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Abstract

Threshold photoelectron–photoion coincidence spectra of CH3CN were measured in a region 15.1–16.5 eV. We observed a small
vibrational enhancement on dissociation of CH3CN+ and obtained kinetic energy releases for channels C2HN+ + H2 and
CHþ2 þHCN. The kinetic energies released in channel C2HN+ + H2 are substantial; a linearly extrapolated dissociation threshold of
14.68 ± 0.01 eV agrees with a Gaussian-3 B3LYP prediction 14.70 eV for formation of HCCN+ + H2. In contrast, the small releases
for channel CHþ2 þHCN agree with a statistical calculation. We describe a plausible dissociation mechanism with the Gaussian-3
B3LYP method to rationalize experimental results.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Acetonitrile (CH3CN) is the simplest aliphatic nitrile
and a common chemical solvent. The determination of its
thermochemical properties is thus essential for an under-
standing of its chemical behavior. Isomeric structures and
interconversion mechanisms of CH3CN+ have also been
the subject of numerous experimental investigations and
theoretical calculations because the thermal internal energy
of CH3CN facilities the interconversion of CH3CN+ into
other isomers upon ionization and because various
CH3CN+ isomers are observed in the dissociative photo-
ionization of larger nitriles [1–7].

In the dissociative photoionization of CH3CN, the chan-
nel CH3CN+! C2H2N+ + H of least energy attracts
researchers to investigate the isomeric structures of frag-
ment C2H2N+ to obtain related thermochemical data and
to understand the dissociation mechanisms [8–11]. Based
on experimental results and quantum-chemical calculations
[3,9–11], the formation of cyclic C2H2N+ from the dissoci-
ation of four stable CH3CN+ isomers – CH3CN+,
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CH2CNH+, CH2NCH+, and CH3NC+ – was proposed.
Recently, Choe reinvestigated the dissociation of CH3CN+

to fragment C2H2N+ with mass-analyzed ion kinetic energy
spectrometry (MIKES) and performed density-functional
theory (DFT) calculations; he reported a distribution of
kinetic energy released in the dissociation and predicted a
c-C2H3N+ intermediate on the potential energy surface
(PES) of dissociation for formation of c-C2H2N+ [6].

Three other fragments – C2HN+, CHþ3 , and CHþ2 – were
identified in a region 11.9–20.0 eV with photoionization
(PI) and electron impact (EI) methods, but their reported
appearance energies (AE) show some scatter: 14.94 ±
0.02 [1], 15.29 ± 0.02 [11] and 15.7 eV [12] for CHþ2 . More-
over, the AE values are considered to be upper limits
because of exit channel barriers and kinetic shifts [13,14];
structural identification of observed fragment ions and dis-
sociation mechanisms are thus lacking. In the present
work, we investigated the dissociation of energy-selected
CH3CN+ in a region 15.1–16.5 eV with a threshold photo-
electron–photoion coincidence (TPEPICO) technique and
Gaussian-3 B3LYP (G3B3) calculations. We derived
branching ratios for observed ions and average releases
of kinetic energy for channels C2HN+ + H2 and CHþ2þ
HCN from the coincidence spectra. The dissociation of
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Fig. 1. Coincidence mass spectra of CH3CN excited at photon energies:
(a) 15.25, (b) 15.43, (c) 15.77 and (d) 16.53 eV.
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CH3CN+ to form c-C2H2N+ + H in a region 15.1–15.5 eV
shows a small vibrational enhancement. Plausible dissocia-
tion mechanisms for both channels C2HN+ + H2 and
CHþ2 þHCN and the structure of fragment C2HN+ are
discussed with the aid of G3B3 calculations.

2. Experiments and calculations

We performed the coincidence measurements on the
Seya–Namioka beamline at NSRRC in Taiwan. Photon
energies with resolution 30 meV and photon flux >109 pho-
tons s�1 in a region 15–17 eV were selected with a mono-
chromator (1 m; 1200 grooves mm�1; slit width 0.12 mm).
Absolute photon energies were calibrated within
±0.006 eV on measurement of Rydberg signals in the
threshold photoelectron spectrum of Ar. The molecular
beam/threshold photoelectron–photoion coincidence
(MB/TPEPICO) system is described in detail elsewhere
[15,16]. Briefly, a mixture of �10% CH3CN (Aldrich,
�98%) in He (>99.999%) at a total stagnation pressure
�150 Torr was expanded through a nozzle and two skim-
mers to form a cooled CH3CN beam to be ionized in the
ionization chamber. The threshold electrons produced were
extracted with a dc field 100 V m�1 and analyzed with a
threshold photoelectron spectrometer; the ions produced
were extracted with an electric field 2100 V m�1 with a
pulse of duration 30 ls on detecting a threshold electron
or a randomly generated signal and analyzed with a time-
of-flight mass spectrometer. A subtraction of the randomly
generated coincidence spectrum from the electron-triggered
coincidence spectrum yielded a true coincidence spectrum.

Molecular structures and energies of CH3CN and species
pertinent to this work were calculated with G3B3 method
using the GAUSSIAN 2003 program [17]. The equilibrium
structure of a stable species was fully optimized at the
B3LYP/6-31G(d) level, and single-point calculations were
performed at levels MP4/6-31G(d), QCISD(T)/6-31G(d),
MP4/6-31+G(d), MP4/6-31G(2df,p), and MP2(full)/G3
large; additional energies include a spin–orbit correction,
higher-level corrections and a zero-point vibrational energy
(ZPVE) calculated from the B3LYP/6-31G(d) vibrational
wavenumbers on scaling by 0.96. Transition structures for
dissociation channels were located and confirmed with
intrinsic reaction coordinate (IRC) calculations at the
B3LYP/6-31G(d) level; all identified transition structures
were verified to have only one imaginary vibrational
wavenumber.

3. Results and discussion

3.1. Vibrational enhancement and dissociation channels

The coincidence mass spectra of CH3CN were measured
at 17 energies in the range 15.1–16.5 eV. Fig. 1a–d shows
the corrected and normalized coincidence mass spectra of
CH3CN excited at 15.25, 15.43, 15.77, and 16.53 eV; solid
lines indicate ion time-of-flight (TOF) signals fitted to
Gaussian shapes. In the figures, ion signals corresponding
to fragments – CH3CN+, c-C2H2N+, C2HN+, CHþ3 and
CHþ2 – were identified according to their flight durations
and the vertical scale was expanded to show clearly the
fragments C2HN+, CHþ3 and CHþ2 . The remaining constant
CH3CN+ signals at greater photon energies might be due
to coincidences with hot electrons that result from autoion-
ization of Rydberg states. We determined also the AE val-
ues 15.05 ± 0.03 eV for C2HN+ and 15.21 ± 0.08 eV for
CHþ2 from the onsets of their observed signals in the coin-
cidence spectra; a discussion of fragment CHþ3 is omitted
because of its small abundance.

A small vibrational enhancement on dissociation of
CH3CN+ to form c-C2H2N+ + H was observed in a region
15.1–15.5 eV. Fig. 2a shows the branching ratios of
CH3CN+ and c-C2H2N+ in a region 15.1–15.5 eV with
errors indicated; fractional abundances were obtained from
the areas of the TOF peaks fitted to Gaussian profiles and
errors were calculated from the standard deviations of the
fitted TOF peaks. The errors for the branching ratios of
CH3CN+ and c-C2H2N+ are �1% and �0.2%, respectively;
larger errors for CH3CN+ are due to their small signals. To
show the vibrationally enhanced dissociation, Fig. 2b
shows the original band and three vibrational bands of
the second ionic excited state ~B2E of CH3CN+ in the
threshold photoelectron spectrum. The origin at 15.14 eV
and three vibrational bands at 15.25, 15.32, and 15.43 eV
agree with values 15.133, 15.237, 15.311 and 15.414 eV
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Fig. 2. (a) Branching ratios of CH3CN+ and c-C2H2N+ in a region 15.10–
15.5 eV with errors indicated. (b) Threshold photoelectron spectrum of
CH3CN to demonstrate the vibrationally enhanced dissociation of
CH3CN+.

Table 1
Calculated G3B3 energies, E0(G3B3), for CH3CN, CH3CN+ isomers, and
species pertinent to dissociative photoionization of CH3CN and energy
differences, DE(G3B3), relative to CH3CN

Species Symmetry E0(G3B3) (hartree) DE(G3B3) (eV)

CH3CN C3v �132.66316 0
CH3CN+ C1 �132.21467 12.20
CH2CNH+ C2v �132.29933 9.90
CH2NCH+ C2v �132.28138 10.39
c-C2H3N+ Cs �132.23060 11.77
CH3NC+ C3v �132.20875 12.37
HCCN+ Cs �130.95699
c-HCCN+ Cs �130.94870
HCNH+ C1v �93.64767
CHþ3 D3h �39.43137
CHþ2 C2v �38.73714
HCN C1v �93.37825
CN C1v �92.67788
CH C1v �38.45930
H2 D1h �1.16748
H �0.50109
LM1 Cs �132.19408 12.76
LM2 C2v �132.29931 9.90
LM3 C2v �132.26972 10.71
TS1 C1 �132.18182 13.10
TS2 C1 �132.18226 13.09
TS3 C1 �132.14521 14.09
TS4 C1 �132.11072 15.03

C.-K. Huang et al. / Chemical Physics Letters 440 (2007) 51–55 53
obtained from published photoelectron spectrum [18]; the
three vibrational bands are attributed to excitations to
the C–C stretching (m4), symmetric CH3 deformation (m3),
and combination (m3 + m4) modes, respectively. As seen in
the figures, a notable decrease of CH3CN+ signals is
accompanied with an increase of c-C2H2N+ signals with
excitation to 41, 31 and 3141 vibrational levels. Because
according to previous calculations a precursor c-C2H3N+

is formed before dissociating to form c-C2H2N+ [6], this
enhancement indicates that excitation to these two vibra-
tional modes of CH3CN+ facilitates H-migration and cycli-
zation in the isomerization.

Table 1 lists G3B3 energies, E0(G3B3), for CH3CN,
CH3CN+ isomers, and species pertinent to dissociation of
CH3CN+ and energy differences, DE(G3B3), relative to
CH3CN to aid in understanding the dissociation proper-
ties. For fragment C2HN+, two dissociation channels
HCCN+ + H2 and c-HCCN+ + H2 are energetically acces-
sible based on comparison of the experimental AE value
15.05 ± 0.03 eV with their predicted reaction energies
14.70 and 14.88 eV; we discuss later a plausible C2HN+

structure based on the measured kinetic energies and pre-
dicted dissociation mechanism. A predicted reaction energy
14.91 eV for channel CHþ2 þHCN is smaller than the
experimental AE value 15.21 ± 0.08 eV, likely because
excess energies required in the dissociation to compete with
other dissociation channels at smaller energies or to sur-
mount reaction barriers.
3.2. Average releases of kinetic energy and dissociation

mechanisms

The C2HN+ and CHþ2 signals fitted satisfactorily to
Gaussian profiles have widths greater than those of
CH3CN+ signals, reflecting releases of kinetic energy upon
dissociation. In general, a reaction with a statistical prod-
uct energy distribution will release the translational energy
as a three-dimensional Maxwell–Boltzmann distribution
and the resultant ion TOF distribution is a Gaussian func-
tion when the distribution projected along the detection
axis [19]. Accordingly, the average release of kinetic energy
is related to the full width at half maximum (fwhm) of the
TOF peak and calculated from that fwhm according to the
Maxwellian equation [20,21]

hKEi ¼ 3

16 ln 2
ðeeÞ2ðfwhmÞ2 Mp

M fðMp �M fÞ
� 3

2
RT

� M f

ðMp �M fÞ
ð1Þ

in which e = 1.602 · 10�19 C is the charge, e = 2100 V m�1

is the strength of the pulsed electric field for ion extraction,
Mp and Mf are masses of parent and fragment ions, and
T = 27 K is the transverse temperature of the molecular
beam calculated from fwhm 35 ns of CH3CN+ signals [21].

For channel C2HN+ + H2, Fig. 3a shows the measured
kinetic energies, a linear fit and QET calculations for for-
mation of HCCN+ and c-HCCN+, depicted as circles, a
solid line, a dashed curve, and a dashed–dotted curve,
respectively. In the QET calculations according to an equa-
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Fig. 3. Average kinetic energy released into dissociation channels
CH3CN+! (a) C2HN+ + H2 and (b) CHþ2 þHCN. In (a), data, a line
fitted to data, and QET calculations for formation of HCCN+ and c-
HCCN+ are marked as circles, solid line, dashed curve and dashed–dotted
curve, respectively; in (b) data and QET calculations are marked as circles
and dashed curve.
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tion formulated by Klots [22–24], the G3B3 reaction ener-
gies 14.70 and 14.88 eV were taken as dissociation thresh-
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olds for formation of HCCN+ and c-HCCN+,
respectively, and vibrational wavenumbers of 275, 867,
1235, 1887, 3166, and 185 cm�1 for HCCN+ and 874,
1002, 1211, 1630, 3118, and 871 cm�1 for c-HCCN+ were
obtained from the B3LYP/6-31G(d) calculations on scaling
0.96. The predicted structure of HCCN+ is quasi-linear
with Cs symmetry; our predictions are lengths of 1.087,
1.293 and 1.211 Å for C–H, C–C and C–N bonds, respec-
tively, and angles \HCC = 179.7� and \CCN = 179.3�. As
seen in the figure, the experimental data are greater than
both QET calculations, implying the presence of an exit
barrier required for a structural alteration to form a tran-
sition state upon dissociation to form H2. In addition, a
dissociation threshold at 14.68 ± 0.01 eV obtained by line-
arly extrapolating coincidence data agrees satisfactorily
with a G3B3 prediction 14.70 eV for channel
HCCN+ + H2; fragment HCCN+ instead of fragment c-
HCCN+ is accordingly the most likely structure.

For channel CHþ2 þHCN, Fig. 3b shows the measured
kinetic energies and QET calculations with a predicted
G3B3 reaction energies 14.91 eV, depicted as circles and
a dashed curve, respectively. In contrast to channel
HCCN+ + H2, the experimental data agree satisfactorily
with QET calculations. This result indicates that the energy
required for H migration is smaller than the dissociation
threshold and no significant exit barriers occurs during
dissociation.

To explore further the dissociation mechanisms for both
dissociation channels, we performed G3B3 calculations to
obtain plausible transition states and intermediates in the
reaction path that occurs off the ground electronic state
surface of CH3CN+ with a assumption that internal con-
version to the highly-excited ~X2E state occurs much more
rapidly than direct dissociation from the initial excited
~B2E state. A feasible dissociation mechanism for channels
CHþ2 þHCN and HCCN+ + H2 is shown in Fig. 4. In
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tion of CH3CN+ from the highly-excited ground electronic state to from
are indicated for molecular structures optimized at the B3LYP/6-31G(d)
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the figure, CH3CN+ first undergoes H migration via a cyc-
lic transition state TS1 with a barrier at 0.9 eV to form an
intermediate CH2CHN+ (LM1). This intermediate LM1
can proceed through a direct cleavage of the C–C bond
to form CHþ2 þHCN, resulting in a statistical energy dis-
tribution, compatible with experimental results. In con-
trast, intermediate LM1 can further proceed through H
migrations from the CH and CH2 groups to the N terminal
via TS2 and TS3 with predicted barriers at 0.89 and
1.89 eV to form intermediates CH2CNH+ (LM2) and
CHCNHþ2 (LM3), respectively; the intermediate LM3 then
dissociates through TS4 with a reverse barrier at 0.33 eV to
form HCCN+ + H2. This dissociation mechanism supports
the experimental observations of a non-statistical kinetic
energy distribution.

We sought to form c-HCCN+ from dissociation of
CHCNHþ2 (LM3) or c-CH3CN+, a dissociation precursor
for formation of fragment c-CH2CN+, but located no tran-
sition state for either process. Channel c-HCCN+ + H2 is
accordingly an unlikely dissociation channel based on the
experimental results and G3B3 calculations.
4. Conclusion

The dissociative photoionization of CH3CN was studied
in a region 15.1–16.5 eV with a TPEPICO technique and
G3B3 calculations. Dissociation of CH3CN+ shows a small
vibrational enhancement and fragments C2HN+ and CHþ2
are observed at 15.05 ± 0.03 and 15.21 ± 0.08 eV, respec-
tively. From a comparison of a linearly extrapolated disso-
ciation threshold at 14.68 ± 0.01 eV with a G3B3
prediction 14.70 eV for channel HCCN+ + H2, fragment
HCCN+ is the most likely structure; moreover, a predicted
dissociation occurring off the ground electronic state sur-
face of CH3CN+ and through a tight transition state sup-
ports the experimental observation of great kinetic
energies released in the dissociation. In contrast, the disso-
ciation to form CHþ2 þHCN through a local intermediate
without an exit barrier supports the observation of a statis-
tical distribution of kinetic energy.
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