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Production of CN(B2?X*) Radicals in the Dissociative Excitation of BrCN and ICN
by Metastable Ar and Kr Atoms in a Flowing Afterglow
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The dynamics of dissociative excitation of BrCN or ICN producing CN(B%%T) radicals by Ar(°P3) or Kr-
(3P3) was investigated by using the flowing afterglow method. The observed vibrational distributions of CN(B)
are consistent with the reported reaction mechanism for the CN(B) formation initiated by the transfer of the
excitation energy of the metastable atom to the cyanide molecule.

An excited CN radical, CN(B2X™), is produced ef-
ficiently by a dissociative reaction of cyanogen halide,
XCN, by a heavy rare-gas atom in its metastable excited
state, Rg™,

Rg™ + XCN — CN(B%zZ+) +Rg +X. (1)

Many studies have been made on this reaction mainly
by observation of the CN(B2L+-X22+) emission.!—®
For the reaction of Ar™ with BrCN, an analysis of po-
larization of the emission has shown that the dominant
mechanism of the formation of CN(B) is the transfer
of the excitation energy from Rg™ to BrCN followed
by dissociation of BrCN*.” This mechanism has been
supported by an analysis of the vibrational distribution
of CN(B) produced from reaction (1) in a low-pressure
flowing afterglow.®) A different mechanism of formation
of CN(B) from the Xe™/XCN reaction via ion-pair ex-
ciplex, XetCN~, was once proposed®® with reference
to the reaction of Xe™ with X2,%'? but no confirming
evidence seems to have since been presented, particu-
larly for systems involving other rare-gas metastables
such as Kr™ or Ar™.

The present paper reports on our analysis of the
CN(B) emissions produced from reaction (1) following
Ref. 8 using a low-pressure flowing afterglow. Systems
involving Kr™, which has lower excitation energy and
higher ionization potential than Ar™, and ICN, which
has higher molecular-orbital energies than BrCN, were
taken to investigate whether or not there was an indi-
cation of a systematic variation in the reaction mech-
anism by a quantitative analysis of the vibrational or
rotational energy distributions of the CN(B) produced
from reaction (1).

Experimental

The details of the flowing-afterglow apparatus and the ex-
perimental procedure are described in Ref. 8. Cyanogen io-
dide (Aldrich, purity 95%) and cyanogen bromide (Nacalai,
purity 90%) were used after degassing. The CN(B-X) emis-
sion spectra were observed by a 1-m monochromator with a
spectral resolution of 0.01 nm fwhm using 10 mTorr of argon

or 1 mTorr krypton (1 Torr=133.322 Pa).

Results and Discussion

The emission spectra observed for the Ar™/XCN and
Kr™/XCN systems in the present study are both very
different from those for the Ar™/XCN system reported
in previous studies at about 300 mTorr,"? where colli-
sional relaxations in long-lived excited electronic states
such as A?II;, X+ and *II contribute significantly to the
B-X emission via the strongly perturbed rovibrational
levels of the B state; we have analyzed the mechanisms
of these collisional relaxations in detail in Ref. 11.

The rovibrational distributions of the CN(B) radicals
obtained in the present study can be assumed to be es-
sentially nascent by the following order estimates: The
average collision time is estimated to be 6.7 us at 10
mTorr from the cross section for rotational relaxation
of CN(B) by collision with Ar, 85 A2.'Y) This implies
that the mean collision time of CN(B) radicals is about
100 times its lifetime, ca. 65 ns.?® Furthermore, we ob-
served that an increase in the Ar pressure from 10 to
40 mTorr caused no perceptible change in the emission
spectra. For collisional relaxation of CN(B) with Kr no
cross section has yet been reported, but even if its cross
section is much larger than that with Ar, the effect of
this relaxation can be ignored in the present case, be-
cause the ambient pressure in the Kr flow is only about
1/10 of that in the Ar flow.

Since no emission from halogen atoms was observed,®
the halogen atoms produced in the present Rg™/XCN
reactions are essentially in the ground state. Under sim-
ilar experimental conditions, the 3P, metastable atom
is reported to be the dominant active species.'® There-
fore, the excitation energy of the rare-gas metastable
atom is assumed to be 11.548 and 9.915 eV for Ar-
(3P2) and Kr(3Py), respectively.!¥ The bond dissocia-
tion energy has been reported to be 3.77 and 3.11 eV
for BrCN and ICN, respectively.!® By the calculation
described in Ref. 8, the available excess energies are
estimated to be 5.31, 4.87, 3.66, and 3.23 eV for the
Ar™/ICN, Ar™/BrCN, Kr™/ICN, and Kr™/BrCN sys-
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tems, respectively. In the Ar™/ICN and Ar™/BrCN
systems, the emission band from CN(B2X*, v=20) has
been identified clearly. The highest vibrational bands
observed in the reaction of Kr™ with ICN and BrCN are
v=16 and 12, respectively. These values are close to the
upper limits estimated from the available energies.

The vibrational population, Ny, and the rotational
energies, FEi. ., were estimated by a computer simu-
lation of the band envelope in the emission spectra.®
The vibrational distributions are shown in Figs. 1 and
2. The rotational energies were estimated by assuming
a Boltzmann distribution. The average vibrational and
rotational energies of the CN(B2Xt) fragment calcu-
lated from N, and Ei. ., are summarized in Table 1.
The average fractions in the total available energies
channeled into the vibration and rotation are 35£10%
and 10+5%, respectively. No differences were observed
among the energy disposals for the four systems.

A surprisal analysis'® on the vibrational distribu-
tions of the CN(B) fragments formed from the four
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Fig. 1. The relative vibrational populations with es-

timated error bars plotted against the vibrational
quantum number v for the CN(B2Z%) state: (O)
Ar® +ICN; (@) Kr™+ICN. The solid and broken
curves represent the best-fit predictions based on a
linear surprisal analysis of the reaction of Ar™+ICN
and Kr™+ICN, respectively, assuming two-body dis-
sociation.

Table 1. Average Vibrational and Rotational Ener-
gies Deposited into CN(B2S*) Fragments®

Average energy

Reactions

Evib/eV Erot/eV
Ar(°P2)+ICN 2.0(2) 0.3(1)
Ar(®P2)+BrCN 1.9(2) 0.6(1)
Kr(°P2)+ICN 1.3(1) 0.4(1)
Kr(®P;)+BrCN 0.8(1) 0.4(1)

a) Numbers in parentheses represent standard errors in
units of the last significant digit.
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Fig. 2. The relative vibrational populations with es-
timated error bars plotted against the vibrational
quantum number v for the CN(B*St) state: (O)
Ar™+BrCN; (@) Kr™+BrCN. The solid and borken
curves represent the best-fit predictions based on a
linear surprisal analysis of the reaction of Ar™+BrCN
and Kr™+BrCN, respectively, assuming two-body
dissociation.

systems shows that they are consistent with those con-
structed assuming two-body dissociation, which corre-
sponds to the energy-transfer mechanism in the energy
dispersion (See Figs. 1 and 2). The value of the vibra-
tional surprisal parameter, A, for CN(B) obtained in the
dissociative reaction of BrCN is 0.0+1.0, and that in the
dissociation of ICN is-estimated to 1.5£1.0, indicating
that the vibrational excitation of the product CN(B)
fragment is slightly less effective than that predicted
statistically. The independence of A on the metastable
atom indicates that the CN(B2X+) fragments proceed
via essentially the same reaction dynamics. This con-
clusion is consistent with the results of the crossed-
beam study, where the CN(B) is produced from BrCN
with Ar™ and Kr™ in the range of 0.7—5.2 eV collision
energy.!” The rotational surprisal parameters obtained
from the analysis on the rotational distribution in each
vibrational state in the present four systems are pos-
itive, indicating that the rotational excitation is less
effective than that predicted statistically.

In the energy transfer mechanism, the precursor
states of CN(B) are the excited states of cyanogen
halide. The excitation energies of rare-gas metastables
correspond to the wavelength region of vacuum ultravi-
olet radiation. The multiplicities of the excited states
formed by photoexcitation can be different from those
formed by metastable-atom excitation, but the photo-
chemical studies of cyanogen halides give information
on their electronic states. The photochemistry of these
molecules in this energy region were investigated by us-
ing synchrotron radiation, by which the Rydberg tran-
sitions converging to the first and second ionization po-
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tentials were observed.'®) The absorption spectra. of cy-
anogen halides and their photoexcitation fluorescence
spectra of CN(A2II;) and CN(B2%Zt) showed only the
v and v3 bands, and no vy excited vibrational bands
corresponding to the bending vibration was observed.'®
Therefore, the rotational excitation of the CN(B) frag-
ments is expected to be small. This observation is con-
sistent with the less rotational excitation in the present
low-pressure afterglow study.

The outer electronic configuration of cyanogen
halides in the ground state is reported by photoelectron
spectroscopy to be!?

- (Im)*(40)?(2m)?; ' (2)

considering the MO’s constructed only from the valence
shell atomic orbitals. The 17t and 27 orbitals arise from
linear combinations of the p orbital of halogen atom
with the 7 bonding orbital of the CN group. The 40
orbital is essentially the lone pair of the nitrogen atom.

The excitation energy of Ar(3P;) corresponds to the
unstructured region beyond the first ionization poten-
tial in the ICN photoabsorption spectrum. In the re-
action of Kr™/ICN and Ar™/BrCN, the excitation en-
ergies correspond to the wavelength region where the
Rydberg transitions converging to the first ionization
potential are congested. In the Kr™/BrCN systems,
the excitation energy corresponds to the wavelength
region where some Rydberg transitions are dispersed.
The 40—3s0+v3 transition is the nearest to the exci-
tation energy of Kr™ in the longer wavelength side.

The correlation scheme predicts that the promotion
of the 40 electron of XCN prefers the production of
CN(B2T™) to that of CN(A2IL;), while the promotion
of 27 electron produces CN(AZII;) rather than CN-
(B2XZ*). However, the photoexcited fluorescence spec-
tra of BrCN and ICN in the region of 105—155 nm show
that the transitions due to excitation of 27t electron also
produce CN(B2Lt) fragement.?>?") Therefore, these
states can both be the precursor states of CN(B2XLt).
Since the energy gap between the ionization potential
of 2t MO and the excitation energy of the metastable
atom is small in the Ar™/BrCN and Kr™/ICN systems,
the Rydberg states converging to the first ionization
potential are likely to contribute dominantly to reac-
tion (1).® In the Ar™/ICN and Kr™/BrCN systems,
there is no significant difference in the values of the sur-
prisal parameter and the energy disposal in comparison
with the Ar™/BrCN and Ar™/ICN systems. This indi-
cates the following possibilities for all the four systems:
The product CN(B2X™) radicals are formed through
the same Rydberg manifold, or the rovibrational excita-
tion is due to the character of the dissociative potential
irrespective of the Rydberg states.
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