          17-27 

8.  02+ 0 ^ 0« + e 3xl0"10 17-24,  17-30 

9.  CO3 + O - 02 
+ C02 + B Slow 17-7 

10.  02 + N - N02 + e 5x10-'° 17-24 

11.  O3 + O -  202 + e unknown 

17.2.3   Three-Body Attachment and Collisional Detachment 
with a Neutral Third Body: e+X+M"X* + M 

An apparent three-body attachment process has beenfound (Refer- 
ences   17-14,    17-31 through 17-37)   to be  important  in 0? ,   NO , 
N20 ,   and  N02 ,   and  in mixtures (References 17-14, 17-31,   17-36, 
17-37) of these gases with other gases.    The rate coefficients for 
three-body attachment processes in 02  and  NO  are found (Refer- 
ences 17-31, 17-33, 17-34) to be a maximum at electron energies of 
about 0. 1 eV.    In general it has not been possible to distinguish be- 
tween a three-body process involving an intermediate excited nega- 
tive ion which is stabilized by collision (Bloch-Bradbury model) and 
an apparent three-body process involving the dissociative attach- 
ment of an electron ir. a collision with a temporary neutral complex 
composed of two molecules.    A theoretical study (Reference 17-38) 
of the Bloch-Bradbury model for electron attachment in 02  predicts 
a three-body attachment coefficient approximately equal to the observed 
value.     Because  of uncertainties  as  to the  proper  model,    as  well 
as questions of excited states,   the dependence of the apparent three- 
body attachment coefficient on electron energy cannot be assumed to 
be the same as the temperature dependence of the rate coefficient. 
The available experimental data are shown in Table 17-5.    In view 
of the large rate coefficients for  associative detachment  in the pre- 
sence of atomic nitrogen or oxygen discussed above there is no need 
to guess at the effectiveness of N or O atoms as third bodies in the 
attachment process.     As  pointed  out  in a  review (Reference  17-3Z), 
measurements  of the  room-temperature  attachment  coefficient 

17-4 
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Tabla 17-5.  Throe-body ottochment. 

Reaction 

1. e + 02 + 02~ OJ + O2 

2. a + 02 + N2 - Ol + N2 

Rote Coefficient 

issfifel 
0.4±o.2)xi<r3F 
x (30QÄ)mp(-dOOA> 
(195<T<600K) 

(1 ± 0.5) x 10 -31 

-30 3. a * 02 + COj - 02 + C02 (3.3±0.7) x 10 
4 1 (300<T<525K) 

4f e + 02 + HjO - 02 + HjO (1.4± 0.2) x 10"29 

I (300<T<400K) 

5? e + NO + NO- NO" + NO   8X10"31 

6?e + N02 + N2-NOJ + N2   4x 10*n 

7. e + 2C02-X"+? <2xlO"36(T0«3OOK) 

Reference 

17-14,17-32 

17-14,17-32 

17-14,17-32 

17-14 

17-33 

17-39,17-40 

17-14 

0 Products uncertain. 
b 3 

In cm /tec units since obsarvad to ba a saturated three-body process. 

for thermal electrons in O2 tad in air at pressures below 100 
torr which differ significantly from tha presently accepted values of 
2 x 10"30 aiMj 1 x to*3* cm0/see, respectively, should be regarded 
as highly suspect.   At sufficiently high pressures of O- or dry air, 
the apparent attachment rate coefficient is lowered because attach- 
ment occurs before the electrons thermalise (Reference 17-37). 

The inverse of tha three-body attachment process is tha collisions! 
detachment process ia which a negative ion collides with an atom 
or molecule and an electron ia released.   In the caaa of ground-state 
molecules this process has an activation energy in tha canter-of-masa 
coordinates equal to or greater than tha alactron affinity of tha nega- 
tive ion.    Thia ia observed (Reference 17-14) to ba tha caaa for o". 
ions in O^ at temperatures between 375 and 580 K.   There is now 
evidence (Reference 17-33) for collisional detachment in NO but 
there are questions (Reference 17-34) as to tha identity of the ions 
preaent in some experiments.   We have recommended attachment 
coefficients obtained in experiments which take Into account that the 

..., • " .   ,,v- •-;_ 
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collisional detachment rate coefficients are much larger than for O^. 
Collisional detachment has been observed (Reference 17-27) as the re- 
sult of collisions of energetic O" ions with O-,  Nj,,  and H^O.    Collisional 
detachment caused by excited molecules has been observed (Refer- 
ence 17-30) to occur with a large rate coefficient in the case of 
Ojl A») + Ol .   Recommended collisional detachment rate coef- 
ficients are given in Table 17-6. 

o 

Table 17-6. Coitisional detachment. 

Reaction Rate Coefficient 
(cm3/sec) 

Reference 

1.  O2 + O2 - 02 + 02+e (2.7±0.3)xl0"10 

x(T/300)l/2exp(-5590A) 
(375<T<600K) 

17-14 

2. O2 + N2 - N2 + 02+e   | (1.9±0.4)x 10"12 

x (T/300)3/2exp(-499C/T) 
(375<T<600K) 

17-14 

3. 0" + 02 - O + Oj + e 2.3xl0-9exp(-26,000A.    ) 
(T.< 20000 K)                   m* 

17-27 

4. 0" + N2- 0 + N2 + e 2.3 x 10~9 exp(-26,000/1     ) 
(T.< 20000 K) 

assumed 
(see 17-27) 

5. 02 + CM'AJ - 202+e 2 x 10-10 17-30 

( ) 

17.2.4 Three-Body Attachment and Detachment with on 
Electron os the Third Body: e+e+X? e+X~ 

The only experimental data concerning the role of an electron as 
an agent for the attachment and detachment reactions are the mea- 
surements (Reference 17-41) of the cross- sections for the collisional 
detachment of electrons from H" and O" by electrons at electron 
energies between 9 and 500 eV.   As a result one is forced to rely on 
theory for estimates of rate coefficients for low-energy electrons. 
Although more recent theory (Reference 17-42) yields considerably 
larger values for low-energy electrons than previous theories, it is 
unlikely that these processes will have a significant effect on the 
negative-ion density in the earth's atmosphere. 

17-8 
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CHAPTER 17 

17.3 STABILITY OF NEGATIVE IONS 

Table 17-7 contains a list cf negative ions of interest in approxi- 
mate order of increasing stability, i.e., electron affinity.  The values 
are based on a variety of experiments and theory (References 17-15, 
17-16,   17-39,   17-40, and 17-43 through 17-61).    It may be noted that 
N2, H2» and H20~ are not stable, i. e., if they are formed they have 
a very short lifetime (Reference 17-43).    The CO2 ion has been pro- 
duced in negative ion-molecule reactions (Reference 17-59), but con- 
sistency with electron-beam excitation experiments and molecular 
structure theory (Reference 17-60) seems to require that the CO2 ions 
be in a metastable state with a negative adiabatic electron affinity. 

Many of the values cited in Table 17-7 are subject to significant 
uncertainties because of the preliminary nature of the data and be- 
cause of incomplete analysis of the equilibrium-constant data.    The 
analysis of equilibrium-constant data in terms of dissociation ener- 
gies ia made difficult by apparent differences in the internal structure 
of the complex negative ions.   Thus, the data for CO^ have been inter- 
preted (Reference  17-14) as  showing that there is a large freedom 
of internal motion whereas the data for O4  appear to indicate a 
rather rigid structure (Reference 17-48).   A further complication is 
the apparent existence of at least two forms of NO3.    Presumably at 
least one of these forms is in an excited metastable electronic state 
with a rather different molecular structure than that of the lower 
energy state.    At present the only information available regarding 
these states is the differences in their reactivity (References 17-47, 
17   57) with,  for example,   NO and CO^.    Some simplifications in the 
classification of negative-ion complexes have been pointed out (Refer- 
ence 17-47); it appears that complexes formed from O, in the order 
of increasing stability are: (02* 02),   (02*H20),   (02

#C02),   and 
(O^'NO).    Similarly for O ,  the order of stability of known ions is 
(Reference 17-47): (O" *N2).  (0~*02),  (0"'C02),  (0"'NO),and 
(O* *N02).    There are not sufficient data available to say whether 
similar series exist for other negative ions such as NO" and OH". 
The relative concentrations of the various ions in the atmosphere will 
depend upon competing detachment reactions as well as on the con- 
centrations of the minor neutral constituents.    Furthermore these 
ions can form hydrates and so effectively become more stable.    An 
important area of future investigation is the study of the reactivity 
cf the larger and more stable negative-ion hydrates with species such 
as O,  O3, and N02 (Reference 17-62). 

17-9 
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17.4 IONOSPHERIC SIGNIFICANCE 

It is convenient to divide a discussion (References 17-1,  17-8, 
17-9,  17-32) of the dominant attachment and detachment reactions 
in the earth's atmosphere into three categories: (1) the initial attach- 
ment of the free electrons to neutral species to form negative ions; 
(2) the ion-molecule reactions which convert the initial negative ions 
into more stable species; and (3) the detachment process. 

The important attachment processes in undisturbed, dry air are: 

O 

and: 
e + 2o2 -  02 + 02 » 

e + O -  O" + hi/ . 

The relative importance of these processes varies with altitude and 
time because of the varying concentrations of O and 02 .   When the 
moisture content is high or when the gas temperature is high and the 
air composition is altered, other processes may be important, e. g., 

At present it appears that e + Oz + H20 - 
the reaction: 

°2 + H20 in moist air. 

e + 03 - O" + o2 . 

can be important only under highly disturbed conditions, 

The negative-ion-molecule reaction?  of importance in the atmo- 
sphere are discussed in Chapter 18A so that it need merely be noted that 
the initial 02 and O* ions can react (References 17-7 through 17-9» 
17-24,  17-30,  17-47,  17-57) with minor constituents of the normal 
atmosphere,  i. e., 
co;. NO; 

C02, and NO , to form ions such as O3 , 
The relative concentrations of the various r-% ,  ^^2 > and NO* 

ions will depend upon competing detachment reactions as well as on 
the ion conversion processes.   Furthermore these ione can form 
hydrates and so effectively become more stable. 

Associative detachment reactions have been shown (References 
17-7 through 17-9) to play an important role in determining the con- 
centrations of free electrons and negative ions.    Ionospheric model 
studies (References  17-8,   17-9) have not been able to identify 
the detachment reactions controlling the changes in electron 
density which occur at sunrise and sunset.    It seems  certain 
that O" and OJ are not the dominant negative ions.    The identity of 
the dominant ions as determined by rocket-borne ir.«u»s spectrometers 

( 
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varies with altitude and with the degree of ionospheric disturbance. 
The negative ions observed (Reference 17-10) include O",  Oj»,  NO3, 
and NO3 (H20)n. 
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CHAPTER 19 

19.    NEUTRAL REACTIONS 

Frederick Kaufman, University of Pittsburgh 
(Latest Revision 14 May 1975) 

o 

19.1   INTRODUCTION 

Much information on the chemical reactions of neutral species is 
required for an understanding of the normal and perturbed upper atmo- 
sphere.    In general,   such information,   in the form of reaction 
rate constants as functions of temperature, represents a very small 
fraction of the vast field of chemical reaction kinetics, and might be 
expected to be found scattered throughout the literature on chemical 
rate processes.   This does not turn out to be the case, because some 
of the reactants in most of the interesting steps are atomic species 
which are not normally present in chemical reactions except under 
extreme thermal or photochemical conditions.    Thus, the quantita- 
tive studies of the reaction rates, as described in the following sec- 
tions and summarized in Chapter 24, are mostly less than 1.5 years 
old, use special experimental techniques to prepare the reactants at 
controlled temperature and in specific quantum states, and owe their 
existence to the impetus of studies in aeronomy and to the renaissance 
in the field of atom reaction theory.   The study of neutral reactions 
is both harder and easier than that of charged species which makes 
up much of this Handbook:   harder because the rate constants span 
a much wider range in magnitude due to the frequent existence of 
energy barriers (energies of activation) whose a priori prediction is 
difficult; easier because n.ost systems are thermally homogeneous, 
i. e., do not require the difficult experimental and theoretical extrap- 
olation to thermal conditions inherent in beam or swarm experiments 
involving charged particles and applied electric fields. 

In the following sections of this chapter some of the principal ex- 
perimental methods will be described briefly and their strengths and 
weaknesses pointed out; Üve important reactions will then be discussed 
in some detail, followed by briefer expositions of some coupled reac- 
tion systems.   In conclusion, some important gaps in our knowledge 
will be mentioned and suggestions made for future work. 
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19.2 EXPERIMENTAL METHODS 

The data for the neutral reactions listed in Chapter 24 come from 
an astonishing variety of experimental techniques.    These include 
classical gas reaction kinetics, shock-tube studies, photochemical 
decomposition, and low-pressure flow reactor methods with or with- 
out discharges to produce atomic species.    This lasc method has been 
the most widely used and will be described in greater detail than the 
others. 

Classical kinetic studies are particularly welcome in the few in- 
stances where they can be applied, e.g. , thermal decomposition of 
ozone.    Rate constants can be measured far more accurately in 
static, homogeneous systems than in shock tubes or discharge-flow 
systems because of better temperature control, absence of diffusion 
or convection effects, and more accurate analyses for changes in 
pressure or chemical composition.    Their principal shortcoming for 
the purpose of the present survey is that they often deal with overall 
changes more complex than a single reaction, i. e. , that the multi- 
step mechanism must be known,  so that the increased experimental 
accuracy is lost in the apportioning of errors to the various elemen- 
tary steps. 

The shock-tube method has been by far the most productive tech- 
nique for the study of dissociation and recombination reactions at 
high temperatures.   Its accuracy is fairly low, for aerodynamic rea- 
sons such as boundary-layer effects and shock instabilities, because 
of deficiencies in the instrumentation techniques, e.g., low signal- 
to-noise ratios, and because of the chemical-interpretive conse- 
quences of these physical limitations, e.g., large uncertainties in 
kinetic temperature, vibrational relaxation effects, etc. 

Photochemical studies under static conditions share with other 
static methods the advantages of easy temperature and composition 
control as well as good chemical analysis capability, but they suffer 
from several shortcomings such as the experimental difficulty of 
accurate actinometry, spatial inhomogeneity due to strong absorp- 
tion, uncertainty in the nature of the electronically excited states, 
and hot-atom or radical effects in photolytic bond dissociation. 
There is an increasing and very welcome emphasis on the measure- 
ment of fundamental quantities such as radiative lifetimes, specific 
quenching cross-sections, fluorescence spectra, etc., rather than 
the less specific measurements of quantum yield as a function of 
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time, pressure, and composition.    Flash-photolysis methods have 
been applied most successfully to iodine-atom recombination studies. 

Steady-state flow methods, in which the desired reactant species 
are produced thermally or in a gas discharge, mixed with other reac 
tants, and the progress of reaction measured as a tunction of a space 
coordinate, have found increasing use in recent years.    Their princi- 
pal advantages include:   the wide range of energetic reactant species 
such as H, O, N, and OH which can be produced and measured quan- 
titatively; the availability of the simple expedient by which rapid tem- 
poral variations are transformed into spatial variations in a cylindri- 
cal flow tube; and the great wealth of detection methods available, 
e.g., chemiluminescent light emission, mass spectrometry, optical 
absorption spectrometry, electron spin resonance spectrometry, hot- 
wire calorimetry.    These techniques also have an appealing experi- 
mental simplicity.    They have produced measurements of rate con- 
stants ranging from near-gas-kinetic collision frequency (and even 
higher when applied directly to ion-molecule reactions) to much 
lower values for reactions which have appreciable energy barriers. 

The disadvantages or limitations of these methods fall into four 
categories: 

1. Characterization of the flow.   Proper account must be 
taken of:   viscous pressure drop along the tube; radial 
diffusion which should be fast enough to justify one- 
dimensional analysis; axial diffusion which should be 
slow enough to entail only a small correction to the 
measured spatial decay; and onset of turbulence at 
large flow velocities and high pressure*.   Some of 
these and other effects are discussed in detail else- 
where (References 19-1 through 19-3).   In the case of 
very fast reactions, rapid mixing of reactants becomes 
a major problem. 

2. Detector interference.   Although closely related to 
(1), this requires special consideration, particularly 
in the case of catalytic probe detectors where the 
convective flow may be disturbed well upstream of 
the probe if diffusion is fast, or in the case of sca- 
venger (titration) methods where another reactant 
is introduced which greatly reduces the atom concen- 
tration by rapid reaction. 
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3. Surface recombination.  This is often a principal limita- tj 
tion.    Gas  reactions  of reactive  species  can only 
be studied if the rate at which these species are re- 
moved at the wall is a small fraction of their total 
rate of disappearance.  Thus, the surface recombina- • 
tion coefficient (the ratio of atom-removing to total 
number of wall collisions) must be smaller than 10"^ 
(or preferably smaller than 10"*) and walls must, 
therefore,  be kept sufficiently clean or suitably poi- 
soned.    At the large throughputs of gases in fast-flow 
experiments it is often not possible to keep surfaces 
clean.    In most studies,  surface coatings of strong 
acids (H3PO4,  H2SO4),  teflon,  or organic silicon 
compounds have been used on glass or silica flow 
tubes. 

4. Metastable states.    Insofar aa flow discharges are 
used to produce the desired atomic or other reactant 
species,  the presence and reactions of undesirable 
metastables may interfere grossly with the processes 
under study.    This interference is particularly severe 
in the case of N^ or O^ discharges,  and has led to 
serious errors in measurements of rate constants. (    } 
There are,  of course,  no general remedies against 
it except the use of more nearly thermal sources 
(e.g., ozone decomposition as a source of O-atoms, 
thermal dissociation of H^ or O^ to yield the corre- 
sponding atoms), or the removal of metastables in 
discharge-flow systems.    When the Utter cannot be 
achieved, the harmlessness of these metastables to 
the particular process under investigation must be 
clearly established. 
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CHAPTER 19 

19.3 DETAILED DISCUSSION OF SOME 
IMPORTANT REACTIONS* 

19.3.1   O + 03 - 202 (AE° = -93.7 kcal = -4.06 eV) 

Although this reaction has been studied by all the methods de- 
scribed in the preceding section,  a substantial uncertainty in its 
energy of activation has been resolved comparatively recently.    The 
thermal work summarized by Benson and Axworthy (Reference 19-4) 
and the shock-tube study of Jones and Davidson (Reference 19-5) suf- 
fer from the unavoidable limitation that in the mechanism: 

i 3 
03+M"02 +0 +M;    0+03-202     , 

it 

experiments in dilute ozone under steady-state conditions only deter- 
mine (ki/ka) x k3.    The large temperature coefficient of this expres- 
sion is due mostly to the equilibrium constant of the first step (£E° = 
24. 2 kcal = 1. 05 eV) and, therefore, needs to be measured with un- 
attainable accuracy in order to determine the desired activation energy 
£3 (known to be in the range of 3 to 6 kcal) to within ±0. 2 kcal.    In 
shock-tube experiments where a steady state is not reached because 
reaction 1 is very fast and reaction 2 is negligible, the situation is 
equally bad because the large activation energy of reaction 1 over- 
shadows that of reaction 3.    The reported values of k3 are 5.6 x 10" H 
exp (-5.7/RT), c = 2900 (Reference 19-4, from data in the range 
340-390 K) and (4.0 ± 0. 8) x 10'11 exp  [-(5.6 ± ü.5)/RTJ, C = 2800 

«Reaction energies are here given in both kcal and eV units.    It is 
understood that the proper units are kcal/g mole and eV/molecule 
and that 1 eV/molecule equals 23.069 kcal/g mole.    The symbol 
AE° stands for the change in energy at T = 0 K and therefore also 
for the change in enthalpy, AH°, at T = 0 K, per g mole of reaction 
proceeding as written.   Rate constants k are in units of cm   sec"1 

for two-body, and cm** sec"* for three-body processes.   These are 
presented in two forms, viz; k = A(T/Tr)B exp(-E/RT), correspond- 
ing to the form of expression of most of the published data, where 
the reference temperature (Tr) is usually 300 K but may be desig- 
nated otherwise, E is the activation energy in kcal/g mole/K, and 
R = 1.987 x 10"* kcal/g mole; and k = a(T/300)D exp (-c/T), corre- 
sponding to the practice used and explained elsewhere in the Hand- 
book and in Table 19-1 of this chapter, i.e., c = E/R, b = B, and 
a = A unless Tr f 300 K. 
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± 300 (Reference 19-5, T = 700-900 K).   Results of measurements 
in which O-atoms (from a glow discharge) and O3 (ozonized O2) were 
mixed in a flow-tube experiment gave 8. 2 x 10"12 exp [-(3. 3 ± 1.0)/ 
RT], C = 1700 ± 500, as recalculated by Campbell and Nudelman 
(Reference 19-6) from data by Leighton et al (Reference 19-7), but 
this result as well as others based on the measured steady-state 
ozone concentration in afterflows of oxygen discharges are suspect 
due to the known presence of sizable concentrations of metastable 
02(a1AB» and to a lesser extent, b1!«), which react rapidly with O3. 

The photochemical study by Castellano and Schumacher (Refer- 
ence 19-8), in which O3 was photolyzed by red light (thereby produc- 
ing O2 + O in their electronic ground states), obviated the above 
difficulties by measuring the rp.tio 1*3^3, the temperature coefficient 
of which is determined mainly by E3.   Unfortunately, these experi- 
ments were carried out *t only three temperatures in the range 
278-298 K.   Combining these ratios with a value of k2 = 6.5 x 10"34 

(T/300)"2*^, which is discussed further below (Par.  19.3.4), and 
putting k3 = A3 exp [-E3/RT], one obtains (1.4 ± 0. 3) x 10"l2 

exp  [-(3.0 ± 0.4)/RT], c = 1500 ± 200.   This gives rate constants 
in excellent agreement with the expression of Reference 19-4 near 
400 K, but is a factor of 6 lower than the value developed in Refer- 
ence 19-5 near 800 K.   The situation is complicated further by the 
fact that shock-tube work (References 19-9 and 19-10) on ozone in 
the temperature range 1600-3300 K suggest? a larger value of k$/k\ 
than that given by Jones and Davidson (Reference 19-5) whose k3 is 
20-30 times larger than the present one at those temperatures. 

Two experimental studies of the reaction were cited in a review 
by Schiff (Reference 19-11):   Kondratiev and Intezarova (Reference 
19-12) reported k = (4. 8 ± 1.5) x 10'12 exp (-3.7/RT), c = 1900, 
and Lundell, Ketcheson, and Schiff (Reference 19-13) found k = 
3.2 x 10" u exp (-4. 5/RT), c = 2300.    Two additional investigations 
have clarified this problem further:  Krezenski (Reference 19-14) 
measured the competitive reactions of O with OCS and O3 from 
197 to 299 K and obtained 1. 1 x 10~12 exp (-4.33/RT), c • 2180, for 
the rate constant of the O + O3 reaction, and McCrumb and Kaufman 
(Reference 19-15) found k = 1. 1 x 10"ll exp (-4. 31/RT), c s 2170. 
Johnston's critical review (Reference 19-16) analyzed data obtained 
up to 1967 and therefore did not include the four later studies.   He 
recommended 2.0 x 10'11 exp (-4. 79/RT), c = 240C.   A more recent 
measurement by the flash photolysis-resonance fluorescence tech- 
nique (Reference 19-17) over the temperature range 220-353 K has 
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given 2.0 x 10"ll exp (-4.52/RT), c a 2350.    Therefore, a compro- 
mise recommendation of 1.5 x 10'** exp (-4.45/RT), c = 2240, 
which represents a reasonable summary of the more reliable exper- 
imental results, is proposed here and is considered unlikely to re- 
quire further revision* 

19.3.2 N + 02 - NO + O (AE° = -32.07 kcol = -1.39 eV) 

This reaction has been studied by flow methods in the forward 
direction, at temperatures in the range 400-750 K, and by static 
methods in the reverse direction, at temperatures in the range 
1500-1700 K.   There is substantial agreement that the forward reac- 
tion has a small activation energy whose magnitude lies in the range 
5. 9-7. 5 kcal.    The work of Clyne and Thrush (Reference 19-18), for 
example, gave a forward rate constant of (1.4 ± 0.2) x 10" ^ 
exp [-(7. 1 ± 0.4)/RT], C = 3600 ± 200, in good agreement with one 
calculated from the reverse step and the equilibrium constant as 
reported by Kaufman and Decker (Reference 19-19).   Consequently 
this was cited as the value of preference in the first edition of this 
Handbook, although it was acknowledged that a larger value would 
help explain the relatively large densities of NO measured in the 
upper atmosphere. 

A more recent measurement by Wilson (Reference 19-20) over 
the large temperature range 300-910 K has yielded 2.4 x 10"ll 

exp (-7.9/RT), c • 4000, which differs only slightly from the ear- 
lier recommendation, and is now recommended. 

19.3.3 N + NO - N2 + O (AE° = -74.99 kcol = -3.25 eV) 

This very fast reaction was iU*st studied by Kistiakowsky and 
Volpi (Reference 19-21) by mass spectrometry in a "stirred reactor", 
low-pressure flow system and by Kaufman and Kelso (Reference 
19-22) who explained the sequence of visible afterglows when increas- 
ing amounts of NO are added to "active nitrogen," in terms of radia- 
tion originating from electronically excited products of N +N, N + O, 
and O * NO recombinations.   The N + NO reaction represents the 
key to the understanding of these phenomena by the rapid, quantita- 
tive formation of O from N» and makes possible the "titration" of 
N by NO with a clearly observable "endpoint" in low-pressure flow 
systems.   Us rate constant wa* indirectly determined by Clyne and 
Thrush (Reference 19-18) to be 4 x 10"ll, independent of tempera- 
ture over the range 475-755 K, and directly by Phillips and Schiff 
(Reference 19-23), who reported (2.2 ± 0.6) x 10- H at 300 K in a 
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low-pressure flow system with mass-spectrometric detection.    As 
there should be some steric requirements for a reactive collision of 
N and NO, the above value of one-tenth the gas-kinetic collision fre- 
quency indicates a very small (<0. 5 kcal) or zero energy barrier. 
In the absence of any experimental temperature dependence this value 
of (2.2 ± 0.6) x 10" " will be adopted here. 

The reaction has been shown to yield N2 with extensive vibrational 
excitation (References 19-24 and 19-25), the average energy of N| 
being 21 ± 5 kcal, corresponding to 3 or 4 vibrational quanta, and 
N| was found to decompose O3 [k = (5.4 ± 1.1) x 10"13 near 300 Kj. 
The latter behavior appears to be in contrast to that of o| formed in 
the O + O3 reaction, with the possible explanation that O deactivates 
O2 much more efficiently (Reference 19-10) than N does N|. 

19,3.4 0 + 02 + M-03 + M (AE° = -24.25kcol = -1.05 eV) 

Some of the above discussion (Cf. Par.   19. 3. 1) is applicable here, 
since the recombination step is the reverse of the decomposition of 
ozone as studied by static (Reference 19-4) or shock-tube (References 
19-5,  19-9 and 19-10) method*.   From the measured decomposition 
rate constant and the equilibrium constant, Benson and Axworthy re- 
ported k = 8.2 x IO-35 exp (+0.89/RT), c =   -450, near 360 K for M = 
O2.   Jones and Davidson reported (2.6 ± 0. 3) x 10"35 exp [+(1.7 ± 
0. 3)/RT), C = -860 ±  150 or 4. 1 x 10"34 (T/300)"1*66 to represent 
the combined shock-tube and lower temperature data for M = N2, 
which should be multiplied by 1. 5 ± 0.05 for M = 02-   There have 
been further, direct measurements by Kaufman and Kelso (Refer- 
ence 19-26) at 300 K for various M, and Clyne, McKenney, and 
Thrush (Reference 19-27) for M = Ar in the range 188-373 K.   The 
former authors found k = 6. 5 x 10"34 for M = 02 and 5.5 x 10"34 for 
M = N2; the latter reported 2. 5 x 10"35 exp [+(1.8 ± 0.4)/RT], c = 
-910 ± 200, or 5.6 x IO-34 (T/300)-3»4±0» 8 from their own data, and 
9. lx 10~3° exp 1+2.3/RT], C = -120 or 5. 0 x 10"34 (T/300)-2.6 
from a combination of all data, for M = Ar.    By pulse radio lysis of 
Ar-02 mixtures with great excess of Ar, Sauer and Dorfman (Ref- 
erence 19-28) were able to measure the ozone recombination rate 
at pressures up to 100 atmospheres, and reported (2. 3 ± 0.2) x IO-34 

at 296 K for M - Ar, in good agreement with other results.   The rel- 
ative efficiencies of N^ and Ar were found to be 1. 54 ± 0.17 in the 
shock-tube work (Reference 19-5) near 800 K,  1.56 ± 0. 20 in photol- 
ysis (Reference 19-8), and 1.4 ± 0.2 in direct-flow-tube experiments 
(Reference 19-26), and one would calculate (7.5 ± 2. 0) x 10"34 (T/300)'2'6 
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for M = N2» somewhat higher than the direct results of 5. 5 x 10"*4 

and 3.5 x 10"34 of References 19-26 and 19-28, respectively (the 
latter value rep:, »senting the reported datum multiplied by the 1. 5 
efficiency ratio for N^:Ar). 

Further experimental measurements have included studies at 300 K 
using pulse radiolysis (References 19-29 and 19-30) as well as flash 
and flow methods (References 19-31 through 19-33) which are in sub- 
stantial agreement with earlier work.   In addition, two investigations 
covered specific temperature ranges, viz.:   Mulcahy and Williams 
(Reference 19-34), in the range 213-386 K, reported 4. 7 x 10"35 

exp (+1.7/RT), c = -860, for M = Ar, with He, CO2» and O2 having 
relative efficiencies of 0.8, 3. 1, and 1. 1, respectively; Huie, Herron, 
and Davis (Reference 19-35), in the range 200-346 K,  reported 
6.6 x IO-35 exp (+1.01/RT), c = -510, for M = Ar, with He and N2 
being, respectively, 0.9 and 1.7 times as efficient as Ar.   The latter 
value is adopted here as the most reliable. 

G 

19.3.5 0 + 0 + A/U02 + M(AE°= - 117.98 kcal = -5.11 eV) 

Although the gap between the results of low-temperature extrapo- 
lations of shock-tube data and those of flow-tube experiments has 
been narrowed, particularly for M = Ar,  several discrepancies 
remain. 

Among the latter studies, there is excellent agreement between 
Morgan and Schiffs (Reference 19-36) rate constant of 2. 8 x 1Q~33 

at 294 K for M     N^ and Campbell and Thrush's (Reference 19-37) 
3. 2 x 10"** for the Barne conditions.    (The recombination rate con- 
stant is here defined by d[o2]/dt - k[o]2[M].)   These authors did not 
agree, however, on the relative efficiency of N^ and Ar, the former 
claiming a ratio >3. 3 and finding no measurable increase in rate 
for an addition of 40 percent Ar, the latter reporting a ratio of 1. 9. 
This is of particular importance for comparison with shock-t ibe 
work, much of which was done for M = Ar.   Much shock-tube work 
was also done for M - O^, a case which is difficult to do in flow tubes 
because of the interfering ozone recombination.   No shock-tube work 
was done for M = N^.   Earlier flow-tube results may have been in 
error due to the presence of metastables or hydrogenous impurities. 
Campbell and Thrush (Reference 19-37) also measured the tempera- 
ture dependence in the range 190-350 K. 

Results of shock-tube studies have shown very large ratios of 
relative efficiencies for different M such as 1:18:50 for Ar:02:0. 

mira lii.iH'nn ) Ms.tw 1ST» 
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Extrapolated values at 300 K (Reference 19-38) of 1. 3 x 10*31 for 
M = 02 using a T-2. 5 dependence and of 2. 5 x 10*3° for M = O using 
a T"3 dependence seem impossibly high.   Yet most temperature de- 
pendence studies of recombination reactions near 300 K have given 
a T"n dependence with n = 2. 0-3. 5, in qualitative agreement with the 
n'B found for the most efficient third-body species at high tempera- 
tures.   To bring these data into agreement there would have to be a 
temperature range within the 500-2000 K interval where n decreases 
greatly.   Careful studies are needed, which would overlap the lower 
part of this temperature interval.   For the present, Campbell and 
Thrush's (Reference 19-37) 3. 0 x 10-33 (T/300)-2. 9±0.4 or 2. 8 x 
10"34 exp (+1.4/RT), c = -700, will be adopted for M = N2 for the 
range 190-400 K, and 3.9 x 10"34 (T/3000)"2-5±0« 5 (Reference 19-38] 
for M = O2 (and N2) for the range 2500-5000 K. 

O 

19.4 BRIEF DISCUSSION OF OTHER REACTIONS 

19.4.1  The O + NO System 

In the presence of NO, O-atoms undergo three reactions:   the 
overall three-body recombination O + NO + M - N02 + M; the con- 
current chemiluminescent recombination O + NO - NC2 

+ hi>; and 
the reaction with the product (N02) of the first two reactions, 
O + NO2 - NO + 02.   The chemical equations are not meant to im- 
ply that the processes occur in single kinetic steps as there is good 
experimental evidence that they do not.   Nevertheless, the equations 
properly represent the kinetic orders of the first and third reactions 
over the pressure range 0-10 torr and that of the second at least in 
the range 0. 1-10 torr.    The behavior of the chemiluminescent reac- 
tion below 0. 1 torr is still in some doub+, although recent w>rk fa- 
vors a fall-off in the second-order rate constant below about 0.05 
torr and a possible return to second-order behavior below 10*3 torr. 

O 

For O • NO + M - NO2 + M(AE° = -71. 76 kcal = -3.11 eV) there 
is very good agreement on the rate constant among several studies. 
For M     N2 at 300 K, Klein and Herron (Reference 19-39) found 
(1.03 ± 0.04) x IO-31, Kaufman and Kelso (Reference 19-40) found 
(0.93 ± 0. 13) x 10-3-, and Ford and Endow (Reference 19-41) found 
0.83 x 10-31.    For its temperature dependence, Reference 19-39 
reported a negative activation energy of 1.93 t 0.1 kcal which cor- 
responds to a T"2.4±0. 1 dependence.   Clyne and Thrush (Reference 
19-42) reported an exp I +(1.8 ± 0.4)/RT), c - -910 ± 200, depen- 
dence for M = Oj corresponding to T"3« 3±0*8.    Estimates of (1.0 ± 
0.1) x IO-3- (T/300)-*. 5±0. 3 for M     N2, and (7 ± 2) x 10»32 

(   ) 
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t> (T/300)"2« 5±0* 3 for M = 02 are made, but further work on the tem- 
perature dependence is in progress. 

The third reaction, O + N02 - NO + 02(AE° = -46. 22 kcai = -2. 00 
eV) is very fast (though considerably slower than the N + NO reaction 
in the previous section) and is often used to "titrate" O-atoms in flow 
systems.   Its much greater speed than the three-body O + NO + M 
reaction in the 1-torr pressure range tends to keep the NO concen- 
tration constant and thereby makes the ehe mi luminescent intensity 
emitted by the second reaction depend on the O-atom concentration 
in a single experiment (Reference 19-2).   Its rate constant at 298 K 
was reported as (2.5 ± 0.7) x 10-12 by Phillips and Schiff (Reference 
19-25), and as (5.5 ± 0.6) x 10-12 by Klein and Herron (Reference 
19-39).   The latter authors also measured its temperature depen- 
dence in the range 278-374 K, finding an activation energy of 1. 1 ± 
0.2 kcal.   The reaction leads to appreciable vibrational excitation 
of the product 02 molecule, but its quantitative extent is still in 
doubt.   The temperature dependence of this rate constant has been 
determined by several other groups:   Smith (Reference 19-43) re- 
ported 1.8 x 10-11 cxp [(-0.70 ± 0.45)/RT], c = 350 ± 230; 
Westenberg and DeHaas (Reference 19-44) found 1.6 x 10- U 
exp (-0.6/RT), c = 300; Davis, Herron, and Huie (Reference 19-45) 
found 9. I x 10-12, independent of temperature in the range 230-339 K; 
and Bernand, Clyne, and Watson (Reference 19-46) reported (9.5 ± 
1. 1) x 10"I2 (T/300)-0.53.   The value of Davis et al (Reference 
19-45) is recommended here. 

The spectrum, rate constant, and temperature dependence of the 
chemiluminescent recombination of O and NO are well known and all 
available information has been summarized and reviewed (Reference 
19-47).   The emission extends from 397.5 nm, corresponding to the 
full energy of the reaction, to well past 3 ^m and has maximum in- 
tensity near 600 nm.   It is continuous, but has small intensity fluc- 
tuations which correspond to the strongest features of the complex 
absorption spectrum of N02.   There is little doubt that the same 
electronically excited state(s) is (are) involved in the O + NO emis- 
sion and in N02 absorption and fluorescence, as is further indicated 
by similar, slight spectral shifts with pressure in fluorescence (Ref- 
erence 19-48) and chemiluminescence (References 19-49 through 19-51), 
The second-order   radiative rate constant, integrated over all wave- 
lengths, was reported to be 6.4 x 10-17 (M - 02, T = 296 K) by 
Fontijn, Meyer, and Schiff (Reference 19-52), who underestimated 
its near-infrared component, and to be 6.8 x 10' *7 (M = 02, T = 

±-.*->- •linn iTtn ii 11 in I g i !•» iiiilii 

ft!» 

_^_-: MM 

19-11 

• fritrrffl 



DNA 1948H 

36? K) by Vanpee, Hill, and Kineyko (Reference 19-53).    Its temper- 
ature dependence was variously found to be T^-2* 8±0. 8) by Clyne 
and Thrush (Reference 19-42), T*"1, 55±0, 30) over the range 500 - 
1100 K by Hartunian,  Thompson,  and Hewitt (Reference 19-54),  and 
T"2' 5 exp (-0. 3/RT), c = 150, over the range 140-380 K where M = 
O2 or N2 by Parkes and Kaufman (Reference 19-55).    At total pres- 
sures in excess of about 0. 3 to.rr,  and including the infrared contri- 
bution,  an integrated rate constant of (8 ± 2) x 10" 17 (300/T)2*0 is 
recommended.    It is important to note that the rapid vibrational re- 
laxation in excited NO^,  now well established, brings about a de- 
crease in the radiative rate constant with decreasing pressure as 
well as a leveling off to an irreducible second-order component of 
k at low pressures (<>10~3 torr), which is due to radiation from un- 
stabilized NO| (References 19-47,   19-50,   19-51,  and 19-56).    This 
low-pressure k is about (7 ± 2) x 10" ?8  (300/T)2«0. 

19.4.2 The H +02 System 

Although H is not a major constituent of the normal or slightly per- 
turbed upper atmosphere, the following reactions are included here 
because they represent an efficient path for the recombination of 
O-atoms, due mainly to the much larger recombination rate constant 
of H + O2 + M than of O + O2 + M.    Thus, the first step, H + 02 + M 
- HO2 + M (AE° ^ -46 ± 2 kcal = -2. 0 ± 0. 1 eV),  is followed by the 
fast bimolecular steps, H02 + O - OH + Oz (AE° = -55.4 ± 2 kcal = 
-2.4 + 0. 1 eV),  and OH + O - 02 + H (AE° = -16.6 ± 0.5 kcal = -0.72 
± 0. 02 eV) which result in the regeneration of H and the overall re- 
combination of two O-atoms. 

The first direct study of the H + 02 recombination by Clyne and 
Thrush (Reference 19-57) gave k = (2. 2 ± 0. 2) x 10-32 for M = Ar or 
He, and (5 ± 2) x 10"31 for M = H2O at 295 R.    These authors also 
reported a T<" *• 8*0. 1) dependence.    Several other investigations 
which used pulse radiolysis,  flash photolysis, or discharge-flow 
methods have been in substantial agreement with these early measure- 
ments, with the exception of the work of Ahumada, Michael, <ui_l 
Osborne (Reference 19-57) who reported 0.75 and 0.60 x 10-32 for 

M     He and Ar,  respectively.    The range of relative N2:Ar efficien- 
cies for several investigations was 2. 1-3. 1.    The most accurate and 
probably the most reliable results were those of Kurylo (Reference 
19-58) who reported 6.7 x 10'33 exp (0.467/RT), c = -235, for 
M - Ar, and those of Wong and Davis (Reference 19-59) who reported 
6.8 x 10-33 exp (0.675/RT), c = -340, for M = Ar.    Using their N2:Ar 
efficiency ratios of 3.4 and 2.9,  respectively, a value of 2. 1 x 10-32 
exp (0.595/RT), c = -300, is recommended here for M = N2. 

19-12 
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Indirect evidence is cited in Reference 19-60 that the O + HO^ 
reaction is fast and second-order, and a rate constant of >10"1* can 
be estimated. 

The last of the three steps, OH + O - H + 02» is also discussed 
in Reference 19-60.    It is a very fast,  second-order reaction with a 
rate constant of (5 ± 2) x 10"11 near 300 K.   It cannot have an appre- 
ciable activation energy ( E < 0. 5 kcal), but may have aT"1' depen- 
dence. 

19.4,3 Other Neutral Reactions (List in Chapter 24) 

Among the atom recombination reactions there is still a surpris- 
ing lack of agreement on the rate constant (d[N2]/dt = k[N]   [M])of 
N+N+M-»N2+M, for which values in the range (7-17) x 10-33 
were cited in a review by Barth (Reference 19-61).    Two additional 
values are (11. S ± 1.0) x 10-33 (Reference 19-62) and 3. 6 x 10-33 
(Reference 19-37) for M = N2, T = 300 K.    The latter authors also 
reported a i(-2..0±0.4) dependence, 

A summary of all available high-temperature shock-tube work by 
Baurer et al (Reference 19-63) suggested a value of 4.6 x I0"33 
(T/3000)-^* ? for M = Nz-    This again points up the discrepancy with 
low-temperature work as it would provide a rate constant at 300 K 
which is one to two orders of magnitude too large. 

In the temperature range 90-600 K, Clyne and Stedman (Reference 
19-64) reported 7 x 10"34 exp (+1.0/RT), c = -500, and Campbell 
and Thrush (Reference 19-65) found 8. 3 x 10"34 exp (+1. 0/RT), c = 
-500, for N + N + N2 - 2N2.    An average of the two, 7.6 x 10*34 
exp (+1.0/RT), c = -500, is recommended. 

ForN +0+M-NO + M, older work (Reference 19-61) gave 
(5-16) x 10*33 at T = 300 K for M = N2, whereas Reference 19-37 
reported 11 x 10*33 (T/300)*0- 5±0- 2 or 6.9 x 10-33 exp (+0. 3/RT), 
c = -150. 

"\ 

The reactions O + NO - O2 + N and O + N2 - NO + N are the re- 
verse of reactions discussed above.   They are therefore highly endo- 
thermic and unlikely to be important except at high temperatures. 
For this reason, the forward reaction rates previously mentioned 
have been combined with simple expressions for the equilibrium con- 
stants, K = A exp (B/RT), which represent least-squares fits to the 
JANAF Thermochemical Values for the range T = 1000-5000 K.   The 
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resulting expressions are (5.3 ± 1. 1) x 10*12 exp [-(40. 1 ± 0.4)/RT], 
c = 20,200 ± 200, for O + NO - 02 + N, and (1.0 ± 0.3) x 10-10 
exp [-(75.3 ± 0.5)/RT], C = 37,800 ± 300 for O +N2 -NO +N. 

The two reactions of O with N20 which produce 2NO or N^ + 02 

are known to have large activation energies and are unlikely to be 
important except at high temperatures.    Some of the experimental 
evidence was reviewed in Reference 19-2.    The expression for the 
first reaction by Fenimore and Jones (Reference 19-66) of (1. 5 ± 0.5) 
x 10"10 exp [-(28 ± 3)/RT], C = 14,000 ± 1500,  (d[NO]/dt = 2k[o][N20]), 
seems to be correct even though its pre-exponential factor is unusu- 
ally large.    The formation of N2 + 02 appears to be about a factor of 
3 slower, but its rate constant is more uncertain.    A value of (5 ± 2) 
x 10"11 exp [-(29 ± 3)/RT], C = 15,000 ± 1500, is suggested. 

The reaction of N with N02 can apparently give four sets of pro- 
ducts:   (1) N20 + O; (2) 2NO; (3) N2 + 02; and (4) N2 + 20.   Phillips 
and Schiff (Reference 19-67) found the relative rates of (1) to (4) to 
be (0.43 + 0. 04):(0. 33±0. 07):(0. 10 ± 0. 12):(0. 13 ± 0. 11), and they 
reported a total rate constant of (1. 8 ± 0.2) x 10"11 at 300 K. 

The reaction NO + O3 - N02 + 02 (AE° = -47. 5 kcal = -2. 1 eV) 
was investigated by Clyne, Thrush, and Wayne (Reference 19-68), 
who reported a rate constant of 9.5 x 10-13 exp [-(2.45 ± 0. 15)/RT], 
c = 1230 ± 80, in good agreement with earlier results. 

Finally, the reaction N02 + O3 - NO + 202 (or NO3 + 02) may be 
important at low altitude under highly perturbed conditions.    Johnston 
and Yost's (Reference 19-69) value of 9. 8 x 10"12 exp (-7. 0/RT), c = 
3500, is recommended. 

19.5 CONCLUSIONS 

Rate constants for some of the reactions discussed above are listed 
in Table 19-1.   Several conclusions may be reached from the preced- 
ing sections: 

1. The general field is a very active one, most of the 
relevant work dating back a relatively few years, on 
the average. 

2. For most of the principal neutral reactions of aero- 
nomic interest, rate constants are fairly well known, 
especially near 300 K. 

19-14 
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3.    Greatly increased experimental effort appears to be 
needed, however, in two distinct areas: 

a. Many of the important steps, especially simple 
recombination processes, must be studied over 
wider temperature ranges, i.e., about 100- 
1000 K, where possible, in order to establish 
clearly the functional form of the temperature 
dependence, resolve the existing discrepancies 
with shock-tube work, and measure accurately 
activation energies where they exist. 

b. In many of the reactions, the role of internal 
excitation in the reactants or products must 
be established, i. e., steps should be taken to 
proceed from studies of overall rates to those 
of detailed molecular dynamics.    Excellent pro- 
gress has been made in this area, and one may 
hope that the near future will bzing further solu- 
tions to such problems as the formation, quench- 
ing,  and reactions of 0(*D and !S), 02(b1lp and 
a^Ag),    ibrationally excited O2» N2, o 

,[0 ^g a 

Ir NO?» 
and the like.    While some of these species and 
their reactions are discussed separately in 
Chapter 20, their intimate relationships with 
the overall field of neutral reactions should 
not be overlooked. 

The general field of elementary reactions which are of interest to 
DNA has remained a very active one.    A welcome by-product of this 
activity has been the considerable effort which has gone into the 
preparation of thorough reviews, some of them on a major continuing 
basis.    These include the NSRDS-NBS series, the British series by 
Baulch and co-workers at Leeds University, a review by Schofield 
(Reference 19-70), the proceedings of certain International Associa- 
tion of Geomagnetism and Aeronomy Symposia (References 19-71 and 
19-72), and many specific reviews in series such as Annual Reviews 
of Physical Chemistry, Progress in Reaction Kinetics, Advances in 
Chemical Physics, and others. 
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