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Fourier transform visible spectroscopy, in conjunction with VUV photons produced by a synchrotron, is
employed to investigate the photodissociation of CH3CN. Emission is observed from both the CN(B2Σ+-
X2Σ+) and CH(A2∆-X2Π) transitions; only the former is observed in spectra recorded at 10.2 and 11.5 eV,
whereas both are detected in the 16 eV spectrum. The rotational and vibrational temperatures of both the
CN(B2Σ+) and CH(A2∆) radical products are derived using a combination of spectral simulations and Boltzmann
plots. The CN(B2Σ+) fragment displays a bimodal rotational distribution in all cases.Trot(CN(B2Σ+)) ranges
from 375 to 600 K at lowerK′ and from 1840 to 7700 K at higherK′ depending on the photon energy used.
Surprisal analyses indicate clear bimodal rotational distributions, suggesting CN(B2Σ+) is formed via either
linear or bent transition states, respectively, depending on the extent of rotational excitation in this fragment.
CH(A2∆) has a single rotational distribution when produced at 16 eV, which results inTrot(CH(A2∆)) )
4895( 140 K in V′ ) 0 and 2590( 110 K in V′ ) 1. From thermodynamic calculations, it is evident that
CH(A2∆) is produced along with CN(X2Σ+) + H2. These products can be formed by a two step mechanism
(via excited CH3* and ground state CN(X2Σ+)) or a process similar to the “roaming” atom mechanism; the
data obtained here are insufficient to definitively conclude whether either pathway occurs. A comparison of
the CH(A2∆) and CN(B2Σ+) rotational distributions produced by 16 eV photons allows the ratio between the
two excited fragments at this energy to be determined. An expression that considers the rovibrational populations
of both band systems results in a CH(A2∆):CN(B2Σ+) ratio of (1.2( 0.1):1 at 16 eV, thereby indicating that
production of CH(A2∆) is significant at 16 eV.

1. Introduction

In this paper, the photofragmentation dynamics of CH3CN
in highly energetic states (10-16 eV) are investigated. The
results of this study are pertinent to several complex chemical
systems. For example, nitrile species, such as CH3CN (aceto-
nitrile), are involved in chemical mechanisms of relevance to
combustion processes as reaction byproducts and flame addi-
tives.1,2 Indeed, CH3CN has recently been detected as a
constituent of vehicle exhaust fumes.3 These environments are
generally characterized by elevated temperatures (ca. 103 K),
thereby enabling the formation of highly energized species that
can act as reactive intermediates. A typical example found in
combustion reactions is the excited CH(A2∆) radical, which is
produced from a variety of different reactions of hydrocarbon
precursors.4-7 The transition between this electronically excited-
state and the corresponding ground state, CH(X2Π), is believed
to be responsible for the blue emission observed in hydrocarbon
flames. The CH radical can be studied in situ using optical
methods; for instance, laser-induced fluorescence (LIF)8,9 or
degenerate four-wave mixing9 for CH(X2Π), cavity ring down10

or emission spectroscopy11 for CH(A2∆). The resultant data from
these experiments yield information on the CH radical concen-

trations and the extent of rotational and vibrational excitation
in this species, thereby providing mechanistic details. In
conjunction with laboratory kinetic measurements and compre-
hensive theoretical investigations, these data drive the knowledge
of combustion chemistry toward greater levels of refinement.

CH3CN is also detected in the interstellar medium and in the
atmosphere of Titan, Saturn’s largest moon.12,13The photolysis
of CH3CN by solar UV radiation can occur in these exotic
environments,14-16 as well as in diffuse interstellar clouds.17

At photon energies near the dominant Lyman-R line at 10.2 eV
these processes liberate the CN radical, an intermediate in the
chemical scheme of Titan.18 Experiment and theory show that
this scheme results in the production of higher molecular weight
nitriles and, after polymerization processes, the aerosol particles
that form a stratospheric haze layer around this celestial
body.19-21 Recent studies suggest that further investigation into
the product identities and abundances resulting from processes
involving nitrile species is necessary to improve the accuracy
of models detailing Titan’s atmospheric chemistry.18,22Further-
more, CN provides a mechanism for incorporating nitrogen into
the ring structure of polycyclic aromatic hydrocarbons to form
polycyclic aromatic nitrogen heterocycles (PANHs).23 Much
improved fits to a 6.2µm interstellar emission feature can be
achieved by considering PANHs;24 thus these species may
provide a route to understanding the origins of the diffuse
interstellar bands.25 The need for additional spectroscopic studies
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of excited species relevant to astrochemistry has also recently
been noted.26 Therefore, knowledge of how CH3CN interacts
with VUV radiation, where the formation of electronically
excited products is possible, will provide insight into the
fragmentation mechanisms that occur in these chemical systems.
Monitoring the resultant emission from the excited CH* and
CN* radicals produced by photodissociation of CH3CN could
provide a link between the hydrocarbon and nitrile chemical
cycles that are prevalent in Titan’s atmosphere.18

Furthermore, the dynamics of producing such radicals can
also be studied on a fundamental level using photodissociation
methods. In highly energized states, new mechanisms can occur.
For example, recent theoretical and experimental studies of the
UV photodissociation of H2CO have reported two distinct
fragmentation mechanisms.27,28 The first is the conventional
pathway over the transition state barrier, to form vibrationally
cold H2 and rotationally hot CO; the second is a new route that
circumvents this barrier, producing vibrationally hot H2 and
rotationally cold CO. The latter of these mechanisms starts with
simple C-H bond fission, with the resultant H atom exploring
the potential surface at distances up to several angstroms from
the HCO fragment. This loosely bound hydrogen turns back
toward HCO and abstracts the other H atom. The scheme
detailed above is deemed the “roaming” atom mechanism;27,28

note that more conventional dissociation pathways leading to
H + HCO and H+ H + CO are also possible as a result of
UV photolysis. Similarly, in the reaction of CH3 + O, an
unexpected pathway leading to CO+ H2 + H via HCO + H2

is observed, thus departing from the typical minimum energy
path that leads to H2CO + H.29 These unorthodox processes
have also been shown to occur in CH3CHO, where the methyl
group is the “roaming” moiety.30 Such extreme departures from
classical transition state theory could herald a new class of
molecular dynamics resulting in further opportunities for
investigation. Numerous high photon energy dissociation pro-
cesses in polyatomic molecules like CH3CN can lead to multiple
bond breaking pathways that embody similar effects.

Previous fundamental research on the CH3CN molecule in
the VUV region includes several photoabsorption studies using
noble gas resonance lamps31 and synchrotron light sources.14,32,33

Mitsuke and Mizutani utilized a novel synchrotron pump-LIF
probe scheme to study the ground state CN(X2Σ+) radicals
produced when CH3CN interacts with 13.6-18.6 eV photons.34

Cody et al. used an argon lamp pump-LIF probe experiment
to examine the CN(X2Σ+) fragments produced athν < 9.5 eV
under high collision frequency conditions (P ) 133 Pa).35

Ashfold and Simons36 and Moriyama et al.37 have performed
some work that is most pertinent to this study; comparisons to
the findings of these two studies will be performed in this article.
In the former case, CH3CN was excited with 8.79, 9.50, and
10.03 eV photons and the resultant CN(B2Σ+-X2Σ+) fluores-
cence displayed a bimodal rotational distribution at all photon
energies. This result can be attributed to dissociation from a
linear transition state to form the low rotational levels and via
a bent transition state to produce the higher rotational levels.36

Emission from CN(B2Σ+-X2Σ+) was measured after excitation
by 10.2 eV photons in the latter study. Only a single rotational
distribution can be ascertained from the rotational populations,37

in contrast to the results of Ashfold and Simons. This disparity
may be credited to the relatively modest resolution used in the
work of Moriyama et al. of≈13 cm-1, which is approximately
one order of magnitude larger than that employed in the other
study. Other related investigations include reactions of CH3CN
with metastable Ar(3P2) atoms or Ar+ ions in a flowing

afterglow, where CH(A2∆-X2Π) emission is observed.38,39

Rotational temperatures for both reactions were subsequently
derived.

In response to the various chemical issues raised above, we
present the photofragment emission spectroscopy and dynamics
resulting from the interaction of 10.2, 11.5, and 16 eV photons
with gaseous CH3CN. The signals resulting from both
CN(B2Σ+-X2Σ+) and CH(A2∆-X2Π) transitions centered at
25,798 and 23,218 cm-1, respectively, are collected by a Fourier
transform visible (FTVIS) spectrometer. The multiplex advan-
tage intrinsic to interferometers permits both of these emission
signals to be simultaneously monitored.40 In addition, the
available resolution allows the rotational and vibrational popula-
tions and temperatures to be derived. It is observed that the
rotational distribution in CN(B2Σ+) is bimodal in all of the
acquired spectra, therefore supporting the mechanism detailed
by Ashfold and Simons.37 However, the signal from the
CH(A2∆) radical only displays a single rotational distribution.
Thermochemical calculations indicate that the CH(A2∆) excited
fragment is formed in combination with ground state CN(X2Σ+)
and molecular hydrogen. The ratio between CH(A2∆) and
CN(B2Σ+) is obtained for photolysis at 16 eV, where both
emission signals are observed, and equals (1.2( 0.1):1.

2. Experimental Method

The FTVIS apparatus employed in this study has been
described in detail elsewhere,41 so only the salient features will
be mentioned here. The experiments are conducted at beamline
9.0.2 of the Advanced Light Source, Berkeley, CA, which can
provide 8-30 eV photons when operating at a beam energy of
1.9 GeV.42 CH3CN pressures of≈9 Pa are used in a sample
chamber and two stages of differential pumping maintain a base
pressure of ca. 6 × 10-7 Pa in the beamline monochromator.
The horizontally polarized VUV photons from the beamline pass
through these vacuum stages and into a continuously evacuated
sample chamber, where interactions with gaseous CH3CN result
in the emission from excited states of diatomic fragments. This
light exits the evacuated environment perpendicular to the
incident light via a collimating lens and a window in the base
of the chamber. Initially, the action spectrum of CH3CN is
recorded as a function of photon energy in the 8-24 eV region
using a broadband photomultiplier tube (PMT, Hamamatsu
R955, λ ) 160-900 nm or 11,111-62,500 cm-1) placed
directly underneath the output window. To collect the rotation-
ally resolved spectra, the emission is steered to the horizontal
plane by a 45° protected aluminum mirror (CVI Laser Corp.
part no. PAUV-PM-2037-C) located below the output window,
followed by a further three protected aluminum mirrors for fine
alignment, and focused into the entrance port of the FTVIS
spectrometer. All of the aforementioned optics are contained
in a light-tight box and a contracted iris is used to reduce the
field of view into the spectrometer; the latter procedure improves
the resolution of the acquired spectra, because the resolving
powerR ) 2π/Ω, whereΩ is the solid angle.40,43 The FTVIS
device is an adapted Bruker IFS 66v/s spectrometer equipped
with a CaF2 beamsplitter (Bruker T 602/8A, output light is ca.
60% horizontally polarized) and a UV/vis PMT (Electron Tubes
9813B). Spectra can be collected in the 300-600 nm (16,667-
33,333 cm-1) wavelength range at a fixed VUV photon energy
using this configuration. An instrument response function of
the collection apparatus is obtained by acquiring a spectrum of
a quartz tungsten halogen lamp and comparing it to a standard
reference spectrum of the same lamp; all of the data are
corrected using this response curve. The movable mirror within
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the interferometer is operated in continuous scan mode at a
frequency of 20 kHz, thus negating the effect of the gradually
reduced synchrotron beam current during the duration of the
scan (generally 2-4 h). Higher order VUV radiation is
eliminated from the synchrotron beam by the use of a gas filter
containing either argon or helium that is installed on the
beamline.44 Using these noble gases, experiments with purely
first-order light are possible up to 15.8 and 24.6 eV, respectively.
A photon energy resolution of 0.1 eV is employed throughout
this study. The photon energy calibration of the beamline
monochromator is verified by measuring the appearance of
emission from nitrogen at 25,566 cm-1 due to the N2+ (B2Σu

+-
X2Σg

+) transition, whose onset is quoted as 18.75 eV in the
literature,45,46using the broadband PMT. Reagent grade (purity
g99.5%) CH3CN, obtained from Sigma-Aldrich, is introduced
into a high vacuum compatible glass bottle in a dry nitrogen
atmosphere. The sample is subjected to several freeze-pump-
thaw cycles prior to use.

3. Results

3.1. UV/Vis Action Spectrum of CH3CN. The accessible
emissive channels can be predicted using simple thermochemical
calculations. These values, in combination with the total
emission (or action) spectrum as a function ofhν, display which
emitting pathways are dominant in a given photon energy region.
The following section uses these data to elucidate what
experiments are possible with the FTVIS apparatus. Table 1
contains the photodissociation channels that result in either
emission detectable with the FTVIS apparatus or bond cleavage
to form ground state products. Table 2 lists the higher electroni-
cally excited states of the CH*, CN*, and C2* fragments that
can be produced in the VUV photon energy range studied here.
At low photon energies, single or multiple bond fission is
possible, with loss of one or more hydrogen atom(s) favored.

From a comparison of the∆H298
0 values for the CH3 +

CN(X2Σ+) and C2H3 + N channels, it is clear that cleavage of
the C-C single bond requires 2 eV less energy than CtN triple
bond fission. Further fragmentation can take place using higher
photon energies, where channels forming electronically excited
diatomics are also accessible. Emission from electronically
excited C2* is only energetically feasible above 17.57 eV;
therefore, emission from excited CH* and CN* fragments
dominates when excitation occurs withhν < 17.57 eV. Indeed,
no C2

* emission bands are observed in any of the spectra
recorded athν ) 10.2, 11.5, and 16 eV using the FTVIS
spectrometer. The VUV action spectrum for CH3CN wherehν
) 8-24 eV is shown in Figure 1. As seen in Table 2, formation
of CH* and CN* in excited electronic states up to the E2Π state
and the F2∆ state, respectively, is possible with 8-24 eV
photons and emission from these states could be detected by
the broadband PMT. Note that the CN(A2Π-X2Σ+) transition
is not considered in this work, because its band center occurs
at 1097 nm (9117 cm-1), which is outside of the detection
window of the apparatus. The onset of emission signal is
observed in the action spectrum at a photon energy of 8.9(
0.1 eV with substantial signal observed in the ca. 9.5-13.5 eV
region. The peak of maximum intensity occurs at 11.8( 0.1
eV, which is surrounded by peaks at 10.0, 10.2, 10.5, 10.9, 11.5,
and 12.4 eV. The CN(B2Σ+-X2Σ+) fluorescence cross section
has been observed to mimic the total photoabsorption cross
section up to ≈13 eV in several previous studies of
CH3CN.14,31,33According to Table 1, we can assume that the
CN(B2Σ+-X2Σ+) transition is the dominant source of emission
contributing to the action spectrum up to≈ 13 eV. Therefore,
in accordance with the previous absorption data,14,31-33 it is
reasonable to assign the observed discrete features as Rydberg
transitions that converge to the first ionization potential of the
parent molecule at 12.20 eV.45 Precise labeling of this structure

TABLE 1: Thermochemical Thresholds for Channels Resulting in Either UV/Visible Emission Detectable by the FTVIS
Spectrometer or Nonradiative Dissociation after VUV Excitation of CH3CNa

products ∆H298
0 (eV) possible emission channel(s)

CH2CN + H 4.03
HCCN + H2 4.25
CH3 + CN(X2Σ+) 5.26
HCCN + 2H 6.51
C2H3 + N 7.24
C2N + H2 + H 7.27
CH3 + CN(B2Σ+) 8.45 CN(B2Σ+-X2Σ+)
CH(X2Π) + CN(X2Σ+) + H2 9.91
CH2 + CN(X2Σ+) + H 10.02
C2N + 3H 11.79
CH(A2∆) + CN(X2Σ+) + H2 12.78 CH(A2∆-X2Π)
CH(X2Π) + CN(B2Σ+) + H2 13.10 CN(B2Σ+-X2Σ+)
CH(B2Σ-) + CN(X2Σ+) + H2 13.14 CH(B2Σ--X2Π)
CH2 + CN(B2Σ+) + H 13.21 CN(B2Σ+-X2Σ+)
CH(C2Σ+) + CN(X2Σ+) + H2 13.85 CH(C2Σ+-X2Π)
CH(X2Π) + CN(X2Σ+) + 2H 14.43
C2(X1Σg

+) + N + H2 + H 15.09
CH(A2∆) + CN(B2Σ+) + H2 15.98 CH(A2∆-X2Π), CN(B2Σ+-X2Σ+)
CH(B2Σ-) + CN(B2Σ+) + H2 16.33 CH(B2Σ--X2Π), CN(B2Σ+-X2Σ+)
CH(C2Σ+) + CN(B2Σ+) + H2 17.04 CH(C2Σ+-X2Π), CN(B2Σ+-X2Σ+)
CH(A2∆) + CN(X2Σ+) + 2H 17.31 CH(A2∆-X2Π)
CH(X2Π) + CN(B2Σ+) + 2H 17.62 CN(B2Σ+-X2Σ+)
CH(B2Σ-) + CN(X2Σ+) + 2H 17.66 CH(B2Σ--X2Π)
CH(C2Σ+) + CN(X2Σ+) + 2H 18.37 CH(C2Σ+ - X2Π)
C2(X1Σg

+) + N + 3H 19.61
CH(A2∆) + CN(B2Σ+) + 2H 20.50 CH(A2∆-X2Π), CN(B2Σ+-X2Σ+)
CH(B2Σ-) + CN(B2Σ+) + 2H 20.85 CH(B2Σ--X2Π), CN(B2Σ+-X2Σ+)
CH(C2Σ+) + CN(B2Σ+) + 2H 21.57 CH(C2Σ+ - X2Π), CN(B2Σ+-X2Σ+)

a Values of enthalpies of formation and excited-state energies are taken from standard literature sources,45,66 apart from the∆fH298
0 value for

HCCN.71
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is not possible at the resolution used to acquire the data presented
in Figure 1. Autoionization is possible from high lying Rydberg
levels, although there have been no reports of bands in the
photoelectron spectrum at energies less than 12.20 eV.47-49

A further intense, broad peak is detected between 14.5-18
eV, with a maximum at 16.2( 0.1 eV. The lack of defined
structure is in harmony with the absorption spectrum of
CH3CN, which is a continuum athν > 13 eV.31,33This feature
displays a profile over the same photon energy range nearly
identical to that seen in the CN(B2Σ+ - X2Σ+) excitation
spectrum recorded by Mitsuke and Mizutani.34 Because their
detection PMT is rated to cover the 300-650 nm (15,584-
33,333 cm-1) range, which is narrower than that of the
broadband PMT used here, transitions that emit at longer or
shorter emission wavelengths are unlikely to be observed in
the 14.5-18 eV photon energy region displayed in Figure 1.
Therefore, when the relevant thermochemistry is also considered
(Tables 1 and 2), it is highly probable that the broad feature
comprises emission from the CN(B2Σ+), CH(A2∆), CH(B2Σ-),
and CH(C2Σ+) excited states to their respective ground states.
The band centers of these transitions occur at 25,798, 23,218,
26,598, and 31,778 cm-1, respectively.45 A smaller broad feature
is observed above 20 eV excitation energy, which is likely to
consist of an amalgamation of emission signals from excited
states of the C2*, CN*, and CH* fragments. This higher photon
energy range is not the primary focus of this study, so it will
not be discussed further.

3.2. Rotationally Resolved Spectra of CN(B2Σ+-X2Σ+)
and CH(A2∆-X2Π). The rotational and vibrational populations
in the electronically excited states of CN* and CH* can be
obtained by comparing emission spectra acquired with the
FTVIS spectrometer to spectral simulations. By using these
derived populations in Boltzmann plots, we can obtain the
rotational and vibrational temperatures. Surprisal analyses
indicate how the extent of excitation in the observed fragment
compares to a statistical prediction, thereby providing insight
into the dissociation dynamics at a given photon energy. Spectra
are acquired using the FTVIS spectrometer and incident photon
energies of 10.2, 11.5, and 16 eV; the spectrum acquired at a
photon energy of 16 eV is shown in Figure 2. These energies
correspond to the Lyman-R hydrogen line (the principal UV
line observed from solar radiation), and the peaks of the two
main emission features observed in the action spectrum (Figure
1), respectively. Emission from the CN(B2Σ+-X2Σ+) transition
is observed in all of these spectra, as shown in Figures 3a, 4a,
and 5a. The characteristic P band heads for the∆V ) 0 series
of transitions are clearly apparent in all of the spectra; up to
the (3,3) vibrational band in the 11.5 and 16 eV spectra, as
labeled. The corresponding R branches are of lower intensity
and are obscured by the band head of the P branch for the
adjacent band, e.g., the R(0,0) lines merge with the P(1,1) band

TABLE 2: Thermochemical Thresholds for Channels
Resulting in Higher Electronically Excited States of the
CH*, CN*, and C 2* Radicals after VUV Excitation of
CH3CNa

products ∆H298
0 (eV)

CH3 + CN(D2Π) 12.01
CH3 + CN(E2Σ+) 12.59
CH3 + CN(F2∆) 12.71
CH3 + CN(G2Π) 12.90
CH3 + CN(H2Π) 12.94
CH3 + CN(J2∆) 13.35
CH(X2Π) + CN(D2Π) + H2 16.66
CH(X2Π) + CN(E2Σ+) + H2 17.24
CH(X2Π) + CN(F2∆) + H2 17.36
CH(X2Π) + CN(G2Π) + H2 17.55
CH(X2Π) + CN(H2Π) + H2 17.59
CH(X2Π) + CN(J2∆) + H2 18.00
CH2 + CN(D2Π) + H 16.77
CH2 + CN(J2∆) + H 18.11
CH(D2Π) + CN(X2Σ+) + H2 17.40
CH(D2Π) + CN(B2Σ+) + H2 20.59
CH(D2Π) + CN(X2Σ+) + 2H 21.92
CH(D2Π) + CN(B2Σ+) + 2H 25.11
CH(E2Π) + CN(X2Σ+) + H2 18.05
CH(E2Π) + CN(B2Σ+) + H2 21.24
CH(E2Π) + CN(X2Σ+) + 2H 22.57
CH(E2Π) + CN(B2Σ+) + 2H 25.76
CH(F2Σ+) + CN(X2Σ+) + H2 18.09
CH(F2Σ+) + CN(B2Σ+) + H2 21.28
CH(F2Σ+) + CN(X2Σ+) + 2H 22.61
CH(F2Σ+) + CN(B2Σ+) + 2H 25.80
C2(d3Πg) + N + H2 + H 17.57
C2(C1Πg) + N + H2 + H 19.33
C2(e3Πg) + N + H2 + H 20.15
C2(D1Σu

+) + N + H2 + H 20.45
C2(E1Σg

+) + N + H2 + H 21.91
C2(d3Πg) + N + 3H 22.09
C2(C1Πg) + N + 3H 23.86
C2(e3Πg) + N + 3H 24.67
C2(D1Σu

+) + N + 3H 24.97
C2(E1Σg

+) + N + 3H 26.43

a Values of enthalpies of formation and excited-state energies are
taken from standard literature sources.45,66

Figure 1. Action spectrum of CH3CN in the 8-24 eV region acquired
with a photon energy resolution of 0.1 eV. The lowest energy thresholds
for forming the CN(B2Σ+) and CH(A2∆) excited products are indicated
by dashed lines, and the photon energies used in the experiment are
denoted by gray lines.

Figure 2. FTVIS spectrum acquired athν ) 16 eV showing emission
due to the CH(A2∆-X2Π) and CN(B2Σ+-X2Σ+) transitions.
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head. This effect, magnified by the limited signal-to-noise ratios
near some of the band origins, means that the profiles of the P
branches are central to the assignment of rotational levels in
the CN(B2Σ+) spectra. Signal due to the CH(A2∆-X2Π)
transition is also observed in the 16 eV energy spectrum, as
illustrated by Figure 6a. As is the case with CN(B2Σ+), the
observed CH(A2∆) emission is also due to the∆V ) 0 series
of transitions. The intense Q branch, as expected in spectra of
2∆-2Π transitions,50 occurs from the (0,0) and (1,1) vibrational
bands, with the P and R branches for the same bands extending
out from the band origin. The weaker Q branch of the (2,2)
vibrational band is also observed at 23,124 cm-1, although its
associated P and R branches lack intensity and are not readily
identifiable. Signals due to the (B2Σ--X2Π) or (C2Σ+-X2Π)
transitions in CH are not observed in the 16 eV spectra, even
though they are both energetically feasible. From the thermo-
dynamic calculations given in Table 1, it is clear that CN(B2Σ+)
can only form together with CH3 at hν ) 10.2 and 11.5 eV.
However, the CN(B2Σ+) signal observed at 16 eV could occur

from as many as four dissociation channels; with CH3,
CH(X2Π) + H2, CH2 + H, or CH(A2∆) + H2. The thermo-
chemical thresholds for these processes are 8.45, 13.10, 13.21,
and 15.98 eV, respectively. Therefore, how the partitioning of
excess energy affects the resultant dynamics can be explored;
this will be covered in more detail later. Furthermore, the
CH(A2∆) fragment can be produced with CN(X2Σ+) + H2 at
12.78 eV or CN(B2Σ+) + H2 at 15.98 eV. However, formation
of either excited radical via the 15.98 eV channel can be
disregarded on the basis of thermodynamics; this topic is covered
in section 4.4. It is interesting to note that CH(A2∆) can only
be formed with molecular hydrogen, rather than two H atoms,
and formation of a H-H bond suggests a more complex
dynamical process than simple fragmentation is occurring.

Spectral fitting is achieved by comparison of the data with
simulations generated using the LIFBASE 2.0 package.51 The
line positions are determined from the relevant spectroscopic
constants and the intensities are computed from Ho¨nl-London
factors, the electronic transition moment (which encompasses
the Franck-Condon factor), and the rovibrational wavefunction.
The populations of individualV′ andK′ or J′ levels are varied
iteratively to minimize the difference between the experimental
and simulated spectra. This procedure is initiated in the most
intense vibrational bands, where less uncertainty exists in the
resultant populations. The resultant spectral fits are shown
inverted in Figures 3a, 4a, 5a and 6a. To evaluate the accuracy
of the spectral fits, the peak correlation (PC) value is calculated
for each experimental spectrum/simulation pair by the LIFBASE
program using the following expression:51

whereSx andSy are the summation of all data points in either
the simulated or experimental spectra, respectively,Sxy is the
cross summation of both the simulated and experimental spectra,
and n is the number of data points in either spectrum; an
interpolation is performed so thatn is the same for both spectra.
The PC values are ca. 0.95 for all of the fits apart from that of
the 10.2 eV spectrum, where the poor signal-to-noise ratio only
permits a value of ca. 0.75. Because predissociation distorts the
CH(A2∆) rotational populations in levels higher thanJ′ ) 22
or 10 for V′ ) 0 or 1, respectively,52 only populations below
these levels are considered. The simulated resolutions that give
the best fit to the experimental data are 1.5 and 2 cm-1 for the
CH(A2∆-X2Π) and CN(B2Σ+-X2Σ+) spectra, respectively.
The CN(B2Σ+-X2Σ+) transition belongs to Hund’s case b;
therefore the rotational levels of this transition are denotedK,
whereas those of the CH(A2∆-X2Π) system are denotedJ,
because this transition is best described by an intermediate
regime between the limiting cases of Hund’s cases a and b.50

This notation will be used when each transition or excited-state
is explicitly referred to.

Using these fits, determination of the rotational and vibrational
populations in the electronically excited fragments is possible.
This information permits the subsequent determination of the
vibrational temperature (Tvib) and the rotational temperature (Trot)
for each radical using Boltzmann plots. The rotational fits for
all of the spectra are displayed in Figures 3b, 4b,c, 5b-d, and
6b,c. Scatter in the data is apparent in some of these graphs,
especially for the CN(B2Σ+, V′ ) 2) plot acquired usinghν )
16 eV (Figure 5d) because of diminished band intensity. This
effect is due to the values of the Franck-Condon factors, which
are 0.909, 0.757, 0.649, and 0.574 for the (0,0), (1,1), (2,2),

Figure 3. (a) Experimental and simulated spectra of the CN(B2Σ+-
X2Σ+) transition resulting from photodissociation of CH3CN at 10.2
eV. The simulated spectrum is inverted for clarity. (b) Boltzmann plot
of the rotational populations in theV′ ) 0 level versus the available
rotational energy. The dotted line denotes a fit originating from weak
rotational bands.

Figure 4. (a) Experimental and simulated spectra of the CN(B2Σ+-
X2Σ+) transition resulting from photodissociation of CH3CN at 11.5
eV. The simulated spectrum is inverted for clarity. (b), (c) Boltzmann
plots of the rotational populations in theV′ ) 0 or 1 level versus the
available rotational energy.

PC )
nSxy - SxSy

[(nSx
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and (3,3) bands, respectively.37 The (2,2) and (3,3) bands of
the data acquired athν ) 11.5 eV are too weak for the reliable
extraction of populations. Note that the best spectral fits for
each spectrum result from some compromises, in that the P
branch fits better than the corresponding R (or Q in the case of
CH(A2∆)) branch for some rovibrational lines or vice versa.
Therefore, error bars for the plots are obtained by altering the
population of a single rotational level to provide the best possible
fit for the P line at the expense of the corresponding R (and Q)
line and vice versa. In most cases, it is clear from the associated
error bars that the uncertainty in the populations at lower values
of K′ are larger than those at higherK′, in agreement with the
reduced intensity of the lines near the band origin. All of the
CN(B2Σ+) plots exhibit a bimodal rotational distribution,
although the weak bands at lowerK′ cast some doubt on the
validity of this observation for the 10.2 eV (V′ ) 0) plot, as
denoted by a dotted line. A single distribution is observed in
both rotational plots obtained from the CH(A2∆) spectrum at
16 eV. Values forTrot are extracted from the Boltzmann fits,
as displayed in Table 3. Where two values are given, the first
value is for the distribution at lowerK′ and the second value
corresponds to the distribution at higherK′; these

values are represented byTrot,low andTrot,high from here onward.
A summation of the rotational populations for eachV′ level gives
the relative vibrational populations, with a single value ofTvib

resulting from each spectrum. This data is also presented in
Table 3. It is worth noting that theTrot,high value for CN(B2Σ+,
V′ ) 0) increases markedly when the photon energy is increased
from 10.2 to 11.5 eV but stays approximately constant when
hν is further increased to 16 eV. In addition, theTvib for CN-
(B2Σ+) produced by 11.5 and 16 eV photons and the CH(A2∆)
formed at hν ) 16 eV are very similar at approximately
5000 K.

3.3. Surprisal Analysis of Energy Partitioning to Vibra-
tions and Rotations. One method for analyzing the energy
disposal in a photodissociation process is the surprisal analysis,
which quantifies the deviation of the measured vibrational or
rotational distribution, denoted asP(V) or P(V,J), from the
expected prior distribution,P0(V) or P0(V,J).53,54 When the
product of interest is a diatomic,P0(V) is determined from the
expression:

TABLE 3: Summary of the Calculated Rotational and Vibrational Temperatures and the Vibrational (λv) and Rotational (θR)
Surprisal Parameters

excited fragment hν (eV) Tvib (K) λV V′ Trot (K) θR
a θR

b θR
c θR

CN(B2Σ+) 10.2 0 (80( 40),e

1840( 500
46.4( 7.2,
1.9( 0.4

11.5 4700( 400 -4.3a,d 0 570( 100,
7460( 400

77.4( 16.4,
0.3( 0.6

1 500( 70,
5910( 400

34.6( 1.2,
1.4( 0.8

16 5000( 600 -2.1( 0.2a 0 600( 50,
7700( 200

91.8( 21.5,
2.9( 1.6

14.5( 2.7,
2.4( 0.8

33.1( 6.5,
0.6( 0.6

-4.8( 1.4b 1 440( 70,
2725( 200

59.6( 14.7,
9.6( 1.3

13.6( 8.4,
2.2( 0.9

12.9( 3.3,
1.9( 0.8

-2.5c,d 2 375( 160,
3000( 500

45.5( 7.2,
2.5( 0.9

8.4,d

4.5( 1.6
f

CH(A2∆) 16 5100d -1.1d 0 4895( 140 1.6( 0.1
1 2590( 110 2.5( 0.5

a The chosen dissociation channel is CH3CN f CH3 + CN(B2Σ+), ∆H298
0 ) 8.45 eV.b The chosen dissociation channel is CH3CN f CH(X2Π)

+ CN(B2Σ+) + H2, ∆H298
0 ) 13.10 eV.c The chosen dissociation channel is CH3CN f CH2 + CN(B2Σ+) + H, ∆H298

0 ) 13.21 eV.d No error is
presented with this value as it came from a plot comprising two points.e The value in brackets is subject to a higher degree of uncertainty due to
signal-to-noise constraints.f No θR values obtained, asEv > ER in prior distribution.

Figure 5. (a) Experimental and simulated spectra of the CN(B2Σ+-
X2Σ+) transition resulting from photodissociation of CH3CN at 16 eV.
The simulated spectrum is inverted for clarity. (b)-(d) Boltzmann plots
of the rotational populations in theV′ ) 0, 1, or 2 level versus the
available rotational energy.

Figure 6. (a) Experimental and simulated spectra of the CH(A2∆-
X2Π) transition resulting from photodissociation of CH3CN at 16 eV.
The simulated spectrum is inverted for clarity. (b), (c) Boltzmann plots
of the rotational populations in theV′ ) 0 or 1 level versus the available
rotational energy.
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where fV ) EV/Exs and EV is the vibrational energy of each
product in vibrational levelV, summed over all products formed
in a given dissociation channel. For a linear diatomic,EV )
ωe(V + (0.5)) - ωexe(V + 0.5)2 whereωe is the fundamental
frequency of vibration andωexe is the anharmonicity term,50

whereasEV ) ∑i)1
s (Vi + 0.5)ωi for a nonlinear species, where

s is the number of vibrational degrees of freedom.55 CH3 and
CH2 are the only nonlinear molecules considered here, with these
moieties possessing six and three vibrational degrees of freedom,
respectively.Exs is the excess energy, which is given by (hν +
thermal energy of CH3CN - energy of dissociation channel).
The thermal energy of acetonitrile is calculated to be 0.06 eV
at 298 K from a summation of available rotational and
vibrational terms45 and the appropriate dissociation channel
energy is taken from Table 1. Calculations are performed for
each of several key product channels, as listed in Table 3. The
vibrational surprisal parameters are obtained from the following
equation:53,54

whereλV is the surprisal parameter for vibration andλ0 is a
normalizing factor. Therefore, a plot of-ln(P(V)/P0(V)) versus
fV yields a plot with a gradient equal toλV, as seen in Figure 7
for the emission from CN(B2Σ+) at 16 eV. A similar analysis
can be performed on the rotational populations. The fraction of
energy channeled into rotation is given bygR ) ER/(Exs - EV),
whereER is the rotational energy of each product in a given
rotational level, summed over all products formed in a given
dissociation channel. Because both of the nonlinear molecules
considered here (CH3 and CH2) are symmetric, each rotational
level can be considered to be (2J + 1)2 degenerate, therefore
ER ) BJ(J + 1) for these species.55 The rotational surprisal
plot is extracted from

In this instance,P0(V,J) ∝ (2J + 1)(Exs - EV - ER)1/2 andθR

is the rotational analogue ofλV. In both methods the actual and
prior distributions are normalized so that∑P0 ) 1. Positive
values ofλV denote that the observed vibrational distribution is
colder than that expected by the prior distribution and vice versa.
Similar trends for the rotational distributions can be indicated
from the sign of the derivedθR values. The extracted values
for both λV andθR are listed in Table 3. Only one dissociation
channel is possible for production of CN(B2Σ+) to occur athν
) 10.2 and 11.5 eV (the CN(B2Σ+) + CH3 channel,∆H298

0 )
8.45 eV) or for CH(A2∆) production athν ) 16 eV (CH(A2∆)
+ CN(X2Σ+) + H2, ∆H298

0 ) 12.78 eV). However, three
different dissociation channels can form CN(B2Σ+) when 16
eV photons are used; CN(B2Σ+) + CH3, CN(B2Σ+) + CH(X2Π)
+ H2, or CN(B2Σ+) + CH2 + H. The thermochemical thresholds
of these channels are 8.45, 13.10, or 13.21 eV, respectively.
Therefore, the values for the vibrational and rotational surprisal
parameters for production of CN(B2Σ+) at 16 eV will be
calculated for each of the three possible dissociation channels;
these are displayed as three values in column 4 and the numbers
in columns 7-9 of Table 3. All of theλV values for both
fragments are negative, thereby indicating that a greater than
statistical proportion of the excess energy goes into vibration.

No clearly discernible trend can be determined when the chosen
dissociation channel for CN(B2Σ+) at 16 eV is varied. TheθR

values for CN(B2Σ+) are all bimodal at 10.2, 11.5, and 16 eV,
with the values corresponding to the lower rotational distribution
being appreciably colder than predicted by the prior distribution.
On the contrary, the rotational surprisal parameters obtained
for the higher rotational distribution are approximately zero in
all cases; thus the rotational distributions from which they are
derived are nearly statistical.

3.4. CH(A2∆)/CN(B2Σ+) Ratio at 16 eV.The relative ratio
of CH(A2∆)/CN(B2Σ+) produced at 16 eV can be calculated
using the procedure of Sorkhabi et al., fully described else-
where.56 The population of rotational stateJ′ of a vibrational
stateV′ in an excited electronic stateΛ′ is denotedN(Λ′,V′,J′)
and is given by the following expression for a bimodal rotational
distribution:

whereAx is a constant for a given vibrational band,∆EJ′ is the
energy of a given rotational level, andTrot,low and Trot,high are
taken from the experimental Boltzmann fits. Although this
expression is formulated for a bimodal rotational distribution,
it can also be used for a population exhibiting a single population
distribution. Using the calculatedN(Λ′,V′,J′) values in eq 6,
whose full derivation is stated in ref 56, gives the relative ratio
of CH(A2∆)/CN(B2Σ+):

where NT(Λ′) is the total population of electronic stateΛ′,
PJ’(Λ′), andPV′(Λ′) are probabilities of being in stateJ′ andV′
of electronically excited stateΛ′, respectively.PJ′(Λ′) is
calculated by determiningN(Λ′,V′,J′) using eq 5 and dividing
by the sum of allN(Λ′,V′,J′) values for a particularV′ level.
PV′(Λ′) is determined from a modified Boltzmann equation using
the Tvib values determined from the experimental data.

P0(V) ) 5
2
(1 - fV)

3/2 (2)

-ln( P(V)

P0(V)) ) λ0 + λV fV (3)

-ln( P(V,J)

P0(V,J)) ) λ0 + λV fV + θRgR (4)

Figure 7. Vibrational surprisal plot from the CN(B2Σ+-X2Σ+)
emission observed at 16 eV, where the chosen dissociation channel is
CH3CN f CH3 + CN(B2Σ+) (∆H298

0 ) 8.45 eV). The gradient of the
linear fit in the upper portion corresponds toλV ) -2.1 ( 0.2.

N(Λ′,V′,J′) ) (2J′ + 1)[A1e
-∆EJ′/kBTrot,low + A2e

-∆EJ′/kBTrot,high]
(5)

NT(CH(A2∆))

NT(CN(B2Σ+))
)

N(CH(A2∆),V′,J′) PJ′(CN(B2Σ+)) PV′(CN(B2Σ+))

N(CN(B2Σ+),V′,K′) PJ′(CH(A2∆)) PV′(CH(A2∆))

SV′V′′(CN(B2Σ+))

SV′V′′(CH(A2∆))
(6)
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SV′V′′(Λ′) is the band strength of a transition between the
vibrational levelsV′ and V′′ in an excited electronic stateΛ′
that is given by57

whereRhe
2 andqV′V′′ are the average electronic transition moment

and the Franck-Condon factor, respectively, for the selected
band. Incorporation ofSV′V′(Λ′) into eq 6 permits scaling of the
data derived from the CH(A2∆-X2Π) and CN(B2Σ+-X2Σ+)
spectra. Values ofRhe

2 andqV′V′ for the (0,0) and (1,1) bands of
the CH(A2∆-X2Π) and CN(B2Σ+-X2Σ+) transitions are taken
from the literature.37,52,58,59 Using this method, the ratio
NT(CH(A2∆))/NT(CN(B2Σ+)) is independent of the rotational
levels or vibrational bands chosen, so that any permutation of
N(CH(A2∆),V′,J′) and N(CN(B2Σ+),V′,K′) should produce the
same result for the electronic ratio.56 This internal check proves
to be correct, resulting in a CH(A2∆)/CN(B2Σ+) ratio of (1.2
( 0.1):1 athν ) 16 eV. The error bars are derived by inputting
the experimentally derivedTvib and Trot values plus or minus
their associated error to give the maximum or minimum final
ratio value.

4. Discussion

4.1. Origin of Observed CH(A2∆-X2Π) and CN(B2Σ+-
X2Σ+) Emission.To investigate the photodissociation mecha-
nism of CH3CN, the nascent vibrational and rotational distri-
butions are used. The following section details considerations
related to the origin of the observed emission signals. Excitation
occurs to Rydberg levels that correlate with dissociation products
via unbound states when using 10.2 or 11.5 eV photons.14,33

Using either of these photon energies, only the B2Σ+ excited
state of the CN fragment can be directly accessed (see Tables
1 and 2). Therefore, the observed CN(B2Σ+-X2Σ+) emission
using 10.2 or 11.5 eV photons is not from relaxation of higher
excited electronic states. Superexcited states of CH3CN are
accessed using a 16 eV photon.60 States of this type lie above
the ionization potential of the molecule and lead to either
ionization or dissociation into neutral fragments. Previous work
has proposed that excitation of acetonitrile withhν > 13 eV
leads to the formation of superexcited CH3CN**, which
subsequently dissociates to form highly excited diatomic
products.33,34A cascade of relaxation from higher excited states
of CN** or CH** would cause enhancement of population in
the CN(B2Σ+) and CH(A2∆) states, therefore resulting in non-
nascent rotational or vibrational distributions in either excited
radical. From the selection rule for electronic transitions of∆Λ
) 0, (1,50 the only allowed transitions to the experimentally
observed states are from the D2Π, E2Σ+, G2Π, or H2Π states
for the CN fragment and the D2Π or E2Π states in the case of
CH. It is clear from Table 2 thathν > 17.40 eV is required to
access either the D2Π or E2Π levels of CH. Therefore, the
CH(A2∆-X2Π) signal we observe from dissociation at 16 eV
results from direct population of the CH(A2∆) state. For CN it
is energetically possible to reach the highly excited states that
can relax down to the B2Σ+ state with CH3 as the partner
fragment. However, when one considers that hydrogen atom
removal is a facile process that can occur at relatively low VUV
photon energies (see Table 1 and ref 61), it is apparent that this
assignment of partner fragment is not certain. Therefore, if the
the more plausible CH2 or CH fragments are taken as the
coproduced species, the threshold for population of electronic
states higher than B2Σ+ of CN is 16.66 eV, too high in energy

to be reached by a 16 eV photon. Thus, the CN(B2Σ+-X2Σ+)
signal at 16 eV is likely to occur from direct population of the
CN(B2Σ+) state.

To know that the observed emissions are truly due to nascent
distributions, one has to prove that the excited products do not
undergo collisions prior to radiative relaxation. Confirmation
that the data is from the nascent regime is especially important
when considering bimodal distributions, because the observation
of two distinctTrot values could be due to collisional deactivation
of the initial products, which would relax a portion of the excited
population into lower rotational levels. In recent studies
performed on this apparatus, calculations found that>98% of
the excited state CH* emission occurs from species that have
not participated in any collisions atP ) 20 Pa.7,41 Given that
the emission lifetime of CN(B2Σ+) is ≈7.5 times shorter than
that of CH(A2∆) (72 ns vs 537 ns)62,63and the operating pressure
here is≈9 Pa, the populations derived from the fluorescence
of both of these electronically excited radicals can be considered
to be nascent.

4.2. CN(B2Σ+-X2Σ+) Emission Observed athν ) 10.2 eV.
Using the calculated energetics given in Table 1, the emission
observed from CN(B2Σ+) at 10.2 eV could only occur when
CH3 is the partner fragment. Population of CN(B2Σ+) vibrational
levels up toV′ ) 6 is energetically possible if all of the excess
energy goes to the excited CN* fragment, because there is 1.68
eV of excess energy (Exs - vibrational excitation in CN(B2Σ+)).
Only the (0,0) band is observed in the 10.2 eV spectrum
presented here, which would indicate that the CN(B2Σ+)
fragment is produced with population in onlyV′ ) 0 using a
Lyman-R photon. Suppression of the vibrational excitation in
CN(B2Σ+) has been observed before due to partitioning of
energy to the CH3 moiety.38 However, the result reported here
is contrary to that found by two previous studies using photon
energies near 10.2 eV, with population up toV′ ) 2 and 3
reported by Ashfold and Simons and Moriyama et al., respec-
tively.36,37Therefore, one must conclude that the signal-to-noise
in our spectrum presented in Figure 3a is too limited and any
conclusions derived from this data should be treated with this
caveat in mind. This constraint can be attributed to the weak
overall signal at this photon energy, supported by the action
spectrum given in Figure 1, which only permits data collection
when the beam current of the storage ring is near its peak of
ca. 400 mA. The rotational surprisal for lowerK′ levels for
V′ ) 0 is colder than expected from the prior distribution,
whereas the surprisal nearly matches the expected distribution
when higherK′ levels are populated. These observations suggest
that the fragmentation mechanism may occur from a linear
symmetric configuration on a time scale approaching that of
an impulsive dissociation for the lower rotational levels. As the
extent of rotational excitation increases, however, CH3CN
fragmentation may occur from a bent transition state or over a
longer time, which is more indicative of a statistical partitioning
of the excess energy into rotations. The bimodal rotational
distribution observed whenhν ) 10.2 eV supports the previous
work of Ashfold and Simons, rather than the single distribution
found by Moriyama et al.36,37 Furthermore, the rotational
distribution at higherK′ corresponds to aTrot,high value of 1840
( 500 K, whereas Moriyama et al. derived a temperature of
8000 K. This might be due to the low resolution of their
spectrum (ca. 13 cm-1), where individual rotational lines are
impossible to distinguish. The low signal-to-noise in our
spectrum might also be a factor in this discrepancy, but the data
points used to obtainTrot,high correspond to rotational levels in
the region of the intense P band head. Ashfold and Simons

SV′V′′(Λ′) ) Rhe
2qV′V′′ (7)
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explained their bimodal distributions using the intuitive scheme
that dissociation from a linear excited configuration leads to
lower rotational product excitation than dissociation originating
in a bent state.36 Thus, there is a transition from a linear excited
electronic state to a bent excited state. A bimodal pattern is
supported by the derived rotational surprisal parameters, and it
is likely that this mechanism can also be used to explain our
observations.

4.3. CN(B2Σ+-X2Σ+) Emission Observed athν ) 11.5 eV.
Kanda et al. observed CN(B2Σ+-X2Σ+) emission from the
reaction of metastable Ar(3P2) atoms with CH3CN in a flowing
afterglow.38 The excitation energy in this case equals the internal
energy of the argon atoms (11.548 eV). Therefore, theTrot values
derived here from the 11.5 eV data can be compared to those
reported by Kanda et al. They observed bimodal rotational
distributions up toV′ ) 4 and obtained values ofTrot,low similar
to those obtained here.38 However, theirTrot,high values are ca.
1600 and 1900 K lower than ours forV′ ) 0 and 1, respectively,
which equate to differences in rotational excitation of 0.14 and
0.16 eV. These discrepancies might be attributed to the collision
energy employed in the flowing afterglow study. Emission from
CN(B2Σ+) using 11.5 eV photons can only occur when CH3 is
the coproduct, resulting in an excess energy of 3.11 eV.
Therefore, because excitation to CN(B2Σ+, V′ ) 3) is observed
in our work, accounting for 0.91 eV, there is an additional 2.20
eV available for rotational excitation of CN(B2Σ+) and internal
modes of the methyl group. This is insufficient energy for
electronic excitation to the CH3(2A′1) state, although the exci-
tation of multiple quanta of vibrational and rotational modes
could occur in the CH3 fragment. The derived negative value
of λV for CN(B2Σ+) at 11.5 eV indicates that this fragment is
vibrationally hotter than expected, thus indicating that the
transfer of excess energy into the CtN vibration is efficient.
As with the data acquired at 10.2 eV, theθR values show a
significantly colder than predicted distribution at lowerK′ and
nearly similar to statistical energy partitioning at higherK′.
These data signify that fragmentation arises from a linear
transition state at lowerK′ of CN(B2Σ+) on a time scale
indicative of impulsive dissociation. This geometry confers a
lesser extent of rotational torque to the departing CN(B2Σ+)
moiety than predicted. In contrast, the higherK′ states occur
via a bent transition state, which can provide rotational excitation
to the CN(B2Σ+) fragment formed in the dissociation process.
The agreement between the pattern observed at highK′ and the
surprisal prediction indicates that this process occurs on a time
scale long enough for statistical energy partitioning to occur in
the CN(B2Σ+) product.

4.4. CN(B2Σ+-X2Σ+) and CH(A2∆-X2Π) Emission
Observed at hν ) 16 eV. The observation of dual emission
from the CH(A2∆) and CN(B2Σ+) excited states at a photon
energy of 16 eV warrants further discussion. Both of these
emissions can either be caused by the same photolysis event or
occur via competing dissociation channels. According to Table
1, both of these electronically excited radicals can be produced
simultaneously in their ground vibrational levels together with
a hydrogen molecule whenhν ) 15.98 eV is used. Assignment
of the vibrational bands in Figure 5a reveals that theV′ ) 3
level of CN(B2Σ+) is populated, which requires an additional
0.91 eV to be deposited. Similarly, the CH(A2∆) excited radical
is populated up to theV′ ) 2 level, as seen in Figure 6a; thus
an additional 0.83 eV of vibrational energy is imparted to this
fragment. As there would only be an excess energy of 0.02 eV
available at 16 eV if the 15.98 eV channel is accessed, these
fragments can most likely only be formed in such vibrationally

excited states in separate photodissociation events. It may be
possible to produce CN(B2Σ+) in conjunction with CH3 at hν
) 16 eV. If the methyl group were formed with considerable
internal excitation, subsequent unimolecular fragmentation could
form CH(A2∆) and may give the impression of simultaneous
production of both electronically excited diatomics. Considering
the CH3 + CN(B2Σ+) channel (∆H298

0 ) 8.45 eV), the internal
energy of the CH3CN parent molecule at 298 K (0.06 eV) and
the extent of vibrational excitation in CN(B2Σ+) observed in
the 16 eV spectrum (Figure 5a),Exs equals 6.70 eV for this
channel. Previous studies of the photodissociation of CH3 show
that at least 7.55 eV is required for the CH3 f CH(A2∆) + H2

process to occur.64 Therefore, there is insufficient energy
available to form CH(A2∆) by this two step mechanism athν
) 16 eV, thus requiring the formation of either CH(A2∆) or
CN(B2Σ+) by separate dissociation processes at this photon
energy.

Production of the excited CN(B2Σ+) can form in conjunction
with either CH3, CH(X2Π) + H2 or CH2 + H at or above
thermochemical thresholds of 8.45, 13.10, or 13.21 eV, respec-
tively. Relative to the photon energy of 16 eV, these channels
show a range of different excess energies that can be partitioned
into the various product vibrational and rotational modes. If the
observed degree of vibrational excitation of CN(B2Σ+) is
considered, the excess energies are 6.70, 2.05 and 1.94 eV,
respectively. One would naturally expect the vibrational excita-
tion to increase as the available excess energy also increases.
However, this trend is not observed in theλV data obtained from
the 16 eV CN(B2Σ+) emission spectrum (see Table 3). The
CN(B2Σ+) + CH3 and CN(B2Σ+) + CH2 + H channels exhibit
the same extent of vibrational excitation relative to their
respective prior distributions, which is more excited than the
forecast. These observations could be rationalized by considering
the total number of vibrational degrees of freedom (denoteds)
in the products formed by each of these channels. Although
the CN(B2Σ+) + CH3 channel has a much larger amount of
excess energy than the CN(B2Σ+) + CH2 + H channel (6.70
eV vs 1.94 eV), the products of the former pathway have a
total s value of 7, compared to a totals of 4 in the latter case.
Therefore, the excess energy is spread over more modes in the
former case, thereby accounting for more of the excess energy
than in the latter channel. However, excitation of one quanta in
each of the additional modes would only equal a total of ca. 1
eV, so other processes must be considered. Because all of the
rotational surprisal parameters for CN(B2Σ+) at 16 eV are
positive, these rotational distributions are colder than expected
and cannot explain the similarity inλV for both of these channels.
Therefore, the excess energy is most probably apportioned into
the translational kinetic energies of the fragments. TheλV value
for the CN(B2Σ+) + CH(X2Π) + H2 channel is ca. twice that
of the other potential pathways. Because both the totals value
for the coproducts and the∆H298

0 of this channel are very close
to those for the CN(B2Σ+) + CH2 + H pathway, this disparity
is surprising. This comparison indicates that formation of
diatomic coproducts results in significantly more vibrational
excitation in CN(B2Σ+) compared to when polyatomic partner
species are formed. In accord with the results for the CN(B2Σ+)
fragment at other photon energies, theθR values show a
significantly colder than predicted partitioning at lowerK′ and
a similar to statistical rotational energy allocation at higherK′,
regardless of the partner fragments. Another potential pathway
to form the various CHx partner species is the initial production
of CH3* + CN(B2Σ+). The methyl radical can subsequently
dissociate into either CH(X2Π) + H2 or CH2 + H if it is formed
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with substantial internal excitation; at least 4.65 or 4.76 eV,
respectively, is required to form either pair of products listed
above from CH3. Because the formation of CH3 + CN(B2Σ+,
V′ ) 3) from CH3CN using a 16 eV photon results in an excess
energy of 6.70 eV, this two-step mechanism is also possible.

The CH(A2∆) produced at 16 eV can only occur in conjunc-
tion with CN(X2Σ+) + H2, thereby indicating an excess energy
of 2.45 eV when the observed vibrational excitation toV′ ) 2
is included. From the derived surprisal parameters, it can be
seen that an increase in the partitioning of excess energy into
vibration is observed and theθR values for bothV′ ) 0 and 1
exhibit an approximately statistical allocation of energy into
rotation. These data suggest that transfer of excess energy into
vibration is more efficient than to rotational modes of the
products. It is also possible that part of the excess energy is
apportioned to electronic excitation of the partner CN fragment
to its first excited electronic state (A2Π), which is 1.14 eV above
the ground state of CN. However, as this state emits in the near
IR spectral region it is not detected in this experiment. The
formation of molecular hydrogen in the CH(A2∆) + CN(X2Σ+)
+ H2 channel is interesting, because formation of this product
could occur either via concerted breaking of two C-H bonds
or through a two step mechanism, where very highly excited
CH3* and ground state CN(X2Σ+) are initially formed. For the
latter pathway, the formation of CH3 + CN(X2Σ+) results in
an excess energy of 10.80 eV whenhν ) 16 eV, because
∆H298

0 ) 5.26 eV to form these products. The predissociation
of high-lying Rydberg levels of CH3* into CH(A2∆) + H2 has
been detected elsewhere.64 The thermodynamic threshold for
forming CH(A2∆, V′ ) 2) + H2 from the methyl radical is
calculated as 8.38 eV from the minimum photon energy to give
CH(A2∆) signal from CH3 in the previous study (7.55 eV)64

plus the 0.83 eV required to populate CH(A2∆) up to the
V′ ) 2 level. Therefore, the two-step mechanism is viable if a
substantial portion of the excess energy is partitioned into the
methyl fragment. Another possibility for forming molecular
hydrogen is the liberation of one hydrogen atom, which then
abstracts an additional H from the residual CH2CN or CH2

moiety. This mechanism is reminiscent of the “roaming” atom
scheme in formaldehyde, whose experimental signature is the
formation of vibrationally excited H2(V ) 6-8).27-30 Positive
identification of this pathway would provide additional evidence
for a new class of dynamics that is not fully described using
conventional transition state theory. Because CH3CN has very
similar molecular connectivity and size to CH3CHO, where
related features have recently been seen,30 this argument does
seem plausible. Furthermore, the molecular hydrogen created
by such a process must be born with 2.91-3.55 eV of excess
energy for theV ) 6-8 vibrational levels of H2 to be populated.
Formation of vibrationally excited CH(A2∆, V′ ) 2), observed
in this work, alongside ground state CN(X2Σ+) and H2 from
CH3CN at hν ) 16 eV results inExs ) 2.45 eV. As a
consequence, any H2 produced in this experiment would
experience reduced, but similar, vibrational excitation with
respect to that formed in previous examples of the “roaming”
atom mechanism. Alas, the experiments performed here are
insufficient to determine which fragmentation process is oc-
curring; further studies are required to confirm the dissociation
mechanism for this channel.

At 16 eV, dissociation could occur via states of the parent
ion CH3CN+. A 16 eV photon is significantly more energetic
than the ionization potential of CH3CN at 12.20 eV, and the
quantum yield for ionization is empirically estimated to be ca.
0.85 near 16 eV.65 However, thermodynamics indicate that there

is insufficient energy to form either excited CN* or CH*
fragments with ionic partners:45,66

Furthermore, a comparison of the cross section for production
of CH3

+ from CH3CN by a 15.6 eV photon (0.1× 10-18 cm2)
with the total absorption cross section for CH3CN at the same
energy (43× 10-18 cm2) gives a branching ratio for CH3+

formation of only≈0.2%.33,34Because the fluorescence quantum
yields for CN(B2Σ+-X2Σ+) and CH* (from CH4) at 16 eV are
10% and≈5%, respectively,33,67 it is implausible that either
CN(B2Σ+-X2Σ+) or CH(A2∆-X2Π) emission is occurring in
conjunction with ionization in a single photon event. Once again,
theTrot data derived from the 16 eV spectrum can be compared
to reactions in a flowing afterglow performed elsewhere,39

although this time the reactive argon species is Ar+. The
available energy that Ar+ can impart to CH3CN equals the
energy released when the ion is neutralized (its recombination
energy), which is the inverse of the ionization energy, 15.76
eV.45 Emission from CH(A2∆-X2Π) has been observed in such
environments, with the resultingTrot values agreeing well with
those observed in this work.39

4.5. CH(A2∆)/CN(B2Σ+) Ratio at 16 eV.At a photon energy
of 16 eV, competition occurs between the channels that form
the excited CH(A2∆) and CN(B2Σ+) fragments. A measure of
the relative prominence of these channels can be obtained by
calculating the ratio between these two fragments. The derived
value of the CH(A2∆)/CN(B2Σ+) ratio of (1.2( 0.1):1 at 16
eV, which approaches the expected stoichiometric ratio of one
alkyl and one cyano fragment produced per photon. However,
as it has already been established earlier in this article that these
processes most probably occur from separate photolysis events,
this value indicates that formation of the CH(A2∆) radical has
prominence over CN(B2Σ+) production at 16 eV. This prefer-
ence is somewhat unexpected from a mechanistic perspective,
as formation of the CN(B2Σ+) radical requires fission of the
C-C bond, whereas cleavage of two C-H bonds is additionally
required to form CH(A2∆). According to the relative energetics
given in Table 1, the C-C single bond is broken in favor of
the CtN triple bond. If this is the case in all dissociation
channels accessible with a 16 eV photon, then an alkyl fragment
will always be produced in conjunction with a cyano fragment.
This interdependence means that one would expect anoVerall
CHx:CN ratio of ca. 1:1 (including ground and excited-state
species) at this photon energy. Therefore, it is anticipated that
photodissociation of CH3CN at 16 eV could have an equal
impact on the hydrocarbon and nitrile chemical schemes that
occur in the atmosphere of Titan. This result is consistent with
the behavior at lower photon energies, where cleavage of the
C-C single bond to form CH3 and CN fragments occurs with
unit efficiency,18 thereby giving a ratio of the ground state CH3:
CN fragments of 1:1. The CH3 partner product may be replaced
by CH at higher photon energies as some of the extra photon
energy is channeled into hydrogen elimination. Photolysis of
CH3CN at 16 eV is possible in the upper atmosphere, where
neutral dissociation of nitrile species has been credited a bigger
role than that of methane,18 although this is a minor process
relative to ionization of nitrogen. This ratio may have more
significance in the interstellar medium, especially in diffuse
interstellar clouds. In this instance, higher photon energies can
penetrate into the cloud and dissociate CH3CN.14,15

CH3CN + hν f CH3
+ + CN(B2Σ+) ∆H298

0 ) 18.28 eV

CH3CN + hν f HCNH+ + CH(A2∆) ∆H298
0 ) 18.09 eV
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5. Conclusions

The rotationally resolved spectra of CN(B2Σ+-X2Σ+) emis-
sion obtained by exciting CH3CN with 10.2, 11.5, and 16 eV
photons are presented. All of the derived rotational Boltzmann
plots exhibit a bimodal distribution. The results for the lower
temperature distribution, i.e., when CN(B2Σ+) is only populated
in rotational levels with lowK′, suggests that dissociation occurs
from a linear transition state. The colder than predicted rotational
distributions in this case suggest a non-statistical fragmentation
process occurs, in accordance with dissociation from repulsive
potentials.14,33 However, when CN(B2Σ+) experiences further
rotational excitation at higherK′ values, a similar to statistical
partitioning of the rotational energy, combined with much higher
rotational temperatures, suggests that a bent transition state is
likely in these cases. Such a mechanism has been proposed for
photodissociation of ICN, where the states leading to both
channels were determined to be linear and bent, respectively.68-70

This mechanism also agrees with that of Ashfold and Simons
for CH3CN.36 The spectrum of emission from the CH(A2∆-
X2Π) transition athν ) 16 eV is also obtained. Thermochemical
calculations provide credence for the possible coproduction of
CN(A2Π), but this is not observed here.Α single distribution
is observed in the rotational Boltzmann plot, thereby indicating
that the mechanism for disposal of excess energy is consistent
for the rotational levels populated. Thus, the excited electronic
state that is correlated to the CH(A2∆) + CN(X2Σ+) + H2

fragments is not significantly perturbed by other states. Fur-
thermore, the coproduction of molecular hydrogen opens up the
possible occurrence of the “roaming” atom mechanism in highly
excited transition states, although a two step mechanism via
excited CH3* + CN(X2Σ+) is also feasible. Further experimental
and theoretical studies are required to prove which mechanism
occurs when CH3CN is photodissociated using higher energy
VUV photons. There is competition between the formation of
CH(A2∆) and CN(B2Σ+) at 16 eV, which coincides with broad
features in both the action and absorption spectra (see Figure 1
and ref 33). Several overlapping states may contribute to these
peaks and could lead to a multitude of different pathways to
the dissociation products. The derived ratio of (1.2( 0.1):1
for the CH(A2∆):CN(B2Σ+) excited fragments at 16 eV suggests
that production of the former excited fragment is slightly favored
at this photon energy, in spite of the extensive rearrangement
involved.
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