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The CN(B?E+-X2%t) emission spectrum produced in the reaction of Ar(*P2) with BrCN was observed by
the use of a flowing afterglow method at argon pressures ranging from 9 mTorr to 2 Torr (1 Torr=133.322 Pa).
The pressure dependences of the intensity anomalies in the rotational lines due to the B2ST~AZII; and the
B2St~4ST perturbations were measured by introducing collision-partner gases in the reaction region. These
pressure dependences can be explained by the “doorway” model. On the other hand, the measured pressure
dependence of the effective rotational temperature in the CN(B2X ™) state can also be reproduced by the collision-
induced rotational relaxation model. The cross section for the rotational relaxation in the AII; state was found
to be smaller than those in the B2X* and *T% states. This finding is interpreted by the use of the dipole—
induced dipole interaction model for the collision—induced rotational relaxation.

The CN(B2Z+-X2%*) emission spectra have been
known to show a number of intensity anomalies, which
are due to the local perturbation of the B2X* state
with other electronic states: A%Il;, 43+, 4I1, etc. These
intensity anomalies have been reported to show strong
pressure dependences by the collisional relaxations in
the perturbing electronic state and the B2X* state.!™"
The intensity anomalies in the rotational lines at N=7
in the B2X+ (v=14)~*II (v="6) perturbation were ob-
served at an argon or helium pressure ranging between
9 mTorr and 2 Torr.®) The observed intensities of the
perturbed lines relative to that of the rotational band
envelope increased with the ambient pressure in the low-
pressure region, whereas they decreased with the pres-
sure in the higher-pressure region. By the use of the
“doorway” model, the increase in the low-pressure re-
gion was ascribed to the rotational relaxation in the
411 state, and the decrease in the higher-pressure region
was explained by the collisional relaxation in the B2X+
state.

The purpose of this paper is to confirm our previ-
ous treatment of the pressure dependence of the CN
(B22+-X2%%t) emission spectra and to draw general
conclusions. In order to examine the applicability of
the doorway model proposed in Ref. 8, a semiquanti-
tative analysis based on this model is extended to an
analysis of the pressure dependences of the intensity
anomalies due to other local perturbations—the B2X+
(v=0)~A2L; (v=10)? and B2Z+ (v=11)~*Z* per-
turbations observed at (vg, N)=(0, 15) and (11, 20),
respectively.!® The intensities of the rotational lines at
these perturbations are observed as a function of the
argon pressure ranging from 9 mTorr to 2 Torr. In ad-
dition, the effective rotational temperature in the B2X+
(v=15) state is measured, since the pressure dependence
of the rotational temperature is ascribable to the colli-
sional relaxation in the unperturbed B2+ state.

Experimental

The details of the flowing afterglow apparatus and the
experimental procedure have been described in Ref. 8. Cy-
anogen bromide (Nacalai, purity 90%) was used after de-
gassing. The CN(B2ZT-X?Z7) emission was observed by
a 1-m monochromator with the slit widths of 10 pmx20
mm (spectral resolution: 0.1 A FWHM). The image of the
entrance slit of the monochromator was set at a point just
downstream of the sample injection nozzle. The collision
partner, Ar, was introduced through an orifice on another
flange to the reaction region in the flow tube. The pressure
of rare gas in the reaction zone was monitored by a Pirani
gauge, which was calibrated with a capacitance manometer
(MKS Baratron).

Results and Discussion

Pressure Dependence of the Effective Rota-
tional Temperature.  The rotational temperature
of the CN(B2L+-X2%*) 15-15 band was observed as a
function of the argon pressure ranging from 9 mTorr to 2
Torr. The B2S+ (v=15) state is one of the vibrational
bands which are most weakly perturbed by the other
electronic states. In addition, the effective rotational
temperature of the 15-15 band at 407—413 nm can be
estimated relatively easily, because this band is scarcely
overlapped with other vibrational bands in this wave-
length region. The effective rotational temperature was
determined by the Boltzmann plot for the rotational
lines in the R branch of the 15-15 band. The pressure
dependence of the rotational temperature is shown in
Fig. 1. The rotational temperature was found to de-
crease as the total pressure increased and approached
to that at the room temperature in the high-pressure
region.

Duewer et al. introduced the steady-state model for
their analysis of the redistribution of the population
from a specified perturbed level to other rotational lev-
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Fig. 1. Pressure dependence of the effective rotational

temperature of the CN(B?2F, v=15) state. Open
circles represent the observed values and the solid
curve the best-fit simulation. Error bars represent
one standard deviation on the Boltzmann plot anal-
ysis. The value obtained with no additional collision
partner through the second orifice is shown by a circle
with a center dot (®).

els by collisional relaxation.®> This model can be ap-
plied to an analysis of the pressure dependence of the
rotational temperature. In their analysis, the initial
populations are taken as zero except for the perturbed
level, because they concluded that the CN(B?X+) rad-
icals were not produced directly but formed through
the perturbation from the *X* state. However, the
CN(B?Z*) radicals were found to be formed directly
in the low-pressure experiment, as described in Ref. 7.
In our analysis, the initial distribution was assumed to
follow the Boltzmann distribution taken from the emis-
sion spectrum observed at the lower limit ¢f the ambient
pressure.

The above-mentioned model of ours was applied to
the rotational relaxation of the B(2X+, v=15), by which
the pressure dependence of the rotational temperature
was reproduced as shown in Fig. 1. The value of the
cross section for collisional rotational relaxation, o, ob-
tained by this analysis was 95415 A2, which was close
to 85 A2 estimated at the B2X+, y=11 state by Duewer
et al.¥

Pressure Dependence of Intensity Anomalies
in the Perturbed Lines. The pressure depen-
dences of the intensity anomalies at (vg, N)=(0, 15)
and (11, 20) shown in Figs. 2 and 3 are due to the B2Xt
(v=0)~A2II; (v=10) and B2X* (v=11)~*Z* pertur-
bations, respectively. These figures represent how the
observed intensity ratio, (Ig+Iv)/Ienv, depend on the
ambient pressure, where Iz and Iy denote the inten-
sities of the extra and main lines, respectively. Iepny
is the intensity of the unperturbed rotational line es-
timated from the envelope of the vibrational band by
interpolation. Figure 2(b) shows the observed intensity
ratio, Is/Ry, for the B2X+~AZII; perturbation. For
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Fig. 2. Pressure dependence of the intensity ratio, (a):
(Ie 4+ In)/Ienv, and (b) Ig/Iv, in the B?XZt~AZIL;
perturbation. See legend of Fig. 1 for the symbols.
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Fig. 3. Pressure dependence of the intensity ratio,

(Ie+Iv)/ Ly, in the B2t ~4Tt perturbation. See
legend of Fig. 1 for the symbols.

the B2Xt~4Z+ perturbation, the main and extra lines
were not resolved in our spectrum; therefore, the ratio,
Iz /Ly, could not be obtained. These figures show the
following features: (1) The intensities of the perturbed
lines relative to that of the band envelope increase with
the total pressure in the low-pressure region, whereas
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they decrease in the higher-pressure region. (2) The ra-
tio of the intensity of the extra line to that of the main
line decreases with the total pressure. These features
are common in the B2Z+~*II perturbation described
in Ref. 8.

The observed increase in its relative intensity in the
low-pressure region can be ascribed to the rotational
relaxation in the long-lived perturbing state. The ra-
diative lifetimes of BZ2L* are ca. 55 and ca. 85 ns for
v=0 and 11, respectively, and that of the A%Il;, v=10
state is reported to be ca. 5.2 us.!V) The 4Lt state is
the lowest quartet state; therefore, this state can be
regarded as metastable. The decrease in the relative
intensity in the higher-pressure region corresponds to
the rotational relaxation in the short-lived BZX " state.
On the other hand, the decrease in the intensity of the
extra line relative to the main line represents the relax-
ation from the relatively long-lived extra state to the
short-lived main state.

This treatment for the pressure dependence of the ro-
tational temperature is not applicable in a simple man-
ner to an analysis of the intensity anomalies in the per-
turbed lines, because two electronically excited states
of CN with different lifetimes are coupled through per-
turbation. Therefore, a doorway model was set up by
a modification of the steady-state model. The details
of the doorway model were described in Ref. 8. In this
model, collisional intraelectronic pure-rotational tran-
sitions and interelectronic transitions only at the per-
turbed levels are included, whereas collisional interelec-
tronic transfer between the unperturbed levels and the
collisional transitions between spin-orbit states are ig-
nored (See Appendix in Ref. 8).

The best-fit calculated curves of the pressure depen-
dences of the perturbed lines, (Jg+Iv)/lenvy and Ig/ Iy,
on the basis of this method are shown in Figs. 2 and
3. The pressure dependences of the intensity anomalies
due to the B2X+~A2II; and B2Z*~4%+ perturbations
were reproduced as well as those for the B2+ ~41I per-
turbation system. In other words, the pressure depen-
dences of the intensity anomalies in the rotational lines
due to local perturbations can be interpreted by the
“doorway” rotational relaxation model.

Rotational Relaxation of Excited CN Radicals
by Collision with Rare Gas Atoms. The cross
section for the rotational relaxation, o, cannot be deter-
mined precisely from the present work because o corre-
lates strongly with the branching fraction and the ra-
diative lifetime of the perturbing electronic state. The
values of ¢ were estimated to be 50—100 A2 for the
B2Z*t and 4%t states, while that for the A2II; state
was obtained to be lower than 30 A2.

Long-range interaction plays a significant role in col-
lision-induced rotational relaxations.®) The long-range
interaction between the excited CN radical and the rare
gas atom is mainly composed of dipole-induced dipole
interaction and/or dispersion interaction, because the
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excited CN radical is polar and the rare gas atom is
isotropic. It can be explained by the dipole-induced
dipole interaction that the cross section of the AZII;
state for rotational relaxation is smaller than those of
the B2X+ and 4T states.

The interaction energy of the dipole-induced dipole
interaction is expressed as

pa’as
- RA86 ’ (1)
where pp is the dipole moment of the CN radical, ag
is the polarizability of the colliding rare gas atom, Rg,
and Rap is the distance between CN and Rg. The tran-
sition rate, k, for a fixed interparticle distance can be
estimated by the Fermi golden rule'®

w =

k=2nh" ' pw® = (2n/h)ppa‘as®/Ras'? , (2)

where p is the density of states.

Equation 2 implies that the difference in the cross
sections for the B2Xt+, 45+ states and the A2II; state
is due to the difference in the dipole moment, ps. This
can be checked if the dipole moments of these states
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Fig. 4. Calculated electric dipole moment functions
of CN. Positive sign corresponds to the polarity of
C™Nt. — :B’Z*, — :X*’%+, - A%, - - 8T,
and —-— :*II states. Symbol a represents the dipole
moments at the internuclear distances corresponding
to the B*S™ (v=0) and A%II; (v=10) states, where
the intensity anomalies due to the perturbation be-
tween these states are observed. Symbol b represents
the dipole moments at the internuclear distances cor-
responding to the BZL*t (v=11) and *Z7* states,
where the intensity anomaly due to the perturbation
between these states is observed. Symbol ¢ repre-
sents the dipole moment of the B2EZ™ (v=15) state,
whose effective rotational temperature was measured
as a function of the ambient pressure.
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are known. The dipole-moment functions for the B2X*
and AZTl; states have been estimated experimentally
and theoretically.'> Nevertheless, the dipole moment
of the 2% state has not been reported. The potential
energy curves of the low-lying X2X+, A2II;, B2X+, 45+,
and *II states of CN were calculated by the MC SCF
(CAS SCF) method in Ref. 16. From this calculation,
the estimated dipole moment of A2II; (v=10), —0.05
D at rc—-x=1.3 A, is much smaller than those of the
B2Y* and 4Tt states, as shown in Fig. 4. The differ-
ence in the cross sections for rotational relaxation in the
excited electronic states of the CN radical is, therefore,
understood in terms of that in their dipole moments.

Concluding Remarks

Strong pressure dependences of intensity anomalies
in the perturbed lines and the effective rotational tem-
perature in the CN(B?X+-X2X 1) emission spectra have
been studied. These pressure dependences can be ex-
plained by the collision-induced rotational relaxation.
The doorway model for the two-state relaxation is
shown to be applicable. The state-dependent cross sec-
tion for the rotational relaxation is consistent with the
dipole moment calculated by the MC SCF method.
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calculation of the dipole moment of the CN radical. The
authors thank Professor S. Katsumata for his interest
and encouragement in the present study. K. S. is grate-
ful to the Toyota Physical and Chemical Research In-
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