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Fourier transform visible spectroscopy, in conjunction with VUV photons produced by a synchrotron, is
employed to investigate the photodissociation ofsCN. Emission is observed from both the CNEB—

X2=*) and CH(RA—X?2II) 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(B?Z") and CH(&A) radical products are derived using a combination of spectral simulations and Boltzmann
plots. The CN(BZ") fragment displays a bimodal rotational distribution in all ca3gg(CN(B*=")) ranges

from 375 to 600 K at loweK' and from 1840 to 7700 K at high& depending on the photon energy used.
Surprisal analyses indicate clear bimodal rotational distributions, suggesting?EN(B formed via either

linear or bent transition states, respectively, depending on the extent of rotational excitation in this fragment.
CH(AA) has a single rotational distribution when produced at 16 eV, which resulis{€H(A?A)) =

4895+ 140 Kin' = 0 and 2590+ 110 K in o' = 1. From thermodynamic calculations, it is evident that
CH(A?A) is produced along with CNG&") + H,. These products can be formed by a two step mechanism
(via excited CH* and ground state CN(&")) 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(&A) and CN(BZ") 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 CHM:CN(B?") ratio of (1.2+ 0.1):1 at 16 eV, thereby indicating that
production of CH(&A) is significant at 16 eV.

1. Introduction 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
results of this study are pertinent to several complex chemical

systems. For example, nitrile species, such as@MH(aceto- of combus.,tion chemistry t.oward. greater levels pf refinement.
nitrile), are involved in chemical mechanisms of relevance to ~ CH:CN is also detected in the interstellar medium and in the
combustion processes as reaction byproducts and flame addiatmosphere of Titan, Saturn’s largest méd#: The photolysis
tives}? Indeed, CHCN has recently been detected as a Of CHsCN by solar UV radiation can occur in these exotic
constituent of vehicle exhaust fum&ghese environments are ~ environments;~¢ as well as in diffuse interstellar clouds.
generally characterized by elevated temperatures1(@ak), At photon energies near the dominant Lynafine at 10.2 eV
thereby enabling the formation of highly energized species that these processes liberate the CN radical, an intermediate in the
can act as reactive intermediates. A typical example found in chemical scheme of Tital¥.Experiment and theory show that
combustion reactions is the excited CHM radical, which is this scheme results in the production of higher molecular weight
produced from a variety of different reactions of hydrocarbon nitriles and, after polymerization processes, the aerosol particles
precursor$:’ The transition between this electronically excited- that form a stratospheric haze layer around this celestial
state and the corresponding ground state, CHI)Xis believed body19-21 Recent studies suggest that further investigation into
to be responsible for the blue emission observed in hydrocarbonthe product identities and abundances resulting from processes
flames. The CH radical can be studied in situ using optical involving nitrile species is necessary to improve the accuracy
methods; for instance, laser-induced fluorescence {1y of models detailing Titan’s atmospheric chemisftg2 Further-
degenerate four-wave mixifépr CH(X?I), cavity ring down® more, CN provides a mechanism for incorporating nitrogen into
or emission spectroscopfor CH(A?A). The resultant data from  the ring structure of polycyclic aromatic hydrocarbons to form
these experiments yield information on the CH radical concen- polycyclic aromatic nitrogen heterocycles (PANH&)Much
improved fits to a 6.2«m interstellar emission feature can be

In this paper, the photofragmentation dynamics of;CN
in highly energetic states (36 eV) are investigated. The

! Part of the special issue “M. C. Lin Festschrift’. achieved by considering PANH$;thus these species may
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of excited species relevant to astrochemistry has also recentlyafterglow, where CH(AA—XZ2I1) emission is observet}:3°
been noted® Therefore, knowledge of how GEN interacts Rotational temperatures for both reactions were subsequently
with VUV radiation, where the formation of electronically derived.
excited products is possible, will provide insight into the In response to the various chemical issues raised above, we
fragmentation mechanisms that occur in these chemical systemspresent the photofragment emission spectroscopy and dynamics
Monitoring the resultant emission from the excited CH* and resulting from the interaction of 10.2, 11.5, and 16 eV photons
CN* radicals produced by photodissociation of £\ could with gaseous CECN. The signals resulting from both
provide a link between the hydrocarbon and nitrile chemical CN(BZ="—X2=) and CH(&A—X?2II) transitions centered at
cycles that are prevalent in Titan's atmosphere. 25,798 and 23,218 cm, respectively, are collected by a Fourier
Furthermore, the dynamics of producing such radicals can transform visible (FTVIS) spectrometer. The multiplex advan-
also be studied on a fundamental level using photodissociationtage intrinsic to interferometers permits both of these emission
methods. In highly energized states, new mechanisms can occursignals to be simultaneously monitordIn addition, the
For example, recent theoretical and experimental studies of theavailable resolution allows the rotational and vibrational popula-
UV photodissociation of KHCO have reported two distinct  tions and temperatures to be derived. It is observed that the
fragmentation mechanismé28 The first is the conventional ~ rotational distribution in CN(EE*) is bimodal in all of the
pathway over the transition state barrier, to form vibrationally acquired spectra, therefore supporting the mechanism detailed
cold H, and rotationally hot CO; the second is a new route that by Ashfold and Simond’ However, the signal from the
circumvents this barrier, producing vibrationally hop Bind CH(A?A) radical only displays a single rotational distribution.
rotationally cold CO. The latter of these mechanisms starts with Thermochemical calculations indicate that the CH{fexcited
simple G-H bond fission, with the resultant H atom exploring  fragment is formed in combination with ground state CREX)
the potential surface at distances up to several angstroms fron@nd molecular hydrogen. The ratio between CF{A and
the HCO fragment. This loosely bound hydrogen turns back CN(B?Z*) is obtained for photolysis at 16 eV, where both
toward HCO and abstracts the other H atom. The scheme@mission signals are observed, and equals £121):1.
detailed above is deemed the “roaming” atom mechanisth;
note that more conventional dissociation pathways leading to 2. Experimental Method
H + HCO and H+ H + CO are also possible as a result of
UV photolysis. Similarly, in the reaction of GH+ O, an
unexpected pathway leading to COH, + H via HCO + H,
is observed, thus departing from the typical minimum energy
path that leads to #€O + H.2° These unorthodox processes
have also been shown to occur in §&HHO, where the methyl
group is the “roaming” moiety? 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 pquatomic molecules like GEN can lead to multiple sample chamber, where interactions with gaseougODHesult
bond breaking pathways that embody similar effects. in the emission from excited states of diatomic fragments. This
Previous fundamental research on thesCN molecule in |ight exits the evacuated environment perpendicular to the
the VUV region includes several photoabsorption studies using incident light via a collimating lens and a window in the base
noble gas resonance lamipand synchrotron light sourcé&?233 of the chamber. Initially, the action spectrum of N is
Mitsuke and Mizutani utilized a novel synchrotron puridF recorded as a function of photon energy in the2@ eV region
probe scheme to study the ground state CN(¥ radicals using a broadband photomultiplier tube (PMT, Hamamatsu
produced when CECN interacts with 13.618.6 eV photong?* R955, 1 = 160-900 nm or 11,11462,500 cm?) placed
Cody et al. used an argon lamp purigF probe experiment  directly underneath the output window. To collect the rotation-
to examine the CN(X*) fragments produced & < 9.5 eV ally resolved spectra, the emission is steered to the horizontal
under high collision frequency condition® (= 133 Pajf® plane by a 45 protected aluminum mirror (CVI Laser Corp.
Ashfold and Simor#¥ and Moriyama et al’ have performed  part no. PAUV-PM-2037-C) located below the output window,
some work that is most pertinent to this study; comparisons to followed by a further three protected aluminum mirrors for fine
the findings of these two studies will be performed in this article. alignment, and focused into the entrance port of the FTVIS
In the former case, C¥CN was excited with 8.79, 9.50, and  spectrometer. All of the aforementioned optics are contained
10.03 eV photons and the resultant CREB—X?2=*) fluores- in a light-tight box and a contracted iris is used to reduce the
cence displayed a bimodal rotational distribution at all photon field of view into the spectrometer; the latter procedure improves
energies. This result can be attributed to dissociation from athe resolution of the acquired spectra, because the resolving
linear transition state to form the low rotational levels and via powerR = 27/Q2, whereQ is the solid anglé%43The FTVIS
a bent transition state to produce the higher rotational I€els. device is an adapted Bruker IFS 66v/s spectrometer equipped
Emission from CN(BE*—X22+) was measured after excitation  with a CaF, beamsplitter (Bruker T 602/8A, output light is.ca
by 10.2 eV photons in the latter study. Only a single rotational 60% horizontally polarized) and a UV/vis PMT (Electron Tubes
distribution can be ascertained from the rotational populafibns, 9813B). Spectra can be collected in the 3600 nm (16,667
in contrast to the results of Ashfold and Simons. This disparity 33,333 cn?) wavelength range at a fixed VUV photon energy
may be credited to the relatively modest resolution used in the using this configuration. An instrument response function of
work of Moriyama et al. of=13 cnt!, which is approximately the collection apparatus is obtained by acquiring a spectrum of
one order of magnitude larger than that employed in the other a quartz tungsten halogen lamp and comparing it to a standard
study. Other related investigations include reactions ofC reference spectrum of the same lamp; all of the data are
with metastable AfP,) atoms or Ar ions in a flowing corrected using this response curve. The movable mirror within

The FTVIS apparatus employed in this study has been
described in detail elsewheteso 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 GeV42 CHzCN pressures o9 Pa are used in a sample
chamber and two stages of differential pumping maintain a base
pressure of ca x 1077 Pa in the beamline monochromator.
The horizontally polarized VUV photons from the beamline pass
through these vacuum stages and into a continuously evacuated
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TABLE 1: Thermochemical Thresholds for Channels Resulting in Either UV/Visible Emission Detectable by the FTVIS
Spectrometer or Nonradiative Dissociation after VUV Excitation of CH;CN2

products AHg98 (eV) possible emission channel(s)
CH,.CN+H 4.03
HCCN + H 4.25
CHsz + CN(X?=") 5.26
HCCN+ 2H 6.51
C2H3 + N 7.24
CN+H,+H 7.27
CHs + CN(B2ZH) 8.45 CN(B=r—X251)
CH(X?IT) + CN(X?ZM) + H, 9.91
CH, + CN(X=H) + H 10.02
CN + 3H 11.79
CH(A2A) + CN(X2Z*) + H, 12.78 CH(&RA—X2I1)
CH(X?IT) + CN(B?Z") + H, 13.10 CN(B=F—X2=)
CH(B2Z") + CN(X%*) + H, 13.14 CH(B=-—X2I1)
CH, + CN(B*=") +H 13.21 CN(B=F—X2=")
CH(CZ=) + CN(X2ZH) + H, 13.85 CH(CZ+—XT)
CH(X?IT) + CN(X?=H) + 2H 14.43
Co(X=g") +N+H+H 15.09
CH(A?A) + CN(B%Z') + H; 15.98 CH(RA—X2IT), CN(B*Z+—X2ZT)
CH(B?Z") + CN(B2=") + H; 16.33 CH(B= —X2I), CN(B*=t—X2=+)
CH(C*=") + CN(B?Z™) + H, 17.04 CH(C="—X2IT), CN(B?ZF—X22T)
CH(A2A) + CN(X2=*) + 2H 17.31 CH(RA—X2IT)
CH(X2II) + CN(B%=*) + 2H 17.62 CN(BZr—X251)
CH(B%") + CN(X%=%) + 2H 17.66 CH(BZ~—X2II)
CH(CZ=) + CN(X2EH) + 2H 18.37 CH(G=* — X211)
Co(X*=g") + N+ 3H 19.61
CH(A2A) + CN(B%=*) + 2H 20.50 CH(&A—X2II), CN(B=+—X2=H)
CH(B*2") + CN(B?Z") + 2H 20.85 CH(BZ—X2II), CN(B>Z"—X?ZT)
CH(CZ=1) + CN(B%=Y) + 2H 21.57 CH(G — X2I1), CN(B2ZH—X23H)

aValues of enthalpies of formation and excited-state energies are taken from standard literature*sttapast, from theAiHS., value for
HCCN.

the interferometer is operated in continuous scan mode at aFrom a comparison of the\Hy,, values for the CH +
frequency of 20 kHz, thus negating the effect of the gradually CN(X2=+) and GHs + N channels, it is clear that cleavage of
reduced synchrotron beam current during the duration of the the C-C single bond requires 2 eV less energy thaa\Ctriple
scan (generally 24 h). Higher order VUV radiation is  bond fission. Further fragmentation can take place using higher
eliminated from the synchrotron beam by the use of a gas filter photon energies, where channels forming electronically excited
containing either argon or helium that is installed on the diatomics are also accessible. Emission from electronically
beamline!* Using these noble gases, experiments with purely excited G* is only energetically feasible above 17.57 eV;
first-order light are possible up to 15.8 and 24.6 eV, respectively. therefore, emission from excited CH* and CN* fragments
A photon energy resolution of 0.1 eV is employed throughout dominates when excitation occurs with < 17.57 eV. Indeed,
this StUdy. The phOtOﬂ energy calibration of the beamline no G’ emission bands are observed in any of the spectra
monochromator is verified by measuring the appearance of recorded athy = 10.2, 11.5, and 16 eV using the FTVIS
emission from nitrogen at 25,566 cfdue to the N* (B2, — spectrometer. The VUV action spectrum for §HN wherehy
X?Zg") transition, whose onset is quoted as 18.75 eV in the = g8—24 eV is shown in Figure 1. As seen in Table 2, formation
literature>“¢using the broadband PMT. Reagent grade (purity of CH* and CN* in excited electronic states up to tréEstate
2995%) C"&CN, obtained from Slgma-A|dl’ICh, is introduced and the FA State, respective'y, is possible with—84 eV
into a high vacuum compatible glass bottle in a dry nitrogen photons and emission from these states could be detected by
atmosphere. The sample is subjected to several fremn@p- the broadband PMT. Note that the CN{A—X2=+) transition
thaw cycles prior to use. is not considered in this work, because its band center occurs
at 1097 nm (9117 cm¥), which is outside of the detection
3. Results window of the apparatus. The onset of emission signal is
3.1. UV/Vis Action Spectrum of CHsCN. The accessible observed in the action spectrum at a photon energy oft8.9
emissive channels can be predicted using simple thermochemicaP.1 eV with substantial signal observed in the ca-4.3.5 eV
calculations. These values, in combination with the total region. The peak of maximum intensity occurs at 1+.8®.1
emission (or action) spectrum as a functiorhef display which eV, which is surrounded by peaks at 10.0, 10.2, 10.5, 10.9, 11.5,
emitting pathways are dominant in a given photon energy region. and 12.4 eV. The CN(E*—X2x2") fluorescence cross section
The following section uses these data to elucidate what has been observed to mimic the total photoabsorption cross
experiments are possible with the FTVIS apparatus. Table 1section up to~13 eV in several previous studies of
contains the photodissociation channels that result in either CHsCN.1431.33According to Table 1, we can assume that the
emission detectable with the FTVIS apparatus or bond cleavageCN(B*Zt—X2Z*) transition is the dominant source of emission
to form ground state products. Table 2 lists the higher electroni- contributing to the action spectrum up4013 eV. Therefore,
cally excited states of the CH*, CN*, and,tCfragments that in accordance with the previous absorption da; 33 it is
can be produced in the VUV photon energy range studied here.reasonable to assign the observed discrete features as Rydberg
At low photon energies, single or multiple bond fission is transitions that converge to the first ionization potential of the
possible, with loss of one or more hydrogen atom(s) favored. parent molecule at 12.20 ¥ Precise labeling of this structure
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TABLE 2: Thermochemical Thresholds for Channels 1.0 |
Resulting in Higher Electronically Excited States of the oy
CH*, CN*, and C,* Radicals after VUV Excitation of CHAA-XTT)
CH4CN2 o
o CN(BE' - X’%)
products AH3g (eV) Z
CHs + CN(D2I) 12.01 s
CH; + CN(E=Y) 12.59 =y
CHs + CN(P?A) 12.71 8
CHs + CN(GA) 12.90 £
CHs + CN(H2II) 12.94 S
CHs + CN(2A) 13.35
CH(X2I1) + CN(DAI) + H, 16.66
CH(X2IT) + CN(E2Z*) + H» 17.24 00
CH(X2II) + CN(PPA) + H» 17.36
CH(XAT) + CN(GAI) + H; 17.55 . : i . . : : : : , .
CH(X?II) + CN(H?IT) + H, 17.59 22000 23000 24000 25000 26000 27000
CH(X2IT) + CN(PA) + H 18.00 Wavenumber / cm
CH, + CN(D?IT) + H 16.77 Figure 2. FTVIS spectrum acquired &v = 16 eV showing emission
CH, + CN(FA) + H 18.11 due to the CH(AA—X2IT) and CN(BZ*—X2Z*) transitions.
CH(DZI) + CN(X2Z*) + Hy 17.40
CH(DEH) + CN(BZE:) +H; 20.59 A further intense, broad peak is detected between-1485
g:ggzgg i gm%zé));tg;' géﬁ eV, with a maximum at 16.2= 0.1 eV. The lack of defined
CH(EZIT) + CN(XZ=H) + H, 18.05 structure is in harmony with the absorption spectrum of
CH(EAII) + CN(B2=H) + H, 21.24 QHgCN, which IS a continuum &ty > 13 eV3133This feature
CH(EAT) + CN(XZ=H) + 2H 2257 displays a profile over the same photon energy range nearly
CH(E2H+)+CN(8222*+)+2H 25.76 identical to that seen in the CN{B"™ — X2Z*) excitation
g:(';;) I g“(ézé)j:gz %i-gg spectrum recorded by Mitsuke and MizutdhiBecause their
( +) ( 5 ) 2 ‘ detection PMT is rated to cover the 30650 nm (15,584
CH(FP=") + CN(X2=+) + 2H 22.61 B e
CH(P=H) + CN(B=H) + 2H 2580 33,333 cm?) range, which is narrower than .that of the
CoPIly) + N+ Ho + H 17.57 broadband PMT used here, transitions that emit at longer or
Cy(CHIg) + N+ H,+H 19.33 shorter emission wavelengths are unlikely to be observed in
Cy€lg) + N+ Hz + H 20.15 the 14.5-18 eV photon energy region displayed in Figure 1.
CDZ,)+N+H,+H 20.45 Therefore, when the relevant thermochemistry i i
sl , ry is also considered
CoESgH) + N+ Ha + H 21.91 R
Co(cPITy) + N + 3H 2209 (Table_s 1 and_ 2)_, it is highly probable that the broad feature
CoC'Tg) + N + 3H 23.86 comprises emission from the CN{B"), CH(A%A), CH(B%Z"),
Cy(e’llg) + N + 3H 24.67 and CH(CZ") excited states to their respective ground states.
CZ(Dllzu:) +N+3H 24.97 The band centers of these transitions occur at 25,798, 23,218,
Co(E'Zg") + N+ 3H 26.43 26,598, and 31,778 cr, respectively’s A smaller broad feature
aValues of enthalpies of formation and excited-state energies are is observed above 20 eV excitation energy, which is likely to
taken from standard literature source8 consist of an amalgamation of emission signals from excited
R states of the &, CN*, and CH* fragments. This higher photon
CON(B™S) g:‘i{;} " energy range is not the primary focus of this study, so it will
800000 ,* CH, =)+ H, not be discussed further.

3.2. Rotationally Resolved Spectra of CN(BET—X2X™)
and CH(A2A—X2[1). 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
8 10 12 14 16 18 20 22 24 correspond to the Lymaro. hydrogen line (the principal UV

Photon Energy / eV line observed from solar radiation), and the peaks of the two
Figure 1. Action spectrum of CHCN in the 8-24 eV region acquired main emission features observed in the action spectrum (Figure
with a photon energy resolution of 0.1 eV. The lowest energy thresholds 1), respectively. Emission from the CN{B"—X2=*) transition
for forming the CN(BX") and CH(/&A) excited products are indicated 5 opserved in all of these spectra, as shown in Figures 3a, 4a,
3y dashed lines, gnd the photon energies used in the experiment are, 4 5a. The characteristic P band heads forAhe= 0 series

enoted by gray lines. . . )
of transitions are clearly apparent in all of the spectra; up to

is not possible at the resolution used to acquire the data presentethe (3,3) vibrational band in the 11.5 and 16 eV spectra, as
in Figure 1. Autoionization is possible from high lying Rydberg labeled. The corresponding R branches are of lower intensity
levels, although there have been no reports of bands in theand are obscured by the band head of the P branch for the
photoelectron spectrum at energies less than 12.20&V. adjacent band, e.qg., the R(0,0) lines merge with the P(1,1) band

Total Emission Counts per 0.1 s

1




Dynamics of the CN(B*) and CH(&A) Excited Products J. Phys. Chem. A, Vol. 111, No. 29, 2006641

1.04

from as many as four dissociation channels; with 3CH
CH(X2IT) + Hy, CH, + H, or CH(A?A) + Hy. The thermo-
chemical thresholds for these processes are 8.45, 13.10, 13.21,
and 15.98 eV, respectively. Therefore, how the partitioning of

051 excess energy affects the resultant dynamics can be explored,;
ol Simulation this will be covered in more detail later. Furthermore, the
' CH(A2A) fragment can be produced with CNX") + H, at

25750 25800 25850 25900 25950 12.78 eV or CN(B=") + H, at 15.98 eV. However, formation
Wavenumber / o 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) can only
be formed with molecular hydrogen, rather than two H atoms,
and formation of a HH bond suggests a more complex
dynamical process than simple fragmentation is occurring.
| Spectral fitting is achieved by comparison of the data with
0 200 400 600 500 1000 1200 simulations generated using the LIFBASE 2.0 packdgehe
Rotational Energy / cm” line positions are determined from the relevant spectroscopic
Figure 3. (a) Experimental and simulated spectra of the C(B- constants and the intensities are computed fromlHbondon
X2x) transition resulting from photodissociation of gEN at 10.2 factors, the electronic transition moment (which encompasses
eV. The simulated spectrum is inverted for clarity. (b) Boltzmann plot  the Franck-Condon factor), and the rovibrational wavefunction.
of the rotational populations in the = 0 level versus the available g oo jations of individual’ andK' or J' levels are varied
rotational energy. The dotted line denotes a fit originating from weak . : L . .
rotational bands. 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
Experimental Data inverted in Figures 3a, 4a, 5a and 6a. To evaluate the accuracy
of the spectral fits, the peak correlation (PC) value is calculated

05 Simuati for each experimental spectrum/simulation pair by the LIFBASE
ol mston program using the following expressiéh:
)

T T T
25800 25900 26000 26100 —
Wavenumber / cm'1 P nS(y %%

T [(nS? - SA(ng?— §AI°°

(0,0) (a)
0.5 Experimental Data

0.0

Normalised Intensity

0.01 4

1E-3 4

(v, K)/(2K+1)

1E-4 4

[=}
I

o
@
1

Normalised Intensity
o
°
.

E-3

whereS, andS, are the summation of all data points in either
the simulated or experimental spectra, respectivBlyjs 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 thatis the same for both spectra.

n(v K)/(2K'+1)
(v K)/(2K'+1)
T

m
&

§ "o a0 " a0 T 4o s0 6 o 20 w0 40 %0 The PC values are c8.95 for all of the fits apart from that of
_ Rotational Eneray / em _ Rotational Energy / cm the 10.2 eV spectrum, where the poor signal-to-noise ratio only
Figure 4. (a) Experimental and simulated spectra of the Ch(B- permits a value of c&.75. Because predissociation distorts the

X2=*) transition resulting from photodissociation of gEN at 11.5 2 : : ; : _
eV. The simulated spectrum is inverted for clarity. (b), (c) Boltzmann CH(A®A) rotational populations in levels higher than= 22

L— . 2 .
plots of the rotational populations in thé = 0 or 1 level versus the or 10 fors" = 0 or 1'_ res‘peCt'Veli only pOpUIat'or_]S below )
available rotational energy. these levels are considered. The simulated resolutions that give

the best fit to the experimental data are 1.5 and 2cior the
head. This effect, magnified by the limited signal-to-noise ratios CH(A2A—X2I1) and CN(E="—X2Z*) spectra, respectively.
near some of the band origins, means that the profiles of the PThe CN(B’="—X2Z*) transition belongs to Hund’'s case b;
branches are central to the assignment of rotational levels intherefore the rotational levels of this transition are dendted
the CN(B=") spectra. Signal due to the CHA—XA2I) whereas those of the CHA—XZII) system are denoted
transition is also observed in the 16 eV energy spectrum, asbecause this transition is best described by an intermediate
illustrated by Figure 6a. As is the case with CNEB), the regime between the limiting cases of Hund’s cases a afd b.
observed CH(2A) emission is also due to th&ev = 0 series This notation will be used when each transition or excited-state
of transitions. The intense Q branch, as expected in spectra ofis explicitly referred to.
2A—211 transitions3° occurs from the (0,0) and (1,1) vibrational Using these fits, determination of the rotational and vibrational
bands, with the P and R branches for the same bands extendingpopulations in the electronically excited fragments is possible.
out from the band origin. The weaker Q branch of the (2,2) This information permits the subsequent determination of the
vibrational band is also observed at 23,124 énalthough its vibrational temperaturel{j,) and the rotational temperaturgd)
associated P and R branches lack intensity and are not readilyfor each radical using Boltzmann plots. The rotational fits for
identifiable. Signals due to the {B~—X?2II) or (CZ="—X2II) all of the spectra are displayed in Figures 3b, 4b,c-éband
transitions in CH are not observed in the 16 eV spectra, even6b,c. Scatter in the data is apparent in some of these graphs,
though they are both energetically feasible. From the thermo- especially for the CN(BE*, v/ = 2) plot acquired usingw =
dynamic calculations given in Table 1, it is clear that CRYB) 16 eV (Figure 5d) because of diminished band intensity. This
can only form together with CHat hv = 10.2 and 11.5 eV. effect is due to the values of the FrargBondon factors, which
However, the CN(B=") signal observed at 16 eV could occur are 0.909, 0.757, 0.649, and 0.574 for the (0,0), (1,1), (2,2),
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TABLE 3: Summary of the Calculated Rotational and Vibrational Temperatures and the Vibrational (4,) and Rotational (0R)
Surprisal Parameters

excited fragment hv (eV) Tuib (K) Av v Trot (K) Or? OR? Or° Or
CN(BZ=") 10.2 0 (80+£40)¢  46.4+7.2,
1840+ 500 1.9+0.4
11.5 4700+ 400 —4.3d 0 5704 100, 77.44+16.4,
7460+ 400 0.3+0.6
1 5004+ 70, 346+ 1.2,
59104+ 400 1.44+0.8
16 5000+ 600 —-2.1+02 O 600+ 50, 91.8+21.5, 145+27, 33.1+£6.5
7700+ 200 29+1.6 244+0.8 0.6+ 0.6
—48+ 1.8 1 440+ 70, 59.6+ 14.7, 13.6+8.4, 12.943.3,
2725+ 200 9.6+1.3 224+09 1.9+0.8
—2.5d 2 375+ 160, 455+ 7.2, 8.44 f
3000+ 500 2.5+0.9 45+1.6
CH(A?A) 16 5100 —1. 0 4895+ 140 1.6+ 0.1
1 25904+ 110 25+ 0.5

aThe chosen dissociation channel is £OM — CH; + CN(B?Z*), AHY, = 8.45 eV. The chosen dissociation channel is &M — CH(X2I1)
+ CN(BZ*) + Ha, AHys = 13.10 eV.c The chosen dissociation channel is £OM — CH, + CN(BZ") + H, AHjqs = 13.21 eV.4 No error is
presented with this value as it came from a plot comprising two pdifitse value in brackets is subject to a higher degree of uncertainty due to
signal-to-noise constraintsNo 6 values obtained, a&, > Eg in prior distribution.
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Figure 5. (a) Experimental and simulated spectra of the CN(B-
X2=1) transition resulting from photodissociation of gEN at 16 eV.
The simulated spectrum is inverted for clarity.§)l) Boltzmann plots
of the rotational populations in thé = 0, 1, or 2 level versus the
available rotational energy.

and (3,3) bands, respectivelyThe (2,2) and (3,3) bands of
the data acquired &y = 11.5 eV are too weak for the reliable
extraction of populations. Note that the best spectral fits for values are represented 1_556"'0"" andT’C’Phighfrom here onV\_/ard.
each spectrum result from some compromises, in that the pA Summation of the rotational populations for eactevel gives
branch fits better than the corresponding R (or Q in the case of the relative vibrational populations, with a single valueTah
CH(A?A)) branch for some rovibrational lines or vice versa. resulting from each spectrum. This data is also presented in
Therefore, error bars for the plots are obtained by altering the Table 3. It is worth noting that th& nigh value for CN(BX*,
population of a single rotational level to provide the best possible ' = 0) increases markedly when the photon energy is increased
fit for the P line at the expense of the corresponding R (and Q) from 10.2 to 11.5 eV but stays approximately constant when
line and vice versa. In most cases, it is clear from the associatedhy is further increased to 16 eV. In addition, tiig, for CN-

error bars that the uncertainty in the populations at lower values (B2=*) produced by 11.5 and 16 eV photons and the GIA)A

of K' are larger than those at highi€t, in agreement with the  formed at hv 16 eV are very similar at approximately
reduced intensity of the lines near the band origin. All of the 5o K.

CN(B%=") plots exhibit a bimodal rotational distribution,

although the weak bands at lowk cast some doubt on the . 3.3. Surprisal .Analysis of Energy Partitionir\g to Vibra-
validity of this observation for the 10.2 e\W/(= 0) plot, as tions and Rotations. One method for analyzing the energy

denoted by a dotted line. A single distribution is observed in dis!oosal in a.photodissoc.iatlion process is the surp'risal'analysis,
both rotational plots obtained from the CH{®) spectrum at which quantifies the deviation of the measured vibrational or
16 eV. Values fofT,o are extracted from the Boltzmann fits, ~rotational distribution, denoted aB(v) or P(v,J), from the

as displayed in Table 3. Where two values are given, the first expected prior distributionP(v) or P%»,J).>354 When the
value is for the distribution at lowek' and the second value  product of interest is a diatomi®(v) is determined from the
corresponds to the distribution at higheK'; these expression:

i
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Figure 6. (a) Experimental and simulated spectra of the CH(A
XZIT) transition resulting from photodissociation of gEN at 16 eV.
The simulated spectrum is inverted for clarity. (b), (c) Boltzmann plots
of the rotational populations in thé = 0 or 1 level versus the available
rotational energy.
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Pl = 31— 1) 2)
wheref, = E,/Exs and E, is the vibrational energy of each
product in vibrational level, summed over all products formed

in a given dissociation channel. For a linear diatontic,=

we(v + (0.5)) — weXe(v + 0.57 wherew, is the fundamental
frequency of vibration anaexe is the anharmonicity terrtf,
whereasE, = Zle(vi + 0.5)w; for a nonlinear species, where
sis the number of vibrational degrees of freedeh€H; and

CH, are the only nonlinear molecules considered here, with these
moieties possessing six and three vibrational degrees of freedom
respectivelyEys is the excess energy, which is given thy (+
thermal energy of CECN — 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 term& 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®354

P(v)

—In(
P(v)

®)

5 ) =1+ 4,1,
where 4, is the surprisal parameter for vibration afglis a
normalizing factor. Therefore, a plot efln(P(v)/P%(v)) versus

f, yields a plot with a gradient equal #3, as seen in Figure 7
for the emission from CN(BE") at 16 eV. A similar analysis
can be performed on the rotational populations. The fraction of
energy channeled into rotation is given tyy= Er/(Exs — E.),
whereEg is the rotational energy of each product in a given
rotational level, summed over all products formed in a given
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Figure 7. Vibrational surprisal plot from the CN@&*T—X2=")
emission observed at 16 eV, where the chosen dissociation channel is
CH3;CN — CH;z + CN(B?Z*) (AHJss = 8.45 eV). The gradient of the
linear fit in the upper portion correspondsip= —2.1+ 0.2.

No clearly discernible trend can be determined when the chosen
dissociation channel for CNA™) at 16 eV is varied. Thér
values for CN(BX') 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(A?A)/CN(B%=) Ratio at 16 eV.The relative ratio
of CH(A?A)/CN(B?Z*) produced at 16 eV can be calculated

dissociation channel. Because both of the nonlinear moleculesusing the procedure of Sorkhabi et al., fully described else-

considered here (GHand CH) are symmetric, each rotational
level can be considered to bel(2- 1)? degenerate, therefore
Er = BJJ + 1) for these speci€®. The rotational surprisal
plot is extracted from

—In(@) =Ao+,f,+ 00
P-(v,J)

In this instanceP%(»,J) O (2J + 1)(Exs — E, — Er)¥2andfr
is the rotational analogue @f. In both methods the actual and
prior distributions are normalized so thaP° = 1. Positive
values ofi, 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 derivedr values. The extracted values
for both A, and6r are listed in Table 3. Only one dissociation
channel is possible for production of CN@B") to occur athw
= 10.2 and 11.5 eV (the CNEE™) + CHs channel AH),s =
8.45 eV) or for CH(&A) production atw = 16 eV (CH(AA)
+ CN(XZ=*) 4+ Hy, AHY = 12.78 eV). However, three
different dissociation channels can form CREB) when 16
eV photons are used; CN{B") + CHa, CN(B?=") 4+ CH(X2IT)
+ Hp, or CN(B=") + CH, + 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{B™) at 16 eV will be
calculated for each of the three possible dissociation channels

(4)

where®6 The population of rotational stat® of a vibrational
states' in an excited electronic stat®' is denoted\N(A',v',J")
and is given by the following expression for a bimodal rotational
distribution:

N(A' ,U',J') — (2\]' + l)[Ale*AEJ'/kBTrot‘low + Aze*AEJ'/kBTrot‘hlg? )
5

whereAy is a constant for a given vibrational bamsE:y is the
energy of a given rotational level, ariGyow and Tyonigh 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 calculateN(A’,»',.J") values in eq 6,
whose full derivation is stated in ref 56, gives the relative ratio
of CH(A%A)/CN(B%="):

N{CH(A’A))

N{CN(BE")

N(CH(A?A),v,J') P,(CN(B*=Y) P, (CN(B=")) S,,.(CN(B*ZY)

N(CN(B’Z"),v K') Py (CH(A%A)) P,(CH(AA)) S,,.(CH(A%A))
(6)

where Nt(A') is the total population of electronic stat¥,

Py(A"), andP,(A’") are probabilities of being in state and '
;0f electronically excited state\’, respectively.Py(A') is

these are displayed as three values in column 4 and the numbersalculated by determininbl(A',2',J") using eq 5 and dividing

in columns 79 of Table 3. All of thel, values for both

by the sum of alIN(A',v',.J') values for a particulay' level.

fragments are negative, thereby indicating that a greater thanP,(A’') is determined from a modified Boltzmann equation using

statistical proportion of the excess energy goes into vibration.

the T.ip, values determined from the experimental data.
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S(A') is the band strength of a transition between the
vibrational levelsy' and v" in an excited electronic stat&’
that is given by’

SU'U”(A,) = Rezqy'v” (7)
whereRg andg,, are the average electronic transition moment
and the FranckCondon factor, respectively, for the selected
band. Incorporation 0%,,/(A") into eq 6 permits scaling of the
data derived from the CHE@A—X2II) and CN(B=t—X2=T)
spectra. Values dﬁﬁ andq,, for the (0,0) and (1,1) bands of
the CH(A2A—X2IT) and CN(B=*—X2Z*) transitions are taken
from the literature?’52:5859 Using this method, the ratio
Nt(CH(A2A))/NT(CN(B?=™)) is independent of the rotational

levels or vibrational bands chosen, so that any permutation o

N(CH(A?A),»',J) and N(CN(B?Z"),2',K') should produce the
same result for the electronic rafidThis internal check proves
to be correct, resulting in a CHEA)/CN(B?=") ratio of (1.2

+ 0.1):1 athw = 16 eV. The error bars are derived by inputting
the experimentally derivedy, and T, values plus or minus
their associated error to give the maximum or minimum final
ratio value.

4. Discussion

4.1. Origin of Observed CH(A2A—X2IT) and CN(B*=*—
X231) Emission. To investigate the photodissociation mecha-
nism of CHCN, the nascent vibrational and rotational distri-

Howle et al.

to be reached by a 16 eV photon. Thus, the CN(B-X2=")
signal at 16 eV is likely to occur from direct population of the
CN(B2=™) 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 distinctT,o 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 th@8% of
the excited state CH* emission occurs from species that have
not participated in any collisions & = 20 Pal*! Given that

¢the emission lifetime of CN(E™) is ~7.5 times shorter than

that of CH(AA) (72 ns vs 537 n&}53and 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(B’=T—X2=") Emission Observed athy = 10.2 eV.
Using the calculated energetics given in Table 1, the emission
observed from CN(E&") at 10.2 eV could only occur when
CHs is the partner fragment. Population of CNEB) 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(s — vibrational excitation in CN(B1)).

Only the (0,0) band is observed in the 10.2 eV spectrum
presented here, which would indicate that the CN(B

butions are used. The following section details considerations fragment is produced with population in ondy = 0 using a
related to the origin of the observed emission signals. Excitation Lyman-a. photon. Suppression of the vibrational excitation in
occurs to Rydberg levels that correlate with dissociation products CN(B?Z*) has been observed before due to partitioning of

via unbound states when using 10.2 or 11.5 eV photbas.
Using either of these photon energies, only tF&Bexcited

energy to the Ckimoiety38 However, the result reported here
is contrary to that found by two previous studies using photon

state of the CN fragment can be directly accessed (see Tablegnergies near 10.2 eV, with population up#o= 2 and 3

1 and 2). Therefore, the observed CREB—X2Z") emission
using 10.2 or 11.5 eV photons is not from relaxation of higher
excited electronic states. Superexcited states ogfCDHare
accessed using a 16 eV phofdrStates 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 whth > 13 eV
leads to the formation of superexcited €FHN**, which
subsequently dissociates to form highly excited diatomic
products®334A cascade of relaxation from higher excited states
of CN** or CH** would cause enhancement of population in
the CN(B=™) and CH(&A) states, therefore resulting in non-
nascent rotational or vibrational distributions in either excited
radical. From the selection rule for electronic transitionaof

= 0, £150 the only allowed transitions to the experimentally
observed states are from thélD, E2Z*, G211, or HIT states
for the CN fragment and theaDI or E?IT states in the case of
CH. ltis clear from Table 2 thatv > 17.40 eV is required to
access either the DI or EI1 levels of CH. Therefore, the
CH(A2A—X21) signal we observe from dissociation at 16 eV
results from direct population of the CH{A) state. For CN it

reported by Ashfold and Simons and Moriyama et al., respec-
tively.36:37 Therefore, 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 lowd¢’ levels for

v = 0 is colder than expected from the prior distribution,
whereas the surprisal nearly matches the expected distribution
when higheK' 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,;CN
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 whelm = 10.2 eV supports the previous
work of Ashfold and Simons, rather than the single distribution

is energetically possible to reach the highly excited states thatfound by Moriyama et al36:37 Furthermore, the rotational

can relax down to the &+ state with CH as the partner

distribution at higheK' corresponds to &t nigh value of 1840

fragment. However, when one considers that hydrogen atom=+ 500 K, whereas Moriyama et al. derived a temperature of

removal is a facile process that can occur at relatively low VUV

8000 K. This might be due to the low resolution of their

photon energies (see Table 1 and ref 61), it is apparent that thisspectrum (cal3 cnt?), where individual rotational lines are
assignment of partner fragment is not certain. Therefore, if the impossible to distinguish. The low signal-to-noise in our

the more plausible CHor CH fragments are taken as the

spectrum might also be a factor in this discrepancy, but the data

coproduced species, the threshold for population of electronic points used to obtaiffohigh cOrrespond to rotational levels in

states higher than®&* of CN is 16.66 eV, too high in energy

the region of the intense P band head. Ashfold and Simons
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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 staté® Thus, there is a transition from a linear excited
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excited states in separate photodissociation events. It may be
possible to produce CN@E™) in conjunction with CH at hy

= 16 eV. If the methyl group were formed with considerable
internal excitation, subsequent unimolecular fragmentation could

electronic state to a bent excited state. A bimodal pattern is form CH(A?A) and may give the impression of simultaneous
supported by the derived rotational surprisal parameters, and itproduction of both electronically excited diatomics. Considering

is likely that this mechanism can also be used to explain our the CH; + CN(B2=*) channel AH2

observations.

4.3. CN(BZZ"—X2=T) Emission Observed athv = 11.5 eV.
Kanda et al. observed CN{B*—X2=") emission from the
reaction of metastable A#,) atoms with CHCN in a flowing
afterglow38 The excitation energy in this case equals the internal
energy of the argon atoms (11.548 eV). ThereforeTthealues

2098 = 8.45 eV), the internal
energy of the CHCN parent molecule at 298 K (0.06 eV) and
the extent of vibrational excitation in CN{B") observed in
the 16 eV spectrum (Figure 5dfs equals 6.70 eV for this
channel. Previous studies of the photodissociation of &téw
that at least 7.55 eV is required for the €H CH(A?A) + H,
process to occli* Therefore, there is insufficient energy

derived here from the 11.5 eV data can be compared to thoseavailable to form CH(AA) by this two step mechanism bt

reported by Kanda et al. They observed bimodal rotational
distributions up ta’ = 4 and obtained values ot 0w Similar

to those obtained hef8 However, theirTiot high Values are ca
1600 and 1900 K lower than ours fgr= 0 and 1, respectively,
which equate to differences in rotational excitation of 0.14 and

= 16 eV, thus requiring the formation of either CH{) or
CN(B%=*) by separate dissociation processes at this photon
energy.

Production of the excited CN& ") can form in conjunction
with either CH, CH(X?IT) + H, or CH, + H at or above

0.16 eV. These discrepancies might be attributed to the collision thermochemical thresholds of 8.45, 13.10, or 13.21 eV, respec-

energy employed in the flowing afterglow study. Emission from
CN(B%=") using 11.5 eV photons can only occur when{si

the coproduct, resulting in an excess energy of 3.11 eV.
Therefore, because excitation to CNEB, »/ = 3) is observed

in our work, accounting for 0.91 eV, there is an additional 2.20
eV available for rotational excitation of CN¢B") and internal
modes of the methyl group. This is insufficient energy for
electronic excitation to the GiPA)) state, although the exci-
tation of multiple quanta of vibrational and rotational modes
could occur in the Cklfragment. The derived negative value
of A, for CN(B%=™) at 11.5 eV indicates that this fragment is
vibrationally hotter than expected, thus indicating that the
transfer of excess energy into the= vibration is efficient.

As with the data acquired at 10.2 eV, thg values show a
significantly colder than predicted distribution at low€rand
nearly similar to statistical energy partitioning at high€r
These data signify that fragmentation arises from a linear
transition state at loweK' of CN(B2Z") on a time scale
indicative of impulsive dissociation. This geometry confers a
lesser extent of rotational torque to the departing CIX(B
moiety than predicted. In contrast, the high&rstates occur
via a bent transition state, which can provide rotational excitation
to the CN(B=") fragment formed in the dissociation process.
The agreement between the pattern observed atiiighd the

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 CREB) 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 thedata obtained from

the 16 eV CN(BZ*) emission spectrum (see Table 3). The
CN(B%T) + CHz and CN(B=*) + CH, + 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 (densted

in the products formed by each of these channels. Although
the CN(B’=") + CHs channel has a much larger amount of
excess energy than the CN@") + CH, + 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 totalof 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

surprisal prediction indicates that this process occurs on a timerotational surprisal parameters for CNEB) at 16 eV are

scale long enough for statistical energy partitioning to occur in
the CN(B’=") product.

4.4, CN(B=t—X2=") and CH(A2A—XZII) Emission
Observed athv = 16 eV. The observation of dual emission
from the CH(&A) and CN(B=") excited states at a photon
energy of 16 eV warrants further discussion. Both of these

positive, these rotational distributions are colder than expected
and cannot explain the similarity i) for both of these channels.
Therefore, the excess energy is most probably apportioned into
the translational kinetic energies of the fragments. Thealue

for the CN(B’=") + CH(X2II) + H; channel is ca. twice that

of the other potential pathways. Because both the wtalue

emissions can either be caused by the same photolysis event ofor the coproducts and tm;eHgg8 of this channel are very close

occur via competing dissociation channels. According to Table

to those for the CN(BZ*) + CH, + H pathway, this disparity

1, both of these electronically excited radicals can be producedis surprising. This comparison indicates that formation of

simultaneously in their ground vibrational levels together with
a hydrogen molecule whdw = 15.98 eV is used. Assignment
of the vibrational bands in Figure 5a reveals that the= 3
level of CN(B=") is populated, which requires an additional
0.91 eV to be deposited. Similarly, the CH{) excited radical

is populated up to the' = 2 level, as seen in Figure 6a; thus
an additional 0.83 eV of vibrational energy is imparted to this

diatomic coproducts results in significantly more vibrational
excitation in CN(BZ") compared to when polyatomic partner
species are formed. In accord with the results for the CN{
fragment at other photon energies, thg values show a
significantly colder than predicted partitioning at low€rand

a similar to statistical rotational energy allocation at higker
regardless of the partner fragments. Another potential pathway

fragment. As there would only be an excess energy of 0.02 eV to form the various Cklpartner species is the initial production
available at 16 eV if the 15.98 eV channel is accessed, theseof CHz* + CN(B%="). The methyl radical can subsequently

fragments can most likely only be formed in such vibrationally

dissociate into either CHEI) + H, or CH, + 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 CH. Because the formation of GH- CN(B%T,

v' = 3) from CH,CN using a 16 eV photon results in an excess

energy of 6.70 eV, this two-step mechanism is also possible.

The CH(AA) produced at 16 eV can only occur in conjunc-
tion with CN(X2=") + Hj, thereby indicating an excess energy
of 2.45 eV when the observed vibrational excitatiorvte= 2

Howle et al.

is insufficient energy to form either excited CN* or CH*
fragments with ionic partner$:66

CH.CN + hv — CH," + CN(B’=")  AH),;=18.28 eV

CH,CN 4+ hv — HCNH" -+ CH(A®A) AHY.s= 18.09 eV

Furthermore, a comparison of the cross section for production

is included. From the derived surprisal parameters, it can be of CHs" from CHsCN by a 15.6 eV photon (0.k 1018 cnr?)

seen that an increase in the partitioning of excess energy into

vibration is observed and th# values for bothv' = 0 and 1

exhibit an approximately statistical allocation of energy into formation of only~0.2%3

with the total absorption cross section for €3N at the same
energy (43x 1078 cn?) gives a branching ratio for G
334Because the fluorescence quantum

rotation. These data suggest that transfer of excess energy int‘g/ields for CN(BES+—X2+) and CH* (from CH) at 16 eV are

vibration is more efficient than to rotational modes of the 7no, and~5%, respectively367

it is implausible that either

products. It is also possible that part of the excess energy iSCN(BZZ+—X22+) or CH(A2A—X2IT) emission is occurring in

apportioned to electronic excitation of the partner CN fragment

to its first excited electronic state {H), which is 1.14 eV above

conjunction with ionization in a single photon event. Once again,
the Tyt data derived from the 16 eV spectrum can be compared

the ground state of CN. However, as this state emits in the nearyy reactions in a flowing afterglow performed elsewhre

IR spectral region it is not detected in this experiment. The
formation of molecular hydrogen in the CH{A) + CN(X%=")

+ Hz channel is interesting, because formation of this product

could occur either via concerted breaking of twe-il& bonds

or through a two step mechanism, where very highly excited
CHgz* and ground state CN@E™) are initially formed. For the
latter pathway, the formation of GH+ CN(X2Z*) results in

an excess energy of 10.80 eV whéan = 16 eV, because
AH%s = 5.26 eV to form these products. The predissociation
of high-lying Rydberg levels of Cit into CH(A?A) + H; has
been detected elsewhéfeThe thermodynamic threshold for
forming CH(A2A, v/ = 2) + H; from the methyl radical is

calculated as 8.38 eV from the minimum photon energy to give

CH(A2A) signal from CH in the previous study (7.55 e%)
plus the 0.83 eV required to populate CH( 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 N or CH,
moiety. This mechanism is reminiscent of the “roaming” atom

although this time the reactive argon species is.Afhe
available energy that Arcan impart to CHCN equals the
energy released when the ion is neutralized (its recombination
energy), which is the inverse of the ionization energy, 15.76
eV *> Emission from CH(AA—X2IT) has been observed in such
environments, with the resultinB, values agreeing well with
those observed in this wofR.

4.5. CH(A?A)/CN(B2=") Ratio at 16 eV.At a photon energy
of 16 eV, competition occurs between the channels that form
the excited CH(AA) and CN(B=") 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(AA)/CN(B2Z") ratio of (1.24 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 radical has
prominence over CN(EE™) production at 16 eV. This prefer-
ence is somewhat unexpected from a mechanistic perspective,
as formation of the CN(E") radical requires fission of the

scheme in formaldehyde, whose experimental signature is thec_c pond, whereas cleavage of twe-8 bonds is additionally

formation of vibrationally excited k{r = 6—8).27-3C 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. BecausesCN has very
similar molecular connectivity and size to @EHO, where
related features have recently been s€ehijs argument does

required to form CH(AA). According to the relative energetics
given in Table 1, the €C single bond is broken in favor of
the C=N 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 expecvarall

seem plausible. Furthermore, the molecular hydrogen createdcH, .cN ratio of ca 1:1 (including ground and excited-state

by such a process must be born with 28155 eV of excess
energy for they = 6—8 vibrational levels of Hto be populated.
Formation of vibrationally excited CH@\, ' = 2), observed

in this work, alongside ground state CN§X") and H from
CH:CN at hv = 16 eV results inExs = 2.45 eV. As a
consequence, any pHproduced in this experiment would
experience reduced, but similar, vibrational excitation with
respect to that formed in previous examples of the “roaming”

species) at this photon energy. Therefore, it is anticipated that
photodissociation of CECN 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 Cgland CN fragments occurs with
unit efficiency}® thereby giving a ratio of the ground state £H
CN fragments of 1:1. The GHpartner product may be replaced

atom mechanism. Alas, the experiments performed here arepy CH at higher photon energies as some of the extra photon

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 CH:CN™. A 16 eV photon is significantly more energetic
than the ionization potential of G&N at 12.20 eV, and the
quantum yield for ionization is empirically estimated to be ca
0.85 near 16 eV° However, thermodynamics indicate that there

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 metharié,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 dissociatesCN.1415
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5. Conclusions (9) Williams, S.; Green, D. S.; Sethuraman, S.; Zare, RJNAm.
Chem. Soc1992 114, 9122.
The rotationally resolved spectra of CNfB —X2=") emis- (10) Thoman, J. W.; Mcllroy, AJ. Phys. Chem. 200Q 104, 4953.
sion obtained by exciting CG}€N with 10.2, 11.5, and 16 eV (11) Luque, J.; Jeffries, J. B.; Smith, G. P.; Crosley, D. R.; Walsh, K.

' . T.; Long, M. B.; Smooke, M. DCombust. Flam&00Q 122 172.
photons are presented. All of the derived rotational Boltzmann "” (1) Daigarno, A.: Black, J. HRep. Prog. Phys1976 39, 573.

plots exhibit a bimodal distribution. The results for the lower (13) Bezard, B.; Marten, A.; Paubert, 8ull. Am. Astron. Soc1993
temperature distribution, i.e., when CNEB) is only populated 25, 1100.

; : ; ’ ; ot (14) Suto, M.; Lee, L. CJ. Geophys. ResAtmos.1985 90, 3037.
in rotational levels with lowK', suggests that dissociation occurs (15) Lee, L. C.Astrophys. J1984 282, 172.

from alinear transition state. The colder than predicted rotational  (16) Hoobler, R. J.; Leone, S. R. Geophys. ResPlanet.1997, 102,
distributions in this case suggest a non-statistical fragmentation28717.

process occurs, in accordance with dissociation from repulsive ~ (17) Herbst, EChem. Soc. Re 2001, 30, 168.

potentialst433 However, when CN(BE+) experiences further Eoglosgzyvnson, E.H.; Atreya, S. KJ. Geophys. ResPlanet.2004 109
rotational excitation at highef' values, a similar to statistical (19) Wilson, E. H.; Atreya, S. KPlanet. Space ScR003 51, 1017.
partitioning of the rotational energy, combined with much higher 05(320) Lebonnois, S.; Bakes, E. L. O.; McKay, C. [Barus 2002 159,
rotational temperatures, suggests that a bent transition state i (21) Israel, G.. Szopa, C.; Raulin, F.; Cabane, M. Niemann, H. B.
likely in these cases. Such a mechanism has been proposed fofreya, S. K ; Bauer, S. J.: Brun, J. F.; Chassefiere, E.; Coll, P.; Conde, E.;
photodissociation of ICN, where the states leading to both Coscia, D.; Hauchecorne, A.; Millian, P.; Nguyen, M. J.; Owen, T.; Riedler,

channels were determined to be linear and bent, respeciivély. ‘,\/AV;djSal?méle’\';?Sr’e';b 55? 453%“%6 J. M.; Steller, M.; Sternberg, R.; Vidal-
This mechanism also agrees with that of Ashfold and Simons (22)’Vumon’ V.: Yelle, R. V.. Anicich, V. G Astrophys. J2006 647,

for CH3CN.3¢ The spectrum of emission from the CH{®— L175.

X2IT) transition atw = 16 eV is also obtained. Thermochemical 51é23) Ricca, A.; Bauschlicher, C. W.; Bakes, E. L. Garus2001, 154,
calculations pr0\_/|d_e credence for the posslble qur(.)duc.:tlon of (24) Hudgins, D. M.; Bauschlicher, C. W.; Allamandola, LA3trophys.
CN(AZIT), but this is not observed herd single distribution J. 2005 632, 316.

is observed in the rotational Boltzmann plot, thereby indicating  (25) (a) Allamandola, L. J.; Tielens, A. G. G. M.; Barker, JARtrophys.
that the mechanism for disposal of excess energy is consistent’: Suppl. S1989 71, 733 and references therein. (b) Allamandola, L. J.;

. . . Hudgins, D. M.; Sandford, S. AAstrophys. J1999 511, L115.
for the rotational levels populated. Thus, the excited electronic "~ 56 \wijiams. D. Faraday Discuss2006 133 449.

state that is correlated to the CH®) + CN(X%*) + Ha (27) Townsend, D.; Lahankar, S. A; Lee, S. K.; Chambreau, S. D.; Suits,
fragments is not significantly perturbed by other states. Fur- 96&;3%?2{;1,5;(.; Rheinecker, J.; Harding, L. B.; Bowman, J.3¢ience
thermore’ the COprOdUCtlon“Of m(.)leC,,UIar hydrogen .Ope.”s l,'lp the (28) Lahankér, S. A;; Chambreau, S. D.; Townsend, D.; Suits, F;
pos_3|ble occurrence of the “roaming” atom mechanism |n_h|ghly Farnum, J.; Zhang, X. B.: Bowman, J. M.; Suits, A. &.Chem. Phys.
excited transition states, although a two step mechanism via2006 125 044303. _
excited CH* + CN(X2Z1) is also feasible. Further experimental K“F()%%)nsf\:lggcyéTﬁ-zpal)?s(I;«’HE&]; F}xegcr)i' I13d:5 nggf’ S.R.; Harding, L. B.;
and theoretical studlfes are requweq to prove WhIF:h mechanism (30) Houston, P. L.; Kable, S. . Natl. Acad. Sci. U.S./2006 103
occurs when CBCN is photodissociated using higher energy 16079.
VUV photons. There is competition between the formation of 28(%)3 Nuth, J. A.; Glicker, SJ. Quant. Spectrosc. Radiat. Transi&82

2 + i inci i : .
CH(A A).and CN(BZ ).at 166V, WhICh. coincides with brc.)ad (32) Eden, S.; Limao-Vieira, P.; Kendall, P.; Mason, N. J.; Hoffmann,
features in both the action and absorption spectra (see Figure 15 v :"spyrou, S. MEuro. Phys. J. 02003 26, 201.
and ref 33). Several overlapping states may contribute to these (33) Kanda, K.; Nagata, T.; Ibuki, TThem. Phys1999 243 89.
peaks and could lead to a multitude of different pathways to 153‘1)12/"5“'@' K.; Mizutani, M.J. Electron Spectrosc. Rel. Phend01,
the dissociation products. The derived ratio of (%&20.1):1 (35) Cody, R. J.: Dzvonik, M. J.; Glicker, . Chem. Phys1985 82,
for the CH(22A):CN(B%=") excited fragments at 16 eV suggests 3100.
that production of the former excited fragment is slightly favored ~ (36) Ashfold, M. N. R.; Simons, J. Rl. Chem Soc. Farad. Trans. 2
at this photon energy, in spite of the extensive rearrangement1978 74, 1263.

involved. 62:%?) Moriyama, M.; Tsutsui, Y.; Honma, K. Chem Phys1998 108
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