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Infrared chemiluminescence studies of H atom reactions with CI20, CINO, 
F20, CF30F, CI02, N02, and CIO 

s. J. Wategaonkar and D. W. Setser 
Department of Chemistry. Kansas State University. Manhattan. Kansas 66506 

(Received 29 July 1988; accepted 16 September 1988) 

Infrared chemiluminescence from the HF, HCl, and OH products has been used to measure 
the nascent vibrational distributions and the rate constants at 300 K for the title reactions in a 
fast flow reactor. The CIO reaction was observed as a secondary step in the CI02 and Cl20 
systems. The reactions proceeding by a direct mechanism, ClzO, CINO, OF2, and CF30F 
release relatively small fractions, -0.37, of the available energy as HCI or HF vibrational 
energy with narrow distributions, in accord with·the dynamics associated with the H atoms on 
a repulsive potential surface. The CI02 and NOz reactions, which proceed by short lived 
intermediates, release a larger fraction of vibrational energy to OH and with broad 
distributions. Although the data for the CIO reaction are not definitive, the OH formation 
channel is the more important by a factor of ~5. The NOz reaction was studied in direct 
comparison with Cl2 to choose the best Einstein coefficients of OH by comparing the OH and 
HCI formation rate constants. 

I. INTRODUCTION 

This laboratory has studied reactions yielding HX 
(X = F, Cl, Br, 0) products by infrared chemiluminescence 
(IRCL),1-3 using the arrested-relaxation (AR) and, more 
recently, the fast flow reactor (FR) techniques to observe H 
atom abstraction by F, Cl, and 0 atoms2.4 and H atom reac
tions with halogens and halogen containing polyatomic mol
ecules.5-8 With the exception of a few F atom reactions, the 
nascent HX(v) distributions obtained from the two tech
niques are in agreement. 4(a),8 One advantage of the flow 
reactor is that the reagents are homogeneously mixed for 
Boltzmann conditions, which allows product formation rate 
constants to be measured by comparison to a reference reac
tion. In this study the FR technique was used to measure the 
nascent HX vibrational distributions and the product forma
tion rate constants for H atom reactions with CI20, CINO, 
F 20, CF30F, CI02, N02 and the CIO radical. Since the ini
tial goal was to study the H + CIO reaction as a secondary 
step from Cl20 and CI02, these primary reactions were stud
ied in detai1.9 (a) The CINO, OFz and CF30F reactions were 
studied earlier,9(b) and those results have been mentioned in 
a review chapter. I Preliminary results for CIOz and NOz 
were communicated in describing the FR technique for reac
tions giving OH, but new measurements are reported here 
with an emphasis on measuring the NOz rate constant so 
that the best OH Einstein coefficients can be identified. The 
thermochemistry of all reactions is summarized in Table I of 
Sec. III. The CIO reaction is especially interesting because 
the HCl + Oep) and OH + Cl exit channels have nearly 
the same available energy; the HCl and OeD) channel is 8 
kcal mol - I endoergic and can be neglected. 

The H atom reactions studied by the IRCL technique 
include halogens (Xz), interhalogens (XX'), and a few po
lyatomic halides (XR), notably the sulfur halides. 1,8 Reac
tions taking place by a direct mechanism give a modest 
< Iv (HX» and low < IR (HX) )y,8 A macroscopic branch, 
as well as microscopic branch with two different dynamical 

pathways contributing to the more exoergic channel (HX), 
is observed for the interhalogens. I

,S,ll The microscopic 
branch was identified from the two component nature of the 
rotational distribution; the low J component corresponds to 
the direct attack on X and the high J component arises from 
the initial attack on X' with subsequent migration to the X 
atom. Except for SClz, the energy disposal for the RX reac
tions resembles the H + X2 reactions. 1,8 The rotational dis
tribution from SCl2 has two components,8 and the dynamics 
are thought to resemble the XX' reactions. The H atom reac
tions proceeding over a repulsive potential surface have 
some common general features associated with the rapid 
motion of the light H atom: (1) the (Iv) and (IR ) are small 
and (IT) is large, especially when compared to H atom ab
straction reaction by F, Cl or 0 atoms,2,4 (2) the highest 
observed HX(v,J) level is below the thermochemical limit, 
and (3) the vibrational surprisal plots are nonlinear. 7 The 
present work shows that the CINO, CI20, CF30F, and FzO 
reactions also display these general dynamical features. 

The CI02, N02, and CIO reactions represent a different 
class of systems. Laser-induced fluorescence,13 molecular 
beam measurements,14 and IRCL studies8,IO,1S of NOz give 
(/v(OH» = 0.25, (IR (OH» = 0.22, (IT) = 0.25, and, 
by difference, (/V,R (NO» = 0.28. The present work, 
which provides a more definitive assignment of the OH (v,J) 
distributions from CIOz, 1O,I3(a) shows that the OH(v) distri
butions from both CI02 and CIO are broad with (Iv) ::::: 0.45. 
These results are consistent with dynamics associated with a 
short-lived intermediate. The secondary reactions from the 
ClzO (to observe the OH channel) or the CIOz (to observe 
the HCl channel) systems were used to investigate the CIO 
reaction. In a subsequent paper,16 the vibrational distribu
tions and the branching ratio obtained here will be shown to 
agree with experiments in which the CIO reaction was stud
ied as a primary step. 

Perona17 reported IRCL studies of the F 20 and ClzO 
reactions, but the present experiments represent substantial 
improvement in technique. The CINO reaction has been 
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studied by the AR method, 18 by molecular beams,19 and by 
the FR technique in Kaufman's laboratory;20 all results are 
in broad agreement. The rate constants for Cl20 and CINO 
are similar to that ofCl2, but the rate constants for OF2 and 
CF30F are three orders of magnitude smaller. 

New Einstein coefficients (A v•J ) were used for HCI. 21 (b) 

Although the relative values of the new AV.J (HCI) for the 
av = 1 transitions did not change, the absolute values in
creased by factors of 1.16, 1.20, 1.21, and 1.25 for v = 1,2, 
3, and 4, respectively. The reliability of the OH Einstein 
coeffcients has been extensively examined.IO·22-24 Recently, 
Langhoff et al. (LWR)24 have published Av.J(OH) values 
based on the improved dipole moment function of We mer et 
al. 2

1(C) The OH formation rate constants for the CI02 and 
N02 reactions were determined, relative to H + C12, using 
the Einstein coefficients of both L WR 24 and Mies.22 The rate 
constants calculated using the Av,J(OH) values of LWR 
were in better agreement with the currently recommended 
N02 rate constant. 

II. EXPERIMENTAL TECHNIQUES 

A. Flow reactor and detection of chemiluminescence 

All reactions were studied in either of two flow reac
tors2.9 (a) using -0.7 Torr of Arcarrier gas at room tempera
ture. These reactors, which were constructed of Pyrex glass 
tubes of either 4 or 5 cm diameter, were connected to a Roots 
blower backed up by a mechanical pump. The inlets for the 
H atoms and Ar buffer gas were placed at the entrance of the 
reactor. The H atoms were produced by passing a H2/ Ar 
mixture through a microwave discharge (2450 MHz, 60 W) 
and introduced into the reactor through a 8 mm diameter 
Pyrex tube placed concentrically with the perforated ring 
inlet for Ar. The discharge tube and flow reactor were treat
ed with phosphoric acid to minimize the H atom loss. The 
tank grade (99.998%) Ar was purified by passage through 
two molecular sieve filled traps at - 77 °C and then another 
sieve filled trap at - 198°C. After each experiment, the 
traps were regenerated by heating to - 250 °C under vacu-· 
um. The flow rates of the reagents and H2 were monitored by 
calibrated capillary oil flow meters. The total Ar flow was 
distributed in three lines, 10% through the H atom line, 
10% through the reagent line, with the rest added to the 
reactor. The individual Ar flows were monitored by three 
Fischer-Porter triflat flowmeters, which were calibrated us
ing a wet test meter. 

The reagent was added through a ring inlet with holes 
on the inner surface which was placed just before the obser
vation window fitted with NaCI disks. The window was - 20 
cm downstream from the H-atom inlet. The typical reaction 
times (hereafter designated as at) in the 4 and 5 cm reactors 
were 0.15 and 0.35 ms, respectively. The CF30F and F20 
reactions, which are about three orders of magnitude slower 
than the other reactions were studied only in the large diam
eter reactor; however, several of the other reactions were 
studied in both reactors. The reagent lines and storage bulbs 
for F20 and CF 30F were of stainless steel. All other reagents 
were stored in 12 t' Pyrex glass bulbs as 10% mixtures in Ar 

and were further diluted with Ar when introduced into the 
reactor. 

The infrared spectra were recorded at 1 cm - I resolution 
with a Digilab (FTS-20) FTIR spectrometer equipped with 
a cooled ( - 196°C) InSb detector. The intensities for each 
transition were converted to relative vibrational populations 
using the AV.J values21.24 and the response function of the 
detector/optical system, which was obtained from a stan
dard black-body source. Absolute AV.J values are required 
for determining rate constants for reactions giving HF or 
OH when H + Cl2 is the reference reaction. Under our ex
perimental conditions, the populations in the low and inter
mediate rotational levels of HCI, OH and HF relax to a 300 
K Boltzmann distribution. However, populations in levels 
above J = 8 of HF can be easily observed, if they are formed 
by a given reaction.4 The rotational relaxation of HCI in Ar 
is more rapid than for HF and only Boltzmann distributions 
are normally observed; however, ifHCI (J> 15) are formed, 
they can be observed.6 The rotational relaxation rates for 
OH (J) are intermediate and small populations in levels J> 8 
were observed in this work from CI02 in OH (v = 1 and 2) 
and from N02 in OH(v = 1). 

B. Reagents 

Since CI02 and Cl20 are sensitive to light and shock, the 
glass storage bulbs were enclosed in wire-mesh screen boxes 
and covered with black cloth, the reagent lines were covered 
with aluminum foil, and experiments were carried out in a 
dark laboratory. As already noted, F20 and CF30F were 
handled in stainless steel lines and stored in stainless steel 
reservoirs. 

Our procedure for generating CI02, which was a slight 
modification over the standard procedure,25 consisted of 
passing a Cl2/air mixture over NaCI02 flakes packed in a 20 
in. long, 3/4 in. diameter glass column. Flows of 5 and 250 
cm3 min -I ofCl2 and air, respectively, were passed through 
the column for about 1-1/2 h with collection of the products 
at 196°C. The products were distilled under vacuum to re
move impurities, mainly water and C12, and Cl02 was col
lected in a trap cooled to - 98°C C CH30H slush bath). The 
purity was found to be better than 95% by UV absorption. 
Cl20 was prepared from the static reaction between yellow 
HgO and Cl2 at - 78°C. 26 The dry, yellow HgO powder was 
placed in a round bottom flask and the Cl2 was condensed 
into this reactor at - 196°C for a CI2:HgO ratio of 2. The 
reactor was warmed to - 40°C (trichloroethylene/dry ice) 
for - 10 h, then the products were pumped through two 
traps maintained at - 112 and - 196°C. The Cl20 was 
collected at - 112°C as a dark cherry colored liquid. The 
purity, as checked by UV absorption, was >95%. The CINO 
was prepared using a standard procedure.25

(a) CF30F was 
synthesized by the fluorine chemistry group at KSU. The 
F20 was purchased from K&K Laboratories Inc., Plain
view, NY. 

C. Measurement of the fractional dissociation of H2 

The reaction of Are P2.0) atoms with H2 gives an emis
sion CHT + ArH*) from 220 to 440 nm,27 which is first or-
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der with respect to [H2 ] for short reaction times «0.3 ms) 
and low [H2 ]. The fractional dissociation of H2 by the MW 
discharge was determined by monitoring the reduction of 
the intensity of the ArH* + H1 emission intensity when the 
MW discharge was turned on, see Fig. 1. For this experiment 
the reagent line of the flow reactor was replaced with a small 
Ar(3p2•0 ) atom generator.28 The Ar(3p2•0 ) flow was added 
into HIH2/ Ar bulk flow just before the observation window 
(the NaCI disk was replaced with a quartz disk). The frac
tional dissociation was 0.88 ± 0.02 for [H2 ] < 1013 
molecule cm - 3. 

III. RESULTS 
A. Thermochemistry 

Table I summarizes the thermochemistry. The Do (CI
NO), Do (CIO-O) , and Do (CIO-Cl) values are well estab
lished29 and Do (CI-O) is very precisely known. 30.3 I Al
though quoted with a small uncertainty, Do (CF30 - F )32 

probably is less well known than the preceding cases. The 
reported Do (FO-F)33 values range from 37.0 to 43.0 kcal 
mol - I, with 40 kcal mol - I being a compromise value. The 
activation energies, if they had not been measured were as
signed from the product formation rate constants measured 
in this work and the Ea = 1.2 kcal mol- 1 for the H + Cl2 

reaction,29 after adjusting the preexponential factors for the 
number of available halogen atoms. Since, the internal exci
tation of the HCI or HF products from H atom reactions 
seldom extend to the thermochemical limit, the IRCL data 
cannot be used to establish bond energies. 

B. HCI(v) distribution from C12, CI20, and CINO 

The Cl2 reaction was studied for a range of [H2 ] and 
[CI2 ] to establish the [H2 ] and [CI2 ] for which HCI(v) 

14 

12 

>- 10 
:t: rn 
c: 
CI) 

8 -.s 
*::I: 6 ... 
c( 

4 

2 • 
o·~~~~--~~~~~--~~~~ 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 

(H~ 1012molecules cm3 

FIG. 1. Plot of ArH* + Hr emission intensity vs [Hz] with,., and with
out, e, the microwave discharge on the H2 line. The emission was moni
tored at 289 nm with a 0.5 m monochromator and photomultiplier tube. 

TABLE I. Summary of thermochemistry (kcal mol- I) 

Reagent Do (R-X) Ea (E)a Ref. 

CI2 57.1 ± 0.01 1.2 ± 0.1 47.9±0.1 30 
ClzO 33.3 ± 2.0 0.8 ± 0.5 71.6 ± 2.5 29 
NOCI 37.1 ± 1.0 0.8 ± 0.3 67.7 ± 1.5 29 
F20 4O.0±4.0 -5.5 102.7 ± 4.0 33 
CF,OF 43.5 ± 1.0 -4.6 98.3 ± 2.0 32 
N02 71.8 ± 0.2 0.5 ±0.5 31.5 + 0.5 29 
CIOz 58.2 ± 2.0 0.6±0.5 45.5 ± 2.5 29 
CIO 64.6 ±0.Q2 0.5 ±0.5 39.7 ± LOb 31 

0.5 ± 0.5 38.7 ± 1.0" 

a (E) = Do (H-X) - Do (R-X) + Ea + (n/2) RT;n = 5fordiatomicre
gents and n = 6 for polyatomic reagents. See text for method of assignment 
of Ea values. 

b Available energy for the HCI channel. 
C Available energy for the OH channel. 

relaxation was unimportant for 0.15 and 0.11 ms reaction 
times. Results from several experiments are shown in Table 
II. The HCI (v) distribution did not show any dependence on 
[Clz] or [H2 ] for concentrations <1.5X 1013 or <2X 1013 

molecules cm -3, respectively. For the highest [H2 ] used, 
which was 3.7 X 1013 molecule cm - 3 in experiment CI2-3, 
the HCl(v) distribution was slightly relaxed (P1-

P4 = 16:42:35:07) compared to the best distribution (P1-P4 

= 12:38:40:10). The nascent distribution for Cl2 has been 
cited as P1-P4 = 14:40:40:05 based upon an extensive series 
of AR experiments. 8 However, the present data, which were 
collected over a five year period, always showed a signifi
cantly higher v = 4 population, and we favor P1-P4 

= 12 ± 1 :38 ± 2:40 ± 2: 10 ± 1 as the nascent distribution. 
The HCI(v) rotational distributions were 300 K Boltz

mann for both the Clz and Cl20 reactions. In expt C120-1 the 
[H2 ] was 5.3 X 1012 molecule cm - 3 and [CI20] was varied 
from 1.2 to 3.4 X 1012 molecule cm - 3; Fig. 2 shows that Pv 
did not depend on [CI20] in this range. Another experiment 
was done with [H2] = 22X 1012 molecule cm -3 and [CI20] 
was varied from 1.4 X 1012 to 3.1 X 1012 molecule cm - 3; the 
HCl(v) distribution did not show any significant change. 
The distribution obtained from the average of the experi
ments with [H2] <22X 1012 and [CI20] <3.4X 10'2molecu
Ie cm - 3 was PI-Ps = 9 ± 0.4:28 ± 1.0:41 ± 1.0: 19 
± 0.8:3 ± 0.2. Entry C120-4 in Table II gives the results 

from an experiment in the larger reactor (At = 0.35 ms), the 
HCl(v) distribution, PI-Ps = 12:31:38:17:02, is within the 
experimental uncertainty of the distribution obtained from 
experiments in the smaller diameter reactor. This compari
son, as well as the similarity of the results for the Cl2 reaction 
in the two reactors, confirms the reliability of the early 
work. 9 (b) 

A plot of the P v vs f v suggests that Po ::::: 0, and the total 
distribution, Po-Ps' is 0:09:28:41:19:03 with (Iv) = 0.32 
for H + CI20. This distribution is in fortuitous agreement 
with a first generation, measured relaxation result,17(a) PI
Ps = 11:33:37:15:04. In the early work using an integrating 
sphere reactor and a PbS detector,17(a) emission from HOCI 
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TABLE II. HCI(v) distributions for the CI2, Cl20, and NOCI reactions. 

[H2 )" [RCI)" Ilt 
Expt. (1012 molecule cm - 3) (ms) PI P2 P3 

C12-1 5.3 1.8-3.9 0.15 12 39 40 
C12-2 5.3 1.4-2.8 0.15 12 40 39 
C12-3 37.0 1.0--5.0 0.15 16 42 35 
C12-4 10.3 2.0--6.1 0.11 13 39 38 
CI2-S 13.5 3.4-13.6 0.11 11 40 40 
C12-6 12.5 S.4-15.3 0.11 14 37 39 
C12-7 12.7 4.7-10.0 0.11 13 40 40 
C12-8 12.S 1.4-7.9 0.11 12 40 41 
C12-9 12.0 3.5-11.0 0.11 11 40 40 

Nascent distribution (PR) 12 38 40 
Nascent distribution(AR)b 14 40 40 

CI2O·l 5.3 1.2-3.4 O.IS 09 28 41 
C12O·2 22.0 1.4-3.1 0.15 09 31 40 
C12O·3 35.0 3.3 O.IS 10 32 39 
C12O-4e 3.5 1.6 0.35 12 31 38 
CINO-le 3.5 1.1--4.4 0.24 06 09 19 

" [H2 ) and [RCl) were varied within the range indicated. 
b From extensive AR experiments in Ref. 8. 
e Experiments from the larger diameter flow reactor, Ref. 9 (b). 

was also observed with a I HOCl IIHCl ratio of 1/90. In the 
present work HOClt was never observed and HOCI must be 
a very minor channel or possibly it arises from stabilization 
ofH + CIO by collisions with the walls ofthe reactor. 

The CINO reaction was studied only in the larger reac
tor. One experiment is included in Table II with 
[H2] =3.5X1012 moleculecm- 3 and [CINO] = 1.1 to 
4.0 X 1012 molecule cm - 3; the P v were independent of 
[CINO]. The emission from HCl(v = 7) was not observed 
and the average distribution was P1-P6 

50 

40 

30 

20 

10 

o 
o 

A 
V:3 

v <.) 

V:2 • • • 

V:4 
i) 

v a 

V:1 
u 

V:5 - • 

1.0 2.0 3.0 
12 -3 

(CI 2 0) 10 molecules cm 

FIG. 2. Plot of Pv(HCl) vs [C120) for experiment ClP-1 of Table II. For 
these experiments [H2 ) was 5.3x 1012 molecule cm- 3

• The averagePv val
ues were assigned as 9:28:41:19:3. 

P4 Ps P6 

9 
9 
7 

10 
9 

10 
7 
7 
9 

10 
5 
19 03 
17 02 
16 02. 
17 02 
29 24 13 

= 06:09:19:29:24:13. This distribution agrees with that re
ported by Berquist et al.20 from low resolution spectra in a 
flow reactor, PI-P7 = 04:07:15:26:29:15:04, as well as AR 
data,18 P3- P7 = 24:29:30: 14:03. The AR study provides in
formation about the rotational excitation and (IR) ~0.07. 
Consideration of all three studies suggests PO-P7 

= 00:05:09:19:27:24:13:03 as the nascent distribution and 
(Iv) = 0.5. 

C. HF(v) distributions from CF30F and F20 

Since these reactions are about three orders of magni
tude slower than the Cl20 or CINO reactions, high concen
trations and longer times were needed to observe HF ( v) 

emission. The HF(v) rotational distributions were 300 K 
Boltzmann for both F20 and CF30F, in spite of their large 
exoergicities. Experiments with CF30F were done with 
[H2] = 1.6x 1012 and 5.7X 1012 molecule cm -3 with vari
able [CF30F]. Although there was no dependence of the 
HF(v) distribution on [CF30F] up to 0;;;9.0 X 1013 molecu
le cm - 3, the distributions for the two [H2] were different; 
PI-P7 = 08:14:22:27:18:09:02 and 16:19:23:25:13:04:01 for 
the lower and higher [H2], respectively. A secondary reac
tion with CF30, which would give HF in low v levels by an 
elimination mechanisms, may be responsible for the larger 
population in lower levels for the experiment with higher 
[H2]. We favor the distribution obtained with the lower 
[H2] as the best estimate of the nascent distribution and 
(/v(HF» is 0.39. 

Only one experiment was done with OF2 because of its 
highly oxidizing nature. The [H2] was 5.7x 1012 molecu
le cm - 3 and the [F20] was increased up to 4.0X 1013 mole
cule cm - 3. The HF(v) distribution, P1- P7 

= 12:17:18:18:18:13:04, showed no dependence on [F20]. 
If, as in case of CF30F, the vibrational distribution has a 
component from a secondary reaction, the nascent distribu
tion may be somewhat more sharply peaked in v = 4-6. This 
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distribution is an improvement over a very early studyI7(C); 

however, trace emission from v = 8 was observed before 
when the HF(av = 2) emission was monitored. Neverthe
less, the reaction does not give significant population in the 
highest allowed levels, v = 8-10, and (Iv) is -0.38. 

D. OH(v) distributions from N02 and CI02 

The NOz and CI02 experiments are listed in Table III 
and a typical OH (av = 1) emission spectrum from the CIOz 
reaction is shown in Fig. 3. The spin-orbit state distributions 
were Boltzmann with OHen3/2 )/OHenI/2 ) = 2.0. A 
new finding, relative to our earlier FR work, 10 was a small 
non-Boltzmann component to the rotational distributions 
for pressures below 0.4 Torr for both the N02 and CI02 

reactions, see Fig. 3. The recommended OH(v) nascent dis
tribution (PO-P3 = 44:31:19:06) from NO~ serves as a 
benchmark. The observed distribution from N02 was invar
iant for [N02 ]<8XI012 and [H2]<30XI012 molecu
les cm - 3, and the distributions for the AV.J values of L WR 
and Mies were PI :P2 :P3 = 60:36:04 and 57:39:04, respective
ly, see Table III. The N02-3 experiment at 0.35 Torr, 
showed a small high J envelope (J> 10.5). The highest ob
servedOHen3/2 ) level wasJ = 16.5(N = 15); the fraction 
of the OH (v = 1) population in the high J component was 
0.065. Our OH (v) distribution agrees with the accepted dis
tribution (PI-P3 = 56:34:10),8 except that our P3 was al
ways about 1/2 of that reported in AR measurements. We 
observed no systematic change in P31P2 with [H2 ] or 

TABLE III. OH(v) distributions for the CI02 and N02 reactions. 

[H2 ) [Reagent) at 
Experiment (1012 molecule em -3) (ms) PI P2 

CI02-1 5.3 1.7-2.5 0.15 20 27 
23 28 

ClO2-2 13.5 1.8-9.0 0.11 IS 27 
18 28 

CI02-3 20.0 2.1-3.1 0.11 17 24 
20 26 

ClO2-4 12.5 2.6-9.6 0.11 IS 25 
18 27 

ClO2-5 10.2 2.1-5.1 0.11 16 25 
18 27 

CI02-6
a 5.0-59.0 3.1 0.11 20" 24 

22" 26 
Nascent distribution 19 28 

N02-1 12.0 2.5-7.7 0.11 57 39 
59 37 

N02-2 12.5 1.7-5.1 0.11 58 37 
60 36 

N02-3b.C 30.0 4.0 0.11 61b 35 
63b 33 

Nascent distribution 60 36 

P3 

27 
27 
28 
28 
27 
27 
28 
28 
27 
27 
26 
26 
28 
04 
04 
05 
04 
04 
04 
04 

[N02 ], and the difference in the AR and FR experiments 
presumably arises because of the weak v = 3 signal in both 
experiments. Klenerman and Smith IS also reported a lower 
P3 value in their IRa studies using a SISAM spectrometer; 
however, their P2 value also is low and vibrational relaxation 
may not have been fully arrested. 

The NO (av = 1) emission from v = 1 and 2 was ob
served from H + N02 • Our new spectrum9

(a) closely resem
bles the one shown in Ref. 10 and it is not included here. Due 
to the sharp decline of the detector response below 1870 
cm - I, the P branch lines for v = 1 and 2 and the R branch 
lines (J < 5.5) for v = 2 were very weak. The relative NV•J 

populations were calculated from the R branch line intensi
ties, using the A~!;. values from the thermally averaged34 

A~. (A~ = 10.78 and A~ = 20.43 S-I) and calculated line 
strength factors3s A plot ofln{IJ' ISn .} vs {J'(J' + I)} 
was constructed9

(a) to check the validity of the data reduc
tion; the plot gave a rotational temperature of 260 ± 20 K. 
The v = 1 and 2 relative population was PI :P2 = 70:30. As
suming Po -zPI the distribution beComes PO-P2 = 41:41:18 
which corresponds to (Iv(NO» = 0.13. After adjusting 
for the response function, the [OH(v = 1) ]I[NO(v = 1)] 
ratio was -z 1.1. 

Figure 4 shows a plot of P v vs [CI02 ] for 
[H2 ] = 13.5 X 1012 molecule cm - 3; the distribution was in
variant for [CI02 ] <9.0X 1012 molecule cm -3. The depend
ence of the OH(v) distribution upon [H] is shown in Fig. 5. 
There is a systematic trend with PI and P2 increasing at the 
expense of P4 forlarger [H2 ]. However, for [H2 ] <2 X 1013 

P4 Comments 

26 AM;" 
22 ALWR 

30 AMi .. 
26 ALWR 

32 AMi .. 
27 ALWR 

31 AMi .. 
26 ALWR 

32 AMi .. 
28 ALWR 

30 AMi .. 
26 ALWR 

25 ALWR 

AMies 

ALWR 

AMi .. 
ALWR 

AMi .. 
ALWR 

ALWR 

"The fractional population in the high J levels was 0.11 and 0.045 for this experiment at 0.4 Torr and 
[H2 ) = 2 X 10moiecuie em - 3. The entry for the vibrational distribution in the table is for the low [H2 J range. 

bThe fractional population in high J levels for v = 1 was 0.064. 
cThe NO(v) distribution from this experiment was determined as PI/P2 = 70:30. 
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FIG. 3. TheOH(Av = 1) spectrum from the H + Cl02 reaction for [H2 ] = 3.0X lOB and [Cl02 ] = 4.0X 1012 molecule cm -3 at 0.35 Torr. TheR branch 
emission lines from several J levels are identified to aid in the overall assignments. 
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FIG. 4. Plot of Pv(OH) vs [Cl021 for the Cl02-2 experiment in Table III. 
The [H2 ] was 13.5 X 1012 molecule cm - 3. The Pv were independent of 
[Cl02 ], and average values were assigned as PI (D):P2(.):P3 (O):p. 

(e) = 18:28:28:26. 

molecule cm3 the distribution is nearly constant. This con
clusion is confirmed by experiments CI02-2 through CI02-

5, which give the same distributions for different [H21. The 
nascent distribution given in Table III is based on the aver
age from experiments with 0.11 ms reaction time. The de
pendence of the OH(v) distribution on [H21 demonstrates 
that the secondary reaction, H + CIO, is responsible for the 
change in OH(v) distribution in Fig. 5. For the Mies' Av,J 
values, PI-P4 = 15 ± 1.9:27 ± 0.8:28 ± 0.8:30 ± 1.0, and 
for the LWR values PI-P4 = 19± 1.1:28 ±0.8:28 ±0.8:25 
± 1.0. The distributions obtained from the two sets of Av,J 

values do not differ significantly, although PI is higher and 
P4 is little lower for the L WR Einstein coefficients. The pres
ent study gives a slightly improved distribution relative to 
our earlier report, 10 P I-P4 = 20:25:27:28, for Mies' Av,J val
ues. 

In addition to the 300 K Boltzmann envelope, the 
OH(v = 1 and 2) rotational distributions from H + CI02 

had small high J (~ 10.5) envelopes. The highest observed 
levelsforOHeIl3/2 ) were 22.5(N = 21) and 19.5(N = 18) 
with high J components of 0.11, and 0.045 for v = 1, and 2, 
respectively. These rotational distributions will be combined 
with LIF data13

(a) to estimate the nascent rotational distri
bution in Sec. IV. The vibrational surprisal plot, Fig. 6, is 
linear for a three-body prior, for a prior that includes the 
rotations ofCIO, and for the full four-body prior. Since LIF 
studi~s gave No INI = 0.7 ± 0.2 13

(a), we selected a ratio of 
0.6 and the distribution based on the Av,J values ofLWR is 
PO-P4 = 10:17:25:25:23 with (/v(OH» = 0.51. 
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FIG. 5. Plot of Pv(OH) vs [H21 for 
the H + CI02 reaction. The [CI021 
was 3.1 X 10'2 molecule cm - 3. The 
Pv(OH) become dependent on [H21 
for concentrations above -20X 10'2 
molecule cm3

• 
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(H~ 1012moleeule em3 

E. HX (X=CI,F,C) formation rate constants 

The HX formation rate constant, kf' for a given reac
tion can be obtained by comparing the [HX] from the reac
tion under consideration to a reference reaction for condi
tions that follow the differential rate law: 

[HX] = kf [H] [reagent] at. (1) 

The [HCI] from NOCI and CI20, [HF] from CF30F and 
F20, and [OH] from CIO and N02 were compared to 
[HCI] from H + Cl2 by doing pairwise experiments for each 
reactant under identical conditions. Since the populations of 
the two OH spin-orbit states were Boltzmann, the 

50 60 

[OHell3/ 2)] determined from the spectra was scaled by a 
factor of 1.5 to account for the [OH(2llI/2 )]' Thecontribu
tion from the H37CI isotope was taken into account for 
[HCI]. Plots of [HX(v;;;.l)] vs [reagent] for CI20, N02, 

and CI02 are shown in Fig. 7. Linear plots were found for 
[reagent] <2.0X 1013 molecule cm -3, and the slopes give 
the relative rate constants. Some experiments were done 
with constant [CI02] and variable [H]; the [OH] increased 
linearly for [H2] <2X 1013 molecule cm -3 in accord with 
reaction (1). Table IV gives a summary of the HX (v;;;. 1 ) 
formation rate constants. The absolute rate constants for the 
HX(v;;;.O) formation were calculated using the Po values 

3.01 ..... __________________________ 0.30 

/ ... ----.-
/ ----/ --. 

/ 
/ 

O. 0.20 

-3.0 0.10 

-a.04------------~----------~------------~----------~QO 
0.0 0.25 0.50 0.75 1.0 

J. Chern. Phys., Vol. 90, No.1, 1 January 1989 

FIG. 6. The Pv(OH) vs Iv and vi
brational surprisal plots for the 
H + CI02 reaction. The surprisal 
plots are for a three-body prior, 0, 
and a prior, ., that included the ro
tations of CIO; the A v (and predict
ed Po / P,) values for the two priors 
are - 4.0(0.53) and - 8.0(0.27). 
For the full four-body prior, not 
shown, Av = - 10.0 and 
PoIP,=0.2. 
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FIG. 7. Plots of relative [HX(v> 1») vs reagent concentration the CI20, 
Cl02, N02, and Cl2 reactions. Each reaction was studied pairwise with the 
Cl2 reaction for [H2 ) = 1.35X lOll molecule cm -3. The Av,J(OH) values 

ofLWR were used to obtain [OH). 

cited in the previous section and the 300 K rate constant for 
the C12 reaction, 2.06 X 10- II cm3 s -I. A direct comparison 
was made between CF30F anq F20 under identical condi
tions.9

(b) The ratio was 1.5 in favor of CF30F, which sup
ports the rate constant measured vs C12• 

TABLE IV. 300 K rate constants. 

Rate constants 

Reaction ReI. [HX(v>l))a Abs. [HX(v>O» Literature 
(10- 11 cm3 S-I) 

H+CI2 1.0 2.06 
H+NOCI 0.95 ±0.4 (1.96 ± 0.82) 

For most Cl02 experiments, the C12 and Cl02 were si
multaneously added to the reactor to eliminate possible un
certainty due to fluctuations in the conditions. In one experi
ment the reagents were added separately to confirm that 
there was no artifact due to mixing. The average OH (v> 1 ) 
rate constant from five measurements, relative to kcl" is 
3.0 ± 0.3. Including Po gives the total rate constant as 
(6.9 ± 0.7) X 10- 11 and (7.8 ± 0.8) X 10- 11 cm3 S-I for 
the Einstein coefficients ofMies and L WR, respectively. The 
ratio of the rate constants for N02 to Cl02, each measured 
relative to H + C12, is 1.7, and 1.9, for the Av,J values of Mies 
and L WR, respectively. Direct comparisons of the 
OH (v> 1) formation rate constant from N02 and Cl02 also 
were made. The ratio was 1.14 ± 0.20, and 1.27 ± 0.25 for 
the two sets of Av,J(OH) values, including the Po contribu
tions gives kNO, {OH (v>O)} / kCIO, {OH (v>O)} as 1.9 ± 0.4 
and 2.1 ± 0.4. 

The reliability of the Av.J ( OH) values can be checked by 
comparing our OH formation rate constant from N02 to the 
independently measured total rate constant. Two separate 
rate constants measurements were done for N02 (Table 
IV). The average of the two experiments for OH(v>O) was 
(11.9 ± 1.0) X 10- 11 and (14.9 ± 1.3) X 10- 11 cm3 S-I for 
the Av.J(OH) values of Mies and LWR, respectively. The 
literature values for the N02 rate constant range from 
(11.0 ± 3.0) X 10- 11 to (14.1 ± 2.6) X 10- 11 cm3 s-'. The 
most recene9 measurement, which is the latter value, was 
obtained from flash-photolysis and discharge flow measur
ments in the same laboratory. The previous three measure
ments36

•
38 were based on the flow reactor method. The un

certainty in all these measurements was z20%, but 

Comments 

37(a),37(b) 
9(b) 

(1.82 ± 0.27) 37(c) 
H+CI2O (2.0 ±0.4)b (4.1 ±0.8) this work 

(3.1 ±0.7) (6.4 ± 1.5) 9(b) 
H+F2O (0.68 ± 0.4)bx 10- 3 (1.5 ±0.8)XI0- 3 9(b) 
H+CF30F (1.5 ±0.2)bXlO- 3 (3.2 ± 0.4) X 10- 3 9(b) 
H+N02C,d 3.1 ± 0.36 (11.9 ± 1.0) AMies 

3.9 ± 0.3 (14.9 ± 1.3) ALWR 

11.0 ±3.0 36 
13.2 ±1.8 38(a) 
12.8 ±2.S 38(b) 
14.1 ±2.6 39 

H +ClO2
d 3.0 ±0.3 (6.9 ±0.7) AMies 

3.4 ±0.3 (7.8 ±0.8) ALWR 

5.7 ± 1.2 40 

aIn converting to absolute rate constants kC', = 2.06 X 10- 11 em3 
S-1 was used; the HCl(v) distribution was 

po-p. = 0:12:38:40:10. 
bThese results are based upon a single comparison plot such as shown in Fig. 7. 
cThe relative N02 rate constant measured directly vs Cl02, was found to be 1.9, and 2.1 for the Einstein 
coefficients ofMies and LWR, respectively. 

dThe comparisons for N02 and CI02 are based upon 2 and 5 comparison plots, respectively, such as shown in 
Fig. 7. 
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three38
•
39 of the four measurements gave kN02 ;;;.13.0 X 10 - II 

cm3 
S-I in agreement with our rate constant, 14.9X 10- 11 

cm3 
S-I based upon the LWR set of Av.J(OH). The rate 

constant derived from theAvJ values ofMies, although with
in the experimental uncertainty, seems low by -20%. 

F. The CIO reaction 

To observe secondary reactions the [H] must be in
creased. For [H2 ]<3.0XlO13, [reagent]<1.0xl013 mole
cule cm-3 and at<0.15 ms, the HCI(v) and OH(v) distri
butions from Cl2 and N02 were not significantly affected by 
relaxation and the primary product concentrations still had 
a first order dependence on [H2 ] and [reagent]. Since the 
vibrational relaxation rate constants for H atoms41 are large, 
the major factor in vibrational relaxation is expected to be 
the [H]. The onset of vibrational relaxation and OH remov
al can be expected for [H2 ] > 3.0X 1013 molecule cm - 3 at 
at = 0.15 ms. For example, with [H2 ] = 4.1 X 1013 and 
9.2 X 1013 molecule cm - 3 for at = 0.4 ms the Cl2 reaction 
gave PI-P4 of 21:40:33:06 and 23:40:31:06, respectively, vs 
the nascent distribution of 12:38:40:10. In a similar way in
creasing [H2 ] to 3.0X 1013 molecule cm - 3 for the N02 reac
tion gave PI-P3 = 64:33:03 vs the nascent distribution of 
60:36:04. These observations are helpful in understanding 
results for the CIO reaction studied as a secondary step in the 
Cl20 and CI02 systems. 

1. The Hel channel 

Preliminary experiments were done for at = 0.45 ms 
[H2 ] = 1.6 X 1013 molecule cm - 3 with [CI02 ] varied from 
3.1 to 8.4 X 1012 moleculecm- 3

, see Table V. The OH(v) 
distribution wasPC P4 = 28:28:24: 19 and the HCI( v) distri
bution was PI-P4 = 43:32:16:07; the Pv (OH) did not show 
any dependence on [CI02 ], but the HCI (v) changed slightly 
with [CI02 ]. The increase in the OH(v = 1) populations, 
compared with the nascent distribution (19:28:28:25), indi
cates relaxation and/or a contribution due to the secondary 
reaction. Experiments were attempted for shorter reaction 
time (at = 0.2 ms) and the same [H2 ]; although, the 
HCI(v) emission could be detected, the poor SIN ratio pre
vented assignment of a reliable HCI( v) distribution. For the 

second set of experiments in Table V, [CI02 ] was 8.5 X 1012 

and [H2 ] ranged from 1.3XlO13 to 6.6XlOl3 molecu
le cm -3 with at = 0.2ms. The HCI(v) andOH(v) distribu
tions show some dependence on [H2 ], and extrapolation to 
[H2 ] = 0 gave Pv(OH) as PI-P4 = 27:28:24:21 and Pv 
(HCI) as PI-P4 = 37:29:21:13. A third experiment was 
done with [CI02 ] =2.8X1012 moleculecm- 3 and [H2 ] 

was varied from 2.2 to 4.4 X 1013 molecule cm - 3; the ex
trapolated distributions for OH and HCI were PI-P4 

= 27:29:24:20 and 36:33:19:12, respectively. These esti-
mates for the HCI(v) distribution differ markedly from the 
narrow distributions from the C12, NOCI, and Cl20 reac
tions. 

The [:Io v OH] concentration did not show first order de
pendenceon [H2 ] for entries 2 and 3 of Table V,and theCIO 
rate constant can not be determined using the differential 
rate law. However, estimates for the OH(v) distribution, 
OH/HCI branching, and the rate constant were obtained as 
follows from the [H2 ] = 2.7 and 2.2X 1013 molecule cm- 3 

data. From the nascent distribution from the CI02 reaction 
and the observed [OH(v = 4)], the [OH(v = 1,2,3)] con
tribution from the CI02 reaction was calculated. The differ
ence between the observed [OH (v)] and the calculated 
[OH (v) ] CI0

2 
gives the contribution of the CIO reaction 

from which the OHIHCI branching, the OH (v) distribution 
from the CIO reaction and the rate constant, using the 
expression4

(bl [Sec ]I[Pri] = ksec X [H] X at /2, was esti
mated. The two sets of data gave the OH (v) distribution as 
PI-P3 = 51:32:17 and 51:35:14, the OH/HCI branching as 
5.0 and 4.2, and ksec <2.5XlO- 1O and <2.0XlO- 1O 

cm3 
S-I. These numbers are approximate because (i) the 

reaction conditions were not first order ( - 50% of CI02 was 
consumed during the reaction time of 0.2 ms) and (ii) the 
vibrational relaxation of OH(v) may have been significant 
or some of the OH (v) formed in the primary reaction could 
have been removed. These factors make the estimated ksec an 
upper limit. 

2. The OH channel 

Table VI summarizes the attempts to observe OH(v) 
from the H/CI20 system. Since the Cl20 reaction is two 

TABLE V. The HCl(v) channel of the CIO reaction from the H/CI02 system.,·b 

[H2 ) [CI02 ) OH(v) HCI(v) 

PI P2 P3 p. ~vOH PI P 2 P3 p. ~vHCI 

1.6 0.84 28 30 23 15 47 31 15 06 
0.59 28 29 25 18 42 33 17 08 
0.31 28 27 24 21 43 32 17 08 

1.3 0.85 28 28 24 21 127 could not be observed 
2.7 31 29 23 17 163 42 30 17 10 12 
4.8 34 29 22 15 179 48 32 12 07 16 
6.6 35 29 22 15 187 50 32 12 07 20 
2.2 2.8 31 30 22 17 67 42 30 16 10 5.9 
3.3 35 30 21 14 76 51 29 11 10 8.3 
4.4 35 31 20 14 74 48 27 14 10 8.6 

• All concentrations are in units of 1013 molecule cm3
• 

b The At was 0.45 InS for the first experiment and 0.2 ms for the second and third set of experiments. 
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TABLE VI. The OH channel of the CIO reaction from the H/CI20 system." 

HCl(v) 
[Hz] [ClzO] 
(1013 molecule cm-3

) P, P2 P3 p. 

12.4 1.3 46 31 17 05 
4.1 0.66 19 33 33 13 
7.1 26 34 28 10 
9.2 28 35 26 09 

11.2 30 35 25 08 

"The reaction time for these experiments was 0.4 ms. 

times slower than the CI02 reaction and the Av.J(OH) are 
three times smaller than Av.J(HCI), rather extreme condi
tions were necessary to observe the OH product. A reaction 
time of 0.4 ms was selected by using a movable reagent inlet. 
The [H2 ] and [CI20] were 12X 1013 and 1.3 X 1013 
molecule cm - 3, respectively, in the first experiment. The 
OH(v) distribution was P1-P2 = 54:46 and the HCI(v) dis
tribution was P1-Ps = 46:31:17:05:01. The second experi
ment was done with variable [H2 ] in anticipation of extrapo
lating to zero [H). The OH (v) distribution showed very 
little dependence upon [H2 ] in this range, which must be 
fortuitous considering that OH(v) relaxation by H atoms is 
more facile than HCI(v) relaxation. The extrapolated OH 
distribution, P1-P3, was 40:40:20 with an uncertainty of 
20%. These data imply that the OH (v) distribution from the 
CIO reaction is rather flat. 

IV. DISCUSSION 

A. Reliability of the vibrational distributions and rate 
constants 

The energy disposal for the reactions studied is summar
ized in Table VII. The vibrational distributions for N02 (P1-

TABLE VII. Summary of energy disposal. 

Reaction Vibration distribution 
(E) 

(kcal mol-I) Po P, P2 P, p. 

CI2 0 12 38 40 10 
47.9 
CI20 0 9 28 41 19 
7\.6 
CINO 0 5 9 19 27 
67.7 
NOz 44 33 20 03 
3\.5 
CIOz 10 17 25 25 23 
45.5 
ClOd 40 40 20 
38.7 
39.7 36 31 20 \3 

P, 

3 

24 

OH(v) 

P, !o,HCI P, P2 P3 !o,OH 

01 54 46 
02 125 39 39 22 13 
02 lSI 39 40 21 19 
02 153 40 40 20 21 
02 165 41 38 20 24 

P3 = 60:36:04) and CI2 (P1-P4 = 12:38:40:10) reactions 
agree with the previously accepted distributions for these 
reactions (56:34:10 and 14:40:40:05). The HCl(v) distribu
tion from Cl2 was not affected by the new A v•J (HCl).2I(b) 
The OH(v) distribution from N02 calculated from the two 
sets of Av.J(OH) did not differ significantly, however, we 
prefer the distribution from the L WR values. The absence of 
HX(X = Cl,O) vibrational relaxation and the linear de
pendence ofthe [product] on [RX] and [H) for each reac
tion was verified. Therefore, the nascent vibrational distri
butions should be reliable. Our only reservation is for 
CF30F and OF2, because relatively high [H) was required. 
For these cases, the (fv(HF» values, -0.39, could be low
er limits because of small contributions to HF(low v) from 
secondary reactions (H + OF and OCF3 ). However, this 
effect should be small, especially for CF30F. 

Uncertainties in the rate constants for product forma
tion arise from ( 1 ) the reagent concentration measurements 
«5%) and (2) the assignment of [HX] from the relative 
intensities « 10%). Together these contribute to :::;:20% 
uncertainty in the rate constants. The CINO rate constant, 
1.96 X 10 - II cm3 s -I, compares well with an independent 
measuremene7

(c) based upon loss of [H]. The uncertainty 

Ph P7 

\3 3" 

0.51 ~0.16c 

<Iv) <lR) 

0.37 0.07 

0.32 ,0.05 

0.50 ~0.07" 

0.25 0.22h 

this work 

>0.40" 

>0.3I d 

Comments 

this work 
and Ref. 8 
this work 

this work 
and Ref. 8 

OHchannel 
this work 
HClchannel 
this work 

• This distribution is an average from this work plus results of Refs. 18 and 20; The (fR) is from Ref. 18. 
b The (fR) was taken from Ref. 18. 
C The (fR) was determined from the rotational distribution given in Ref. 13 (a) for v = 0 and I; see the text for details. 
dThese data provide lower limits for (fv(HCI» and (fv(OH». see Ref. 16 for more definitive work; Po was assumed to be the same as P, for this 

calculation. 
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for the CF30F and OFz may be higher than 20%, due to the 
difficulty of quantitative gas handling for these reagents. 

The OH formation rate constants for the CIOz and NOz 
reactions merit a few comments. The Av,J (HCI) based upon 
an improved dipole moment function by OgilvieZI(b) are 
about 20% larger than than the older ones.ZI(a) In our pre
vious work 10 we had recommended the Av (OH) values that 
were based on the dipole moment function of Meyer and 
Rosmus. Z3(a) Subsequently, Rosmus et al. modified their di
pole moment function.z3 (b) Langhoff et al.z4 have calculated 
Av,J values using the latest dipole moment function of Ros
musZ3

(Cl; the revisedA v values are 1.09, 1.07, and 1.03 times 
greater than the ones which we had calculated 10 for v = 1,2, 
and 3, respectively. The NOz rate constant using the LWR 
set was 14.9XlO- ll cm3 S-I, which is in excellent agree
ment with the most recent rate constant measuremene9

, 

(14.1±2.6)X10- 11 cm3s- 1
• The rate constant, 

11.9xlO- 11 cm3s-1, calculated using the Av,J(OH) of 
Mies, although within the experimental uncertainty, is 
somewhat low, and we recommend Av,J (OH) ofLWR. The 
CIOz rate constant for either set of Av,J(OH) is 30% higher 
than the single reported value in the literature.4O 

B. OH rotational distributions from NOz and CIOz 

Observation of emission from HF(J-;'9) for reactions 
that produce high rotational states is quite common in the 
flow reactor using Ar carrier gas.Z,4(b) Although the expo
nential gap law for R-T energy transfer is not exact,4Z higher 
rotational states certainly relax much more slowly than the 
mid or low J levels, which reach a 300 K Boltzmann popula
tion within our observation time (at,.;;;0.15 ms). Since the 
rotational constant ofOH is very similar to that for HF, the 
rotational relaxation of high J states ofOH should be arrest
ed to some degree. ThenascentOH(v = 1,J) distribution8(a) 
from H + NOz is comparable to the HF(v = 1,J) distribu
tion from F + HZS,4(b) and comparison of the steady-state 
distributions permits an estimate for the difference in rota
tional relaxation rates. The HF (v = 1) high J fraction was 
0.35 from the HzS reaction4(b) at 0.5 Torr and 0.08 ms reac
tion time (P X at = 0.04 Torr ms) and it was 0.39 for 0.1 
Torr and 0.14 ms reaction time (P xat = 0.014). For the 
NOz reaction, the fraction was only 0.06 for 0.35 Torr and 
0.15 ms reaction time (P X at = 0.05). The product of the 
Ar pressure and the reaction time is a measure of the number 
of collisions before HXv,J is observed. If the data for HzS are 
extrapolated to P X at = 0.05, the high J fraction would be 
:::::0.33, which suggests that the R-T relaxation rates of 
OH(J-;'9) are about five times larger than that for 
HF(J-;.9). 

The nascent rotational distributions from CIOz was esti
mated by combining our observation of the highest J level 
with the distribution reported in Ref. 13(a) for v = 0 and 1 
(the rotational surprisal parameter, OR was given as - 4.0 
for both v = 0 and 1). Our distributions extend to higher J 
levels, but still not to the thermochemical limit. Our highest 
observed levels for v = 1 and 2, shown in Fig. 8, were com
bined with OR = - 4.0 to obtain the distributions for v = 1 

0.3 V::2 

0.2 

0.1 

PJ 0 

0.3 

0.2 

0.1 

024 6 8 ro ~ M ~ ~ ~ ~ 

N (J=N+3/2) 

FIG. 8. The OR rotational distributions from the CIOz reaction; O-FR 
data, --.calculated distributions. The calculated (nascent) rotational dis
tributions were obtained using the prior distribution, given below with 8R 

= - 4.0 from Ref. 13(a). pO(v,J;E) = (U + I) l:~(ciQ) {E - Ev 
(OR) - E v(CIO)-EJ (OR)}3I2/ p(v;E). All distributions are normalized 
to unity and are terminated at the highest J level observed in our study. The 
points for J> 12for the v = 2 distribution have been scaled by a factor of2 to 
aid in presentation. 

and 2. For v = 3 and 4 the (gR) values were taken to be the 
same (0.34) as for v = 1 and 2. With these assumptions, (IR 
(OH» was estimated as 0.16, which probably is an upper 
limit. Although the rotational surprisal parameter has a 
larger negative value for CIOz than for NOz , the (IR) is 
smaller because the distributions do not extend to the ther
mochemical limit and because the vibrational distribution 
from CIOz favors higher levels, which have lower (ER ). 

C. Dynamics of the ClzO,CINO, FzO, and CF30F 
reactions 

Plots of Pv vslv, see Fig. 9, demonstrate the similarity 
of the vibrational distributions for this class of reactions, 
which also includes CINOz.8 The HCI(v) and HF(v) distri
butions are narrow with (Iv) between 0.35 and 0.5, and the 
distributions do not extend to the thermochemical limit. In 
fact the highest level is usually below Iv = 0.7; the HCl(v) 
distribution from Cl20 is especially sharply peaked at Iv 
= 0.3. All observed rotational distributions in the flow reac-

tor were 300 K Boltzmann and there is no evidence for high 
rotational excitation in the AR data for CIN02 or CINO; 
The ARdata for CINO give (IR (HCI» = -0.07 and (IR) 
for ClzO was estimated as ,.;;;0.05 by noting that (E R) must 
be similar or less than that for C12• If (E R ) was much larger, 
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0.4 o CI2 

o CI,p 

• CINO 

• FOCF3 

0.3 

Pv 
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0.1 

0.04'----....,-----r-----.,----1 
0.0 0.25 tv 0.50 ·0.75 1.0 

FIG. 9. The Pv(HX) vslv plots for the Cl2, Cl20, ClNO, and CF30F reac
tions. The HCl(v) distribution from ClN02 (P,-P6 = 5:10:25:35:22:3) 
(Ref. 8) with (E) = 72.7kal mol-' and <Iv) = O.40close1yresembles the 
distribution from CF30F, but it is somewhat more narrow. 

emission from high J levels would have been observed. 5.6 All 
indications are that the NO,18 OCI, or OF fragments do not 
aquire much internal energy and, by difference, (IT) must 
be large. The low (IR (HX» and the narrow vibrational 
distributions result in very compressed and nearly vertical 
contour plots of the microscopic formation rate constants 
kvJ plotted vslR andlv, see Ref. 18 for an example. Without 
doubt, these reactions belong to the dynamical class for 
which the energy disposal is controlled by the motion of the 
light H atom on a repulsive surface. 12 However, specific 
aspects of the potential surfaces, especially in the exit chan
nel, are important for each reaction 1.8.43 and lead to the small 
differences in the patterns displayed in Fig. 9. In the absence 
of computed potential surfaces, analogy will be made to the 
photodissociation model introduced by Herschbach.44 

For collinear reaction ofH with C12, three new q orbitals 
are formed by mixing the ISH' q(X-X) and o1x-x) orbitals. 
The new q orbital (HOMO) containing one electron has CI
CI antibonding character and the repulsive part of the H-CI
CI surface resembles that for the CI~ ( 'fT. 3 q* 1) state. Extend
ing this model to the triatomic chloride and fluoride mole
cules that proceed by a direct mechanism is appealing, al
though quantitative photodissociation data are not 
available. For each reaction the H atom attack will be collin
ear with the X-R bond and the electron will enter a q* orbi-

tal with introduction of strong repulsion into the X-R bond. 
We will consider the CINO and Cl20 cases in more detail. 

Photodissociation data do exist for CINO. The absorp
tion continuum extends from 200 to 600 nm and several 
transitions must be considered; however, ab initio calcula
tions permit assignments with some confidence.4s The 
o1N-C1) (8a') and 'fT. (3a") are the firsttwo LUMOs, the ISH 

orbital can have overlap with the o1N-C1) antibonding orbital 
(8a') for end-on attack at the chlorine atom or with the 'fT. 

type orbital (3a") for sideways attack perpendicular to the 
plane of the molecule. The most direct analogy seems to be 
with the 3 A ' excited state (6a') (8a') from (6a') 2 excitation 
in the 350 nm region.45-48 The 3 A ' state is repulsive and disso
ciates to NOen) and CI e P) products; the pioneering work 
of Bush and Wilson47 showed that -70% ofthe energy was 
released to translational motion. The major part of the re
mainder was predicted to be NO rotation energy, based on 
the impulsive model for photodissociation, and this has been 
confirmed.48 Other photofragment studies of CINO indicate 
that the energy disposal is wavelength dependent,46.48 but for 
A> 350 nm all excited states are repulsive and vibrational 
excitation of the NO fragment is negligible. The energy dis
posal for H+CINO is (/v(HC1» =0.5, (IR(HCl) 
= 0.07, (IT) = 0.3019 with (/v(NO» inferred to be small 

from failure to observe the NO(av = 1) emission.9 (b).18 By 
difference, (IR (NO» can be estimated as ::::0.13. Theener
gy disposal to NO and the overall pattern is consistent with 
the photodissociation data from the 3 A ' state. Direct mea
surement of the NO distribution from chemical reaction 
with comparison to photodissociation data could be fruitful. 

The LUMO for Cl20 is the o1Cl-O) antibonding 8a' orbi
tal and coplanar attack of the H atom on the CI-O bond 
would have overlap between this orbital and the ISH orbital. 
Neither theoretical nor empirical information about the 
electronic states of Cl20 seem to be available. From the gen
eralized Walsh diagram, the lowest excited state must in
volve the transition from the nonbonding 7a' or 2a" orbital 
to the 8a' orbital, leading to CI + CIO. The absorption spec
trum shows a continuum extending from the 230 to 600 nm, 
which is similar to that of CINO. 

D. DynamiCS of the CI02 reaction 

The OH vibrational distribution is broad, the surprisal 
is linear with A v = - 4.0 or - 10 for the three- and four
body priors, respectively, and (/v(OH» is 0.51. Since 
(IR (OH» was estimated as 0.16, about 34% of the avail
able energy must be partitioned between (ET ) and (Er 
( CIO ) ). The rotational excitation in v = 1 and 2 extended 
only up to gR = 0.7 The highest levels are N v = 1 = 21, and 
N v = 2 = 19 and there may be an angular momentum con
straint to formation of higher rotational states. The energy 
disposal pattern for the CI02 reaction resembles that for the 
N02 reaction, although (Iv (OH) ) is larger and (IR (OH) ) 
is smaller. 

The CI02 reaction is expected to proceed via an H-O'
CIO intermediate. According to MO considerations, the H 
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atom will approach perpendicular to the plane of the mole
cule so as to have maximum overlap with the half-filled, 
HOMO ('fT. ,2b1) orbital, which has electron density mainly 
on the Cl atom. Migration ofH from Cl to 0 will be followed 
by dissociation of HO'CIO to HO + CIO. Internal rotation 
of H-O' around the 0' -Cl bond, as well as the H-O' -CIO 
out-of-plane bending vibration, can generate OH angular 
momentum during dissociation.49 Both of these mechanisms 
are currently the subject of intense discussion and separating 
the two dynamical effects is difficult.49 If the O'-Cl bond 
breaks while the OH is rotating around it, the orbital con
taining the electron on the OH radical will tend to be aligned 
in the same directions as the internal rotational angular mo
mentum vector. Thus, there could be some selectivity for the 
two sets of A-doublet states of OH. However, out-of-plane 
bending vibration will tend to reduce the specificity. The 
experimental13

(a) evidence shows that the symmetric (A ') A
doubleeo set of states is marginally favored over the A " set 
(A ' / A " = 1.3 ± 0.3), suggesting thatthere is little selectiv
ity for the orientation of the p-orbital relative to the plane of 
rotation ofOH. This result provides a contrast with the N02 

reaction, which strongly favors theA' set of A-doublet states. 
The H -atom probably also attacks the central atom and then 
migrates to give HO'-NO. However, the half-filled HOMO 
ofN02 is ap-typeorbital (6a1) located on the N atom Thus, 
the H + N02 reaction begins with all atoms having a pro
pensity to be in a common plane. 

V. CONCLUSIONS 

The reaction dynamics for H + CI20, CINO, OF2, and 
CF30F are typical of direct H-atom reactions and give mod
est (/v(HX», small (IR (HX», and large (IT)' Analogy 
to photodissociation dynamics for these molecules supports 
the expectation that the potential surfaces are strongly re
pulsive in the exit channel. In contrast to the H + SCl2 reac
tion,8 the product distributions from OCl2 and OF2 give no 
indications of microscopic branching (migratory dynam
ics). The OH (v) formation rate constant for CI02 was deter
mined as (7.8 ± 0.8) X 10- 11 cm3 s -1; the OH(v) distribu
tion was PO-P4 = 10:17:25:25:23 with (Iv) = 0.51. The 
energy disposal resembles that from the N02 reaction, but 
OH receives a higher fraction of the vibrational energy and a 
lower fraction of the rotational energy. The reaction is 
thought to proceed via a bound intermediate, HO-CIO. 
Emission from OH(v,J;;;. 10.5) was observed from the CI02 
and N02 reactions at 0.35 Torr, along with the Boltzmann 
envelope oflevels. Comparison with F + H 2S, which gener
ates a similar nascent HF(v = I,J) distribution, suggests 
that the rotational relaxation of the OH(J;;;'9) levels in Ar is 
- 5 times faster than for HF. The Einstein coefficients for 
OH (v) recently published by Langhoff et al.24 were found to 
be superior to those of Mies, 22 as judged by the rate constant 
measured for H + N02 vs the H + Cl2 reaction as a refer
ence. The dynamics of the H + CIO reaction will be dis
cussed in a future publication. 16 A convenient method was 
developed to measure the extent of H2 dissociation by a mi
crowave discharge in a fast flow reactor. 
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