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Summary

The electronic quenching of excited CH(A 2A) and OH(A *Z*) by N,
and O, was measured using reactive O(°P)-C¢H, mixtures in a fast flow
reactor to produce the excited radicals. The rate constant data for both O,
and N, quenching of the two OH(?Z*) and CH(A 2A) excited species were
found to be k(CH* + O,) = 2.2 X10¥ mol™! ecm?s7!, B (CH* + N,) = 1.7 X
10 mol™tem®s7!, kB (OH* + O,) = 2.1 X10'" mol™! cm? 57! and k(OH* +
N,)=1.0 X103 mol ' cm3s!.

1. Introduction

A study of the CH* and OH* chemiluminescent radiations produced in
O(°P)-C¢H¢ reactive mixtures performed using our discharge fast flow
apparatus was reported in a previous paper [1]. Both emissions were iden-
tified as the CH(A 2A-X 1) and OH(A ?Z*-X ?[I) electronic transitions and
were monitored as a function of the reactant concentrations and the exper-
imental conditions. However, no consideration was given to their physical
and chemical quenching by different gases and this is the main purpose of
this paper.

To date only a few determinations of the quenching of excited CH* and
OH* radicals by different species have been reported [2 - 4]. In this paper
the values of the rate constants for physical quenching by N, are completed
and new data on the (physical and chemical) electronic quenching by O, of
these two excited radicals which are involved in many interesting atmo-
spheric and combustion reactions are given.

The experimental technique and conditions are described briefly in
Section 2. The results and data analysis are presented in Section 3 and a
discussion with some concluding remarks is given in Section 4.
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2. Experimental details

The experimental arrangement has been described in detail elsewhere
[1, 5, 6] and only a brief description will be presented here. The exper-
imental conditions are given in Table 1. Our apparatus consists of a Pyrex
reactor pumped with a strong mechanical pump to produce a fast flow
velocity of several thousand centimetres per second. The flow system is of a
conventional design with the gas flows controlled by needle valves and
measured using a calibrated floating-ball flowmeter of the type employed
with organic (aromatic) compounds. The typical benzene flow range in the
present experiment was 6.8 - 15.8 umol s~!. The main gas flow (0.7-1.3
mmol Ar s~! and 70 - 140 umol N,O s~ ') was passed through a modulated
discharge cavity powered by a microwave unit where the O(°P) atoms were
produced before entering the flow tube. The Pyrex reactor wall was coated
with boric acid to minimize the O atom recombination with the wall. Since
the O atoms in the present experiment were produced by modulated dis-
charge any emission from the reaction products would obviously be
modulated at the same frequency as the discharge. As the reactants are
introduced into the reactor inlet the reaction between the O atoms and the
organic compound takes place and any chemiluminescent products formed
are detected by measuring the emission intensity.

After identification of the emission band the OH* and CH* intensities
were recorded as a function of the concentrations of the reactants and the
0O, or N, (quencher). The reactants were mixed before the observation zone
and the quencher inlet was located in front of this point, i.e. in front of the
monochromator side view, so that in a normal run the number of oxygen
atoms, the benzene concentration and the temperature were fixed and only
the quencher concentration, i.e. either [N,] or [O,], was changed.

TABLE 1

Experimental conditions

Gas flow (Umol s71)

Ar 1300

N,O 140

CeHg 6.8-15.8
Total pressure (Torr) 2.0
Temperature (K) 333
Discharge frequency (Hz) 42.5
Discharge power (W) 100
Reaction time (ms) 7.0
Photomultiplier voltage (V) 1800
Typical signal 2 (uV) 2x1073-1072
Typical noise & (uV) 1074
Monochromator resolution (nm) 8
Quencher concentration (x108 mol em™3) 0.16 - 6.0

aThe range of values depends on the benzene concentration range.
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3. Results

3.1. Data

Figure 1 shows the CH* and OH* emission intensities as functions of
the N, and O, concentrations at fixed initial oxygen and benzene concentra-
tions. The behaviour of the emitting species was examined further by per-
forming a series of experiments (with [O] fixed) in which both the CcHg
and the O, concentrations were changed and the OH* and CH* emission
intensities were recorded. The results are shown in Fig. 2. It should be notéd
that the data in Fig. 2 are plotted using the empirical functions reported in
ref. 1, i.e. In(I/{B]") is plotted against [B] where I is the CH* or OH* emis-
sion intensity, [ B] is the benzene concentration and n = 1 for CH* emission
and n = 2 for OH* emission. As we shall discuss later it is important to note
that the slopes of the In(//[B]™) plots do not vary much with increasing O,
concentration.

Comparison of the plots for N, and O, quenching indicates that (a) a
similar slope is obtained for the N, quenching of both CH* and OH*, (b) O,
quenching yields a steeper slope than N, quenching for both CH* and OH*
and (c) the slope for O, quenching of CH* is steeper than that for quenching
of OH*.
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Fig. 1. Stern—Volmer plots of CH* and OH* emission intensities as a function of (a)
[Nz] and (b) [O2]}: —, curves fitted to the data points.
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Fig. 2. CH* (curves 1 - 3) and OH* (curves 4 - 6) emission intensities at T = 330 K as
functions of [B] and [0O,]: curves 1 and 6, [O,] = 0 mol cm™3; curves 2 and 4, [0,] =
4.2 x107% mol ecm™3; curves 3 and 5, [O3] = 6 X107 8 mol cm™3. The ordinate shows
In(I/[B]™) where n = 1 for CH* emission and n = 2 for OH* emission [1].

3.2. Quenching mechanisms and data analysis

The general scheme shown in Table 2 can be established for the quench-
ing mechanism under our experimental conditions. In Table 2 X* stands for
either OH* or CH* and the summation over i is extended to all the quenchers
present in the experiments, e.g. argon and C¢Hg, in addition to the specific
quencher Q = N,, O,. The steady state approximation for [X*] can be
expressed as

f
kq[Q] + kF + Eikqi[Mi]

which when introduced in the expression Iy+* = k[X*] for the emission
intensity gives

Iyx® ky[Q]
= 1
e =ik [M;] M

[X*]s =
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TABLE 2

Reaction Process Rate

Reactants > X* Formation f(reactants)

X*+ Q - products Specific quenching ko[QI[X*]

X*+M; > X +M; General (physical and/or Zikg [M;1[X*]
— products chemical) quenching

X* > X+ hy Fluorescence kp[X*]

where I+ is the emission intensity in the absence of Q, i.e.

oo Pl
kg + Zik M)
Equation (1) can be arranged in the Stern—-Volmer form, i.e.

1 _ 1 (1 N k,[Q] )
Igx  Ix*® kg + 2k [M;]
which can be used to plot the variation of the emission intensity with [Q]
when the concentrations of the other quenchers are kept constant. The elec-
tronic quenching of CH* and OH* by argon can be neglected under our
experimental conditions because kr is much greater than kq““[Ar] in each
case. Typically [Ar] =~ 1X1077 mol cm™® and the measured values of k**
and ky [2, 3] show that k,**[Ar] ~ 5 X10* < kg. Thus the summation in
eqn. (2) reduces to k,°[B]. When eqgn. (2) is used to analyse the quenching
emission data we find that the slope-to-intercept ratio is given by k,/(kr +
k P[B]).

The data analysis shown in Fig. 1 which was obtained by plotting the
emission intensity according to eqn. (1) allows us to determine the quench-
ing constant once kg and k® are known.

At this point it should be noted that within the benzene concentration
range studied here qu[B] is much less than k. Evidence for this can be
obtained from Fig. 2 where it can be seen that the slopes of the plots of
In(Ix*/[B]") versus [B] for various values of [O,] are almost the same.
Therefore we can assume that the ‘“‘experimental’’ slope-to-intercept ratios
obtained from Fig. 1 are given by S ~ k,/kr and k, can be obtained once the
literature value of kg is substituted. The k, values determined in this way are
listed in Table 3 together with some earlier determinations.

The same procedure can be adopted for the quenching of the CH* emis-
sion intensity by O, but now the rate constant is the sum of both the
physical and the chemical quenching contributions, i.e. kq°2(tota1) = k02 +
kqo2 because in our experiments both processes occur simultaneously without
any possibility of separation. The value thus obtained is 2.2 X10'* ecm?3
mol~! s7! which can be considered as an upper limit for k,°: because it is
expected that £,%> will be of a similar order of magnitude to kN:.

Ix*

(2)
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TABLE 3

Rate constants for the physical and chemical quenching of CH(A 2A) and OH(A 2Z¥) at
330 K

Species Quencher k (ecm3 mol™} s71)
This work Previous work
OH* N, (1.0 £0.1) x 1013 3x1012-3x1013 [2]
Ar — 1.2x101t-84x1012% [2]
0, (2.1 £0.2) x 10** 1.42 x 1014 [3]
CH#* N, (1.7 £0.2) x 10*3 2.0 X 1013 [4]
0, (2.2 £0.2) x 1014

Since one of the mechanisms of the O, quenching of CH* is in fact a
new source of OH*, i.e. CH* + O, ~> OH* + CO, the OH* mechanism must be
changed by including this new reaction. Therefore the final scheme is as
given in Table 4. The steady state approximation for OH* gives

[OH*],, = f+k, [CH.*][Oz]
kq[Oz] + Z:k ' [M] + kp

and
IOH* = kF[OH*]ss

TABLE 4

Process Rate

Reactants - OH* f(reactants)

CH*+ O, = CO + OH* k., [CH*][O-]

OH* + O, = products ky[O2]1[OH*]

OH* + M; = products Ziko' [M;}[OH*]
- OH + Mi

OH* - OH + hy kr[OH*]

In the absence of O, in the reaction mixture, the OH* intensity Iog*° is
given by

0_ ka
kg + 2ikqi[Mi]

Assuming again that Z;k,'[M;] is much less than ky, we obtain

Iou*

[ooin = kelou® + kpk, [CH*]1[O;]
r kqlO5] + kp

Since Icy* = kg [CH*], where kg  is the rate constant of the CH* fluores-
cence, we obtain
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o]
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_ Tou*® + k' Icy*[0,]/ky’
. 1+ (ky/kr)[0,]

which can be rearranged to give

Iou*’ — Ion* _ k' Icw* + kq

[O2H on* ke Tou+ kg
i.e. a different equation from that given previously which explains the
anomalous behaviour (the curvature at low O, concentration) observed for
OH* in Fig. 1(b).

A plot of the left-hand side of eqn. (3) versus Ioy*/Ioy* should give a
straight line with intercept k,/kr. Appropriate normalization of both emis-
sion intensities should also give an approximate value for k,/kr. Figure 3
shows the relation between (Iou*® — Iqu*)/ [0 on* and Icuy*/Ioy* . A linear
relation is obtained as expected. Since we are more interested in determining
ky/ky from the intercept the as-measured experimental Icy*/Ion* ratio, i.e.
without any scaling or normalization to account for the different wave-
lengths and apparatus responses to the emissions, is plotted on the abscissa.
A ky value of 2.15 X10'" cm3 mol™!s™! was obtained (k= 1.45X10%s™!
[2]). In addition, by considering the experimentally observed Icy*/Iou* ratio
of 1.5 in the absence of a quencher we obtain from the slope of Fig. 3 a k,’
value of 2.18 X10* cm®mol™!s™' which is consistent with our previous
determination. Our present values are summarized and compared with values
determined previously in Table 3.
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Fig. 8. (Iog*® — Iou*)/[02Hou* vs. Ic*/Ion* (eqn. (3)): ®, experimental data; s
representation obtained using the linear relations shown in Fig. 2 for the emission intensi-
ties of CH* and OH¥*,
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4. Discussion

Some discussion of the quenching rate constants reported in Table 3 is
necessary. First it should be noted that the N, quenching constants deter-
mined in this work are similar to those measured previously which suggests
that, at least for the experiments reported here, the method is satisfactory
even for excited species (OH* and CH*) produced via a fast flow chemical
reaction.

However, the O, quenching experiment needs more detailed considera-
tion because of (a) the presence of the CH* + O, > OH* + CO reaction and
(b) the question of whether OH*, CH* or one of their precursors is being
quenched. The observation that the total O, quenching rate constant for
OH* is larger than the N, quenching rate constant indicates that fast chem-
ical reactions involving O, as a reactant are responsible for the total
(observed) quenching. Krishnamachari and Broida [7] observed a large in-
crease in OH* emission (accompanied by a decrease in C,* and CH* emis-
sions) in an oxyacetylene flame when O, was added to the reactive mixture,
thus confirming the mechanism CH* + O, > OH* + CO suggested earlier for
the production of the excited hydroxyl radical. In the present experiment
the observation of the OH* emission when either (a) N,O (instead of O,) is
discharged or (b) the N + NO — N, + O reaction is used as a source of oxygen
atoms suggests that another mechanism in addition to the CH* + O, — CO +
OH* reaction is responsible for the formation of OH(?Z") as suggested in our
previous study. Brennen and Carrington [4] have studied the quenching of
CH(A %A) by O, in the O + C,H, reaction. They showed that the quenching
behaviour could be quite well represented by Stern-Volmer equations but
that the effective reaction cross section was greater than 1000 A? from
which they concluded that the quenching occurs by the reaction of the
added O, with an unknown CH* precursor rather than by direct reaction
with CH* itself. In the results reported here the slopes of the In(I/[B]")
plots for CH* and OH* change little with increasing O, concentration (Fig.
2) and hence we can conclude that O, does not play an important role in the
formation of either CH* or OH*. The major influence of O, is as a chemical
or physical quencher once the excited species are formed. Our ‘“exper-
imental” value of about 13 A? for the reactive cross section ¢ of the O,
quenching of CH* obtained from the rate constants in Table 3 provides
further evidence for the proposal that this quenching takes place via a direct
reaction of the excited CH(A %A) species.
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