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Photoionization of dicyanoacetylene was studied using synchrotron radiation over the excitation
range 8–25 eV, with photoelectron-photoion coincidence techniques. The absolute ionization cross-
section and detailed spectroscopic aspects of the parent ion were recorded. The adiabatic ioniza-
tion energy of dicyanoacetylene was measured as 11.80 ± 0.01 eV. A detailed analysis of the
cation spectroscopy involves new aspects and new assignments of the vibrational components to
excitation of the quasi-degenerate A2�g, B2�g

+ states as well as the C2�u
+ and D2�u states of the

cation. Some of the structured autoionization features observed in the 12.4–15 eV region of the total
ion yield spectrum were assigned to vibrational components of valence shell transitions and to two
previously unknown Rydberg series converging to the D2�u state of C4N2

+. The appearance energies
of the fragment ions C4N+, C3N+, C4

+, C2N+, and C2
+ were measured and their heats of forma-

tion were determined and compared with existing literature values. Thermochemical calculations of
the appearance potentials of these and other weaker ions were used to infer aspects of dissociative
ionization pathways. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826467]

I. INTRODUCTION

Dicyanoacetylene, C4N2, first synthesized in the early
1900s,1 is a useful reagent for cycloaddition reactions and in
the synthesis of organometallic compounds.2 It is a particu-
larly interesting chemical species in that it has three conju-
gated triple bonds (Scheme 1(a)), the central bond being a
C≡C triple bond. It thus differs markedly from the related
species Diacetylene, C4H2, which has two conjugated triple
bonds (Scheme 1(b)), and a central C–C single bond.

We have previously studied aspects of the ionization
photophysics and Rydberg spectroscopy of diacetylene,3 a
molecule, like dicyanoacetylene, that has considerable as-
trophysical interest. The presence of a centre of symme-
try in linear dicyanoacetylene prevents the observation of
this molecule in the interstellar medium (ISM) by rota-
tional microwave spectroscopy. However, similar asymmetric
molecules such as cyanoacetylene and cyanodiacetylene have
been observed in dark clouds4–7 in the ISM, as well as in hot
circumstellar environments such as CRL 6188, 9 making it rea-
sonable to postulate the presence of C4N2 in the these astro-
physical sites. A possible observational target by the Herschel
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b)Present address: Laboratoire National de Métrologie et d’Essais (LNE),
Pôle Chimie et Biologie, 1 rue Gaston Boissier, 75724 Paris Cedex 15,
France.

Space Observatory would be the strong 107 cm−1 infrared vi-
brational band of gas phase dicyanoacetylene.10, 11 An attempt
to match the C4N2

+ cation A2�g ← X2�u transition origin
band with a diffuse interstellar band was unsuccessful.12

The atmosphere of Titan is mainly N2 gas. The nitrogen
atoms formed by various dissociation processes react with
other ambient gases (e.g., CH4) to synthesize a large number
of hydrocarbons and nitriles.13 Solid dicyanoacetylene has
been detected in Titan’s atmosphere by infrared spectroscopy
(Voyager 1 IRIS spectra).14 As the seasons change on Titan,
the compound condenses and evaporates in a cycle, which
allows scientists on Earth to study Titanian meteorology.
Dicyanoacetylene, although not yet directly observed in the
gas phase in Titan, undoubtedly exists in this phase during
the evaporation stage. Complex nitrogen-bearing molecules
are precursors for the production of aerosol particles, of radii
0.02–0.1 μm,15 that are responsible for Titan’s atmospheric
haze. The haze structure in Titan’s atmosphere is induced by
a number of photochemical processes from various energy
sources: solar irradiation, energetic particles existing in
Saturn’s magnetosphere, and galactic cosmic rays. These
are capable not only of chemistry involving neutral species
but also ionization processes. Thus it is of interest to in-
vestigate the VUV photophysics and photochemistry of
dicyanoacetylene.

C4N2 was included in modelling of the photochemistry
of Titan’s mutually dependent atmosphere and ionosphere.13

The stratospheric abundance of C4N2 was found to be highly
dependent on cosmic ray dissociation of nitrogen. Alternative

0021-9606/2013/139(18)/184304/17/$30.00 © 2013 AIP Publishing LLC139, 184304-1
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N≡C-C≡C-C≡N    1a 

H-C≡C-C≡C-H    1b 

SCHEME 1. Structure of dicyanoacetylene (a) and diacetylene (b).

mechanisms for the formation of dicyanoacetylene have been
proposed by Yung,16 by Petrie and Osamura17 and by Halpern
et al.18 but the relevant processes have been estimated to be
only of minor importance in the overall C4N2 production yield
in the model calculations of Lavas et al.,19 although the CN
addition mechanism of Halpern et al.,17 in particular is con-
sidered to play a non-negligible role.20 We note that in its
flyby on 16 April 2005 the Ion and Neutral Mass Spectrom-
eter (INMS) on board the Cassini Spacecraft recorded an ion
of m/z 76 at an atmosphere altitude 1100 ± 100 km.21 This
was assigned as being essentially due to HC5NH+ on the ba-
sis of proton affinity properties; a possible (partial) assign-
ment to C4N2

+ could not be given because of quasi-technical
difficulties.

Experimental22 and theoretical23 studies on di-
cyanoacetylene anions have been carried out in the context
of the increasing studies of molecular anions in the ISM24 as
well as in Titan’s upper atmosphere.25, 26 Finally, we mention
that a (tentative) assignment to C4N2 in the atmosphere of
Neptune, has been reported, based on the infrared spectral
measurements of Voyager 2 during its encounter on 2 August
1989.27

II. EXPERIMENTAL

Dicyanoacetylene was synthesized following the proce-
dure described initially by Moureu and Bongrand1, 28 that was
later modified by Miller and Lemmon.29 It is a solid com-
pound at ambient temperature (Tamb). In order to avoid its
polymerisation, it must be stored at low pressure and/or di-
luted with a rare gas at Tamb. For our measurements, the gas
is let into a one litre stainless steel tank to attain a pressure
p(C4N2) = 50 mbar. Helium is added to yield a total pres-
sure of pTOT ≈ 3 bars. This tank is directly connected to a
molecular beam inlet using a pressure reducing regulator. The
He stagnation pressure was such that no van-der-Waals aggre-
gates were formed in the molecular beam. This was checked
with the mass spectrometer.

Measurements were performed at the undulator beamline
DESIRS30 of the synchrotron radiation (SR) facility Soleil
(St. Aubin, France). This beamline incorporates a 6.65 m
normal 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 filter31

which effectively removes all the high harmonics generated
by the undulator that could be transmitted by the grating. In
this work argon was used as a filter gas for all measurements
below 15.75 eV. At higher energies, the filter is turned off.

Absorption lines of the rare gas used in the filter occur in the
spectra and are used to calibrate the energy scale to an abso-
lute precision of about 1 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 spectrometer
called DELICIOUS II. The latter has been described recently
in detail.32 A brief description is given here: The monochro-
matised SR beam (200 μm horizontal × 100 μm vertical ex-
tensions) is crossed at a right angle with the molecular beam
at the centre of DELICOUS 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
obtain the threshold photoelectron spectroscopy of the se-
lected cation, and reveal its electronic structure via the Slow
Photoelectron Spectroscopy (SPES) method, which has been
described in Refs. 33 and 34 and will also be explained in
Sec. IV B. In addition, total ion yields (TIY) as a function of
photon energy can be acquired where the spectral resolution
is defined only by the slit widths of the monochromator (see
above).

For half of the experimental campaign, C4N2 was fur-
ther mixed with propane (C3H8) as a standard at equal pres-
sure p(C4N2) = p(C3H8) = 50 mbar, in order to measure
absolute ionization cross-sections according to the compar-
ative method described by Cool et al.35 and using the cross-
section data given by Kameta et al.36 Also here, helium was
added to yield a total pressure of pTOT = 3 bar. The pres-
sure was measured with a Baratron (MKS). The absolute er-
ror of this pressure transducer is estimated to be about ±3%.
The relative yield of m/z 76 (C4N2

+) as compared to m/z 44
(propane C3H8

+) has been further multiplied by a factor of
1.356 in order to take into account the convoluted mass trans-
mission function of SAPHIRS and DELICOUS II, calibrated
with known gases with mass ranges between m/z 18 and 142.
For absolute measurements, the extraction field was set so that
all the electrons and ions were collected.

III. ELECTRONIC, VIBRATIONAL, AND GEOMETRIC
STRUCTURAL PRELIMINARIES

In order to interpret the results of our experiments that are
described in Sec. IV it is useful to present here information
on the electronic, vibrational, and geometrical structures of
neutral and ionic diacyanocetylene.

A. Electronic structure

Experimental HeI and HeII photoelectron spectra of di-
cyanoacetylene and assignments reported by Bieri et al.37 and
Asbrink et al.38 have provided the following successive ion-
ization energies and assigned molecular orbital (M.O.) sym-
metries corresponding to the ejected electrons: 11.84 eV 2πu,
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13.91 eV 4σ g, 14.00 eV 3σ u, 14.16 eV 1πg, 15.00 eV 1πu,
20.7 eV 3σ g, 23.0 eV 2σ u, thus giving the electron configu-
ration corresponding to the ground state of the dicyanoacety-
lene ion as . . . 2σ u

2 3σ g
2 1πu

4 1πg
4 3σ u

2 4σ g
2 1πu

3 X2�u

(= 12�u). The M.O. assignments were mainly based on
calculations both in Koopmans’ approximation and by an
ab initio many-body Green’s function method.

The order of the M.O.s has been revised more recently.
It has been shown that the 4σ g, 3σ u, and 1πg M.O.s are quasi
degenerate,39 so that the resulting 12�g

+, 12�u
+, and 12�g

electronic states of the ion are likely to be vibronically cou-
pled. Based on their interpretation of emission and excitation
spectra of the dicyanoacetylene ion Maier et al.39 revised
the order of the M.O.s so that the 1πg orbital became the
lowest lying of the three quasi-degenerate M.O.s and thus the
12�g electronic state was predicted to lie below the 12�g

+

and 12�u
+ states. An ab initio calculation study by Cao

and Peyerimhoff40 also predicted this order of the electronic
states, with the 12�g

+ and 12�u
+ states computed to lie,

respectively, 80 meV and 130 meV above the 12�g state.
However, further experimental work by the Maier group41

showed that the 12�g and 12�g
+ states are intimately mixed

(see below).

B. Geometry

The geometrical structure of neutral dicyanoacetylene
has been determined by electron diffraction and coherent Ra-
man spectroscopy.42 As expected from its electronic struc-
ture it is a linear molecule; its bond lengths are r(N≡C)
= 1.161 Å; r(C≡C) = 1.198 Å; r(C–C) = 1.367 Å. There
are no direct determinations of the bond lengths in the ion
but we can compare calculated values of both neutral and
ion ground state bond lengths. Table I gives the relevant data.
The calculated internuclear distances of neutral dicyanoacety-
lene ground state in Table I are in good agreement with ex-

TABLE I. Dicyanoacetylene: neutral molecule and cation bondlengths.

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

NCCCCN 1.161 1.198 1.367 Expt.42

NCCCCN 1.156 1.210 1.363 Calc.a

NCCCCN 1.161 1.210 1.383 Calc.b

NCCCCN 1.159 1.210 1.363 Calc.c

NCCCCN+ X2�u 1.1922 1.2504 1.3383 Calc.d

NCCCCN+ X2�u 1.1806 1.2273 1.3308 Calc.e

NCCCCN+ X2�u 1.177 1.239 1.335 Calc.f

NCCCCN+ X2�u 1.199 1.258 1.349 Calc.g

NCCCCN+ X2�u 1.175 1.229 1.347 Calc.h

NCCCCN+ A2�g 1.206 1.209 1.344 Calc.h

aDensity Functional Theory (DFT) method.4
bCASSCF.43

cDFT (B3LYP).44

dDensity Functional Theory (DFT) method.45

eCASSCF.46

fDensity Functional Theory (DFT) method B3LYP.40

gDensity Functional Theory (DFT) method B3LYP.47

hCASSCF.47

periment. Although the calculated bondlengths of the ground
state of the ion differ by 1%–4% in the various calculations,
these ion state values in Table I are sufficiently different from
those of the neutral molecule to allow us a valid compari-
son between the ion and neutral bondlengths. This shows that
in going from the neutral to the ion ground state r(N≡C) in-
creases by about 2%–4%, r(C≡C) increases by about 2%–4%
and r(C–C) decreases by about 3%, whereas in going to the
12�g excited state of the ion r(N≡C) increases by 3%–4%,
r(C≡C) remains unchanged and r(C–C) decreases about by
2%–3%.

This comparison of ground state neutral and ion corre-
sponding bondlengths indicates that on ionization 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 double bond character, thus increasing the tendency to lin-
ear structure as exemplified in cumulenes.

C. Vibrations

The frequencies of dicyanoacetylene ground state vibra-
tions are well known from IR and Raman studies.48 Corre-
sponding data for the cation electronic states is known from
a variety of optical spectroscopy and photoelectron spec-
troscopy studies as well as some theoretical calculations.
These values, the corresponding references 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 vibrational fre-
quencies resulting from our analysis of the SPES spectra, pre-
sented below, are also given in Table II.

IV. RESULTS AND DISCUSSION

A. The photoion mass spectra

Photoion mass spectra were observed at selected pho-
ton excitation energies between 12 and 20 eV (Figs. 1(a)
and 1(b)). An additional mass spectrum was measured at
Eexc = 25 eV but is not shown here. These spectra were ob-
tained with an extraction field such that ions with coincident
electrons having more than 0.95 eV kinetic energy will be
discriminated, so that for instance the parent ion count will
appear to be lower for hν > 12.8 eV since it correlates to the
fastest electrons. At Eexc = 12 eV the only ions present are
the parent ion m/z 76 and the 13CC3N2

+ carbon isotopic ion
at m/z 77 (5% relative intensity). At Eexc = 16 and 17 eV these
ions are accompanied by impurity ions m/z 40 (Ar+), m/z 32
(O2

+), m/z 28 (N2
+), and m/z 18 (H2O+) (not shown). On in-

creasing the excitation energy to Eexc = 18 eV a very weak
signal appears at m/z 48, assigned to the C4

+ ion (Fig. 1(c)).
This fragment ion is clearly visible at Eexc = 18.5 eV
(Fig. 1(d)). Three new fragment ions, C2N+ (m/z 38), C3N+

(m/z 50), and C4N+ (m/z 62) are observed at Eexc = 19 eV
(Fig. 1(e)). The same set of ions is found at Eexc = 20 eV
with some changes in their relative signal intensities
(Fig. 1(f)). More details on the excitation energy dependence
of the parent and fragment ion intensities are discussed below.
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TABLE II. Vibrational frequencies (cm−1) in neutral and ionic dicyanoacetylene. Present study values are in
bold italics.

Vibration Neutral X1�g
+48 Ion X2�u

Ion A2�g,
B2�g

+ Ion C2�u
+ Ion D2�u

ν1(C≡N) 2297a 221039, 49

2220b,50

2184

215139

220051

2154b,50

2186c

2056 2033

ν2(C≡C) 2123 193039, 49

1942b,50

1972

209939

2094b,50

2008

1774 2100c,51

1750

ν3(C–C) 620 57039, 49

613b,50

575

69639

511b,50

625

59051

563

ν4 2245 2010b,50

2015b,52

ν5 1155 1208b,50

ν6 505 568 calc.40

558 calc.53

ν7 261 266 calc.40

266 calc.53

258
ν8 472 477 calc.40

459 calc.53

ν9 107 108 calc.40

113 calc.53

aCorrected for Fermi resonance. ν1(C≡N) is assigned (C≡C) by Khanna et al.10 at 2331 cm−1 but Winther and Schönhoff48 show
that it is 2ν5 in Fermi resonance with ν1 at 2268 cm−1.
bNe matrix values.
cPES band frequency assigned by Baker and Turner51 to ν2(C≡C) by similarity with neutral ground state frequency. We consider
that an assignment to ν1(C≡N) is also possible.

B. Slow photoelectron spectroscopy (SPES)
of the dicyanoacetylene 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 algorithm54 to yield photoelec-
tron spectra at any and all the photon energies of the scan.
The data are displayed in the form of an intensity matrix in
Fig. 2(a) for the C4N2

+ parent ion over the 11.5–15.5 eV
photon excitation energy region. In such a matrix, the num-
ber of e−/i+ coincidences (given in a color code) are plotted
as a function of electron kinetic energy and photon energy. It
carries a wealth of information that can be reduced in different
ways. By energy conservation, electrons ejected into the con-
tinuum through a direct process will appear as diagonal lines
of constant slope (hν – IEi/KE where hν is the photon en-
ergy, IEi is the ionization energy of the ith state, and KE is the
electron kinetic energy. As described in Ref. 33, one can now
integrate the electron signal along the slope direction up to a
certain KE for each photon energy to obtain the SPES, which
provides the cation spectroscopy with high electron resolution
without compromising the signal to noise ratio. The integra-
tion range chosen here (0 < KE < 50 meV) yields an electron
resolution of ≈25 meV.

The resulting SPES for the m/z = 76 ion are shown in
Fig. 2(b) over the range 11.5–15.5 eV. The same 11.5–15.5 eV
bands have previously been observed by a technique analo-

gous to that of SPES, in a photoelectron spectrum recorded
with a constant halfwidth band pass of 25 meV.49 Three spec-
tral regions can be seen between 11.8 and 15.5 eV with the
band positions compiled in Table III. Graphical zooms of the
regions of interest are given in Fig. 3 which includes band
assignments that are presented below. The non-assigned fea-
tures in Table III and Fig. 3 are very weak and are probably
mainly noise produced.

1. X 2�u ion state region 11.8–13.8 eV

In the first region (Fig. 3(a)) there is a strong SPES band
peaking at 11.835 eV, FWHM = 155 cm−1, which can be con-
sidered as the vertical ionization energy IEv of dicyanoacety-
lene and is thus the origin band of the X2�u ion state and is
the first of an apparent progression of 4 bands. The interval
of 275 meV (2218 cm−1) between the first two bands in this
progression is typical of the successive progression intervals
and it can be assigned to the ν1(C≡N) stretching vibration
whose 2210 ± 10 cm−1 ion ground state frequency is best
known experimentally from the emission spectra of Maier
et al.49 (Table II). The ν2(C≡C) vibration, whose frequency is
1942 cm−1, as observed in emission spectra39, 49 (Table II),
is expected to be excited at 12.076 eV and is indeed present
at that energy as a shoulder on a strong band (Fig. 3(a)).
The changes in the C≡C bondlength on ionization (Table I)
make it likely, Franck-Condon-wise, that the ν2(C≡C)
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FIG. 1. Photoion mass spectra of dicyanoacetylene at (a) E = 12 eV and (b) E = 20 eV, recorded with an extraction field of 95 V/cm (electron KEmax
= 0.95 eV) and no propane in the sample. A vertical zoom of the intermediate photon energies is shown in panels (c)–(f).

will be excited; there are, indeed, some ragged features
also in the region where excitation of 2ν2(C≡C) should
occur.

In this first region there are also some other weak, not
well-defined broad features. Band intervals of ≈570 cm−1

and ≈1090 cm−1 can be recognised. These can reasonably
be considered as vibrational intervals of a progression of the
ν3(C–C) stretch vibration whose ion ground state value is
known to be 570 ± 10 cm−1 in the gas phase (Table II).
Excitation of the bending frequency ν7 also appears to oc-
cur. The SPES in the X2�u ion state region are very similar
to that of HeI PES39 but a little better resolved and so more
amenable to analysis. The geometrical changes on ionization
of dicyanoacetylene discussed above indicate that on ioniza-
tion to the X2�u ion ground state one would expect to excite

progressions in NC and CC stretching vibrations as are indeed
revealed by the SPES.

2. The ion triple state region 13.8–14.4 eV

In the second SPES region, between 13.8 and 14.4 eV
(Fig. 3(b)) the bands observed are essentially those observed
in this region in HeI PES by Baker and Turner51 and by
Maier et al.39 and which arise by electron ejection from quasi-
degenerate 4σ g, 3σ u, and 1πg M.O.s. The resulting 12�g

+,
12�u

+, and 12�g electronic states of the ion will be close-
lying and subject to vibronic coupling. This is of great interest
and a source of problems for spectral analysis involving these
states. As mentioned above, in the revised the order of the
molecular orbitals by Maier et al.39 the 1πg orbital became the
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FIG. 2. (a) Photoelectron intensity matrix of dicyanoacetylene obtained with
an extraction field of 572 V/cm (electron KEmax = 5.7 eV). The color code
gives the number of e−/i+ coincidences (increasing from black to blue) as
a function of photon energy and electron kinetic energy. The white diagonal
dashed lines trace the electronic states of the cation (see our detailed expla-
nation in Sec. IV B). (b) Derived slow photoelectron spectrum (SPES; black
curve) and total ion yield (TIY; red curve). Note that the ordinate of the TIY
spectrum is given in absolute ionization cross sections (see text for details).

lowest lying of the three quasi-degenerate M.O.s and thus the
12�g electronic state was predicted to lie below the 12�g

+and
12�u

+ states. However, further work by this group,41 who
analysed perturbation features in a rotationally resolved
A2�g ← X2�u (12�g ← 12�u) absorption transition
of the dicyanoacetylene cation, showed that the 12�g

+ elec-
tronic state lies about 208 cm−1 (26 meV) below the 12�g, �

= 1
2 state, the 12�g state, like the 12�u doublet state, being a

spin-orbit inverted state (A0(12�g) ≈ −40 cm−1).
The 12�g and 12�g

+ ion states are thus intimately
mixed. We have therefore assigned the SPES band at
13.907 eV (Fig. 3(b) and Table III) to joint origin bands of
the A2�g and B2�g

+ electronic states, assuming that each
succeeding vibronic band has characteristics of each of the
two electronic states. A progression in ν3(C–C) is assigned.
A possible vibrational progression in ν1(C≡N) would overlap
bands involving the C2�u

+ state (Table III). These vibrational
assignments are compatible with the results of gas phase flu-

TABLE III. Dicyanoacetylene: Vibronic transitions to cation states in the
SPES spectrum.

SPES band no. E (eV) E (cm−1) Assignment

1 11.835 95 455 X2�u O0
0

2 11.867 95 713 X2�u 71
0

3 11.903 96 004 X2�u 31
0

4 11.984 96 657 X2�u 32
0

5 12.076 sha 97 399 X2�u 21
0

6 12.107 97 649 X2�u 11
0

7 12.331 99 456 X2�u 22
0

8 12.374 max 99 802 X2�u 12
0

9 12.390 sh 99 932
10 12.541 101 149
11 12.613 broad 101 730 X2�u 13

0

12 12.651 102 037
13 12.691 102 359
14 12.741 102 763
15 13.907 112 167 A2�g, B2�g

+ O0
0

16 13.965 112 635
17 13.984 112 788 A2�g, B2�g

+ 31
0

18 13.995 112 877
19 14.006 112 965
20 14.034 113 191
21 14.047 113 296
22 14.063 113 425 A2�g, B2�g

+ 32
0

23 14.100 113 724
24 14.136 114 014
25 14.156 114 175 A2�g, B2�g

+ 21
0

26 14.178 114 353 C2�u
+ O0

0; A2�g, B2�g
+ 11

0

27 14.201 114 538
28 14.217 114 667
29 14.241 114 861
30 14.285 115 216
31 14.378 115 966
32 14.398 116 127 C2�u

+ 21
0

33 14.433 116 409 C2�u
+ 11

0; A2�g, B2�g
+ 12

0

34 14.979 120 813 D2�u O0
0

35 15.049 121 378 D2�u 31
0

36 15.118 121 934 D2�u 32
0

37 15.196 122 563 D2�u 21
0

38 15.231 122 846 D2�u 11
0

ash = shoulder.

orescence excitation spectra which delineated ν1, ν2, and ν3

vibrational frequencies in the A2�g state.
We note that the A2�g state bondlength calculations of

Zhao et al.47 (Table I), which neglect effects of vibronic in-
teractions, indicate that on ionization to this state we should
expect progressions in NC and CC stretching vibrations.

In contrast to our detailed knowledge of the A2�g and
B2�g

+ ion state energies41 that of C2�u
+, the third member

of the triplet of states in the 14 eV region, is less well as-
sured. Nagarajan and Maier55 place the C2�u

+ state origin as
18 720 cm−1 above the ionization energy of dicyanoacetylene,
which is compatible with our assignment of the C2�u

+ O0
0

origin to the strong SPES feature at 14.178 eV (Fig. 3(b)).
However, we stress that there is no independent assignment
of this transition energy; the assignments based on HeI pho-
toelectron spectra depend largely on calculations, in particu-
lar Green’s function calculations,39 which are very sensitive
to the choice of geometries.
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FIG. 3. Slow photoelectron spectra (SPES) of dicyanoacetylene: (a) 11.7–13.8 eV, (b) 13.5–14.6 eV, and (c) 14.7–15.4 eV.

Absorption spectra and fluorescence excitation spectra in
the gas phase39 and in the rare gas matrix phase,50, 52 pur-
porting to be of the A2�g ← X2�u transition of the di-
cyanoacetylene ion should, in principle, be of help in disen-

tangling the vibronic interactions, which is certainly the case
for the A2�g, B2�g

+ states41 discussed above. However, the
C2�u

+ ↔ X2�u transition is electric dipole forbidden and
would only be observable as weak Herzberg-Teller vibronic
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transitions involving excitation of ungerade vibrations (σ u
+:

ν4, ν5; πu: ν8, ν9). Maier et al. mention that there are unidenti-
fied broad bands around 19 000 cm−1 in the gas phase fluores-
cence excitation spectrum.39 These could perhaps be related
to excitation to the C2�u

+ state. Sharp bands in the 18 750–
18 900 cm−1 region, where forbidden C2�u

+ ↔ X2�u tran-
sition features could occur, were observed by Agreiter et al.50

in the Ne matrix fluorescence excitation spectrum but were
assigned to vibrational components of the A2�g ← X2�u

transition.
Our SPES assignments in the 14.178 to 14.433 eV re-

gion (Table III) include possible overlapping vibronic assign-
ments to the triplet of states A2�g, B2�g

+ and C2�u
+, e.g.,

SPES bands at 14.178 and 14.333 eV. Because of the vi-
bronic entanglement of the three states, including possible
Renner-Teller effects in the A2�g state, it is expected that
the observed SPES vibrational intervals associated with these
states will be irregular. Thus the A2�g, B2�g

+, and C2�u
+

state vibrational frequencies resulting from our SPES anal-
ysis, and which are gathered together and reported in Ta-
ble II, are average effective values. They are also subject
to uncertainty (2–10 meV) in determining and measuring
the energies of peak or shoulder features in the SPES. We
note that the values of the C2�u

+ and D2�u state carbon-
carbon vibrational frequency, respectively, ν2 = 1774 and
1750 cm−1 (Table II) signal a strong tendency for cumulene
structure of dicyanoacetylene in these electronic states. Much
higher spectral resolution and accompanying theoretical com-
putations of the vibronic interactions are necessary for fur-
ther progress in elucidating the vibrational structures under
study.

3. D 2�u ion state region 14.9–15.2 eV

The third SPES region, between 14.9 and 15.2 eV con-
tains three prominent bands, forming a progression and two
very weak features (Fig. 3(c)). Bands in this region were
assigned by Maier et al.49 to the electronic state D2�u,
with vibrational features. The D2�u state origin band at
14.979 ± 0.005 eV is followed by a progression of the
prominent bands whose successive intervals are ≈ 560 cm−1.
This is undoubtedly the ν3(C–C) stretch vibration, given as
590 cm−1 by Baker and Turner51 (Table II). The weak
features include a band corresponding to excitation of the
ν2(C≡C) vibration. The D2�u state origin band is interme-
diate in energy between the previously reported PES values
14.95 ± 0.01 eV51 and 15.0 eV.37–39, 49 As shown below
(Sec. IV C 3) the variation of the quantum defect over the
n = 3–9 members of the Rydberg series converging to the
D2�u state of the ion is small (Table IV). This confirms
our 14.979 ± 0.005 eV value for the D2�u state origin
band.

It is of interest that the C2�u
+ and D2�u states once

formed are not isolated states since they rapidly relax by in-
ternal conversion to high vibrational levels of the A2�g state
from which Franck-Condon modulated fluorescence occurs
to suitable vibrational levels of the X2�u ground state of the
ion.39

TABLE IV. Dicyanoacetylene: Valence shell and Rydberg transitions in the
TIY m/z = 76 spectrum. δ = quantum defect.

Band No. eV cm−1 Assignment

1 12.492 100 754 V1 O0
0

2 12.634 101 896 V1 51
0

3 12.677 102 246
4 12.766 102 964 V1 52

0

5 13.009 104 924 V2 O0
0

6 13.097 105 634 V2 31
0

7 13.174 106 255 V2 32
0

8 13.209 sha 106 537
9 13.260 106 949 V2 21

0; R1 (n = 3, δ = 0.18) O0
0

10 13.324 107 465 R1 (n = 3) 31
0

11 13.393 sh 108 021 R1 (n = 3) 32
0

12 13.432 108 336 R2 (n = 4, δ = 1.03) O0
0

13 13.509 108 957 V2 22
0; R1 (n = 4) 32

0

14 13.530 sh 109 126
15 13.601 109 699
16 13.652 sh 110 110
17 13.682 110 352 R2 (n = 4) 11

0

18 13.760 110 981 V2 23
0

19 13.948 112 498 R2 (n = 4) 12
0

20 14.030 113 159
21 14.092 113 659 R1 (n = 4, δ = 0.08) O0

0

22 14.162 114 224 R1 (n = 4) 31
0; R2 (n = 5, δ = 0.92) O0

0

23 14.231 114 780 R1 (n = 4) 32
0

24 14.346 115 708
25 14.412 116 240 R1 (n = 5, δ = 0.10) O0

0

26 14.482 116 805 R1 (n = 5) 31
0

27 14.557 117 409 R1 (n = 5) 32
0

28 14.585 117 635 R1 (n = 6, δ = 0.12) O0
0

29 14.660 118 240 R1 (n = 6) 31
0

30 14.689 118 474 R1 (n = 7, δ = 0.15) O0
0

31 14.734 118 837 R1 (n = 6) 32
0

32 14.758 119 031 R1 (n = 8, δ = 0.15) O0
0; R1 (n = 7) 31

0

33 14.804 119 402 R1 (n = 9, δ = 0.18) O0
0

34 14.832 119 628 R1 (n = 8) 31
0; R1 (n = 7) 32

0

35 14.901 120 184 R1 (n = 8) 32
0

36 15.007 121 039

ash = shoulder.

C. TIY spectra of the dicyanoacetylene 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 Fig. 2(a), gives the Total Ion Yield (TIY) spec-
trum of the parent ion plotted in Fig. 2(b) between 11.6 and
15.4 eV and presented in more detail in Fig. 4 for the region
12.2–15.2 eV. We discuss below the analysis of this spectrum.

1. Ionization energy

From the TIY spectrum of the parent ion C4N2
+ at m/z

= 76 (Fig. 2(b)) we measure an ionization energy IE (C4N2)
= 11.80 ± 0.01 eV. This is greater than the electron impact
value reported by Dibeler et al.,56 IE (C4N2) = 11.4 ± 0.2 eV.
The latter value must be rejected since it is close to that of
acetylene IE(C2H2) = 11.40 ± 0.002 eV57 and would thus
imply, incorrectly, that the ejected electron is localised on the
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FIG. 4. Total Ion yield spectra (TIY) of the dicyanoacetylene ion, m/z 76:
(a) 12.2–12.9 eV, (b) 12.9–13.9 eV, and (c) 13.9–15.4 eV.

C≡C bond. Our IEad (C4N2) = 11.80 ± 0.01 eV and IEvert

= 11.835 eV (Sec. IV B) values agree well with reported PES
values IE (C4N2) = 11.84 eV of Bieri et al.37 and IE (C4N2)
= 11.81 eV.51

Since the heat of formation of C4N2 is 533.46 kJ/mol
(5.528 eV),57 our ionization energy therefore leads to a
value of the heat of formation of the dicyanoacetylene ion
	fH(C4N2

+) = 1672 kJ/mol (17.328 eV).

2. Autoionisation structures

A series of bands are observed in the TIY spectrum of
the parent ion between 12.5 eV and 14 eV, and a second se-
ries between 14 and 15 eV (Figs. 2(b) and 4, and Table IV).
These bands must be autoionization features since, as seen in
Fig. 2(a), they occur at fixed photon energies and their elec-
tron kinetic energies do not follow lines of constant slope as
in direct ionization. We divide the bands into three groups.
Band assignments are given in Table IV and in Fig. 4. The first
group, between 12.49 and 12.95 eV (Fig. 4(a)), has 3 main
peaks (Bands 1, 2, and 4, Table IV), forming a progression,
based on Band No. 1 as the O0

0 origin, in a vibration of fre-
quency ν ≈ 1150 ± 50 cm−1 that we suggest is the ν5 (C–C)
antisymmetric stretching vibration, of vibrational symmetry
σ u

+. This progression is designated as belonging to the V1
transition, probably a valence-shell transition, as discussed in
Sec. IV C 4.

The second region (Fig. 4(b) and Table IV) begins at
13.009 eV and goes up to 14 eV. Its first band (Band No. 5)
is the origin of a progression of four features whose succes-
sive intervals are 2025, 2008, and 2024 cm−1, assignable to
excitation of the ν2 (C≡C) symmetric stretch vibration but
which overlap Rydberg bands, as discussed below. Another
progression, Band Nos. 5, 6, and 7, intervals 710, 621 cm−1,
could correspond to the σ g

+ ν3 (C–C) symmetric stretch vi-
bration (whose value is 690 cm−1 in the A2�g ion state).
These two progressions are considered to be members of
another valence-shell transition, V2.

It is of interest to analyse the relaxation pathways by
measuring the electron kinetic energy. Figure 5 displays KE
projections for the photon energies corresponding to VI and
V2 transition bands as well as some Rydberg bands to be dis-
cussed later. We first discuss the valence-shell transition elec-
tron K.E. spectra. The spectra at specific band excitation ener-
gies will contain two components, a background component
due to direct ionization and a resonance component due to
autoionization. In the latter case the ionizing transition is in-
direct, in that it now occurs from a superexcited neutral state
lying above the ionization energy, instead of directly from the
neutral ground state in the case of direct ionization. The V1
transition spectra in Fig. 5(a) are all closely similar to that
of the off-resonance case, the latter being due to direct ion-
ization alone and for which the photoelectron spectra show
relaxation through the cation ground state ν1(C≡N) stretch-
ing mode. Indeed, the off-resonance photoelectron spectrum
mirrors that of the SPES spectrum in the same energy region
(Figs. 2(b) and 3(a)). Thus the vibronic coupling between res-
onance levels involving ν5 (C–C) excitation and the ioniza-
tion continuum shows no specific peculiarities. On the other
hand, Fig. 5(b), which corresponds to the V2 transition pro-
gression in the σ g

+ ν3 (C–C) symmetric stretch vibration does
exhibit specific differences. The origin band (Band 5) pho-
toelectron spectrum is similar to the off-resonance spectrum
but excitation of the ν3 vibration (Bands 6 and 7) give rise to
modifications in vibrational peak widths and intensities in the
K.E. spectra. The existence of different vibrational branch-
ing ratios indicates that there are specific differences in the
processes of vibronic coupling to the ionization continuum in
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FIG. 5. (a)–(e) C4N2 photoelectron spectra at different fixed photon energies corresponding to the band numbers (N) referenced in Table IV. See text for
description.
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the two valence-shell autoionization transitions. Furthermore,
the spectral behaviour of the V2 vibronic levels with increas-
ing vibrational excitation may have its origin in an increase
in vibrational redistribution in the V2 excited electronic state
as the vibrational level density augments. We remark that au-
toionizations have been used before to probe vibrational states
that are otherwise not available through direct ionization due
to weak Franck-Condon overlaps.34

In the second energy region (Fig. 4(b)), which shows the
most intense spectral features, band Nos. 9 and 12 are, respec-
tively, assigned to the O0

0 bands of Rydberg series R1, n = 3
and R2, n = 4 (Table IV), as discussed in Sec. IV C 3. The
photoelectron spectral profile for band No. 12 (Fig. 5(d)) is
somewhat broader than that for band No. 9 (Fig. 5(c)), which
indicates that the autoionization rate is greater for the R2,
n = 4 level.

The third region (Fig. 4(c) and Table IV) starts at
14.092 eV (band 21). It contains a number of bands that ap-
pear to be separated by an interval of ≈560 cm−1, which is of
the order of a ν3 (C–C) vibrational frequency, others by ap-
parent intervals of ≈2580 cm−1, which appears too high for
a dicyanoacetylene vibrational frequency. We can subdivide
this region into two sub-regions: (i) 14.09–14.4 eV and (ii)
Eexc > 14.4 eV. The first sub-region contains features (Band
Nos. 21, 22, and 23), which form a progression with intervals
of ≈560 cm−1. In the second sub-region a similar progression
in ν ≈ 560 cm−1 is observed in band Nos. 25, 26, and 27.
At higher energies there are several band intervals of ≈560–
600 cm−1. As discussed below, many of these bands can be
assigned to Rydberg series.

3. Rydberg transitions

As mentioned above, these m/z 76 TIY bands must be
autoionization features. Many do not immediately appear to
be Rydberg features and bear no obvious relation to some of
the ionization limits of dicyanoacetylene, as shown by sev-
eral attempts that we made to construct Rydberg series con-
verging to the A2�g of the ion at 13.91 eV. The existence of
three close-lying interacting ion states in the A2�g region39, 41

creates difficulties in determining Rydberg series converging
to ion states in this energy region.

The bands tend to peter out in intensity at about 15 eV,
where the D2�u state origin lies (Fig. 2(b) and Table IV) and
we were able to assign a considerable number of bands to
two Rydberg series, R1 and R2, converging to this excited ion
state, with series limits corresponding to the D2�u O0

0 state
energy level (Tables III and IV). Quantum defects (δ) were
determined using the standard relation T(n) = I – R/(n − δ)2,
where T(n) is the energy of the spectral term whose principal
quantum number is n, the Rydberg constant R = 13.606 eV
and I = 14.979 eV is the energy of the D2�u O0

0 ion state.
The quantum defects are indicated in Table IV for the origin
bands of each member of the Rydberg series.

The vibrational progressions in the ν3(C–C) stretch vi-
bration in the Rydberg series mimic those in the SPES spec-
tra of the D2�u state (Fig. 3(c)), consistent with our Rydberg
series interpretation. It is notable that this differs from the
bands in the Fig. 4(a) region, which exhibit a progression in ν5

(Table IV) and so is consistent with the bands in this region
being associated with valence shell transitions, as discussed
below.

The photoelectron spectra derived from Fig. 2(a) are
shown in Fig. 5(c) for selected photon energies correspond-
ing to the origin bands, i.e., the vibrationless levels, of the R1
Rydberg series n = 3–9 (Band Nos. 9, 21, 25, 28, 30, 32,
and 33). The spectra are nearly identical for n ≥ 5, so that
we expect the various neutral states responsible for these TIY
features to be of similar geometry, consistent with a Rydberg
series. The n = 4 and in particular the n = 3 photoelectron
spectra show considerable differences in vibrational branch-
ing ratios with respect to the n ≥ 5 levels. This is not sur-
prising for n = 3 levels which often show anomalous spec-
troscopic behaviour, sometimes due to mixing with valence
states.

In Fig. 5(d) are shown photoelectron spectra for R1
Rydberg levels in which one quantum of the ν3(C–C) stretch
vibration is excited. The spectra are similar to those of the
corresponding n O0

0 levels.
Photoelectron spectra of the R2 Rydberg series are shown

in Fig. 5(e) for the levels n = 4 and 5. They exhibit consid-
erable differences in vibrational branching ratios, as well as
those for corresponding n values in the R1 Rydberg series
(Fig. 5(c)).

The allowed Rydberg transitions culminating in the
D2�u ion state at 14.979 eV would be: one s-type and three
d-type series:

1πu
31πg

43σu
24σg

21πu
4(nsσg

+) 1�u ← 1�g
+,

1πu
31πg

43σu
24σg

21πu
4(ndσg

+) 1�u ← 1�g
+,

1πu
31πg

43σu
24σg

21πu
4(ndπg) 1�u ← 1�g

+,

1πu
31πg

43σu
24σg

21πu
4(ndδg) 1�u ← 1�g

+.

Our assigned R1 Rydberg series n = 3–9 have quantum de-
fects in the range 0.08–0.18, while for the R2 Rydberg series
n = 4, δ = 1.03 and n = 5, δ = 0.92 (Table IV). The R1
series most probably corresponds to states derived from nd
electrons, giving rise to transitions such as 1πu

3 1πg
4 3σ u

2

4σ g
2 1πu

4 (ndπg) 1�u ← 1�g
+.

Concerning the R2 series we do not observe any bands
for n > 5. This could be because the higher n levels of this
series are predissociated, so that the corresponding ion reso-
nance signal would be lost and also because some of bands
of the higher levels could overlap with those of the R1 series.
The values of the quantum defects point to an assignment of
the R2 series to nsσ g

+.
An alternative assignment of the two bands of the R2 se-

ries bands could be, respectively, to n = 3, δ = 0.03 and n
= 4, δ = −0.08. This would also imply an nd series such
as ndπg or ndδg but for these one would expect quantum de-
fects greater than for ndσ g

+. In order to check our assignment
of the R2 series to nsσ g

+ we calculated the probable energy
of a n = 3, δ = 1, Rydberg transition. The calculated value
is 11.577 eV (93 378 cm−1). This is below the first ionization
energy. However, Connors et al.58 in a study of the VUV spec-
troscopy of dicyanoacetylene, observed absorption between
2000 and 1050 Å (6.2–11.8 eV), i.e., up to the first ionization
energy. They used He pressure effects on the spectra, which
permit distinguishing Rydberg from valence shell transitions.
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The bands below 74 000 cm−1 (9.18 eV) were shown to be all
due to valence transitions. In addition, a Rydberg series to the
X2�u ground state of the dicyanoacetylene ion was identified,
with a quantum defect δ = 0.1 (nd) or 1.1 (ns).

Figure 5 of the publication of Connors et al.58 shows the
absorption spectrum of dicyanoacetylene up to the ionization
limit. Examination of this spectrum revealed the existence of
an unassigned absorption feature whose maximum, measured
from the figure, is at 93 190 cm−1 (11.554 eV). This fea-
ture could therefore correspond to an n = 3 transition whose
δ = 1.01 and therefore to an ns Rydberg series. Spectral
absorption studies in the 11–15 eV region could clarify the
nature of the Rydberg transitions in this spectral region.

4. Valence shell transitions

Useful information pertaining to valence shell transitions
relative to the TIY spectra can also be obtained from the study
of Connors et al.58

Connors et al. carried out molecular orbital calcula-
tions of dicyanoacetylene valence shell transitions 29 300–
105 100 cm−1 (3.63–13.03 eV), using the CNDO/2 method.
In the energy region above the first IE there are calculated
to be 3 intense transitions of interest, all to excited 1�u

+

states:

(i) 94 900 cm−1 (11.77 eV, f = 0.26, 1�u
+, major M.O.

transitions 1πu → 2πg, 3σ u → 5 σ g, 4σ g → 4σ u);
(ii) 97 300 cm−1 (12.06 eV, f = 0.10, 1�u

+, major M.O.
transitions 4σ g → 4σ u, 1πg → 3πu);

(iii) 105 100 cm−1 (13.03 eV, f = 1.7, 1�u
+, major M.O.

transitions. 4σ g → 4σ u, 1πg → 3πu).

These valence shell transitions (V) are possibly responsible
for at least some of the m/z = 76 TIY bands we see in the
12.5–14 eV region and that have not been assigned to Ryd-
berg states, in particular the bands indicated as V1 and V2
transitions.

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 C4N2 are necessary, as well as high resolution
absorption spectra of dicyanoacetylene in the 11–15 eV re-
gion which would help to sort out features arising from au-
toionization and direct ionization and enable us to clarify and
confirm the Rydberg transitions. These are planned for future
studies.

D. Fragmentation of C4N2
+

Fragments originating from dissociative ionization of
C4N2

+ are formed with low yields below 20 eV, typically
on the order of a few percent with respect to the parent
ion (cf. Fig. 1(b)). We note however that slow dissociation
(i.e., slower in rate relative to the residence time of the par-
ent in the ion acceleration regions which are 1.7 μs for
ε = 95 V/cm, and 0.9 μs for ε = 572 V/cm, respectively)
might lower the apparent fragment yield. In the following,
we discuss the spectra of fragment ions in descending or-
der with respect to their m/z. Note that the obtained fragment

ion appearance energies (AEs) correspond to effective ther-
mochemical energy values. As has been discussed in more
detail earlier by Gaie-Levrel et al.59 there are three main fac-
tors for the possible difference between the effectively mea-
sured AE and the 0 K value: (i) the limited detection sensi-
tivity, (ii) the thermal energy stored in the parent neutral, (iii)
fragmentation dynamics (possible activation barriers, forma-
tion of vibrationally excited fragments) also influence the ef-
fective AE and might lead to a substantial energy shift, 	E,
yielding a too-high AE value. The magnitude of 	E is diffi-
cult to determine with the current experimental setup, or esti-
mate with statistical models based on the existence of a tran-
sition state, and therefore is beyond the scope of this work.
In the present molecular beam experiment, the expected low
temperature (∼40 K) should, however, provide a value closer
to the AE0K than room temperature experiments. Chupka60

has suggested that compensatory effects between kinetic shift
and temperature-determined internal energy may lead to ap-
pearance energies that reflect reasonably well their 0 K val-
ues. We consider that this is most likely to be applicable to
simple bond ruptures in cases where the activation energy is
small (≤1.5 eV), corresponding to a relatively low density
of vibronic states in a small ion, i.e., to conditions which
do not apply to dissociative photoionization processes in
dicyanoacetylene.

1. C4N2 + hν → C4N + + N: m/z = 62

The ion yield curve of m/z = 62 is has a weak signal
(not shown) but sufficient to determine the appearance en-
ergy of the C4N+ ion, AE(C4N+) = 18.6 ± 0.1 eV, which is
compatible with the electron impact value, AE(C4N+) = 18.8
± 0.5 eV of Dibeler et al.56 Since IE(C4N2) = 11.80
± 0.01 eV, the dissociation energy D(C4N+ + N) = 6.8
± 0.1 eV (656 kJ/mol), assuming a simple bond rupture. This
is close to the dissociation energy for the analogous chan-
nel in neutral dicyanoacetylene, D(C4N + N) = 6.632 eV
(640 kJ/mol) quoted by Dibeler et al., indicating that ion-
ization affects very little the CN triple bond strength. From
the appearance energy of the fragment ion we determine
its heat of formation as 	fH(C4N+) = 19.23 eV (1855.7
kJ/mol). Dibeler et al. report 	fH(C4N+) = 19.45 eV (1876.8
kJ/mol). Gas phase reactions of the C4N+ ion with a variety of
molecules have been actively studied in the context of chem-
ical evolution in astrophysical sites.61

2. C4N2 + hν → C3N + + CN: m/z = 50

The m/z = 50 ion yield curve (Fig. 6(a)) gives AE(C3N+)
= 18.7 ± 0.1 eV, which is higher than the AE = 18.4 ± 0.2 eV
of the Dibeler et al. electron impact study.56 We note that our
value corresponds to an upper limit as has been discussed at
the beginning of Sec. IV D. In addition, as can be seen from
Fig. 1(e), the C3N+ mass peak overlaps with the broad C4

+

mass peak so that the real onset of the C3N+ ion has been
extracted through the deconvolution procedure described in
Appendix A. Our AE must therefore be considered with cau-
tion. The dissociation energy, assuming a simple bond rupture
with no energy barrier, is D(C3N+ + CN) = 6.9 ± 0.1 eV
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FIG. 6. (a)–(c) Photofragment ion yields for three selected ions as a function
of the photon energy, recorded with an extraction field of 572 V/cm (electron
KEmax = 5.7 eV). The appearance energies (AE) are marked with arrows. As
discussed in Sec. IV D they correspond to effective thermochemical values.
The error bars correspond to statistical noise.

(665 ± 10 kJ/mol). This is greater than the corresponding
D(C3N + CN) = 5.34 eV (515 ± 6 kJ/mol)62 for neutral di-
cyanoacetylene, reflecting the tendency towards a cumulene
carbon-carbon structure in the ion, as discussed above. From
our AE for this fragment ion we calculate 	fH(C3N+) = 19.7
± 0.1 eV (1901 ± 10 kJ/mol); Dibeler et al. give 20.055 eV
(1935 kJ/mol);56 Harland and Maclagan63 and Holmes et al.64

give 19.17 eV (1850 kJ/mol) for the heat of formation of a
triplet state isomer of C3N+.

3. C4N2 + hν → C4
+ + N2: m/z = 48

The yield curve of this ion has an experimental AE(C4
+)

= 18.09 ± 0.15 eV (Fig. 6(b)). We have calculated an
AE = 17.07 ± 0.70 eV (see Appendix B). Our PI MS
(Fig. 1(c)) shows that C4

+ is already present at Eexc = 18 eV,
from a magnified vision of the m/z = 48 region of the Eexc

= 18 eV mass spectrum. We note that an electron impact
AE(C4

+) = 17.2 ± 0.2 eV is reported by Dibeler et al.56 Our
photon impact AE value is higher than the thermochemical
and electron impact AE(C4

+) values, by about 1 and 0.9 eV,
respectively. One possible explanation for this could be that
the C4N2 + hν → C4

+ + N2 reaction actually corresponds to
a metastable decay which can be subject to a substantial 	Ekin

as discussed above. This is supported by the asymmetry of the

C4
+ mass peak seen at 18.0 and 18.5 eV (Figs. 1(c) and 1(d),

resp.). We have attempted to model this asymmetric tail by
numerical raytracing simulations and found values for the uni-
molecular fragmentation rate constant of k = 1.5 × 106 s−1

at 18 eV, and 2.8 × 106 s−1 at 18.5 eV. We consider that these
constants are reasonably high – 93% fragment detection at
18.0 eV – yielding a small kinetic shift on the effective AE.

The loss of N2 indicates that there is a cyclic intermedi-
ate. The fact that the experimental AE is relatively close to
the thermochemical value shows that the activation energies
involved are small. The process of ejection of N2 via cyclic
intermediates has been explored in metastable dissociation
studies of dicyanoacetylene.65 We remark that the asymme-
try of the m/z 48 ion signal, in particular at Eexc = 18.5 eV,
just above the appearance threshold (Fig. 1(c)), is typical of a
metastable dissociation.

We note that from our electron spectroscopy study there
is no sign that a bending vibration is excited on ionization
of C4N2. To check this point it would be worthwhile to do
some higher resolution PES studies on dicyanoacetylene. In
addition, some theoretical potential energy surface studies to
plot out the dissociation channel C4

+ + N2 would be useful.

4. C4N2 + hν → C2N+ + C2N: m/z = 38

For this fragment ion the yield curve gave AE(C2N+)
= 18.60 ± 0.15 eV (Fig. 6(c)). This is higher than, but
not incompatible with, the electron impact value reported by
Dibeler et al. AE = 18.1 ± 0.4 eV,56 given the 400 meV er-
ror limit of the latter. From AE(C2N+) we determine a value
for the dissociation energy of the central C≡C bond as 6.8
eV (656 kJ/mol), assuming a simple bond rupture with zero
energy barrier. This is much greater than the CC bond en-
ergy value 5.16 eV (493 kJ/mol) quoted by Dibeler et al.
for the C4N2 → C2N + C2N neutral dissociation process.
This increase in the central CC bond energy on ionization is
not consistent with the concomitant lengthening of the C–C
bondlength (Table I) and it calls into question the bond en-
ergy in the neutral molecule or the possible existence of an
energy barrier in the dissociative ionization process, perhaps
associated with an isomerisation of CCN(+) to CNC(+). In
order to determine the heat of formation of C2N+ from our
AE value it is necessary to know the heat of formation of
the other product, neutral C2N. This is given as 	fH(C2N)
= 556 kJ/mol,64, 66 but it is not known whether this refers to
CCN or to CNC.64 Dibeler et al. estimate a value 	fH(C2N)
= 514 kJ/mol, based on various heats of formation val-
ues known in 1960, but do not specify the structure of
the C2N radical. On the assumption that it is CCN, and
with the 	fH(C2N) = 556 kJ/mol64, 65 value, our AE(C2N+)
= 18.60 ± 0.15 eV leads to 	fH(C2N+) = 18.37 ± 0.15 eV
(1772 kJ/mol). Lias et al. give 17.77 eV (1715 kJ/mol)66 and
Holmes et al. give 17.82 ± 0.21 eV (1720 ± 20 kJ/mol).64

5. C4N2 + hν → C3
+ + CN2: m/z = 36

We do not observe the m/z = 36 ion. A thermochemi-
cal calculation estimate gives AE (C3

+) = 21.0 ± 1 eV or
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19.9 ± 1 eV dependent on whether the neutral product is CNN
or NCN. In their electron impact study Dibeler et al.56 observe
AE (C3

+) = 24.6 ± 0.5 eV, assigned to the triple product pro-
cess C4N2 + hν → C3

+ + CN + N. We calculate a ther-
mochemical AE (C3

+) = 24.4 ± 1.0 eV for this process, in
excellent agreement with the Dibeler et al. appearance energy
for this fragment ion.

6. C4N2+ hν → N2
+ + C4: m/z = 28

We observe the N2
+ ion at m/z = 28 but at its onset en-

ergy, 15.58 eV, it is obviously from an air impurity. It is not
possible to determine whether the m/z = 28 includes a con-
tribution from the C4 loss channel. A thermochemical calcu-
lation predicts AE(N2

+) = 20.12 ± 0.35 eV as the lowest
possible appearance energy for this channel. There is no elec-
tron impact report for this channel.56 The m/z = 28 ion is not
present in the electron impact mass spectra of dicyanoacety-
lene presented in the NIST collection.57

7. C4N2 + hν → CN + + C3N: m/z = 26

Dibeler et al. report AE(CN+) = 19.2 ± 0.3 eV, intensity
5.3%, in their electron impact study.56 This ion is not present
in our photoionization mass spectra at Eexc = 20 and 25 eV.
We calculate a thermochemical AE(CN+) = 16.27 eV for this
dissociative ionization process, which is much below the Di-
beler et al. AE value. This is probably indicative of an energy
barrier of the order of 3 eV. We note that for the triple prod-
uct channels C4N2 + hν → (i) CN+ + C3 + N and (ii) CN+

+ C2 + CN, we calculate thermochemical AE values of, re-
spectively, (i) 26.17 eV and (ii) 25.732 eV. These are much
higher than the electron impact AE(CN+) = 19.2 ± 0.3 eV,
thus adding justification for the binary product channel with a
≈ 3 eV energy barrier.

8. C4N2 + hν → C2
+ + C2N2: m/z = 24

Dibeler et al. report an electron impact AE(C2
+) = 18.5

± 0.3 eV.56 We observe a weak signal at this mass at Eexc

= 20, 19.5, and 19 eV (not shown) but not at 18.5 eV, nor at
25 eV. We can therefore give an experimental AE(C2

+)
= 18.75 ± 0.25 eV. The thermochemical calculation value
is AE(C2

+) = 18.37 eV, in agreement with the Dibeler et al.
and our observations.

9. C4N2 + hν → N + + C3 + CN: m/z = 14

In their electron impact study Dibeler et al. observe
AE(N+) = 26.0 ± 1.0 eV and tentatively propose the triple
product channel.56 In our photoionization study we did not
observe this ion up to and including Eexc = 25 eV. We cal-
culate a thermochemical value AE(N+) = 27.08 eV for this
triple product process, which is compatible with the observed
appearance energy although it would correspond to an un-
likely zero energy barrier process. We also made a thermo-
chemical calculation of the N+ appearance energy for the bi-
nary product process C4N2 + hν → N+ + C4N. The value

obtained, AE(N+) = 20.66 eV is about 6 eV below the elec-
tron impact AE, which is rather large. We suggest that the
AE(N+) = 26.0 ± 1.0 eV observed by Dibeler et al. is due
to an unacknowledged nitrogen impurity (no ion signal at
m/z = 28 (N2

+) was reported in their study). The pro-
cess N2 + hν → N+ + N has an appearance energy
AE(N+) = 24.34 eV.57

10. C4N2 + hν → C + + C3N2: m/z = 12

Dibeler et al. observed AE(C+) = 24 ± 1 eV in their elec-
tron impact study.56 It was not observed in our photon impact
mass spectra at Eexc = 25 eV. Dibeler et al. tentatively propose
the binary product process C4N2 + hν → C+ + C3N2. A ther-
mochemical calculation for this process is not possible since
a value of 	fH(C3N2) is lacking. We calculated the thermo-
chemical value AE(C+) = 21.65 eV for a triple product pro-
cess C4N2 + hν → C+ + C3 + N2, which is not incompatible
with the electron impact AE(C+) = 24 ± 1 eV.

V. CONCLUDING REMARKS

Dicyanoacetylene and its ions 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 photon
irradiation. The effects of VUV radiation on dicyanoacety-
lene were studied using synchrotron radiation combined with
electron/ion coincidence techniques over the excitation range
8–25 eV. A detailed analysis of the SPES spectrum in the
11.5–15.5 eV excitation energy region was carried out. The
X2�u ground state of the cation shows an onset at IEad

= 11.80 eV in the TIY spectrum, in reasonable agreement
with previous PES values, and exhibits vibrational compo-
nents in the SPES spectra in the 11.8–13.8 eV region which
involve the ν1 (N≡C), ν2 (C≡C), ν3 (C–C) and ν7 (bend)
frequencies. Analysis of SPES features in the 13.8–14.4 eV
spectral region provides new aspects and new assignments
of vibrational components to the excited quasi-degenerate
A2�g, B2�g

+ states, whose origin band is at 13.907 eV, as
well as the C2�u

+ state at 14.178 eV. SPES bands in the
14.9–15.5 eV region contain the origin band of the D2�u state
of the cation, observed at 14.979 ± 0.10 eV, and vibrational
components mainly in ν3 (C–C).

The total ionization cross-section has been measured in
an absolute scale over the 11.5–15.5 eV photon energy range
and exhibits structured autoionization features in the 12.4–15
eV region. They were assigned to vibrational components of
valence shell transitions and to members of two previously
unknown Rydberg series, converging to the O0

0 level of the
D2�u state of C4N2

+. Some aspects of the autoionization
processes were monitored via photoelectron kinetic energy
spectra measured at a number of specific photon excitation
energies.

The appearance energies of the fragment ions C4N+,
C3N+, C4

+, and C2N+ were measured and their heats of for-
mation were determined and compared with existing litera-
ture values. Thermochemical calculations of the appearance
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potentials of these and other weaker ions were used to infer
aspects of dissociative ionization pathways. Particular prob-
lems of calculating thermochemical appearance energies arise
in the case of the C4

+ and C2N+ ions and are discussed in
detail.

Theoretical calculations are required in order to refine
our spectroscopic results involving valence shell and Rydberg
transitions, as well as some of the observed dissociative ion-
ization processes. We hope that the present study will encour-
age useful computational activity on these questions.

Concerning astrophysical implications of our results, we
remark that the dicyanoacetylene cation is very stable under
VUV irradiation. The first dissociative ionization process oc-
curs at about 18 eV, i.e., at over 6 eV above the ionization
energy, and about 4.4 eV above the astrophysical H I energy
upper limit, 13.6 eV. Thus if C4N2 is formed in HI regions
of the interstellar medium (ISM) it should have no tendency
to undergo dissociative ionization in these regions. Indeed,
the partial cross-sections for the dissociative photoionization
processes are at most only a few percent of that of the par-
ent ion up to 19 eV. We remark also that using the rule of
thumb67 concerning the quasi-linearity of the ionization quan-
tum yield �i as a function of excitation energy in a range up
to ≈9.2 eV above the ionization energy, where �i becomes
≈100%, we can determine that the ionization quantum yield
of dicyanoacetylene will be about 67% at 18 eV, so that about
33% of the photon excitation will be to superexcited states
at this energy. These superexcited states can undergo a vari-
ety of relaxation processes, including autoionization, disso-
ciative autoionization and neutral dissociation. They can also
play a role as reaction intermediates or collision complexes in
electron-ion recombination, electron attachment and Penning
ionization.68

At Eexc = 15 eV, below the dissociative ionization thresh-
old, the total ionization cross-section is 6 × 10−18 cm2

(Fig. 2). At this photon excitation energy we can estimate
from the rule of thumb that the ionization quantum yield is
about 35%, so that we can predict an absorption cross-section
of 17.1 × 10−18 cm2 at 15 eV. We plan to carry out VUV
absorption measurements on dicyanoacetylene in the 15 eV
region at the earliest possible opportunity in order to verify
these prognostics.

One striking result of our study concerns the relative pho-
toionization cross-sections of diacetylene and dicyanoacety-
lene. At a comparable 4 eV energy above the ionization en-
ergy of diacetylene, and equally below the initial dissocia-
tive ionization energy of C4H2, its ionization cross section is
≈15 × 10−18 cm2,3 i.e., about 2.5 times the corresponding
6 × 10−18 cm2 value for dicyanoacetylene. The cross-sections
of the strong Rydberg features in the corresponding TIY
curves are also about 2.5 times greater in C4H2

3 than in C4N2.
Furthermore, it is striking that for the similarly related species
acetylene and cyanogen, the calculated partial channel (ion
ground state) photoionization cross-section for C2H2

69 is also
2–2.5 times greater than for C2N2

70 up to 40 eV. Since the ab-
sorption cross-sections in the 15 eV region are roughly similar
for acetylene71–73 and cyanogen,74 the difference in photoion-
ization cross-sections in this energy region must be related to
the ionization quantum yield which, according to the rule of

thumb (which will only be a coarse-grained relation for these
small species, neglecting shape resonances), will be greater
by about a factor of 2.2 for acetylene with respect to cyanogen
at 15 eV. Absorption studies of diacetylene and dicyanoacety-
lene in the 15 eV region are required in order to elucidate their
relative photoionization cross-section behaviours.
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APPENDIX A: EXTRACTION OF C3N+ ION YIELD
CURVE

As discussed in Sec. IV B 2, the asymmetric tail due to
the metastability of the C4

+ peak overlaps with the adjacent
C3N+. Therefore, a deconvolution procedure has been applied
to extract the true ion yield of C3N+. The C4

+ peak has been
modelled with a Gaussian function convoluted with an expo-
nential decay, while only a Gaussian has been used for the
C3N+ peak. The function coefficients are then extracted via
weighted least-squares fitting of this model to the experimen-
tal TOF, and the C3N+ ion yield obtained as the surface under
its Gaussian function. An example of such a fit is shown in
Fig. 7. Due to the low fragment signals, the fit has not been
performed at each scan photon energy, so that each data point
in Fig. 6(a) corresponds to the integration of ten scan points.
The TOF temporal resolution had to be also decreased by ten
to further increase the statistics.

APPENDIX B: C4N2
+ : THERMOCHEMICAL

CALCULATED APPEARANCE ENERGY OF C4
+

We seek to calculate a thermochemical value for the ap-
pearance energy AE(C4

+) in the dissociative ionization pro-
cess C4N2 + hν → C4

+ + N2. For this we need to deter-
mine the heat of formation 	fH(C4

+) → 	fH(C4) + IE(C4).
It is known that the C4 radical can exist in several different

FIG. 7. Experimental (black circles) and model (red line) ion TOF obtained
at hν = 19.05 eV with an extraction field of 572 V/cm, showing the overlap
between the C4

+ and C3N+ masses. See text for details on the model.
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geometrical forms.75, 76 Two isomers are known experimen-
tally, a linear form and a rhombic form, of similar stabili-
ties, and at least two other higher-lying isomers could exist.77

The calculations of Kosimov et al.78 indeed showed the pos-
sible existence of five different geometrical structures. From
an examination of the results of the various calculations by
the various authors quoted in Ref. 78, we conclude as most
probable that the linear and rhombic forms of C4 are quasi-
isoenergetic, with the linear form being marginally more sta-
ble. The C4

+ ion is thus also capable of existing in several
geometrical forms.79

A heat of formation value 	fH (C4) = 971 ± 33 kJ/mol
is given by Lias et al.65 but whether this refers to the linear
or the rhombic structure is not specified. The ionization en-
ergy value IE(C4) = 12.54 ± 0.35 eV57 was determined by
Ramanathan et al.80 by charge transfer bracketing. An ear-
lier electron impact measurement of the ionization of carbon
vapour gave IE(C4) = 12.6 eV.81 However, the results of some
theoretical calculations on various C4 isomers suggest 1–2
eV lower values of the ionization energy.79 From the NIST
thermochemistry data and the reported experimental IE(C4)
= 12.54 ± 0.35 eV, we calculate that the appearance energy
of C4

+ would be 17.07 ± 0.35 eV in the case of the dissocia-
tive photoionization of C4N2, which is compatible with our
experimental value, AE(C4

+) = 18.09 ± 0.15 eV. The struc-
tures of neutral and cationic C4 involved in these experiments
and in the thermochemical calculations on this dicyanoacety-
lene dissociative ionization channel remain to be determined
more precisely.
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