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Rotational level dependence in the collisional removal of CH/D(A21)
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Abstract

The dependence on rotational level excitation of the cross sections for removal of CH(A21, v=0) (and the deuterated substitute CD)
by CO is measured. Cross sections are found to decrease with increasing rotational level energy. The removal cross sections of the excited
CH radical take values that decrease from 6.1 to 1.3 Å2 for the rotational levelsN=4 and 17, respectively. The quenching cross sections of
CD(A21, v=0) by CO have slightly smaller values. Quenching cross sections of CH(A21, v=0) by H2 and Xe have similar dependencies
on rotational energy than those observed for the deuterated radical. The rotationally averaged cross sections for CO are about twice larger
than for Xe and nearly one order of magnitude larger than for H2. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Experimental and theoretical studies on the deactivation
of the A21 state of the CH radical with several collision part-
ners, indicate that the mechanisms governing the quenching
processes cannot be fitted within the simple models involv-
ing long range anisotropic attractive interactions, that have
been shown to control the quenching of other excited di-
atomic hydrides [1–4]. Recent work has provided informa-
tion about the temperature dependence of the deactivation
rate constants of CH(A21) with several small molecules
[5,6] and with larger polyatomic quenchers [7]. For most of
the collision partners studied, the temperature dependencies
are consistent with the presence of an activation barrier in
the potential energy surface, although at least in the case of
the small molecular quenchers, a simple model based on the
formation of a collision complex, modified by an activation
energy was unable to represent the temperature dependen-
cies in the high temperature ranges [6].

Previous work carried out in our laboratory has focussed
on the quenching dependence on rotational level energy
[8–11]. Deactivation cross sections, were measured for sev-
eral rotational levels of the deuterated radical CD(A21) with
CD2CO (deuterated ketene), H2 and Xe. Different rotational
dependencies were found for each quencher. In the case of
hydrogen, although exothermal reaction channels are en-
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ergetically available, the results were compatible with the
presence of a repulsive barrier in the potential energy sur-
face. These results are also qualitatively consistent with the
rise of quenching cross section with temperature obtained
for the same process [5]. With Xe, cross sections were found
to increase with rotational energy for the low rotational lev-
els and to decrease at higher levels, suggesting that a more
complex quenching mechanism is involved [11].

Aiming at studying the effect of a collision partner
that could form a strongly coupled intermediate with
CH/D(A21), in this work we have selected CO as the
quencher. Studies on the lower lying excited electronic state
of methylidyne, indicate that the quenching by CO proceeds
via an intermediate strongly bound collision complex in-
volving several states of the stable CHCO radical [12–14].
Besides the latter, as isotope effects can provide some dis-
tinction between different deactivation mechanisms [15],
in the present work, we have measured the rotational de-
pendence of the removal rate constants of CH(A21) with
H2 and Xe, in order to compare the results with those
previously measured for the deuterated radical [10,11].

2. Experimental section

The experimental set up has been described in previ-
ous work [9]. Methylidyne radical in the electronically
excited A21 state was produced in the ArF laser multi-
photon dissociation of ketene at 193 nm. Premixed samples
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containing fixed pressures of ketene and Ar (typically 0.1
and 15 Torr, respectively) and variable pressures of the
quencher gas (in the range 0–1.5 Torr), were photolyzed by
the focussed output of the laser, in a glass cell equipped
with quartz windows. The fluorescence emission at right
angles to the exciting laser beam was monochromated and
detected by a photomultiplier. The spectral resolution of the
monochromator was appropriated to isolate the emission
originating in discrete selected rotational levels of the A21,
v=0 state. The time resolved photomultiplier signals, were
recorded by an oscilloscope (Tektronix 2430, 12 ns rise
time, 50� loading resistance, 8 bits vertical resolution);
typically 256 traces were averaged before being transferred
to a microcomputer. Pressures were measured by capacitive
manometers Baratron MKS.

Ketene was obtained by pyrolysis of acetic anhydride at
500◦C and purified by trap to trap distillation from−107
to −196◦C. The deuterated substituted ketene was obained
from deuterated acetic anhydride (Cambridge Isotope Lab-
oratories D6, 98%).

Ar (SEO 99.995%), H2 (Air Liquide 99.995%), CO
(UCAR 99.997%) and Xe (UCAR 99.995%) were used
without further purification.

3. Results and analysis

3.1. Rotational relaxation effects induced by the quencher

The experimental proceeding followed in this work
analyzes the emission starting from a broad population distri-
bution of rotational levels in CD/H(A21), formed in the pho-
tolysis of the parent molecule; then, the emission from each
rotational level is spectrally isolated and the time resolved
traces recorded at different pressures of the quencher are an-
alyzed by the Stern–Volmer method to obtain quenching rate
constants. A difficulty associated to this procedure is that
the time resolved fluorescence from a given rotational level
carries the contribution from electronic (or reactive) removal
and rotational energy transfer induced by the quencher. To
deconvolute the above effects, the experiments were carried
out in the presence of excess of Ar as a buffer gas. Under
these conditions, the time evolution ofPN can be written as
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wherePN , Q and Ar are the population densities of the ro-
tational levelN, quencher and buffer gas, respectively. 1/τ rk
includes the contribution of radiative lifetime and electronic

quenching due to collisions with the parent molecule.kN

is the rate constant for electronic quenching from a given
rotational level.kN 6=M , k′

N 6=M , kM 6=N and k′
M 6=N are the

rate constants for rotational energy transfer between two
rotational levelsN andM. Electronic quenching by Ar was
assumed to be negligible.

Assuming that the rate constants for rotational relax-
ation by Ar and quencher can be fitted to an exponential
gap law model with upwards and downwards transitions
related by detailed balance and considering for simplicity
only 1N=±1 transitions, the expression given above can
be written as [16]
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whereKrot(t, Q) is a function that includes the rotational
relaxation rates induced by the buffer gas Ar and by the
quencher [16]

Krot(t, Q) = kN→N−1Ar

[
(1 + α) − β

PN+1

PN

− γ
PN−1

PN

]

+k′
N→N−1Q

[
(1 + α′)−β ′ PN+1

PN

−γ
PN−1

PN

]

(3)

wherekN 6=N−1 and k′
N 6=N−1 are the rate constants for ro-

tational energy transfer between theN andN−1 rotational
levels; PM /PN are the time dependent ratios between the
populations of adjacent rotational levels. The coefficientsα,
β andγ depend on the rotational constants and on the ro-
tational quantum number of the excited radical CH/CD and
the former two also depend on the exponential factor appear-
ing in the expression of the rotational rate constants within
the exponential gap law model [16].

The expression (2) can be assimilated to the Stern–Volmer
equation under certain conditions that render the termKrot(t,
Q) nearly independent on time and quencher pressure. If
quencher pressures are kept to values 10 times lower than
the pressure of Ar, in the expression ofKrot(t, Q) the term
dependent on quencher pressure can be neglected, unless the
rotational relaxation rates induced by the quencher were un-
reasonably fast. Regarding the dependence on time, this is
carried by the ratiosPM /PN between pairs of adjacent rota-
tional levels; if quenching rates vary only smoothly between
adjacent rotational levels, the respective populations should
decay with not too different total effective decay lifetimes,
therefore leading to population ratios that are nearly time
independent during a certain time interval. The latter condi-
tion is better fulfilled for the high rotational levels; in these,
rotational relaxation is much less efficient and so is the popu-
lation transfer from adjacent levels resulting in fluorescence
decays that are close to single exponential functions.

From the above discussion we conclude that the analysis
of the exponential portion of the time resolved fluorescence
decays can provide values of the quenching rate constants
within a reasonable degree of approximation.
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3.2. Stern–Volmer analysis of the experimental time
resolved fluorescence

The lifetimes of the exponential part of the time resolved
decay emissions were measured at different pressures of the
quenchers. Linear plots of the reciprocal of the effective life-
times versus quencher pressure were obtained. Typical plots
are shown in Figs. 1 and 2. The rate constants obtained from
the slopes of the straight lines, for several rotational levels
of CD(A21, v=0) with CO as the quencher, are listed in
Table 1. The quenching rate constants for CH(A21, v=0)
with H2, Xe and CO, are listed in Table 2. These rate con-
stants can be compared with the rotationally averaged val-
ues reported in the literature; assuming that the rotational
distribution in the presence of Ar is not far from Boltzmann
rotational equilibrium at 300 K, the rate constants given in
Table 2 can be averaged over the rotational population dis-
tribution; the averaged values obtained are 5.2×10−11 and
0.94×10−11 for quenching of CH(A21) with CO and H2,
respectively, in good agreement with values preciously re-
ported in the literature [3].

In order to have some estimation of the errors intro-
duced in the quenching rate constants obtained through the
Stern–Volmer method followed here, we have solved nu-
merically the set of coupled differential equations given by
Eq. (1). The values of 1/τ rk, rotational rate constants by Ar
and the initial rotational population distribution in CD(A21,
v′=0) were taken from previous work [16]. Regarding the

Fig. 1. Semilogarithmic plot of the decay traces for the rotational level
N=4, obtained in the ArF photolysis of 0.1 Torr of ketene-d2, 15 Torr of
Ar and CO. Dotted lines are the experimental traces obtained at pressures
of 0 and 1 Torr of CO. Continuous lines are the result of the kinetic
model calculations described in the text for pressures of CO of 0, 0.5,
1 and 1.5 Torr. In (a) and (b), some of the experimental and calculated
traces are superimposed to allow comparison. In (c) and (d), calculated
and experimental Stern–Volmer plots obtained representing the effective
decay lifetimes measured from the analysis of the decay traces, some
of them represented in (a) and (b). Full circles in (c) are the calculated
effective lifetimes obtained from the kinetic model calculations when only
rotational energy transfer by Ar and CO are included in the model.

Fig. 2. Semilogarithmic plot of the decay traces for the rotational level
N=12, obtained in the ArF photolysis of 0.1 Torr of ketene-d2, 15 Torr of
Ar and CO. Dotted lines are the experimental traces obtained at pressures
of 0 and 1 Torr of CO. Continuous lines are the result of the kinetic
model calculations described in the text for pressures of CO of 0, 0.5,
1 and 1.5 Torr. In (a) and (b), some of the experimental and calculated
traces are superimposed to allow comparison. In (c) and (d), calculated
and experimental Stern–Volmer plots obtained representing the effective
decay lifetimes measured from the analysis of the decay traces, some
of them represented in (a) and (b). Full circles in (c) are the calculated
effective lifetimes obtained from the kinetic model calculations when only
rotational energy transfer by Ar and CO are included in the model.

rates for rotational relaxation with the quencher CO, values
as high as three times larger than the corresponding values
measured with Ar [16] were considered in the kinetic model
calculations, therefore allowing the study of the rotational
relaxation effects induced by the quencher under highly un-
favourable conditions. Vibrational energy transfer fromv′=1
to 2 was assumed to have a negligible effect during the life-
time of the emissions similarly to observe for other diatomic
hydrides where vibrational relaxation rates have been found
to be more than one order of magnitude slower than rota-
tional quenching [17]. The input values ofkN , the rate con-
stants for electronic quenching, were those measured in this
work, listed in Table 1. The set of differential equations was

Table 1
Removal rate constants for disappearance of CD(A21, v=0) in the pres-
ence of COa

Rotational lineb kQ (10−11 cm3 per molecule s−1)c

P (4) 4.3±0.19
P (5) 4.2±0.36
P (7) 3.9±0.14
R (11) 4.1±0.37
R (12) 4.0±0.4
R (14) 3.5±0.3
R (15) 3.4±0.14
R (16) 2.8±0.3
R (18) 2.3±0.24
R (20) 2.1±0.28

a Partial pressure of Ar is 15 Torr.
b The number in brackets is the rotational labeling of the upper state.
c Errors are two standard errors.
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Table 2
Removal rate constants for disappearance of CH(A21, v=0) in the pres-
ence of H2, Xe and CO

Rotational linea kQ (10−11cm3 per molecule s−1)b

H2
c Xec CO

P (4) 0.95±0.09 2.1±0.15 5.2±0.45d

P (6) 0.97±0.11 2.8±0.15 4.8±0.3c,d

P (8) 1.03±0.11 3.1±0.4 4.3±0.16c

R (12) 3.21±0.19 3.2±0.3 2.3±0.1c

R (14) 1.7±0.12
R (17) 4.85±0.32 0.95±0.07 1.1±0.04c

a The number in brackets is the rotational labeling of the upper state.
b Errors are two standard errors.
c Partial pressure of Ar is 10 Torr.
d Partial pressure of Ar is 15 Torr.

numerically integrated using the routine ACUCHEM [18],
for fixed pressures of the parent molecule and buffer gas
(0.1 and 15 Torr, respectively) and pressures of CO of 0,
0.5, 1 and 1.5 Torr. The output of the kinetic calculations
gave the time evolution of each rotational level population.
Stern–Volmer analysis of the latter traces was carried out
in a similar way as in the experimental traces and the rate
constantskN retrieved from the slopes of the Stern–Volmer
plots were compared to thekN input values (obtained from
the Stern–Volmer analysis of the experimental traces).

The results of the kinetic model calculations have been
summarized in Figs. 1 and 2. It has been described in pre-
vious work [10,11,16] that, in the presence of 10–15 Torr of
Ar, the time resolved decay emissions from rotational lev-
els withN≤8 builds up for about 250 ns after the photolysis
pulse and decays at longer times; the decaying portion at
times longer than 400 ns can be fitted to a single exponential.
For levels withN≥11 only quasi monoexponential decays
are observed. In Figs. 1 and 2, experimental and calculated
decay traces of rotational levelsN=4 and 12, respectively,
belonging to either regime described above are shown. Ef-
fective lifetimes obtained from the quasi monoexponential
decay intervals for experimental and calculated traces are
plotted versus pressure of CO in the same figures. The slope
of the Stern–Volmer plot obtained from the calculated traces
retrieves within errors smaller than±15% the input quench-
ing rate constants (obtained from Stern–Volmer analysis of
the experimental traces).

4. Discussion

In order to compare the efficiency of the different
quenchers, the rate constantsk given in Tables 1 and 2 are
converted to cross sections by the expressionk=σ 〈v〉. The
average speed〈v〉=(8kBT/πµ)1/2, is calculated assuming
translational equilibrium at room temperature; kB andµ are,
respectively, the Boltzmann constant and the reduced mass
of the collision pair. In Fig. 3, the quenching cross sections
are plotted versus rotational level energy. Rotational aver-

Fig. 3. Cross sections for the quenching of CD/H(A21) in the presence
of H2, Xe and CO.

aged cross sections, obtained averaging the experimental
values over a thermal rotational population distribution are
depicted in Table 3.

The cross sections show a different dependence on rota-
tional quantum number for each of the quenchers studied in
this work. Quenching of CH(A21) by H2 and Xe shows a
behaviour similar to that previously observed for the deuter-
ated radical. For the low rotational levels, cross sections with
H2 are constant within experimental errors, rising up to a fac-
tor of five with increasing rotational energy. Quenching by
Xe takes increasing values with increasing rotational quan-
tum number for levels with energy below∼1000 cm−1 and
decreases for high rotational levels. Quenching of CD(A21)
and CH(A21) by CO decreases smoothly with increasing
rotational energy. For both CH and CD, at low rotational en-
ergies, H2 is the slowest quencher, with cross sections about
a fifth of the values measured for Xe and nearly one order
of magnitude slower than for the fastest quencher CO.

The kinetic isotope effect [15], defined as the ratio of rate
constants of normal and deuterated radicals,kCH/kCD, is very
weak, if any, for quenching by CO; the low rotational levels
of CH have slightly faster rate constants than in CD, but
the differences can be considered to lie within experimental
errors. A weak inverse isotope effect, is observed with Xe;
for the latter, quenching of CH is about 80% slower than for
the deuterated radical.
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Table 3
Experimental cross section measured at the lowest and highestN values of CH and cross sections calculated at the most favourable orientation of the
colliders and averageda

Molecule σ (Nmin)/σ (Nmax) (Å2) σmax/σ av (Å2) µ/D Q/10−21 esu cm2 IP/EV α (Å3) αII (Å3) α⊥ (Å3)

CO 6.1/1.3 120/75 0.11a −2.5c 14.5d 1.95a 2.6b 1.625b

CH(A) 0.88e 2.28f 8.25g 2.2g 2.7g 2.0h

a Parameters of the long-range multipolar expansion potential used in the calculation.
b See [21].
c Taken from Fairchild et al. [22].
d See [23].
e Refer [24].
f See [25].
g Taken from Chen et al. [26].
h Estimated from the data for a C–H bond in an aliphatic chain, given in [21].

The different rotational level dependence of the rate con-
stants found for each of the quenchers studied in this work,
seems to indicate that three different mechanisms are op-
erating. The rotational dependence of cross sections in the
quenching by CO indicate an attractive interaction poten-
tial. Cross sections calculated assuming that the interaction
potential is due to the long range attractive terms of the mul-
tipolar expansion are in good agreement with experiment
for other diatomic hydrides as OH(A26+) and NH(A35).
This model does not provide information about cross sec-
tion dependence on rotational quantum number; however, it
has been shown [1,3] that,σmax/σ av, the ratio between the
maximum calculated cross section (obtained at the optimum
orientation of the colliders) and the value calculated averag-
ing over all possible relative orientations, can be related to
σ (Nmin)/σ (Nmax); σ (Nmin) is the experimental cross section
obtained for quenching of the excited hydride in the lowest
rotational state andσ (Nmax) corresponds to the limiting
cross section value at high rotational energies. For the pair
CH(A21) and CO, calculations within the above model are
plotted in Fig. 4, using the multipolar moments and ioniza-
tion potentials of CO and CH given in Table 3. We obtain
that the maximum cross section takes place at the collinear
approach of the two molecules; in Table 3, the maximum and
averaged cross sections calculated with the model are com-
pared with the experimental values obtained in this work;
the calculations lead to a ratioσmax/σ av of 1.6, significantly
smaller than the experimental ratioσ (Nmin)/σ (Nmax).

Cross sections that decrease with rotational quantum
number can be obtained in quenching mechanisms pro-
ceeding via a strongly bound intermediate complex [19].
The quenching of the low lying A46− state of CH with
CO appears to be driven by the formation of CHCO as the
intermediate complex [13,14]; ab initio calculations have
provided information about the geometry and well depth
of the corresponding intermediate complex and on the lo-
cation of the relevant portion of the surface of intersection
with the lowest X25 state [13]. Similar calculations would
be needed for the higher lying A21 state in order to asses
the participation of the above mechanism and to elucidate

the possible participation of ground or excited states of the
radical CHCO as the intermediate.

The increasing values of the rate constants with increas-
ing rotational energy, observed in the quenching by H2, are
compatible with the presence of a barrier in the potential
energy surface as predicted by theoretical calculations [20]
and evidenced by the rate constant dependencies on tem-
perature [6,7]. The presence of a barrier could also provide
an explanation for the low rate constants measured in the

Fig. 4. Multipole forces model. Radial plot of the cross sections for
complex formation as a function of the orientation of the molecules
CH(A21) and CO. The orientation angles have been defined in [3]. In
the inset are given the values of the orientation angles at which the
maximum cross section occurs. The parameters of the calculation are
listed in Table 3.
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quenching of excited methylidyne, more than one order of
magnitude slower that for other excited hydrides with the
same quencher [1].

In the case of quenching by Xe, the rotational depen-
dence of the rate constants has been discussed in previous
work [11]; the present results add not enough evidence
to clarify the mechanisms responsible for the bent depen-
dence observed. The rate constants of both isotopic forms
are a similar function of the rotational energy, with the
maximum values at rotational energies near 1500 cm−1,
although somewhat slower quenching rates are observed
for the protonated mehtylidyne. As the interaction potential
between the colliders is expected to be invariant upon iso-
topic substitution, the kinetic isotopic effect observed may
indicate that following the formation of a collision complex,
the deuterated substitute could have a larger probability to
relaxation into the lower states due to the higher density of
states at similar energies.

5. Conclusions

The rotational dependencies of cross sections for removal
of CD(A21) by CO and the same state of CH by H2, Xe
and CO have been studied. The results indicate that the
interaction with H2 involves the presence of energy barriers
in the potential surface; the removal by CO is governed by
an attractive potential and a more complicated interaction
seems to be present in the quenching by Xe. The nature of
the attractive potential in the interaction with CO could be
related to the formation as the intermediate of an excited
electronic state of the stable radical CHCO.
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