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Photoionization of cyanoacetylene was studied using synchrotron radiation over the non-dissociative
ionization excitation range 11–15.6 eV, with photoelectron-photoion coincidence techniques. The
absolute ionization cross-section and spectroscopic aspects of the parent ion were recorded. The
adiabatic ionization energy of cyanoacetylene was measured as 11.573 ± 0.010 eV. A detailed
analysis of photoelectron spectra of HC3N involves new aspects and new assignments of the vi-
brational components to excitation of the A2�+ and B2� states of the cation. Some of the struc-
tured autoionization features observed in the 11.94 to 15.5 eV region of the total ion yield (TIY)
spectrum were assigned to two Rydberg series converging to the B2� state of HC3N+. A num-
ber of the measured TIY features are suggested to be vibrational components of Rydberg se-
ries converging to the C2�+ state of HC3N+ at ≈17.6 eV and others to valence shell tran-
sitions of cyanoacetylene in the 11.6–15 eV region. The results of quantum chemical calcula-
tions of the cation electronic state geometries, vibrational frequencies and energies, as well as
of the C–H dissociation potential energy profiles of the ground and electronic excited states of
the ion, are compared with experimental observations. Ionization quantum yields are evaluated
and discussed and the problem of adequate calibration of photoionization cross-sections is raised.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871298]

I. INTRODUCTION

Cyanoacetylene, HC3N, synthesized since the early
1900s,1 is a useful reagent in cycloaddition reactions and in
the synthesis of organometallic compounds, as an intermedi-
ate in pharmaceutical chemistry, and as an important reagent
in laboratory studies of nucleobase assembly.2 It possesses
one CN triple bond and one CC triple bond. It is of inter-
est to compare its chemical structure (Scheme 1(a)) with that
of two related molecules, diacetylene, C4H2, which has two
conjugated CC triple bonds (Scheme 1(b)), and a central C–
C single bond, and dicyanoacetylene, which has three con-
jugated triple bonds (Scheme 1(c)), the central bond being a
C≡C triple bond. Cyanoacetylene is thus apparently closer
in structure to diacetylene, but the intercalation of nitrogen
orbitals with those of carbon in creating molecular orbitals
creates considerable differences.

The three molecules are linear. Diacetylene and di-
cyanoacetylene both possess a centre of symmetry (point
group D∞h), which is lost in cyanoacetylene (C∞v), mak-
ing the latter more complex in electronic transitions and
general spectroscopy. We have previously studied aspects
of the ionization photophysics and Rydberg spectroscopy of
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dresses: Sydney.Leach@obspm.fr, Telephone: +33-1-4507-7561, Fax:
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4517-1521, Fax: +33-1-4517-1564.

b)Present address: Laboratoire national de métrologie et d’essais (LNE), 1
rue Gaston Boissier, 75724 Paris cedex 15, France.

diacetylene3 and dicyanoacetylene4 that are, like cyanoacety-
lene, molecules which have considerable astrophysical in-
terest. The presence of a centre of symmetry in linear di-
acetylene and dicyanoacetylene prohibits observation of these
molecules in the interstellar medium (ISM) by rotational mi-
crowave spectroscopy. This disadvantage does not exist for
cyanoacetylene which has been observed in dark clouds5, 6 in
the ISM, including extragalactic sources,7 as well as in hot
circumstellar environments such as the outflow of the car-
bon star IRC + 10216.8 Cyanoacetylene has also been ob-
served in comets by radiofequency spectroscopy, in comet
Halle-Bopp9 and very recently (March 2013) in comet C/2012
F6 (Comet Lemmon).10 Models of the infra-red fluorescence
of cyanoacetylene in cometary atmospheres have been
developed.11, 12

One of the principal astrophysical interests of
cyanoacetylene results from its observation by infrared
spectroscopy in the stratosphere of Titan.13, 14 The atmo-
sphere of Titan consists mainly of N2 gas. Nitrogen atoms
formed by diverse dissociation processes react with other

SCHEME 1. Structure of cyanoacetylene (a), diacetylene (b), and di-
cyanoacetylene (c).

0021-9606/2014/140(17)/174305/20/$30.00 © 2014 AIP Publishing LLC140, 174305-1
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ambient gases (e.g., methane) to synthesize a large number
of hydrocarbons and nitriles.15 Complex nitrogen-bearing
molecules are precursors for the production of the aerosol
particles that are responsible for Titan’s atmospheric haze.16

The atmosphere of Titan is the site of photochemical pro-
cesses induced by various energy sources: solar irradiation,
energetic particles existing in Saturn’s magnetosphere and
galactic cosmic rays. These are capable not only of initiating
chemistry involving neutral species but also of inducing ion-
ization processes.17 The photochemistry of cyanoacetylene is
not only of considerable interest in the context of the atmo-
sphere of Titan18–20 but also in aspects of origin of life stud-
ies where it is often considered as a key molecule or cation
in formation processes of biological molecules.21 Laboratory
studies of the photochemistry of cyanoacetylene have led to
considerable understanding of the principal photodissociation
processes.19–26 It is in these contexts that we consider it of in-
terest to investigate the photophysics and photochemistry of
cyanoacetylene in the VUV.

Using photoelectron-photoion coincidence techniques
we study the photoionization of cyanoacetylene using
synchrotron radiation as excitation source over the non-
dissociative ionization excitation range 11–15.5 eV. The ab-
solute ionization cross-sections were measured, ionization
quantum yields were evaluated, and new spectroscopic fea-
tures of electronic states of the parent ion were observed and
analysed. Structured autoionization features were observed
in the total ion yield (TIY) spectrum and were assigned to
Rydberg series converging to excited states of HC3N+ and
to valence shell transitions of cyanoacetylene. Analysis of
the experimental observations was aided by quantum chem-
ical calculations of structural and dynamic properties of the
cation. Our theoretical results and analyses also led to new
information on H-loss dissociation in the ground and excited
states of HC3N+.

II. EXPERIMENTAL

Cyanoacetylene was synthesized following the proce-
dure described initially by Moureu and Bongrand1 and later
modified.27 It is a gaseous compound at ambient temperature
(Tamb). In order to avoid polymerisation it must be stored at
low pressure and/or diluted with a rare gas at Tamb. For our
measurements, the gas is let into a 1 litre stainless steel recip-
ient to attain a pressure p(HC3N) = 50 mbar. Helium is added
to yield a total pressure pTOT ≈ 3 bar. Propane (C3H8) is also
added to this mixture at the same partial pressure of HC3N,
i.e., p(C3H8) = 50 mbar in order to measure absolute ioniza-
tion cross-sections according to the comparative method de-
scribed by Cool et al.28 and using the propane cross-section
data given by Kameta et al.29 and by Wang et al.30 All pres-
sures are measured with a Baratron (MKS). The absolute error
of this transducer is estimated to be about ± 3%. Due to the
proximity of masses m/z 51 (HC3N+) and m/z 44 (propane
C3H8

+) and the high extraction field used, we consider that
the total experimental transmission plus detection efficiency
will be the same for both ions.

The recipient is directly connected to a molecular beam
inlet using a pressure-reducing regulator. The stagnation pres-

sure was such that only a small signal of the (HC3N)2 dimer
was detected in the molecular beam, corresponding to 0.4%
of the parent, and therefore we consider its contribution to the
HC3N+ signal via dissociative ionization to be negligible.

Measurements were performed at the undulator beamline
DESIRS31 of the synchrotron radiation (SR) facility SOLEIL
(St. Aubin, France). This beamline incorporates a 6.65 m nor-
mal incidence monochromator. For our measurements, we
used the 200 grooves/mm grating which provides a constant
linear dispersion of 7.2 Å/mm at the exit slit of the monochro-
mator. The typical slit width used in our experiments is
100 μm, yielding a monochromator resolution of 0.7 Å un-
der these conditions (about 6 meV at hν = 10 eV and 18 meV
at hν = 18 eV). The beamline is equipped with a gas filter32

that effectively removes all the high harmonics generated by
the undulator which could be transmitted by the grating. In
this work argon was used as a filter gas for all measurements
below 15.75 eV. Absorption lines of the rare gas filter occur
in the spectra and serve to calibrate the energy scale to an ab-
solute precision of about 4 meV. All the data were normalized
with respect to the incoming photon flux, continuously mea-
sured by a photodiode (AXUV100, IRD).

The VUV output of this monochromator is directed to the
permanent end station SAPHIRS which consists of a molec-
ular beam inlet and an electron-ion coincidence spectrome-
ter called DELICIOUS II. The latter has been described in
detail.33 A brief description is given here: The monochroma-
tised SR beam (200 μm horizontal × 100 μm vertical ex-
tension) is crossed at a right angle with the molecular beam
at the centre of DELICIOUS II which combines a photoelec-
tron velocity map imaging (VMI) spectrometer with a linear
time-of-flight mass analyzer operating according to Wiley-
MacLaren space focusing conditions. The spectrometer is ca-
pable of photoelectron/photoion coincidence (PEPICO) mea-
surements where photoelectron images can be recorded for a
chosen ion mass. The electron images can be treated to ob-
tain threshold photoelectron spectra of the selected cation,
and reveal its electronic structure via the Slow Photoelectron
Spectroscopy (SPES) method, which has been described in
Refs. 34 and 35 and will also be discussed in Sec. V A.
In addition, total ion yields (TIY) as a function of photon
energy can be acquired where the spectral resolution is de-
fined only by the slit widths of the monochromator (see
above).

III. THEORETICAL CALCULATIONS

Quantum chemical calculations of cyanoacetylene cation
electronic state geometries, vibrational frequencies, and elec-
tronic state energies were carried out. The quantum chem-
ical calculations were performed using the Molpro code.36

Molecular geometries of neutral and cationic cyanoacetylene
as well as the vibrational frequencies were optimized using
the coupled cluster technique, including perturbative treat-
ment of triple excitations (CCSD(T)) methods.37, 38 DFT cal-
culations of geometrical parameters and vibrational modes
were also performed using the PBE0 exchange-correlation
functional39 with the aug-cc-pvtz basis set. As shown in
Tables I and II, DFT calculations reproduce reasonably well
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TABLE I. Bondlengths in neutral cyanoacetylene and its cation (present calculation values in bold).

Species r(N≡C) (Å) r(C≡C) (Å) r(C–C) (Å) r(C–H) (Å) Method

HCCCN X1�+ 1.157 1.203 1.382 1.057 Expt.46a

HCCCN X1�+ 1.1585 1.2054 1.3773 1.0574 Expt.46b

HCCCN X1�+ 1.159 1.205 1.378 1.058 Expt.47

HCCCN X1�+ 1.15853 1.2033 1.3786 1.069 Expt.48

HCCCN X1�+ 1.164 1.202 1.370 1.054 Calc.50

HCCCN X1�+ 1.1605 1.2058 1.3764 1.0624 Calc.51

HCCCN X1�+ 1.155 1.201 1.368 1.062 Calc.52

HCCCN X1�+ 1.182 1.218 1.372 1.062 Calc.53

HCCCN X1�+ 1.18 1.22 1.37 1.07 Calc.54

HCCCN X1�+ 1.1624 1.2080 1.3803 1.0640 Calc. presentc

HCCCN X1�+ 1.1541 1.2006 1.3686 1.0648 Calc. presentd

HCCCN + X2� 1.1973 1.2465 1.3394 1.0838 Calc.55

HCCCN + X2� 1.188 1.237 1.328 1.067 Calc.50

HCCCN + X2� 1.181 1.233 1.334 1.077 Calc.56

HCCCN + X2� 1.1555 1.2128 1.3524 1.0724 Calc. presentc

HCCCN + X2� 1.1795 1.2333 1.3327 1.0789 Calc. presentd

HCCCN+ A2�+ 1.149 1.207 1.340 1.061 Calc.50

HCCCN+ A2�+ 1.1346 1.201 1.3615 1.0736 Calc. presentd

HCCCN + B2� 1.224 1.227 1.375 1.064 Calc.50

HCCCN + B2� 1.1832 1.2177 1.4294 1.0763 Calc. presentd

HCCCN + C2�+ 1.1827 1.2275 1.4163 1.0776 Calc. presentd

ar0 structure.
brs structure.
cCCSD(T)/AVTZ calculation.
dPBE0/AVTZ calculation.

the experimental and ab initio values of vibrational frequen-
cies and geometrical parameters of the ground state of the
cyanoacetylene cation. For this reason the DFT PBE0/AVTZ
method was used for geometrical optimization and frequency
calculations of the excited electronic states of the ion in-
stead of the CCSD(T)/AVTZ method which is more time con-
suming. Electronic structure calculations were performed in
the C2v point group since the Molpro program does not al-
low calculations to be done in C∞v symmetry. The first step
is a RHF (Restricted Hartree-Fock) calculation of the elec-
tronic ground state of the HCCCN+ cation. Then, the elec-
tronic structure computations were performed using the full
valence complete active space self-consistent field (CASSCF)
approach40, 41 followed by the internally contracted multi-
reference configuration interaction (MRCI).42 We employed
the aug-cc-pvtz (augmented correlation consistent polarized
valence triple zeta) basis set of Dunning43 for the carbon, ni-
trogen, and hydrogen atoms.

The adiabatic ionization energy of cyanoacetylene was
calculated by DFT/PBE0 and CCSD(T) methods, which gave
good agreement with experimental values (Appendix A, Ta-
ble VIII). Vertical ionization energies were calculated by both
MRCI and CASSCF techniques. The results of calculations
at the CASSCF/AVTZ level of theory reproduce quite well
the electronic state energies of the cation (see Appendix A,
Table IX). For this reason the less time-consuming method,
CASSCF/AVTZ, was used for calculation of one-dimensional
cuts of the potential energy surfaces of the ground and first
three electronic excited doublet states of the HCCCN+ cation
along the C–H elongation pathway leading to H-loss (see

Sec. IV D). Further details of the theoretical calculations and
results are given in Appendix A.

IV. ELECTRONIC, VIBRATIONAL, AND GEOMETRIC
STRUCTURAL PRELIMINARIES

In order to interpret the results of experiments described
in Sec. II it is useful to present here information on the elec-
tronic, vibrational, and geometrical structures of neutral and
ionic cyanoacetylene.

A. Electronic structure

Experimental HeI and HeII photoelectron spectra of
cyanoacetylene and assignments reported by Baker and
Turner44 and Åsbrink et al.45 have provided the following
successive ionization energies and assigned molecular orbital
symmetries corresponding to the ejected electrons: 11.60 eV
2π , 13.54 eV 9σ , 14.03 eV 1π , 17.62 eV 8σ , thus giving the
electron configuration corresponding to the ground state of
the cyanoacetylene ion as: . . . 8σ 2 1π4 9σ 2 2π3 X2�. The
M.O. assignments were mainly based on calculations both
in Koopmans’ approximation and by an ab initio many-body
Green’s function method.

B. Geometry

The geometrical structure of neutral cyanoacetylene has
been determined by microwave (MW) spectroscopy.46, 47 A
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TABLE II. Vibrational frequencies (cm−1) in neutral and ionic electronic states of cyanoacetylene. Present
results are in bold italics. The experimental values in Refs. 44, 58, and 59 have a ±50 cm−1 error bar.

Vibration Neutral X1�+a Ion X2� Ion A2�+ Ion B2� Ion C2�+

ν1(C–H) 3327 3196.557 3186 3130 132044

331257 3105 3401 calc.c 3366 calc.c 3347 calc.c

3344 calc.b 3265 calc.55

3472 calc.c 3326 calc.56

3349 calc.b

3334 calc.c

ν2(C≡N) 2271 2175.857 2291 194044 2232 calc.c

2285 calc.b 218044, 58 2343 calc.c 2033
2398 calc.c 2185 2229 calc.c

2179 calc.55

2261 calc.56

2250 calc.b

2283 calc.c

ν3(C≡C) 2077 1852.857 2057 1742 2068 calc.c

2085 calc.b ≈1830 2240 calc.c 2153 calc.c

2191 calc.c 1869 calc.55

1934 calc.56

2097 calc.b

1944 calc.c

ν4 (C–C) 876 82059 86044 81044 824 calc.c

863.549 87758 895 820 (871)59

870 calc.b 906 calc.55 921 calc.c 774
910 calc.c 893 calc.57 820 calc.c

933 calc.56

890 calc.b

941 calc.c

ν5 663 715 calc.57 833 calc.c 789 [see text] 730 calc.c

663.249 715 calc.b 783 calc.c

677 calc.b 704 calc.c

715 calc.c

ν6 500 411 347–451 520 [see text] 568 calc.c

498.549 528 calc.b 590 calc.c 459
507 calc.b 521 calc.c 490 calc.c

551 calc.c

ν7 224 198 calc.b 208 calc.c 147 [see text] 226 calc.c

222.449 218 calc.c 220 calc.c

250 calc.b

241 calc.c

aNeutral molecule ground state data, mainly by IR and Raman studies, from Refs. 91–93 unless otherwise indicated.
bCCSD(T)/aug-cc-pvtz calculation of harmonic vibrational frequencies.
cPBE0/aug-cc-pvtz calculation of harmonic vibrational frequencies.

further refined analysis of the experimental data was carried
out by Watson et al.,48 who used as data not only those of
Tyler and Sheridan47 but also of Mallinson and de Zafra49

who had studied MW spectra (and mm wave spectra for vi-
brationally excited states) of 10 isotopologues of HC3N.

As expected from its electronic structure, cyanoacety-
lene is a linear molecule; its bond lengths as determined
by Tyler and Sheridan47 are r(N≡C) = 1.159 Å, r(C≡C) =
1.205 Å, r(C–C) = 1.378 Å, r(C–H) = 1.058 Å. There are
no direct determinations of the bond lengths in the ion but
we can compare values of both neutral and ion ground state
bond lengths, calculated by a variety of theoretical methods.
Table I, which gives the relevant data, includes the results

of our ab initio calculations. The calculated internuclear dis-
tances of neutral cyanoacetylene ground state in Table I are
mainly in good agreement with experiment. Although the cal-
culated bondlengths of the X2� ground state of the ion differ
by 1%–2% in our own and the three50, 55, 56 reported calcula-
tions, these ion state values in Table I are sufficiently differ-
ent from those of the neutral molecule to allow us to validly
compare the ion bondlengths with those of the neutral. This
shows that in going from the neutral to the ion ground state
r(N≡C) increases by about 2%–3%, r(C≡C) increases by
about 3% and r(C–C) decreases by about 3%–4%), whereas
in going to the A2�+ first excited state of the ion r(N≡C)
decreases by about 2%, r(C≡C) remains basically unchanged
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and r(C–C) decreases by about 1%–2%. Excitation to the B2�

state also modifies the internuclear bondlengths: r(N≡C) in-
creases by 3%–5%, r(C≡C) increases about by 1%–2% and
r(C–C) possibly remains basically unchanged (0%–3% in-
crease). The bondlength changes in excitation to the C2�+

state are similar to the B2� case, according to our calcula-
tions. The C–H bond appears to be relatively little affected
in these various ionization processes since changes in r(C–H)
appear to be at most increases of about 1% in formation of the
X2�, A2�+, B2�, and C2�+ ion states.

This comparison of ground state neutral and ion
corresponding bondlengths indicates that on forming the
cyanoacetylene ion ground state the CN and CC stretching
vibrations are likely to be excited and, furthermore, that the
N≡C and C≡C bonds should acquire some measure of dou-
ble bond character, thus increasing the tendency to linear
structure as exemplified in cumulenes. This, and excitation
to the excited states of the ion, will be further discussed
later.

C. Vibrations

Cyanoacetylene has 7 normal vibrations: 4 stretching vi-
brations (modes 1–4) of σ symmetry and 3 doubly degener-
ate bending vibrations (modes 5–7) of π symmetry. The fre-
quencies of the ground state vibrations are well known from
IR and Raman studies (Table II). Corresponding data for the
cation electronic states are known from a variety of optical
spectroscopy and photoelectron spectroscopy studies as well
as some theoretical calculations, including our own by meth-
ods discussed in Sec. III and Appendix A. These vibrational
frequency values and the corresponding references of work
previous to the present study are listed in Table II. Vibrational
aspects of the ion electronic states as exhibited in the PEPICO
(TIY) and SPES spectra will be discussed below. The vibra-
tional frequencies resulting from our analysis of the SPES
spectra, presented below, are also given in Table II.

V. RESULTS AND DISCUSSION

We first note that the 11–15.6 photoionization energy
region explored experimentally in this study is below the
first dissociative ionization onset which corresponds to H-
atom or N-atom loss process occurring, respectively, at 17.78
± 0.08 eV and 17.76 ± 0.08 eV.60

A. Slow photoelectron spectroscopy (SPES) of the
cyanoacetylene parent cation: Analysis and
assignments

As mentioned in Sec. II, the spectrometer records mass-
selected photoelectron images. These images are then Abel
inverted using the pBasex algorithm61 to yield photoelectron
spectra at any and all the photon energies of the scan. The data
are displayed in the form of an intensity matrix in Figure 1(a)
for the HC3N+ parent ion over the 11.3–15.5 eV excitation
energy region, where the photoelectron kinetic energy is plot-
ted against the photon excitation energy. This matrix carries

FIG. 1. (a) Photoelectron intensity matrix of cyanoacetylene obtained with
an extraction field of 572 V/cm (electron KEmax = 5.7 eV). The white diag-
onal dashed lines trace the electronic states of the cation. (b) Derived SPES
(black curve, α) and ionization cross-section (TIY, red curve, β). Note that
the latter is given in absolute units (see text for details).

a wealth of information that can be reduced in various ways.
Energy conservation impels those electrons that are ejected
into the continuum through a direct ionization process to ap-
pear as diagonal lines of constant slope (hν – IEi/KE), where
hν is the photon energy, IEi is the ith state ionization energy,
and KE is the photoelectron kinetic energy. As described by
Poully et al.,34 one can now integrate the electron signal along
the slope direction up to a certain KE for each photon energy
in order to obtain the SPES, which provides cation electronic
state spectra with high electron resolution without compro-
mising the signal to noise ratio. The integration range chosen
here (0 < KE < 50 meV) yields an electron resolution of
≈25 meV.

The resulting SPES for the parent m/z = 51 ion are shown
in Fig. 1(b) (α) over the range 11.3–15.5 eV. The bands in the
11.3–15.5 eV region have previously been observed by He I44

and He II45 photoelectron spectroscopy.
Three spectral band regions, corresponding to formation

of the X2�, A2�+ and B2� ion states can be seen between
11.6 and 14.7 eV. The band energies and assignments are
compiled in Table III. Graphical zooms of the regions of in-
terest given in Figure 2 include band assignments that are pre-
sented below. It is of interest that the X2� state region in the
SPES spectrum is much less intense, relative to the A2�+ and
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TABLE III. HC3N SPES : Band energies and assignments.

Band No. Energy (eV) Energy (cm−1) Assignment Vibrational frequencies ν (cm−1)

1 11.573a 93 342a X2� O0
0 adiabatic

2 11.643 93 907 X2� O0
0 vertical

3 11.694 94 318 61
0 ν6 = 411

4 11.748 94 753 62
0 846/2 = 423; ν6 = 435

5 11.914 96 092 21
0 2185

6 12.028 97 012 11
0 3105

7 12.179 98 230 22
0 4323/2 = 2162; ν2 = 2138

8 13.557 109 344 A2�+ O0
0 vertical

9 13.600 109 691 61
0 ν6 = 347

10 13.668 110 239 41
0 ν4 = 895

11 13.812 111 401 31
0 ν3 = 2057

12 13.841 111 635 21
0 ν2 = 2291

13 13.868 111 852 31
061

0 ν6 = 451
14 13.952 112 530 11

0 ν1 = 3186
15 14.006 112 965 11

061
0 ν6 = 435

16 14.053 113 345 B2� O0
0 vertical

17 14.149 114 119 41
0 ν4 = 774

18 14.244 114 885 42
0 1540/2 = 770; ν4 = 766

19 14.269 115 087 31
0 ν3 = 1742

20 14.305 115 378 21
0 ν2 = 2033

21 14.340 115 659 43
0 2314/3 = 771; ν4 = 774

22 14.397 116 119 21
041

0 ν4 = 741
23 14.441 116 475 11

0 ν1 = 3130
24 14.498 116 934 11

061
0 ν6 = 459

25 14.621 117 926

aFrom TIY spectrum (Sec. V B 2 and Table V).

B2� state regions, than is observed in HeI44 and He II45 PES
spectra. This is possibly due to the fact that in SPES we mea-
sure mainly electrons close to the excitation threshold and that
the ionization yield is small in the X2� state region. Another
possible partial contributing factor is the use of argon as a gas
filter since there are strong Ar I resonance lines in this en-
ergy region which could affect the excitation energy flux at
cyanoacetylene absorption wavelengths in this energy region.

1. X2� ion state region 11.6–12.2 eV

The SPES in the X2� ion state region is very similar to
that of He I PES44 but a little better resolved than in pre-
vious studies and so more amenable to analysis. In the first
region (Fig. 2(a) and Table III) the SPES band peaking at
11.643 eV (FWHM = 180 cm−1) can be considered as the
vertical ionization energy IEv of cyanoacetylene and is thus
the O0

0 origin band of the X2� ion state. It is the first of
an apparent progression of 3 bands. The successive intervals
of 271 meV (2185 cm−1) and 265 meV (2137 cm−1) be-
tween, respectively, the first two and the second two bands
in this progression can be assigned to the ν2(C≡N) stretch-
ing vibration whose previously reported ion ground state
frequency experimental values are 2180 ± 40 cm−1 from
He I PES46 and, in a Ne matrix, 2176 cm−157 [Table II].
The changes in the C≡N bondlength on ionization (Table I)
make it likely, Franck-Condon-wise, that ν2(C≡N) will be
excited.

In this first region there is also a weak feature, at
12.028 eV, that is 385 meV (3105 cm−1) from the X2� O0

0

band. This feature was not previously reported in PES stud-
ies. Examination shows that it is apparently hidden in the
noise in published PES spectra44, 45 as compared with our
much better signal/noise SPES spectrum. The band interval of
3105 cm−1 can reasonably be considered to be the ν1(C–H)
stretch vibration frequency whose ion ground state value has
been calculated to be of this magnitude and whose experimen-
tal value in a Ne matrix is 3196.5 cm−1 (Table II). The excita-
tion of a weak ν1(C–H) feature on ionization of cyanoacety-
lene is to be expected from the calculated minor lengthening
of the C–H bond (Table I).

Two more very weak features, not previously reported,
occur at 11.694 and 11.748 eV in the X2� ion ground state
portion of the SPES (Fig. 2(a)). These features have succes-
sive intervals of 411 and 435 cm−1. They are, respectively,
assigned as the 61

0 and 62
0 vibronic bands (Table III). The

mode ν6 is a bending vibration whose neutral ground state
frequency is 498.5 cm−1 (Table II). Its decrease in the X2�

ion state is consistent with the increase of the N≡C and C≡C
bondlengths and the shortening of the C–C bondlength (Table
I) that collectively indicate a tendency towards a cumulene
structure in the X2� ion state. The excitation of a bending vi-
bration on ionization has also been observed as weak features
in the SPES of dicyanoacetylene.4

The geometrical changes on ionization of cyanoacetylene
discussed above indicate that on ionization to the X2� ion
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FIG. 2. SPES spectra of cyanoacetylene and proposed assignments: (a) 11.6–
12.5 eV, (b) 13.5–14.0 eV, (c) 14.0–14.7 eV.

ground state one might also expect to excite the ν3(C≡C)
stretching vibration by virtue of the lengthening of r(C≡C)
on ionization. A corresponding SPES feature is not observed
as a clearly defined peak but can be suspected to exist as the
very weak broad signal around 11.870 eV (Fig. 2(a)) corre-
sponding to ν3(C≡C) ≈ 1830 cm−1; a calculated value is
1869 cm−1 and a Ne matrix experimental value is
1852.8 cm−1 (Table II).

The SPES region between 12.5 and 13.5 eV is marked by
a large number of irregular weak features. We consider them
to be related to the strong autoionization features in the TIY
spectrum (Fig. 1(b), cf. spectra α and β) rather than being
instrumental noise.

2. The A2�+ ion state region 13.5–14.0 eV

In the second SPES region, between 13.5 and 14.0 eV
(Fig. 2(b)) the bands are essentially the same as previously ob-
served in HeI PES by Baker and Turner44 and Kreile et al.,62

as well as in the He II spectra of Asbrink et al.45 They arise by
electron ejection from the 9σ M.O to form the A2�+ ion state
whose O0

0 band (vertical energy) we observe at 13.557 eV,
in agreement with the PES value of 13.54 eV.44, 45 The vi-
brational structure, which appears to be somewhat irregular,
is better resolved than in published PES spectra. Vibrational

progressions appear to be limited to a single member. Our
analysis, given in Table III, is more extensive than that of
Baker and Turner, who assigned only one vibration, ν4, in the
A2�+ ion state.44

Only one member of a C–C stretch progression in ν4

(C–C stretch) = 895 cm−1 is found, corresponding to the band
at 13.668 eV, observed also by Baker and Turner,44 who give
the ν4 frequency as 860 ± 40 cm−1. Our value is about 4%
greater than that of the neutral cyanoacetylene ground state
value, 864 cm−1 (Table II), which is consistent with the de-
crease in r(C–C) on ionization to the A2�+ state.

Assignments to other bands in the A2�+ ion state region
(the bands in the 13.83–14 eV region are more easily discern-
able in Fig. 1(b) α than in the energy expanded version of
Fig. 2) are as follows:

� The 61
0 band at 13.600 eV, giving ν6 = 347 cm−1. This

value is much lower than that observed in the X2� ion
state.

� The 31
0 band at 13.812 eV which provides ν3

(C≡C) = 2057 cm−1, similar to the frequency ν3

= 2077 cm−1 of the neutral ground state vibration.
This is consistent with r(C≡C) being virtually un-
changed on A2�+ state ionization (Table I).

� The 21
0 band at 13.841 eV that corresponds to

ν2(C≡N) = 2291 cm−1. This is slightly greater than
the neutral ground state value, ν2(C≡N) = 2271 cm−1,
and is consistent with a calculated decrease in r(C≡N)
in the A2�+ ion state as compared with the value in
the neutral species (Table I).

� The 11
0 band at 13.952 eV which corresponds to ν1

(C–H) = 3186 cm−1. The 4% decrease in frequency
as compared with the value in the neutral ground state
(Table II) is consistent with our PBE0/AVTZ r(C–H)
calculations (Table I), and also with the ab initio cal-
culations of Mendes et al.50

The spectral structure irregularities in this spectral region
are reminiscent of vibronic interactions but the situation is
not clear and merits theoretical investigation, including the
possibility of interaction between the A2�+ state and quartet
states. In this respect it is of interest to mention two observa-
tional results: (i) absorption spectra of HC3N+ in a Ne matrix
have no features corresponding to the A2�+ ← X2� transi-
tion, although the B2� ← X2� transition was observed.59

This is consistent with the finding that in most acetylenic
cations the σ−1 ↔ π−1 optical transitions have oscillator
strengths that are an order of magnitude lower than for π−1

↔ π−1 transitions;59 (ii) A2�+ → X2� emission of HC3N+

is not observed in the gas phase63 in spite of the fact that
the first dissociation limit is at a much higher energy than
the A2�+ state. This provides evidence for fast internal con-
version from A2�+ either directly by vibronic coupling to
high vibrational levels of the ground state of the ion, sim-
ilar to the case of the acetylene ion,64 or possibly via a
quartet state. In the case of the related species, the diacety-
lene cation, calculations65 demonstrate the likely existence
of quartet states that lie close to the minimum energy of the
first electronic excited state, A2�u

+, which is the state cor-
responding to A2�+ in HC3N+. Vibronic coupling effects

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:  193.51.99.1

On: Fri, 20 Jun 2014 12:55:42



174305-8 Leach et al. J. Chem. Phys. 140, 174305 (2014)

TABLE IV. HC3N+ B2� <— X2� absorption transition: Ne matrix spectral features in Fig. 2 of Fulara et al.59

λ (Å) [Fu]a ν (cm−1) [Fu] Assignment [Fu] λ (Å) [Pr]b ν (cm−1) [Pr] Present assignment

5160 19 374 O0
0 5159 19 384 O0

0

5124 19 511 71
0 5120 19 531 71

0 : ν7 = 147 cm−1

5024 19 904 61
0 : ν6 = 520 cm−1

4957 (sh)c 20 173 51
0 : ν5 = 789 cm−1

4938 20 245 41
0 4935 20 263 41

0 : ν4 = 879 cm−1

4832.5 20 693 51
0 61

0: ν6 = 520 cm−1

4746 21 064 42
0 4743 21 084 42

0

aFu = Values and assignments reported by Fulara et al.59

bPr = Present measurements of Fig. 2 features of Fulara et al.59

csh = shoulder.

could indeed be responsible for the apparent irregularities in
our SPES spectra.

3. The B2� ion state region 14.0–14.7 eV

The third SPES region, 14.0–14.7 eV has vibronic fea-
tures corresponding to the B2� ion state. The origin band is
at 14.053 eV (Table III), in fair agreement with the 14.03 eV
PES value of Baker and Turner.44 Vibrational structure in the
HeI PES has been assigned by Baker and Turner to two reg-
ular progressions involving the excitation of two vibrations
ν2(C≡N) = 1940 ± 40 cm−1 and ν4 (C–C) = 810 ± 40 cm−1.
In our B2� state SPES region the vibrational features appear
to be more irregular than would be expected from the Baker-
Turner assignments. However, close inspection of the Baker-
Turner PES44 confirms the somewhat irregular spacings of the
vibrational features we observe in our SPES in this spectral re-
gion (Table III). Our values for the two vibrations assigned by
Baker and Turner are ν2(C≡N) = 2033 cm−1 and ν4 (C–C)
= 774 cm−1. The lowering of ν2(C≡N) and ν4 (C–C stretch)
with respect to their neutral ground state values (Table II) is
consistent with the bondlength changes on ionization to the
B2� ion state (Table I).

Two other vibrations are assigned in our B2� region
SPES spectrum, ν1(C–H) = 3130 cm−1, whose value is con-
sistent with the calculated 1% increase in r(C–H) (Table I),
and ν3(C≡C) = 1742 cm−1, which is also consistent with
bondlength changes on ionization to the B2� state.

Further information on B2� state vibrations can be ob-
tained from the Ne matrix absorption spectrum of HC3N+59

containing vibronic bands corresponding to the B2�

<— X2� transition and whose visible region features were
reported with a precision of ± 10 Å (± 4.7 meV). The Fulara
et al. assignment of the absorption band at 5160 Å to the O0

0

origin transition59 leads to a B2� − X2� energy difference
of 2.402 eV, whereas our SPES spectrum provides a value of
2.410 eV. Taking into account the precision of our SPES mea-
surements, this would represent a Ne matrix shift nominally
of 8 ± 9 meV, which is consistent with the less than 30 meV
previously observed for Ne matrix shifts of electronic transi-
tions of molecular ions.66 The SPES band at 14.149 eV, at
774 cm−1 above the B2� O0

0 feature, corresponds within
5 meV to the 
E = 2.501 eV energy of the strong ab-
sorption band at 4938 Å assigned by Fulara et al. as 41

0,

where ν4 (C–C stretch) = 871 cm−1 but is reported as 820
± 60 cm−1.59 Our value of ν4 = 774 cm−1 is in agreement
with that of Baker and Turner, 810 ± 45 cm−1.44

Using the published Ne matrix absorption spectrum of
HC3N+ (Fig. 2 of Fulara et al.59) we measured a set of seven
features, including three not previously reported by Fulara
et al.59 although they are clearly present on their absorp-
tion spectrum. A comparison between our measurements and
those reported by Fulara et al. is given, with assignments, in
Table IV. The previous assignments of Fulara et al. are to the
41

0, 42
0, and 71

0 features, with which we concur but remark
the discrepancy between the values of ν4 in the Ne matrix and
our gas phase SPES spectrum, possibly due to matrix effects
on vibronic coupling phenomena. New vibrational frequen-
cies are those of the bending vibrations ν5 = 789 cm−1 and ν6

= 520 cm−1. The relative importance of these bending vibra-
tions could also result from vibronic interactions. However,
further work, both experimental and theoretical, is required to
validate the proposed assignments of the absorption spectrum.

B. TIY spectra of the cyanoacetylene parent cation:
Analysis and assignments

Integration of all the photoelectron kinetic energies as a
function of the photon energy, performed on the photoelec-
tron matrix in Figure 1(a), gives the Total Ion Yield (TIY)
spectrum of the parent ion, plotted in Figure 1(b) β between
11.6 and 15.5 eV and presented in more detail in Figure 3 for
the region 12.2–15.6 eV. Before presenting the analysis of this
spectrum we first discuss the determination of the photoion-
ization cross-sections and estimation of ionization quantum
yields.

1. Ionization cross-sections and quantum yields

a. Calibration of ionization cross-sections. In Sec. II we
mentioned that our cyanoacetylene ionization cross-sections
were determined by a calibration method28 based on the
ionization cross-sections of propane. Recent measurements
of the ionization cross sections (σ ion) of propane are by
two different groups Kameta et al.29 and Wang et al.30

Kameta et al. used an absolute method to determine σ ion of
propane whereas Wang et al. employed a relative method.
This method, described by Cool et al.,28 is based on the σ ion
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FIG. 3. Total ion yield spectrum of the cyanoacetylene ion, m/z 51: 12.2–15.6 eV. The vertical red (blue) dashed (point-dashed) lines represent 41
0 (42

0)
excitations having a R1 Rydberg series member as origin. V = Valence transitions.

of propene as a standard which is stated to have been accu-
rately measured by Person and Nicole in 1970.67 The propane
ion yield curve of Kameta et al. differs by a varying factor of
2.0–1.2 from that of Wang et al. over the energy range 11.6–
12.5 eV. This difference cannot be easily explained.

In view of the importance of valid calibration we com-
pared our own propane ionization yield curve with that of
Wang et al. (Fig. 4). In this figure is plotted the ratio of
our measured propane ion yields to those of Wang et al.30

as a function of photon excitation energy between 11.6 and
12.5 eV. The average value (solid line) was then applied for
absolute normalisation. The dispersion of the data is rather

FIG. 4. Photoionization cross-sections σ i of propane between 11.6 and 12.5
eV: Ratio of σ i (present study)/σ i (Wang et al.30) for (a) m/z 44 and (b) �(all
ions, m/z 44,43,42,29,28).

random, and the average values are close together (to within
5%) whether just the propane m/z 44 curve, or the sum of
all the propane masses (m/z 44, 43, 42, 29, 28) is chosen.
Since there is such a good agreement between the slopes
in Wang et al. and our work, this implies that the shape
of the Kameta et al. propane ion yield curve in the ioniza-
tion onset region is incorrect, and thus also their absolute
cross-sections.

The constancy of the intensity ratio in Figure 4, to within
an error of about 2.9% in the excitation energy region 11.59–
12.49 eV, leads us to prefer calibration with the propane data
of Wang et al. These observations do not prove that the abso-
lute values of Wang et al. are correct, but they show the need
for further studies on the ion yield curve of propane in order
to remove the calibration ambiguities which can occur, and no
doubt have occurred, through use of the Kameta et al. and the
Wang et al. ionization cross-section data in previous studies.

b. Photoionization cross-section and quantum yields. In
Figure 5 we show the cyanoacetylene absorption spectrum
(Fig. 5(a)), measured earlier,68 and our absolute TIY spec-
trum whose ionization cross sections were calibrated using
the propane data from both Wang et al.30 (Fig. 5(b)) and
Kameta et al.29 (Fig. 5(c)). Calibration with Kameta et al.
was restricted to the cross-section value at 11.65 eV, so that
the cyanoacetylene ion yield curves b and c in Fig. 5 conse-
quently differ by a constant factor of 2 in the cross-section val-
ues. Except in the immediate ionization threshold region, the
TIY spectrum is closely similar to, but better resolved than,
the VUV absorption spectrum of Ferradaz et al.68 in the same
energy region.
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FIG. 5. Cyanoacetylene: comparison between the VUV absorption spectrum
(a)76 and the total ion yield spectrum obtained using propane ionization cross-
section values from Wang et al.30 (b) and Kameta et al.29 (c) (see text for
details).

We can estimate the ionization quantum yield �i at spe-
cific excitation energies by application of a rule of thumb69

which states that, especially in the case of large polyatomic
molecules, the ionization quantum yield �i tends to become
a quasi-linear function of excitation energy in a range up
to ≈9.2 eV above the ionization energy, where it reaches
�i ≈ 100%. This can be also be demonstrated by integra-
tion of HeI photoelectron spectra.70 On the basis of this
rule of thumb69 we estimate the ionization quantum yield of
cyanoacetylene to be about 37% at Eexc ≈ 15 eV, so that about
63% of the photon excitation would be to non-autoionizing
superexcited states at this energy. Superexcited states can, in
general, undergo a variety of relaxation processes, besides
autoionization and dissociative autoionization, such as relax-
ation from stable or dissociative neutral excited states. This
includes participating as reaction intermediates or in collision
complexes in electron-ion recombination, electron attachment
and Penning ionization.71

At Eexc = 15 eV, which is below the dissociative ion-
ization threshold of cyanoacetylene,60 the total ionization
cross-section is 16 × 10−18 cm2 using the propane cross-
section data of Kameta et al.29 (Fig. 5). The VUV absorp-
tion measurements on cyanoacetylene (Fig. 5(a)) gave 57.3
× 10−18 cm2 for the photoabsorption cross-section in the
15 eV region.68 The ionization quantum yield at this photon
excitation energy is thus 28%. This is smaller than the ioniza-
tion quantum yield predicted by the rule of thumb of Jochims
et al.69 On the other hand, using σ ion of propane from Wang
et al.30 we calculate �i = 56% at 15 eV, which is higher, by
about 20%, than the rule of thumb estimate. At this stage we
cannot make a definitive conclusion on �i and further work
is required to clarify the inconsistency of propane ionization
cross-section data in the literature.

2. Ionization energy of the ground state

From the TIY spectrum of the parent ion HC3N+ at m/z
= 51 (Fig. 1(b) spectrum β) we measure an adiabatic ion-
ization energy IEad (HC3N) = 11.573 ± 0.010 eV. The rise
of the ion signal to the onset of a semi-plateau is consistent
with IEvert = 11.643 eV determined from our SPES spectrum
(see Sec. V A 1). The difference between the adiabatic and
maximum values of the origin band is attributed to the spec-
trometer’s electron kinetic energy resolution and the Franck-
Condon overlap between the neutral ground state and ion
ground state v = 0 levels.

Adiabatic and vertical ionization energies were
calculated with various methods (Appendix A). The
CCSD(T)AVTZ based calculations, which include zero point
vibrational energy (ZPE) corrections, gave IEad (HC3N)
= 11.57 eV and IEvert = 11.63 eV, in excellent agreement
with our experimental values, while the results of DFT/PBE0
calculations, IEad (HC3N) = 11.30 eV and IEvert = 11.40 eV,
were ≈250 ± 20 meV smaller than the experimental values
(Appendix A).

The IE values are consistent with the electron impact val-
ues reported by Dibeler et al.,72 IE (HC3N) = 11.6 ± 0.2 eV,
and by Büchler and Vogt,73 IE (HC3N) = 11.6 ± 0.1 eV. Our
IEad (HC3N) and IEvert values agree reasonably well with PES
values IEad (HC3N) = 11.60 eV44 and IEvert = 11.75 eV re-
ported by Bieri et al.74 Harland60 in a “monochromatic” elec-
tron impact study obtained IEad = 11.56 ± 0.04 eV, which
is in excellent accord with our TIY value. We note also an
early Rydberg series value IE = 11.60 eV.75 Calculations by
Mendes et al. give the difference between IEvert – IEad

= 130 meV,50 whereas our CCSD(T) based calculations give
60 meV, in good agreement with our SPES/TIY determined
value 70 ± 20 meV (Appendix A).

3. Heat of formation of HC3N+

Using the heat of formation of 
fH(HC3N) = 354 kJ/
mol (3.668 eV), determined by Harland from ion appear-
ance energy measurements in an electron impact study,60

our cyanoacetylene ionization energy leads to a value of the
heat of formation of the cyanoacetylene ion 
fH(HC3N+)
= 1471 kJ/mol (15.241 eV) in good agreement with the value
1469 kJ/mol quoted by Holmes et al.76 Nevertheless, we con-
sider 
fH(HC3N) to be uncertain, as can be seen from the fol-
lowing review of published experimental and theoretical val-
ues of 
fH(HC3N), detailed here because of the fundamental
physico-chemical and cosmochemical importance of having a
valid value of the heat of formation of cyanoacetylene and its
cation.

Lias et al.77 give 
fH(HC3N) = 351 kJ/mol based on
the Harland “experimental” value reported by Knight et al.78

Okabe and Dibeler79 give 
fH(HC3N) = 355 ± 5 kJ/mol
based on photoion appearance energies (their value is reported
incorrectly as 398 ± 4 kJ/mol by Francisco and Richardson
in their study of the heat of formation of cyanoacetylene80).
A number of theoretical calculations of 
fH(HC3N) have
been made. A MINDO calculation gave 
fH(HC3N)
= 342.8 kJ/mol and 
fH(HC3N+) = 1404.5 kJ/mol,81 whose
difference gives IE(HC3N) = 11.0 eV, which is ≈ 600 meV
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smaller than our experimental value of the ionization en-
ergy. A group-additivity dermination resulted in 
fH(HC3N)
= 380 kJ/mol, with an uncertainty of 20 kJ/mol.82 Ochterski
et al.83 obtain 384.6 kJ/mol via the atomization energy ap-
proach, while a Gaussian-4 level calculation of 
fH(HC3N),
also using atomization energies, gave a different value,
372.0 kJ/mol.84 We note also the ab initio calculations of
Francisco and Richardson at the Gaussian-2 theory level
which give 382 ± 8 kJ/mol, while an isodesmic reaction
evaluation gives 379 ± 8 kJ/mol.80 Using an enthalpic shift
procedure Golovin and Takhistov85 determined 
fH(HC3N)
= 360.7 kJ/mol. Thus reported experimental and calculated
values of 
fH(HC3N) cover the wide range 342–382 kJ/mol.

We note that Harland’s experimental value 
fH(HC3N)
= 354 kJ/mol, which has been the most “certified” exper-
imental value in data lists, is based on 
fH(C2H) and on

fH(CN+). Indeed it depends very critically on the value
of 
fH (CN+), which is uncertain because of the numerous
values of IE(CN) listed in the NIST compilation.86 In this
compilation, IE(CN) has four cited experimental values rang-
ing from 14.03 ± 0.02 eV87 to 14.5 ± 0.2 eV72 while the
IE(CN) evaluated by Herzberg and Huber is 14.17 eV88 and
that given (for unexplicited reasons) by Lias et al. in NIST86 is
13.598 eV, with 
fH(CN+) = 1750 ± 4 kJ/mol. More re-
cently, hybrid DFT methods gave calculated values IE(CN)
= 13.66 and 13.88 eV.89 The reported experimental and cal-
culated values of IE(CN) just mentioned thus cover the wide
range 13.598–14.5 eV. We note also that a quite thorough re-
port dating from 1965 elaborates the determination of eight
different values of IE(CN) and recommends the lowest value,
IE(CN) = 13.4 eV.90 There is therefore an urgent need for a
definitive determination of IE(CN).

The dependence of the heat of formation of HC3N on

fH (C2H) is difficult to resolve quantitatively since the NIST
compilation86 gives two widely different values, 
fH (C2H)
= 477 kJ/mol94 and 556 kJ/mol.95 (The book of Holmes
et al.76 lists the following values, which do not appear to be
valid: 
fH(C2H) = 594 kJ/mol and IE(C2H) = 10.64 eV,
reported as being from the NIST compilation). Lias et al.77

give 
fH(C2H) = 565 ± 4 kJ/mol from Ref. 96 and IE(C2H)
= 11.7 eV. NIST86 gives IE (C2H) = 11.61 ± 0.07 eV, basi-
cally from the PEPICO study of Norwood and Ng97. A more
recent value, IE (C2H) = 11.645 ± 0.0014 eV98 is based on a
determination of the threshold energy for formation of C2H+

from acetylene, while a recent ab initio calculation gave IE
(C2H) = 11.652 eV.99 An early review of the difficulties of
determining 
fH(C2H) and IE (C2H) occurs in chapter VI of
the book of Berkowitz.100

From the above discussion it is clear that many ques-
tions concerning CN and C2H are still unresolved and require
further investigation before conclusive values of 
fH(HC3N)
and 
fH(HC3N+) can be obtained.

4. Autoionisation structures

A series of bands are observed in the TIY spectrum of
the parent ion between 11.6 eV and the observation limit at
15.6 eV (Figs. 1(b)β and 3 and Table V). These bands must
be autoionization features since, as seen in Figure 1(b), they

occur at fixed photon energies and their electron kinetic en-
ergies (Fig. 1(a)) do not follow lines of constant slope as in
direct ionization. Band assignments are given in Table V and
in Figure 3. As mentioned earlier, except in the immediate
ionization threshold region, the TIY spectrum is closely simi-
lar to, but better resolved than, the VUV absorption spectrum
of Ferradaz et al.68 in the same energy region (Fig. 5). The
broad asymmetric features peaking at 11.930 and 12.179 eV
in the TIY spectrum (Figs. 5(b) and 5(c) and Table V) cor-
respond to the 11.914 and 12.179 eV features of the SPES
spectrum (Fig. 1(b)α, Table III), respectively, assigned to the
intense 21

0 and 22
0 vibronic transitions to the B2� state and

thus indicate increases in ionization cross-section on excita-
tion of the ν2(C≡N) stretching vibration.

There follows a series of much sharper bands in the TIY
spectrum, beginning with the feature at 12.446 eV (Fig. 3 and
Table V). This feature is assigned to the n = 3 member of a
Rydberg series R2, quantum defect δ = 0.094. The next strong
band, at 12.553 eV is assigned to the n = 4, δ = 1.0, member
of another Rydberg series, R1, for which we assign the n = 4–
10 bands in Table V. Both series, R1 and R2 (n = 3–8 as-
signed), converge to the B2� O0

0 ion state level at 14.057 eV.
We note that an additional member of the R1 series, the
n = 3 member of the R1 series is observed below the X2�

ionization limit as a band at 85 675 cm−1 (10.622 eV) in the
absorption spectrum of HC3N measured by Ferradaz et al.68

and assigned as n = 3, δ = 0.99 by Mendes et al.50. The latter
took IE(B2�) = 14.03 eV, the HeI PES value of Baker and
Turner,44 in calculating the quantum defect. With our exten-
sive set of n = 3–10 assigned R1 series of Rydberg bands we
obtain a more precise IE(B2�) = 14.057 eV, as found also
with the R2 series limit, in fitting the whole set of Rydberg
bands to the formula T(n) = I – R/(n − δ)2, where T(n) is the
Rydberg term value of principal quantum number n, I the ion-
ization energy and R the Rydberg constant. We remark that
the R2 series has no precursor in the three-photon REMPI
spectra of HC3N measured by Mendes et al.50 nor is one re-
ported in the HC3N absorption spectrum of Ferradaz et al.68

analysed by Mendes et al.50

In Table V we also list vibronic components of the R1
series in which progressions of the ν4 (C–C stretch) vibration
are observed. We assign a series nsσ 1� 41

0 for n = 4–9, with
some 42

0 levels also observed (n = 4, 5, 9; band overlaps
can occur for other values of n). A progression in ν4 (C–C
stretch), bands 41

0 and 42
0, has also been listed for the n = 3

member in the absorption spectrum50 but these n = 3 vibronic
assignments can be questioned since the reported ν4 vibronic
band intervals, respectively, 1052 and 962 cm−1 are consid-
erably greater than our or previously observed values of ν4

(C–C stretch) for the B2� state (Table II). Progressions in ν4

(C–C stretch) are not observed for the R2 series in the TIY
spectrum but they could be present, overlapping some of the
R1 series bands. Much higher resolution studies are necessary
to clarify the situation.

The allowed Rydberg transitions culminating in the B2�

ion state at 14.057 eV would be: one s-type and three d-type
series:

. . . 8σ 21π49σ 22π4X1�+ → 1π−1(nsσ+) 1�,
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TABLE V. TIY spectrum HC3N. The pointing errors are estimated to be ±4 meV.

Band No. Energy (eV) Energy (cm−1) Assignment

1 11.573 93 342 X2� O0
0 IEad

1∗a 11.643a 93 907a X2� O0
0 IEvert

2 11.930 96 221 X2� 21
0

3 12.179 98 230 X2� 22
0

4 12.298 99 190
5 12.384 99 883
6 12.446 100 383 R2 n = 3, δ = 0.094
7 12.508 100 883
8 12.553 101 246 R1 n = 4, δ = 1.0
9 12.573 101 408
10 12.621 101 795
11 12.648 102 012 R1 n = 4, 41

0

12 12.665 102 150 V O0
0

13 12.732 102 690 V 61
0

14 12.760 102 912 R1 n = 4, 42
0

15 12.767 102 972 V 41
0

16 12.805 103 279 V 62
0

17 12.859 103 714 V 42
0

18 12.886 103 932 V 31
0

19 12.914 104 158 V 21
0

20 12.997 104 827
21 13.048 105 239
22 13.122 105 835
23 13.173 106 247 R2 n = 4, δ = 0.077
24 13.205 106 505 R1 n = 5, δ = 1.0
25 13.230 106 707
26 13.280 107 110 R2 n = 4, 41

0

27 13.305 107 311 R1 n = 5, 41
0

28 13.342 107 610
29 13.405 108 118 R1 n = 5, 42

0

30 13.444 108 433
31 13.477 108 699
32 13.506 108 933 R1 n = 6, δ = 1.03; R2 n = 5, δ = 0.031
33 13.548 109 271
34 13.604 109 723 R1 n = 6, 41

0

35 13.637 109 989
36 13.670 110 255 R1 n = 7, δ = 1.07; R2 n = 6, δ = 0.071
37 13.692 110 433
38 13.745 110 860
39 13.771 111 070 R1 n = 8, δ = 1.10; R1 n = 7, 41

0; R2 n = 7, δ = 0.10
40 13.791 111 231
41 13.843 111 651 R1 n = 9, δ = 1.03; R2 n = 8, δ = 0.026
42 13.873 111 893 R1 n = 8, 41

0

43 13.892 112 046 R1 n = 10, δ = 0.92
44 13.932 112 369 R1 n = 9, 41

0

45 13.967 112 651
46 14.034 113 191 R1 n = 9, 42

0

47 14.304 115 369 . . . b

48 14.712 118 660
49 14.862 119 869
50 14.917 120 313
51 15.023 121 168
52 15.081 121 636
53 15.117 121 926
54 15.141 122 120
55 15.191 122 523
56 15.238 122 902
57 15.320 123 563
58 15.375 124 007
59 15.473 124 797
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TABLE V. (Continued).

Band No. Energy (eV) Energy (cm−1) Assignment

60 15.515 125 136
61 15.546 125 386
62 15.592 125 757

aFrom SPES spectrum (Sec. V A 1 and Table III).
bBands Nos. 47–62 are possibly features of Rydberg series converging to the C2�+ ion state at 17.62 eV, Sec. V C 1.

. . . 8σ 21π49σ 22π4X1�+ → 1π−1(ndσ+) 1�,

. . . 8σ 21π49σ 22π4X1�+ → 1π−1(ndπ ) 1�+,

. . . 8σ 21π49σ 22π4X1�+ → 1π−1(ndδ) 1�.

Our assigned R1 Rydberg series n = 4–10, have quantum de-
fects δ = 0.92–1.10, while for the R2 Rydberg series n =
3–8, δ = 0.03–0.10 (Table V). The R2 series bands for n > 4
overlap those of the R1 series. The R1 series most probably
corresponds to states derived from ns electrons, and the R2
from nd electrons, the latter giving rise to transitions such as
(ndπ ) 1�+ ← 1�+ or (ndδ) 1� ← 1�+ which are expected
to have quantum defects of the order of magnitude observed
for the R2 series.101 We note that on the basis of the united
atom model,93 with argon considered as the united atom valid
for HC3N, the strongest Rydberg transitions in cyanoacety-
lene are expected to involve only ns and nd Rydberg series.50

5. Photoelectron spectra

It is of interest to analyse the relaxation pathways by
measuring the electron kinetic energy. Figure 6 displays KE
projections for the photon energies corresponding to selected
Rydberg (Fig. 6(a)) and valence (Fig. 6(b)) bands as well
as some non-assigned but possible Rydberg band features
(Fig. 6(c)). The spectra at specific band excitation energies
will contain two components, a background component due to
direct ionization and a resonance component due to autoion-
ization. In the latter case the ionizing transition is indirect,
in that it now occurs from a superexcited neutral state lying
above the ionization energy.

In Fig. 6(a) the photoelectron spectra associated with
Rydberg Band Nos. 6, 8, 23, 24, 32, and 36 in Table V (TIY
spectrum) correspond to increasing values of the principal
quantum number n of the two series R1 and R2. The bands be-
come broader as n increases, which may indicate an evolving
decrease of the Rydberg state lifetimes with increasing prin-
cipal quantum number. The valence state spectra, Bands Nos.
12, 13, 15, 18 and 19 (Fig. 6(b) and Table V) discussed in
Sec. V E, are little changed with increasing internal energy,
indicating constant lifetimes on the scale of our energy res-
olution, and thus a set of similar vibronic couplings to the
ionization continuum.

Fig. 6(c) gives the photoelectron spectra associated with
Bands 47, 49, 55, 58, 61, and 62 (Table V) which are consid-
ered as possible Rydberg bands converging to the C 2�+ state
of the ion (see below, Sec. C 1). Here too there are increas-

ing widths of the photoelectron bands with increasing energy,
most clearly seen in the 13–15 eV binding energy region.

C. Further Rydberg transitions

In this section we discuss some aspects of other
Rydberg transitions in cyanoacetylene. We note first of all the
absence of Rydberg bands converging to A2�+ state in the

FIG. 6. Cyanoacetylene: photoelectron spectra at different fixed photon en-
ergies corresponding to the band numbers (N) referenced in Table V. See text
for description.
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TIY spectrum and none have been reported in the absorption
spectra of HC3N.50, 79, 102 We have previously mentioned the
absence of A2�+ ← X 2� HC3N+ absorption features in the
Ne matrix work.59 However, we think it would be worthwhile
re-investigating parts of the absorption spectra assigned by
Mendes et al.50 in order to verify the presence or absence of
Rydberg bands converging to A2�+ state of HC3N.

Two other energy regions of the HC3N TIY spectra merit
the following discussion of Rydberg series aspects.

1. Rydberg bands converging to the C2�+ state?

There are features in the 14.7–15.6 eV region of the
TIY spectrum, in particular the six bands Nos. 47, 49,
55, 58, 61, and 62 (Figs. 5(b) and 5(c) and Table V) at
14.304, 14.862, 15.191, 15.375, 15.546, and 15.592 eV, re-
spectively, which are possibly Rydberg vibronic bands con-
verging to the C2�+ ion state whose origin is reported to be at
17.62 eV44 (other possible origin bands are discussed in
Appendix B). The He I44 and He II45 PES spectra exhibit a
series of vibronic bands, maximum intensity at 18.2 ± 0.1 eV,
extending from 17.62 eV to the beginning of a continuum at
about 18.6 eV. The average interval of these bands is of the or-
der of 1320 cm −1 according to Baker and Turner44 (see also
the discussion in Appendix B). They assigned this interval to
the ν1 (C–H) vibration whose frequency is greatly diminished
with respect to the neutral species (Table II).

We suggest that the 15.2 ± 0.4 eV TIY region could cor-
respond to n = 3 members of Rydberg series converging to
the C2�+ ion state. In this case the TIY spectrum should
exhibit vibrational structure similar to that of the C2�+ (8σ

→ 2π ) state PES band. To verify this requires more extensive
TIY spectra and higher resolution PES spectra than available
at present.

2. Rydberg bands converging to the X2� 21

vibronic level

Here we consider some aspects of Rydberg series con-
verging to vibronic components of the X 2� ion state. For
this we have re-examined the photoionization yield curves
for HC3N in the 11.59–11.98 eV region measured with a hy-
drogen discharge VUV light source by Okabe and Dibeler.79

Their parent ion yield spectrum is much better resolved than
our TIY spectrum in this energy region. Okabe and Dibeler
reported a series of features corresponding to n = 8–14 and
n = 8–15 members of two Rydberg series, converging to the
21 vibrational level of the X 2� state, with quantum defects
δ = 0.95 and 0.55, respectively, and an X 2� 21 Rydberg limit
of 96 073 cm−1 (11.912 eV). We note that this limit agrees
well with our X 2� 21 SPES band at 11.914 eV (Table III).
Individual photoionization yield peak energies were not listed
by Okabe and Dibeler.

We enlarged Fig. 4 of the Okabe and Dibeler PIY curve79

and measured the energies of 20 peaks between 11.59 eV and
12 eV. The values reported in Table VI should be consid-
ered as subject to measuring errors of the order of 5 meV.
These 20 features include the Rydberg bands, assigned by

Okabe and Dibeler, which converge to the ion ground state
X2� 21

0 vibronic level at 11.914 eV. There are also some
bands in the 11.88–11.98 eV region that can be considered
to form part of unanalysed Rydberg series converging to the
X2� 22

0 vibronic level at 12.179 eV as limit. The separation,
for example, between the bands at 11.652 and 11.924 eV is
2187 cm−1, which is compatible with a ν2 vibrational fre-
quency in the X2� ion state (Table II). In order to see whether
the Okabe/Dibeler bands listed in Table VI are also present in
our much less well resolved TIY spectrum we noted the suc-
cessive intensity maxima in the TIY ion counts as a function
of excitation energy in the energy range 11.64–11.98 eV. The
energies of these maxima are also listed in Table VI. There
is reasonable agreement, generally to within ±4 meV, be-
tween the two sets of energies, taking into account the manner
of measurement in both cases and noting that the measure-
ment interval of Okabe and Dibeler in the 12 eV region was
11 meV, whereas our TIY measurement interval was 4 meV.
The largest difference, 9 meV, between the two measurement
sets of Table VI, concerns the unassigned broadest feature in
these series of bands, peaking at 11.924 eV on a sharply ris-
ing curve in the Okabe/Dibeler spectrum. Using the measured
values we were unable to make satisfactory consistent quan-
tum defect fits to the two Rydberg series equations published
by Okabe and Dibeler.79 This illustrates the very great sen-
sitivity of the quantum defect in the Rydberg formula to the
energies of bands corresponding to high values of the princi-
pal quantum number n. In addition to the measurement lim-
itations and uncertainties, part of the fitting difficulty could
also be due to irregularities in the Rydberg levels due to elec-
tronic and vibronic interactions. We mention that Mendes
et al.50 have assigned some of the absorption bands of Fer-
radaz et al.68 to lower members, n = 3–5, of three Rydberg
series converging on the X2� 21

0 vibronic level with quan-
tum yields, respectively, ≈1.0, ≈0.41, and −0.06. We recall
that Connors et al. reported two Rydberg series converging to
X2� 00

0 with δ = 1.0 and 0.40, respectively.102 The quan-
tum defect values of Mendes et al. and of Connors et al. do
not allow us to make satisfactory Rydberg series fits for the
Okabe/Dibeler derived data of Table VI.

D. H-loss channels

Although our calculation of the vertical excitation energy
for the C2�+ state is in excellent agreement with the HeI PES
study of Baker and Turner44 (see Appendix A), our calcula-
tion of the C2�+ state ν1(C–H) frequency (Table II) results
in a value, 3347 cm−1, far from the ν1 ≈ 1320 cm−1 reported
in the same study. We note, however, that a close examination
of this PES band (expanded Fig. 11 of Ref. 44) indicates that
the initial peak intervals 
ν are of the order of 1600 cm−1

up to the band maximum at 18.2 ± 0.1 eV and become much
smaller, 
ν ≤ 900 cm−1, above 18.4 eV.

A more refined theoretical calculation, which explores
the potential energy surface leading to C–H dissociation was
required in order to clarify this question. This was carried out
by the methods described in Sec. III, not only for the C2�+

state but also for the ground X2� and the first two electronic
excited states of the ion, A2�+ and B2�. In this section we
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TABLE VI. HC3N : (a) Measurements of PIY from fig. 4 of Okabe and Dibeler79 compared with (b) our TIY measurements.

Band No. λ (Å) (a) ν (cm−1) (a) E (eV) (a) Our TIY (b) (a) − (b) meV Assignment79

1 1064.02 93 983 11.652 11.649 +3 Ra n = 8 ?
2 1062.98 94 075 11.664 11.669 −5 Rb n = 8
3 1060.17 94 324 11.694 11.697 −3 Ra n = 9
4 1058.91 94 436 11.709 11.709 0
5 1057.81 94 535 11.721 11.725 −4 Rb n = 9
6 1056.36 94 665 11.737 11.741 −4 Ra n = 10
7 1055.10 94 778 11.751 11.753 −2
8 1053.62 94 911 11.767 11.769 −2 Rb n = 10
9 1052.36 95 024 11.782 11.785 −3 Ra n = 11
10 1051.45 95 107 11.792 11.793 −1 Rb n = 11
11 1049.94 95 244 11.809 11.805 +4 Rb n = 12
12 1048.36 95 387 11.827 11.829 −2 Ra n = 13 ; Rb n = 13
13 1047.57 95 459 11.835 ? Ra n = 14 ; Rb n = 14
14 1046.82 95 528 11.844 11.845 −1 Ra n = 15 ; Rb n = 15
15 1043.26 95 853 11.884 11.881 +3
16 1041.94 95 975 11.899 11.899 0
17 1039.83 96 170 11.924 11.933 −9
18 1038.28 96 313 11.941 11.945 −4
19 1037.02 96 430 11.956 11.957 −1
20 1035.89 96 535 11.969 11.973 −4

discuss the results that provide new information on the H-
loss dissociation channels for these states. The results con-
cerning the C2�+ state ν1 (C–H) frequency are presented in
Appendix B.

Figure 7(a) shows the potential energy profile for the
ground and three excited electronic states of the cyanoacety-
lene ion along the C–H elongation channel between r(C–H)
= 0.6 and 3.0 Å. The calculations were carried out up to
r(C–H) = 9Å and 10 Å which were at the dissociation limits
since there were no differences in the state energies at these
two internuclear distances. The calculated C–H dissociation
limits were respectivement 5.82 eV (X2�), 7.16 eV (A2�+),
6.98 eV (B2�), and 7.33 eV (C2�+).

The calculated C–H dissociation energy for the X2�

state, 5.82 eV, is in reasonable agreement with the experi-
mental value D(C–H) = 6.22 eV of Harland60 who observed
AE (C3N+) = 17.78 ± 0.08 eV in an electron impact ex-
periment on cyanoacetylene. It is also of the same order of
magnitude as the corresponding calculated value (there is no
direct experimental value) for neutral linear cyanoacetylene.
Some representative calculated values of the neutral molecule
C–H dissociation energy are 5.70 ± 0.08 eV103 and 5.99
± 0.09 eV80 but these are both based on a calculation of

fH(C3N), for which a wide variety of values have been
reported. More relevant is a recent calculation, by a scaled
hypersphere search method, of the potential energy surfaces
of dissociation channels for the linear and cyclic isomers
of HC3N.104 All dissociation channels of the isomers were
found to correspond to direct decomposition without transi-
tion states. For the linear form HCCCN the hydrogen-loss
channel dissociation energy was 5.518 eV whereas for four
different cyclic isomers the D(C–H) values were in the range
2.3–3.5 eV.

The C–H dissociation channel profiles of the A2�+ and
B2� states of the ion the lead to dissociation energies whose

FIG. 7. (a) Calculated potential energy profiles of the C–H dissociation chan-
nel of the X2�, A2�+, B2�, and C2�+ electronic states of HC3N+ (For
calculation method see Sec. III). (b) Expanded profiles for the A2�+, B2�,
and C2�+ electronic states between r(C–H) = 2.3 and 5 Å. (c) Expanded
profile for the C2�+ state between r(C–H) = 0.9 and 1.43 Å.
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TABLE VII. C3N+ electronic states and combination with H(2Sg) to form HC3N+ electronic states.

C3N+ electronic state Linear symmetry (C∞v) Energya (meV)

Linear HC3N+ electronic states
resulting from C3N+ + H(2Sg)

—> HC3N+

3A (C1) quasi-linear CCCN+ 3� 0.0 X2�, 4�
3�− (C∞v) linear
CCCN+ 3�− 8.7 2�, 4� (probably non-stable

dissociative states correlating with
very highly excited HC3N+
electronic states)

3A (C1) quasi-linear CCNC+ 3� 429 B2�, 4�
1A′(Cs) quasi-linear CCCN+ 1�+ 598 A2�+
1A′(Cs) quasi-linear CCNC+ 1�+ 945 C2�

aEnergies from the supplementary material in Wang et al.105

magnitudes, of the order of several eV, respectively, 5.38 and
4.78 eV, are similar to that of the X2� state and would appear
to correspond to simple bond rupture in each case. However,
for the C2�+ state the calculated dissociation limit corre-
sponds to a C–H dissociation energy of 560 meV. The ground
state of HC3N+ would dissociate into unexcited linear C3N+

+ H, while the dissociation limits of the excited electronic
states could correspond to formation of an electronically ex-
cited C3N+ fragment ion and a neutral H atom.

The various product possibilities and the relative energy
differences between them are presented in Table VII, which
we derived from application of Wigner-Witmer correlation
schemes93 and the energies of quasi-linear electronic states
of the C3N+ ion, whether as CCCN+ or CCNC+, calculated
by Wang et al.105 at the B3LYP/6-311 + G(3df) level of the-
ory, with relative energies and electronic states determined at
the CCSD(T)/aug-cc-pVTZ level. The data in Table VII, in
which we consider the combining electronic states of C3N+

as having C∞v symmetry, predict that the C–H dissociation
limit of the A2�+ state lies 169 meV above that of the B2�

state. This agrees with the order given by the results of our
C–H dissociation potential energy profile calculations which
predict a dissociation limit energy difference of 180 meV. Fig-
ure 7(b) illustrates the calculated crossover of the A2�+ and
B2� states at about r(C–H) = 3.6 Å. Table VII also predicts
the dissociation limit of the C2�+ state to lie 347 meV above
that of the A2�+ state, in reasonable agreement with the value
516 meV of our calculated difference of dissociation limits
between these two states.

We note that in the electron impact experiment of
Harland60 a second onset (sharp rise) was observed at 18.64
± 0.08 eV in the C3N+ yield curve, i.e., 860 ± 160 meV
above the first dissociation limit. This is of the same order
of magnitude as the difference between the calculated dis-
sociation limits of the ground state A2� and the B2� state,
1160 meV. We remark that the experimental set-up of Har-
land would allow for a metastable excited state C3N+ to be
recorded.

Up to now we have considered the C3N+ product to
be linear or quasi-linear. However, another possibility is that
on dissociation from the electronically excited states of the
cyanoacetylene ion the C3N+ ion is formed in a cyclic iso-
meric form. Harland and Maclagan106 also carried out ab ini-

tio calculations of the relative energies for various structures
and electronic excited states of the C3N+ ion. Although they
tend to prefer formation of the cyclic isomer, the results, as
well as those of calculations on the structures and energies of
C3N+ isomers by Ding et al.107, 108 do not eliminate the sug-
gestion of formation of an excited state of a linear or quasi-
linear C3N+ ion.

The recent calculation on C3N+ structures and electronic
state energies by Wang et al.105 discussed above, indicated
that for the linear isomer of C3N+, a quasi-linear excited sin-
glet state should exist at 598 meV above a triplet ground
state (Table VII), whereas for two cyclic isomers their ground
electronic states should lie at, respectively, 1105 meV and
1534 meV above ground state of the linear isomer. As dis-
sociation products, a linear C3N+ excited electronic state and
an unexcited cyclic C3N+ isomer are thus each compatible
with the ion yield experimental60 data. In this respect we men-
tion also that Selected-Ion Flow Tube (SIFT) studies of the
reactions of C3N+ with a number of different molecules have
provided evidence for the existence of one major (≥90% in
some cases) and one minor (≤10%) different reactive forms
of C3N+.78, 109 This is based on the observation of differences
in ion/molecule reaction rate coefficients for the two C3N+

species. Petrie et al.109 consider that the less reactive form
could not be an excited form of the major (linear) component,
arguing that electronic excitation energy should also promote
its reactivity. However, we consider that this argument loses
its absoluteness in the present case where the excited states
of quasi-linear C3N+ in the relevant energy region are singlet
states and so have a different spin multiplicity from that of the
ground state.

E. Valence shell transitions

There are a number of features in the TIY spectrum, in
particular in the 12.6–13.1 eV region that have not been as-
signed to Rydberg series (Fig. 3 and Table V). Some of these
features can be considered as arising from valence shell tran-
sitions. Information on such transitions in cyanoacetylene can
be obtained from Connors et al.102 who carried out molecular
orbital calculations of valence shell transitions in the 31 800–
106 000 cm−1 (3.94–13.14 eV) region, using the CNDO/2
method. In the energy region above the first IE there are
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calculated to be 3 dipole transitions of interest, two of which
are to excited 1�+ states and one to a 1� state:

(i) 99 200 cm−1 (12.30 eV), f = 0.007, 1�+;
(ii) 104 400 cm−1 (12.94 eV), f = 0.008, 1�;
(iii) 106 000 cm−1 (13.14 eV), f = 1.4, 1�+.

These valence shell transitions are possibly responsible
for at least some of the m/z = 51 TIY bands we see in
the 12.6–13.1 eV region and that have not been assigned to
Rydberg states. Some provisional assignments to vibrational
components of the expected strong 1�+ ← �+ valence tran-
sition, with the 12.665 eV band as O0

0 origin band, are given
in Table V and Fig. 3, where they are indicated as V bands.
The vibrational components include several modes, whose vi-
brational frequencies, ν2 = 2008 cm−1, ν3 = 1782 cm−1, ν4

= 822 cm−1 and ν6 = 540 cm−1 are similar to those observed
in the B2� state of the ion, taking into account measurement
error bars. We note also that practically all of the TIY features
listed in Table V have their counterparts in the VUV absorp-
tion spectrum (Fig. 5).

Further work is required in order to deepen our analy-
sis of the autoionizing features in the TIY spectra. In particu-
lar, more sophisticated calculations of the high energy valence
transitions of HC3N are necessary, as well as higher resolution
absorption spectra of cyanoacetylene in the 11–15 eV region
which would help to sort out features arising from autoioniza-
tion and direct ionization and enable us to clarify and confirm
the Rydberg and valence transitions.

F. Some Astrophysical implications

Possible astrophysical applications of our results pre-
sented in Secs. V A–V E concern mainly the spectroscopic
and thermochemical data, the photophysical excitation mech-
anisms, the determination of ionization cross-sections, and
their relation to absorption phenomena. These data can be cru-
cial for use in cosmochemical reaction schemes applied to dif-
ferent astrophysical contexts, planetary (Titan), circumstellar
and interstellar as well as for the interpretation of cometary
observations.

The ionization quantum yield �i of a molecular species
and its variation at specific excitation energies is a particularly
important property to measure that needs to be taken into ac-
count in astrophysical chemical reaction schemes. In Sec. V
B 1 b we have used a rule of thumb79 to estimate �i values of
cyanoacetylene at specific photon excitation energies. We re-
mark that the cyanoacetylene cation is very stable under VUV
irradiation. The first dissociative ionization process occurs at
about 18 eV,60 i.e., at over 6 eV above the ionization energy,
and about 4.4 eV above the astrophysical HI region energy
upper limit, 13.6 eV. Thus if HC3N is formed in HI regions of
the interstellar medium (ISM) it should have no tendency to
undergo dissociative ionization in these regions.

VI. CONCLUSION

Cyanoacetylene and its cation are important species
whose presence in astrophysical sites is expected or observed.

In particular these species play a role in the atmosphere of
Titan where they are subject to charged particle and pho-
ton irradiation. The effects of VUV radiation on cyanoacety-
lene were studied using synchrotron radiation combined with
electron/ion coincidence techniques over the excitation range
10–15.6 eV. A detailed analysis of the SPES spectrum in
the 11.0–15.5 eV excitation energy region was carried out.
The X2� ground state of the cation shows an onset at IEad

= 11.573 eV in the TIY spectrum, in reasonable agreement
with previous PES and electron impact values. The heat of
formation of the cyanoacetylene cation is uncertain, due to
ambiguous values of the heat of formation of neutral HC3N.
There are vibrational components in the SPES spectra in the
11.6–12.2 eV X2� region which involve the ν1 (C–H), ν2

(N≡C), ν3 (C≡C), and ν6 (bend) frequencies.
Analysis of SPES features in the 13.5–14.0 eV spec-

tral region provides new aspects, including refined ioniza-
tion energies and new assignments of vibrational components
to the excited A2�+ state, whose origin band is at 13.557
eV. Excitation of the ν1(C–H), ν2(N≡C), ν3(C≡C), ν4 (C–
C), and ν6 (bend) vibrations is observed. The possible ex-
istence of vibronic interactions involving the A2�+ state is
invoked to explain spectral irregularities. The B2� excited
state at 14.053 eV exhibits vibrational components in which
ν1(C–H), ν2(N≡C), ν3(C≡C), and ν4(C–C) are excited. We
also discuss information on three bending vibrations ν5, ν6,
and ν7 in the B2� ion state obtained, in part, by re-analysis of
published Ne matrix absorption spectra of the cyanoacetylene
cation.

A considerable number of autoionization features is ob-
served in the Total Ion Yield spectrum of the parent ion be-
tween 11.6 eV and the 15.6 eV observation limit. The to-
tal photoionization cross-section has been measured over this
photon energy range and the problem of appropriate cross-
section calibration has been discussed. The structured au-
toionization features bear a close resemblance to the VUV
absorption spectrum of cyanoacetylene in this spectral region.
We have assigned for the first time many of these TIY features
to members of two Rydberg series, ns and nd respectivement,
which converge to the B2� O0

0 ion state level at 14.057 eV.
Vibronic components in ν4 (C–C) are also observed and fully
analysed. Some aspects of the autoionization processes were
monitored via photoelectron kinetic energy spectra measured
at a number of specific photon excitation energies.

Some further aspects of Rydberg series in cyanoacetylene
are also discussed, in particular very weak features in the TIY
spectrum that are assignable to Rydberg series converging to
the 21 vibrational level of X 2�, and clearly observed bands in
the 14.7–15.6 eV region which are possibly Rydberg vibronic
bands converging to the C2�+ ion state at 17.62 eV. Consid-
eration of the vibrational structure of the C2�+ state has led
us to investigate theoretical aspects of the H-loss dissociation
channels of the ground and three excited electronic states of
the ion.

We conclude with a short discussion of our work and
results in the context of implications for astrophysics. The
possible astrophysical applications concern mainly the sta-
bility of cyanoacetylene under VUV irradiation, the spec-
troscopic aspects, in particular the extensive Rydberg series,
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photophysical excitation mechanisms, the determination of
ionization cross-sections, and their relation to absorption phe-
nomena, as well as to the determination of ionization quantum
yields as a function of excitation energy which is an important
factor in many cosmochemical reaction schemes. Aspects of
the theoretical calculations that have been useful in our study
are presented in two appendices.
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APPENDIX A: CALCULATED BONDLENGTHS,
ENERGIES AND VIBRATIONAL FREQUENCIES
OF HC3N+ ELECTRONIC STATES

1. Bondlengths in HC3N and HC3N+ electronic states

We comment on Table I that groups experimental and
theoretical geometrical parameters of neutral and cationic
cyanoacetylene. For the X1�+ ground state of neutral HC3N,
we note that PBE0/AVTZ bondlengths are very close to
CCSD(T)/AVTZ values, with a difference less than 1%, and
that both methods reproduce very well experimental geomet-
rical parameters, with a difference less than 0.7%. Compared
to previous theoretical calculations we note that the geomet-
rical parameters of the HC3N X1�+ state are in good agree-
ment with previous ab initio,50, 51 and DFT52 calculations.

For the HC3N+ cation, no experimental measurements
of bondlengths have been reported in the literature. Our
PBE0/AVTZ and CCSD(T)/AVTZ calculation values for the
ion ground state X2� exhibit differences between 0.5% and
2% and we remark that the PBE0 results are closer than those
of the CCSD(T) calculations to the values given by previous
calculations.50, 55, 56 A comparison of PBE0 geometrical pa-
rameters with CASPT2/AVTZ values reported in Ref. 50 for
both the A and B states of the cation shows good agreement,
with a difference of less than 2% for the A2�+ state and 4%
for B2� state. This increases the level of confidence on our
PBE0/AVTZ calculations for the C2�+ state of the cation
HC3N+.

2. Vibrational frequencies in HC3N and HC3N+
electronic states

In this paragraph we comment on Table II, which
presents vibrational frequencies of the neutral cyanoacety-
lene ground state and the four lowest lying electronic states
of HC3N+ obtained by various experimental and theoretical
methods. For the ground state of the cation we performed
theoretical calculations of harmonic frequencies with both
CCSD(T)/AVTZ and PBE0/AVTZ methods. We note that
both methods overestimate vibrational frequencies by about

TABLE VIII. Adiabatic and vertical lowest ionization energy of
cyanoacetylene (eV).

Experimental
Method DFT/PBE0 CCSD(T) (present study)

Basis AVTZ AVTZ
Adiabatic ionization
energy

11.30 11,57 11.573

Vertical ionization
energy

11,40 11,63 11.643

2%–8% compared to experimental values, which is in line
with usual comparisons between harmonic and anharmonic
molecular vibrational frequency values. The frequencies ob-
tained by our CCSD(T) calculations are close to those given
by PBE0 methods (differences of no more than 1%) as well
as to the DFT calculation values reported by Lee55 and by
Zhang et al.56 We used the less time-consuming PBE0/AVTZ
method in vibrational mode frequency calculations for the A,
B, and C excited electronic states of the cation. Our calcula-
tions represent the first theoretical determinations of the vi-
brational frequencies of these excited electronic states of the
cyanoacetylene cation. The PBE0/AVTZ calculations repro-
duce reasonably well the known experimental vibrational fre-
quencies for these states. Differences between experimental
and calculated values are partially due to the fact that the cal-
culations are of harmonic frequencies but they can also imply
doubtful vibrational assignments or the existence of particu-
lar potential energy surfaces such as in the case of ν1(C–H) in
the C 2�+ state, discussed in Sec. V D and Appendix B.

3. Ionization energy calculations

The ionization energy calculations were carried out by
two different methods, DFT/PBE0 and CCSD(T), with the
AVTZ basis set. The vertical ionization energies (IEvert) val-
ues were calculated as the difference between the energies
of the neutral and the cation, both taken at the equilibrium
geometry of the neutral. The adiabatic ionization energies
(IEad) values were deduced as the energy difference between
the neutral and the ion at their respective equilibrium struc-
tures, and including zero point vibrational energy (ZPE) cor-
rections. Agreement with the experimental lowest ionization
energies IEad and IEvert is particularly good for the CCSD(T)
calculations (Table VIII).

Calculations of the vertical excitation energies rela-
tive to the X2� state of the ion were carried out by the
CASSF/AVTZ and MRCI/AVTZ methods. The calculated
values did not include Zero Point Energy contributions but
are in good or reasonable agreement with experimental val-
ues (Table IX). We note that the MRCI/AVTZ calculations
are in better agreement than the CASSF/AVTZ values with
experimental values for the A2� state. We remark also
that our calculation values of the vertical ionization energy
of the C2�+ state relative to the X2� state of the ion,
6.77 eV (CASSF/AVT) and 6.72 eV (MRCI/AVT) are
in excellent agreement with the experimental value, 6.56
± 0.10 eV derived as the difference in energy between the
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TABLE IX. Dominant electron configurations and vertical ionization energy (in eV) of electronic states of HCCCN+. Vertical ionization energies are relative
to the minimum of the X2� ground state.

Electronic state Dominant electron configuration CASSF/AVTZ MRCI/AVTZ Experiment

X2� (1σ )2(2σ )2(3σ )2(4σ )2(5σ )2(6σ )2(7σ )2(8σ )2(1π )4(9σ )2(2π )3 0 0 0
A2�+ (1σ )2(2σ )2(3σ )2(4σ )2(5σ )2(6σ )2(7σ )2(8σ )2(1π )4(9σ )1(2π )4 1.78 1.93 1.914a

B2� (1σ )2(2σ )2(3σ )2(4σ )2(5σ )2(6σ )2(7σ )2(8σ )2(1π )3(9σ )2(2π )4 2.20 2.68 2.41a

C2�+ (1σ )2(2σ )2(3σ )2(4σ )2(5σ )2(6σ )2(7σ )2(8σ )1(1π )4(9σ )2(2π )4 6.77 6.72 6.56 ± 0.10a,b

aPresent study.
bFrom Ref. 44.

C2�+ state maximum at 18.2 ± 0.1 eV in the He I PES (see
Sec. V C 1) and our IEvert = 11.643 eV.

APPENDIX B: REMARKS ON THE ORIGIN BAND AND
ON THE ν1(C–H) VIBRATION OF THE C2�+ STATE IN
THE HeI PHOTOELECTRON SPECTRUM OF
CYANOACETYLENE

The origin band of the C2�+ state in the He I photoelec-
tron spectrum of cyanoacetylene was reported by Baker and
Turner44 to be at 17.62 eV. If this is considered as IE(C2�+),
the experimental appearance energy AE (C3N+) = 17.78
± 0.08 eV of Harland60 for the dissociative ionization reac-
tion HC3N + hν = > C3N+ + H would then correspond to a
C–H dissociation energy of 160 meV in the C2�+ state. This
is rather less than the 560 meV we calculate (Sec. V D).

Examination of a magnified version of the 16–19 eV por-
tion of the He I PES of Baker and Turner (Fig. 11 of Ref. 44)
showed that there are at least four bands in the C2�+ state
threshold region that could possibly be assigned as the O0

0

band of the C2�+ state. From the expanded figure we mea-
sured bands at 17.15, 17.28, 17.46, and 17.59 eV. This last
certainly corresponds to the 17.62 eV band assigned by Baker
and Turner. These four bands, as possible C2�+ state O0

0 fea-
tures, would lead to H-loss dissociation energies in this state
of, respectively, 630, 500, 320, and 190 meV, to be compared
with the 560 meV from our calculated potential energy pro-
file for the dissociation channel. This suggests that the 17.15
or 17.28 eV PES band is the C2�+ state O0

0 band.
Concerning the reported ≈1320 cm−1 vibrational fre-

quency in the C2�+ state we first note that a close ex-
amination of the C2�+ PES band (expanded Fig. 11 of
Ref. 44) indicates that the initial peak intervals are of the or-
der of 1600 cm−1 up to the band maximum at 18.2 ± 0.1 eV
and become much smaller, ≤900 cm−1 above 18.4 eV. We
now consider Figure 7(c) which is an expanded version of the
potential energy profile between r(C–H) = 0.9 and 1.43 Å.
It shows evidence of curve-crossing in the 1.15 Å region
between an energy surface initially rising to a C–H disso-
ciation limit of several eV and a dissociative potential en-
ergy surface leading to the limit which experimentally is at
18.64 eV in Harland’s study.60 We can therefore rationalise
the fact that our calculated (harmonic) frequency is ν1(C–H)
= 3347 cm−1 for the C2�+ state whereas the frequency as-
signed by Baker and Turner44 is 1320 cm−1, by noting that our
calculation is for the harmonic region of the potential energy
surface close to the equilibrium structure region whereas the
Franck-Condon vibrational overlap parameters creating the

He I photoelectron spectrum profile in the C2�+ state region
mainly explore the shallow energy profile beyond the curve-
crossing region.

We used a simple model to confirm this conjecture. Fig-
ure 7(c) shows that there are two minima in the C–H poten-
tial energy profile, one at r1(C–H) = 1.0776 Å, which we
associate with the calculated harmonic frequency ν1(C–H)
= 3347 cm−1, and another at r2(C–H) ≈ 1.37 Å. Using
Badger’s rule,110, 111 that relates vibrational mode frequencies
(bond force constants) in different electronic states of the
same polyatomic molecule, we determined that at r2(C–H)
≈ 1.37 Å the C–H potential energy profile corresponds to
ν1(C–H) ≈ 1465 cm−1. Since this profile is very anharmonic,
it is reasonable to expect the higher energy levels of the C2�+

state ν1(C–H) mode to have further decreasing vibrational fre-
quencies.
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