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Photoionization of diacetylene was studied using synchrotron radiation over the range 8–24 eV, with
photoelectron-photoion coincidence (PEPICO) and threshold photoelectron–photoion coincidence (TPEPICO)
techniques. Mass spectra, ion yields, total and partial ionization cross-sections were measured. The adiabatic
ionization energy of diacetylene was determined as IEad¼ (10.17� 0.01) eV, and the appearance energy of the
principal fragment ion C4H

þ as AE¼ (16.15� 0.03) eV. Calculated appearance energies of other fragment ions
were used to infer aspects of dissociation pathways forming the weaker fragment ions Cþ4 , C3H

þ, Cþ3 and C2H
þ.

Structured autoionization features observed in the PEPICO spectrum of diacetylene in the 11–13 eV region were
assigned to vibrational components of three new Rydberg series, R1(ns�g, n¼ 4–11), R2(nd�g, n¼ 4–7) and
R3(nd�g, n¼ 4–6) converging to the A2�u state of the cation, and to a new series R01(ns�g, n¼ 3) converging to
the B02�þu state of the cation. The autoionization mechanisms and their consistence with specific selection rules
are discussed.

1. Introduction

Diacetylene is a molecule whose many physical and
chemical aspects in both neutral and ionic forms have
inspired interest in fields as varied as absorption and
emission spectroscopy, astrophysics, soot formation
and biomimetic structures. In many instances photo-
chemistry and photophysics of diacetylene are involved,
requiring prior detailed information on its spectroscopy
from the far IR to the vacuum ultraviolet. In the Solar
System diacetylene has been detected in the atmosphere
of Titan, initially observed by infrared spectroscopy in
the Voyager 1981 flight [1]. Indeed diacetylene is
believed to play an important role in the formation of
polyynes and other hydrocarbons in this atmosphere.
Since it absorbs at longer UV wavelengths than other
major constituents of Titan’s atmosphere, it can act as a
spectral filter for the larger hydrocarbons formed, thus
protecting them from photochemical destruction.
Diacetylene has also been seen in the atmospheres of
the planets Saturn, Jupiter, Uranus and Neptune [2].
Very recently it has been detected on the moon in an
impact experiment [3]. Spectroscopic observations in
the interstellar medium (ISM) have shown the presence
of diacetylene in the Protoplanetary nebulae CRL 618

and CRL 2688 [4]. Furthermore, the diacetylene cation

C4H
þ
2 has recently been proposed byKrelowski [5] to be

the carrier of a Diffuse Interstellar Band at 5069A on

the basis of matching laboratory spectra and optical

absorption spectra observed in translucent interstellar

clouds.
Diacetylene plays a role in soot formation, espe-

cially in acetylene flames, and in general in combus-

tion processes [6]. It is also a possible intermediate

in dust formation in technological plasmas [7].

Photopolymerisation processes involving diacetylene,

which polymerizes with 254 nm radiation, have been

used to create polymeric diacetylene thin films for
nonlinear optical applications based on their third-

order nonlinear optical properties [8]. Diacetylene lipid

bilayers have been photopolymerized for applications

to the fabrication of micropatterned biomimetic mem-

branes [9]. There are many applications of diacetylene

in nanotechnology, in particular in the preparation of

nanostructures [10].
The present work concerns aspects of the VUV

photophysics and photochemistry of diacetylene in the

photon excitation range 8 to 24 eV. In particular it

bears on dissociative ionization processes and on the
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discovery of new Rydberg series of neutral diacetylene
in autoionization regions above the ionization limit,
studied by photoelectron–photoion conincidence
(PEPICO) and threshold photoelectron–photoion
coincidence (TPEPICO) methods. Our measurements
enabled us to determine total and partial ionization
cross-sections which will be of use for astrophysical
modelling involving the formation and destruction of
diacetylene and its ions.

2. Experimental

Measurements were performed at the undulator beam-
line DESIRS of the synchrotron radiation (SR) facility
Soleil (St. Aubin, France). This beamline incorporates
a 6.65m normal incidence monochromator which is
equipped with four different gratings. For our mea-
surements, we used the 200 grooves/mm grating which
provides a constant linear dispersion of 7.2 Å/mm at
the exit slit of the monochromator. The typical slit
width used in our experiments is 100 mm, yielding a
monochromator resolution of 0.7 Å under these con-
ditions (about 6meV at h�¼ 10 eV and 18meV at
h�¼ 18 eV).

The VUV output of this monochromator can be
directed towards two branches. One of them is
connected to the permanent end station SAPHIRS
which we use. SAPHIRS consists of a molecular beam
inlet and an electron-ion coincidence spectrometer
called DELICIOUS II. The latter has been described
recently in detail [11]. A brief description is given here:
The monochromatised SR beam (200mm horizon-
tal� 100 mm vertical extension) is focused into the ion
source of DELICIOUS II which combines velocity
map imaging (VMI) of the photoelectrons with a linear
time-of-flight mass analyzer operating according to
Wiley–MacLaren space focusing conditions. From the
electron images, zero kinetic energy electrons can be
selected in order to measure Threshold-PEPICO
(TPEPICO) mass spectra with resolutions as good as
1meV. In TPEPICO energy scans, the total resolution
is given by convolution of the monochromator reso-
lution and the energy resolution of the threshold
electrons. The latter can be chosen a posteriori by
changing the size of the central area of the VMI image
used for the coincidence measurement within an
interval depending on the selected extraction field
(cf. [11] for more details). In PEPICO scans the
spectral resolution is defined only by the slit widths
of the monochromator (see above). All photoion yield
curves were normalized with respect to the incoming
photon flux, continuously measured by a photodiode
(AXUV100, IRD).

Here, we present results from two different

beamtime periods. In period 1 we chose an effective

repeller voltage of Vrep¼ 500V. Under these condi-

tions, only photoelectrons with kinetic energies below

KEmax¼ 0.95 eV are detected and therefore taken into

account for the coincidence measurements. TPEPICO

spectra can be recorded with high resolution. After

examination of the published photoelectron spectrum

of C4H2 [12], we chose Vrep¼ 3000V, yielding

KEmax¼ 5.7 eV in beamtime period 2, in order to be

sure that all photoelectrons produced in the 10 to 24 eV

energy region are detected by the two-dimensional

position sensitive detector of DELICOUS II. Only

under these conditions, the PEPICO photoion yield

curves are linearly proportional to the ionization cross

sections of C4H2. We also remark that the TOF mass

spectrometer has about 100% transmission efficiency,

independent of mass, so that the observed relative

PEPICO intensities reflect true branching ratios of

dissociative ionization reaction (at high KEmax).

However, TPEPICO measurements cannot be per-

formed at such high Vrep. Finally we note that in our

experiment the ions have about 3.5 keV kinetic energy

when impinging on the MCP detector so that the mass

dependence of the MCP sensitivity can be neglected (cf.

ref. [13]).
The beamline is equipped with a gas filter which

effectively removes all the high harmonics generated by

the undulator that could be transmitted by the grating,

thus providing high spectral purity. In this work argon

was used as a filter gas for all measurements below

15.75 eV. At higher energies, no filter gas is employed.

Lines of the rare gas used in the filter occur in the

spectra and are used to calibrate the energy scale to an

absolute precision of about 1meV. In this work, also

absorption lines of molecular nitrogen above 16 eV

were used to calibrate the energy scale.
We remark that PEPICO fragment ion appearance

energies (AEs) correspond to effective thermochemical

energy values. The two main factors for the possible

difference between the measured AE and the 0K value

are: (i) the limited detection sensitivity and (ii) the

thermal energy stored in the parent neutral.

Fragmentation dynamics (possible activation barriers,

formation of vibrationally excited fragments) also

influence the effective AE. This has been discussed in

more detail earlier by Gaie-Levrel et al. [14]. In the

present molecular beam experiment, the expected low

temperature (�40K) should, however, provide a value

closer to the AE0K than room temperature experi-

ments. Also, compensatory effects may lead to appear-

ance energies that reflect reasonably well their 0K

values as has been pointed out by Chupka [15].
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Diacetylene was prepared by dehydrochlorination
of 1,4-dichloro-2-butyne (C4H4Cl2) in tetraethylene
diethyl ether to which a 40% aqueous sodium hydrox-
ide solution was slowly added [16]. Once formed, the
compound was carried away in a stream of nitrogen,
dried over calcium chloride and was trapped with an
acetone/liquid nitrogen slush (�25 to �30�C). It was
then distilled at �70�C in order to eliminate impurities.
The C4H2 purity was monitored by infrared
spectroscopy.

C4H2 is gaseous at ambient temperature (Tamb). In
order to avoid its polymerisation, it should however
only 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 recipient to attain a pressure
p(C4H2)¼ 50 mbar. Helium is added to yield a total
pressure of pTOT� 3 bar. This recipient is directly
connected to the molecular beam inlet of SAPHIRS
using a pressure reducing regulator. Stagnation pres-
sure in SAPHIRS was such that no van der Waals
aggregates were formed in the molecular beam. This
was checked with the mass spectrometer.

During beamtime period 2, C4H2 was further mixed
with propane (C3H8) as a standard at equal pressure
p(C4H2)¼ p(C3H8)¼ 50mbar, in order to measure
absolute ionization cross-sections according to the
comparative method described by Cool et al. [17]. Also
here, helium was added to yield a total pressure of
pTOT¼ 3 bar. The pressure was measured with a
Baratron (MKS). The absolute error of this pressure
transducer is estimated to be about �3%.

3. Results and discussion

3.1. The photoion mass spectra

The mass spectra of diacetylene were recorded at a
series of photon excitation energies Eexc between 11
and 24 eV (Figures 1 and 2). We remark that in our
photoion mass spectra each peak exhibits a tail
towards longer times-of-flight. This is due to the
effects of an inhomogeneous electric field under VMI
extraction conditions.

At Eexc¼ 11 eV the ions observed are the parent ion
m/z 50 (C4H

þ
2 ) and m/z 51 (13C12C3H

þ
2 ) (figure 1). The

latter has a peak intensity that is 5% of that at m/z 50.
This is the same isotope intensity ratio as in the NIST
electron impact mass spectrum (EIMS) [18]. As the
excitation energy increases, at 13 eV, in addition to the
parent ion, impurities Oþ2 (m/z 32, 55% of parent ion
intensity, not shown) and H2O

þ (m/z 18) are also
observed, the corresponding known ionization energies
being 12.07 eV (O2) and 12.62 eV (H2O) [18]. The mass
spectra at Eexc¼ 14 and 15 eV show no new features

but at Eexc¼ 16 eV a Nþ2 impurity (m/z 28) and, very
weak, Arþ (m/z 40) appear (not shown). Their respec-
tive ionization energies are 15.58 eV (N2) and 15.76 eV
(Ar) [18]. A new ion appears at Eexc¼ 17 eV (see
figure 1c). This is C4H

þ (m/z 49), whose appearance
energy, determined from its ion yield curve (see below)
is AE¼ (16.15� 0.03) eV. The OHþ ion (m/z 17) is
observed at Eexc¼ 19 eV (Figure 2a). This is certainly a
dissociative ionization product of H2O; its known
appearance energy is 18.12 eV [18].

No measurements were made at Eexc¼ 20 eV but at
Eexc¼ 21 eV there now appear extremely weak signals
at m/z 16 and m/z 48 (Figure 2b). The m/z 16 ion is Oþ

and results from the dissociative ionization of the
impurities O2 (AE(Oþ)¼ 18.73 eV [18]) and/or H2O
(AE(Oþ)¼ 19 eV [18]). The m/z 48 ion we assign to Cþ4 ,
resulting from dissociative ionization of C4H2, as
discussed below. At Eexc¼ 23 eV (Figure 2c) the m/z
48 ion has become more evident while very weak new
signals are observed at m/z 25 (C2H

þ) and m/z 37
(C3H

þ), both being dissociative ionization products of
diacetylene, as discussed below. These new signals are
reinforced in intensity as Eexc increases to 24 eV
(Figure 2d).
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Figure 1. Photoion mass spectra of diacetylene. (a)
E¼ 11 eV, (b) E¼ 13 eV, (c) E¼ 17 eV. DELICIOUS II
conditions: KEmax¼ 0.95 eV.
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We note that the 70 eV EIMS [18] exhibits peaks at
m/z 50 (and 51) (C4H

þ
2 ), 49 (C4H

þ), 48 (Cþ4 ),
37(C3H

þ), 36(Cþ3 ), 25(C2H
þ), 24(Cþ2 ), 13(CHþ) and

12(Cþ) (see below, Section 4, for a discussion of the
fragment ions).

3.2. Electronic and geometric structural
preliminaries

The presentation and discussion of our PEPICO and
TEPEPICO spectra involves the electronic configura-
tions and geometries of the neutral molecule ground
state X1�þg and the ground X2�g and three electronic
excited states, A2�u, B2�u, and B02�þu of the
diacetylene cation. The relevant data are given below.

The X, A and B’ states of the centrosymmetric
diacetylene ion are linear and so belong to the D1h

symmetry group as does the ground state of the neutral
species. Rydberg states of diacetylene converging to the
X, A and B’ ion states will also be linear. The B2�u

state has been considered as being linear [19].
We first present the electronic configurations of

neutral diacetylene and those of the ground and

relevant excited electronic states of the cation.

Geometric structure data (rs) of the X2�g and A2�u

ion states [20] are also given, and ionization energies

are noted. Electron configurations follow those given

by Smith [21] and by Kohima et al. [22]. They differ in

the relative energies of the 5�g and 4�u molecular

orbitals, predicted to be close together, from that given

by Bieri and Äsbrink [12], and based on HAM/3

calculations. Our electron configuration also follows

that of CO2, which has the same number and types of

molecular orbitals as does diacetylene [23]. We men-

tion that the ion electronic state at 13.865 eV, observed

as the upper state of an absorption spectrum of C4H2

in a Ne matrix at 3.69 eV [24], does not appear as a HeI

photoelectron band [12] and so is most probably the

doubly excited Y1�g! 2�u B2�u state [19]. No

experimental structural data are known for this state

or for the B02�þu ion state.

C4H2 : . . . :5�4g 4�4u 1�4u 1�
4
g X1�þg :

rsðC�HÞ ¼ 1:046A, rsðC � CÞ ¼ 1:205A,

rsðC� CÞ ¼ 1:376A;

C4H
Y

2 : . . . :5�4g 4�
4
u 1�4u 1�

3
g X2�g :

IE ¼ 82064� 30 cm�1 ¼ 10:175� 0:004 eV ½25	

rsðC�HÞ ¼ 1:046A, rsðC � CÞ ¼ 1:234A,

rsðC� CÞ ¼ 1:376A;

C4H
Y

2 : . . . :5�4g 4�4u 1�3g 1�
4
g A2�u :

IE ¼ 101787� 30 cm�1 ¼ 12:620� 0:004 eV

ðsee belowÞ, rsðC�HÞ ¼ 1:045A;

rsðC � CÞ ¼ 1:243A, rsðC� CÞ ¼ 1:410A;

C4H
Y

2 : . . . :5�4g 4�4u 1�4g 1�
2
g 2�u B2�u :

IE ¼ 111828 cm�1 ¼ 13:865 eV ½19, 24	

C4H
Y

2 : . . . :5�4g 4�3u 1�4g 1�
4
g B0

2
�þu :

IE ¼ 133968� 30 cm�1 ¼ 16:61 ½26	

Although the geometry of this state is not known,

we expect the B02�þu state to be linear, as an applica-

tion of Walsh’s rules on the bonding properties of the

electrons in this configuration [27].
Quartet states of the diacetylene cation are calcu-

lated to lie higher than the A2�u state although

approaching the latter to within �2000 cm�1 as the ion

bends [22].
Most of our observed spectral features pertain to

ionization forming the X2�g state or to Rydberg bands

converging to the A2�u ion state. In addition, a few

bands have been provisionally assigned as n¼ 3
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Figure 2. Photoion mass spectra of diacetylene.
(a) E¼ 19 eV, (b) E¼ 21 eV, (c) E¼ 23 eV, E¼ 24 eV.
DELICOUS II conditions: KEmax¼ 0.95 eV.
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members of a Rydberg series that converges to the

excited electronic state B02�þu of the cation.
The modifications in geometry on loss of an

electron indicate that the 1�g molecular orbital is

bonding in C�C, antibonding in C–C, while the 1�u
molecular orbital is antibonding in C�C, bonding in

C–C. In view of the large relative energies of the

highest occupied � and � molecular orbitals, diacety-

lene represents an excellent case of �/� separation,

which lessens possible ambiguities in spectral analysis,

in contrast to molecules such as formamide where the

proximity of � and � orbitals renders the spectroscopic

and photophysical dynamics complex [28].

3.3. PEPICO and TPEPICO spectra of diacetylene:
analysis and assignments

The TPEPICO curves were recorded with a total

spectral resolution of 20meV and the PEPICO with a

spectral resolution of 8.5meV at Eexc¼ 10.3 eV.

PEPICO spectra of the parent ion were measured in

the interval 10–19 eV (Figure 3). A series of peaks were

observed in the 10–13 eV region. At higher energies the

spectra showed few structural features apart from

broad bands whose maxima are at 13.6 eV and 15.5 eV.

During beamtime period 1 TPEPICO spectra of the

parent ion were measured in selected spectral regions

(not shown). We first examine the PEPICO and
TPEPICO spectra in the 10–10.7 eV region.

3.3.1. The 10 - 10.7 eV spectral region: diacetylene
ion X2�g ground state

Figure 4 shows the PEPICO and TPEPICO spectra of
diacetylene in the 10.0 to 10.7 eV region. The adiabatic
ionization energy determined from a semi-log repre-
sentation of the PEPICO curve is IE(C4H2)¼
(10.17� 0.01) eV. It is in good agreement with the
most accurate published values, (10.180� 0.003) eV
obtained from Rydberg series in a VUV absorption
spectrum [21], and (10.175� 0.004) eV [25] from
photoelectron spectra in a one-photon resonant, two-
photon ionization study of jet-cooled diacetylene via a
number of vibronic levels of the 1 1Du state. The
vertical ionization energy, given by the first strong
spectral peak in the TPEPICO spectrum is
IEvert¼ (10.19� 0.01) eV, which is 110meV less than
the value, IE(vert)¼ 10.30 eV, reported by Bieri and
Åsbrink in their He II PES study [12] (no error is given
in ref. [12], spectral resolution 60–100meV). However,
from examination of their C4H2 PES figure, we
estimate a lower IEvert, more in agreement with our
value.

Other literature values of the ionization energy of
diacetylene are mainly from photoelectron spectra [18].
Turner et al. report IEad¼ 10.17 eV from a HeI PES
[29]. Reeher et al. [30] measured the ionization energy
of the neutral diacetylene fragment formed by electron
impact on a series of aromatic molecules and report
values over the range IE¼ 10.08–10.40 eV [30]. The
electron impact mass spectrum value of Coats and
Anderson is IE¼ (10.2� 0.1) eV [31]. Cool et al. [17] in
a photoionization cross-section study of diacetylene
[16] (measurement steps of 50meV) mention
IE¼ 10.17 eV, presumably from literature values. We
remark that the standard Herzberg book on poly-
atomic molecules [23] gives an incorrect
IE(C4H2)¼ 10.79 eV, based on the early Price and
Walsh Rydberg analysis [32].

The heat of formation of diacetylene is reported as
4.81 eV [6,18]. From our IE (C4H2)¼ 10.17 eV we
determine DfH (C4H

þ
2 )¼ 14.98 eV. The value in the

compilation of Lias et is 14.74 eV [33], but this is based
on an earlier value of DfH (C4H2)¼ 4.56 eV.

The second strong peak in the TPEPICO spectrum
is at 10.46 eV and we assign this to excitation of the
�2¼ 2178 cm�1 vibration in the X2�g ground state.
This vibrational frequency is very close to that
observed in the A-X emission spectrum for the X2�g

ground state in both the gas phase, �2¼ 2176.6 cm�1

[34] and in a Ne matrix spectrum �2¼ 2176 cm�1 [35].
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Figure 3. PEPICO ion yield spectra of the diacetylene parent
cation C4H

þ
2 (m/z 50, black line), the parent cation of

propane C3H
þ
8 (m/z 44, blue line), and the diacetylene

fragment ion C4H
þ (m/z 49, red line) in the 10–19 eV range.

Spectral resolution 1 Å (8.5meV at 10.3 eV). Propane is used
as a standard permitting the conversion of the relative ion
yield into absolute ionization cross-section (see text).
DELICIOUS II conditions: KEmax¼ 5.7 eV.
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The excitation of this C�C vibrational mode is
consistent with the important lengthening of the
C�C bond, rs(C�C)¼ 1.205 Å! 1.243 Å in going
from the neutral ground state to the cation ground
state [20]. This vibronic excitation can also be associ-
ated with the step in the PEPICO spectrum at the same
energy 10.46 eV (cf. Figure 4).

A weak broad peak at �10.3 eV is also observed in
the TPEPICO spectrum (Figure 4), separated by
�110meV (887 cm�1) from the first peak. This can
be assigned to the unresolved Fermi resonance dyad
�3¼ 861 cm�1 and 2�7¼ 972 cm�1 [34] excited in the
X2�g ground state of the ion. Excitation of the triad
2�3¼ 1719 cm�1, (0.213 eV), �3þ 2�7¼ 1847 cm�1

(0.229 eV) and 4�7¼ 1958 cm�1 (0.243 eV) is possibly
responsible for the very weak signal in the
10.37–10.43 eV region.

We mention also a very weak hot band at
�10.125 eV in the PEPICO spectrum, at about
500� 100 cm�1 below the vertical IE. This may corre-
spond to neutral ground state excitation of
2�9¼ 440 cm�1 (2� 220 cm�1) [36]. From the relative
intensity of the hot band to that of the X2�g 0

� band,
and using this vibrational frequency, the Maxwell–
Boltzmann distribution of diacetylene molecules cor-
responds to a vibrational temperature in the beam of
�135K.

3.3.2. The PEPICO 11–13 eV spectral region:
Rydberg features and assignments

A considerable number of structured features were
observed in the PEPICO spectrum of diacetylene in the

11–13 eV region (Figure 5). These have not been
observed before and are principally assigned to three
new Rydberg series, R1 (n¼ 4–11), R2 (n¼ 4–7) and
R3 (n¼ 4–6), which converge to the first electronic
excited state of the diacetylene cation, A2�u.
As mentioned above, there are also four features that
are assignable to n¼ 3 Rydberg bands converging to
the B02�þu state of the cation.

Vibrational components were observed for each of
the Rydberg series. The energies (eV), frequencies
(cm�1) and assignments of each feature are given in
Table 1. Quantum defects �, based on the ionization
energy 12.62 eV at the Rydberg series limit, are
indicated in Table 2 for the origin bands 000 of each
member n of the Rydberg series. Three of these
features have been observed previously between 11
and 11.5 eV by Cool et al. [17], but in a low resolution
photoionization cross section measurement carried out
at 40meV band width (50meV intervals). The spec-
trum of Cool et al. [17] is undersampled and therefore
its intensity ratios are probably incorrect.

Quantum defects were determined using the stan-
dard relation: T(n)¼ I�R/(n� �)2, where T(n) is the
energy of the spectral term whose principal quantum
number is n, the Rydberg constant R¼ 13.606 eV, and
I¼ 12.62 eV is the energy of the A2�u state of the
diacetylene ion and I¼ 16.61 eV for the B02�u state.

Series limits: The energy of the R1, R2 and R3 series
limit, (101787� 30) cm�1 ((12.620� 0.004) eV) is
known from the sum of two accurate measurements,
which are the X2�g ionization energy 802064� 30 cm�1

((10.175� 0.004) eV) [25] and the A2�u�X2�g

transition energy of the ion, T0¼ 19722.61 cm�1
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Figure 4. Black line: PEPICO ion yield spectrum, 1 Å spectral resolution (8.5meV at 10.3 eV). Red line: TPEPICO ion yield
spectrum (20meV total resolution). Step width is 3meV in both spectra. DELICOUS II conditions: KEmax¼ 0.95 eV.
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(2.4453 eV) [20]. The � 1/2� 3/2 doublet splitting of the
A2�u state is about 33 cm

�1 [20] so that the distinction
of separate series converging to each of these doublet
limits would be lost at our spectral resolution. In view of
the relative broadness of the observed bands we chose to
work with the known value of the energy of the A2�u

state as the series limit rather than determine this limit
from the observedRydberg band frequencies. The series
limit for Rydberg bands converging to the B02�u state
was taken as the reported adiabatic ionization energy,
16.61 eV of this state [26].

Vibrational analysis: The principal vibrational
interval observed is of the order of 830 cm�1 in both
the R1 and R2 series, and it is �800 cm�1 in R3, which
has few members of this vibrational progression. We
consider the first member of the vibrational progres-
sions to be a Fermi resonance dyad between
�3¼ 807 cm�1and 2�7¼ 861 cm�1. The frequencies of
these two Fermi resonance components in the A2�u

state have been determined from fluorescence excita-
tion spectra of the diacetylene ion in a Ne matrix at 4K
[35] in which these dyads are excited. Our value of
830 cm�1 corresponds to the unresolved mean of these
two features.

In similar fashion, the interval of the order of 1660–
1670 cm�1 in the R1 and R2 series corresponds to the
triad 2�3, �3þ 2�7, 4�7, also seen in the fluorescence
excitation spectra of the diacetylene ion [35]. This
Fermi resonance between 2�3¼ 1601 cm�1, (0.198 eV),
�3þ 2�7¼ 1671 cm�1 (0.207 eV) and 4�7¼ 1752 cm�1

(0.217 eV) has 0.207 eV as the average triad vibrational
interval which exactly what is seen in our PEPICO
spectrum. In the principal Rydberg series observed,

there are also present higher order polyads at addi-
tional intervals of �830 cm�1. Irregularities in the
vibrational intervals in the progressions can result from
band profile overlaps of transitions involving Fermi
resonance displacement effects and possible Renner–
Teller effects in the A2�u state. Our spectral resolution
is insufficient to further refine the vibrational analysis.

A few bands were observed that are tentatively
assigned to the vibration �2� (1935� 15) cm�1. The Ne
matrix excitation spectrum value is �2¼ 2002 cm�1, but
examination of the relevant Figure 4 in the paper of
Bondybey and English [35] fails to convince one of this
particular assignment. We note that HeI photoelectron
spectral data [26] provide values �2¼ (1860� 40) cm�1,
�3¼ (810� 40) cm�1.

The excitation of �3, which is essentially a central
C–C stretch vibration, is consistent with the increase of
0.034 Å in the C–C bond length in going from the
neutral molecule to the A2�u ion state, insofar as the
geometries of the Rydberg states mimic that of the ion
state. The comparable corresponding increase in the
C�C bond length, 0.038 Å, does not show up as an
important progression in the �2 vibration, since only a
few bands were (tentatively) assigned to excitation of
this vibrational mode. The �2 vibration is reported as
appearing in the A2�u band of He I photoelectron
spectra, but appears to be only a minor component
from the spectrum published by Turner et al. [29], in
contrast to the PES X2�g band, where it forms a
strong progression, even though the C�C bond length
increase is only 0.029 Å in this case. The fact that the
C–C bond length decreases in going from the neutral
ground state to the X2�g ion state but increases in
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Figure 5. PEPICO ion yield spectrum of C4H
þ
2 (m/z 50) in the 11 to 13 eV range (black line; crosses indicate measurement

points). Spectral resolution 1 Å. Step width is 5meV. DELICIOUS II conditions: KEmax¼ 5.7 eV. We indicate origin bands of
Rydberg series R1, R2 and R3 and vibronic bands for R01.
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Table 1. Rydberg series in the PEPICO spectrum of Diacetylene: Autoionization features and assignmentsa.

E/eV E/cm�1 Assignment Vibrational frequencies/cm�1 b

11.239 90,648 4R1 000
11.300 91,140 4R2 000
11.342 91,479 4R1 310, 7

2
0 4R1: �3¼ 831; 2�7¼ 831 (416)

11.404 91,979 4R2 310, 7
2
0 4R2: �3¼ 839; 2�7¼ 839 (420)

11.446 92,318 4R1 320, 3
1
0 720,7

4
0 4R1: 2�3¼ 1670 (835); 4�7¼ 1670 (418)

11.477 92,568 4R1 210 4R1:�2¼ 1920

11.506 92,802 4R2 320, 3
1
0 720,7

4
0 4R2: 2�3¼ 1662 (831); 4�7¼ 1662 (416)

11.542 93,092 4R2 210 4R2: �2¼ 1952

11.552 93,173 4R1 330 4R1: 3�3¼ 2525 (842)

11.585 93,439 4R1 210, 3
1
0 720 4R1: �2¼ 1960

11.650 93,963 4R1 340 4R1: 4�3¼ 3315 (829)

11.707 94,423 4R3 000
11.752 94,786 4R1 350 4R1: 5�3¼ 4138 (828)

11.817 95,310 5R1 000
11.865 95,697 5R2 000
11.920 96,141 5R1 310, 7

2
0 5R1: �3¼ 831; 2�7¼ 831 (416)

11.967 96,520 5R2 310, 7
2
0 5R2: �3¼ 823; 2�7¼ 823 (412)

12.025 96,988 5R1 320, 3
1
0 720,7

4
0 5R1: 2�3¼ 1678 (839); 4�7¼ 1678 (420)

12.061 97,278 5R3 000
12.097 97,568 6R1 000
12.124 97,786 5R1 330 5R1: 3�3¼ 2476 (825)

6R2 000
12.160 98,076 5R3 310, 7

2
0 5R3: �3¼ 798; 2�7¼ 798 (399)

12.202 98,415 6R1 310, 7
2
0 6R1: �3¼ 847; 2�7¼ 847 (424)

12.230 98,641 6R2 310, 7
2
0 6R2: �3¼ 855; 2�7¼ 855 (428)

6R3 000
12.252 98,818 7R1 000
12.267 shc 98,939 7R2 000
12.306 99,354 6R1 320, 3

1
0 720,7

4
0 6R1: 2�3¼ 1686 (843); 4�7¼ 1686 (423)

12.339 sh 99,520 6R2 320, 3
1
0 720,7

4
0 6R2: 2�3¼ 1734 (867); 4�7¼ 1734 (434)

7R3 000
12.350 99,609 8R1 000; 7R1: �3¼ 791; 2�7¼ 791 (396)

7R1 310, 7
2
0

12.413 100117 9R1 000
12.453 100440 10R1 000 8R1: �3¼ 831; 2�7¼ 831 (416)

8R1 310, 7
2
0 7R1: 2�3¼ 1622 (811); 4�7¼ 1622 (406)

7R1 320, 3
1
0 720,7

4
0

12.486 100,706 11R1 000
12.510 100,899 9R1 310, 7

2
0 9R1: �3¼ 782; 2�7¼ 782 (391)

12.522 sh 100,996 3R01 000
12.556 101,270 8R1 320, 3

1
0 720,7

4
0 8R1: 2�3¼ 1661 (831); 4�7¼ 1661 (415)

12.589 101,537 11R1 310, 7
2
0 11R1: �3¼ 831; 2�7¼ 831 (416)

12.615 101,746 9R1 320, 3
1
0 720,7

4
0 9R1: 2�3¼ 1629 (815); 4�7¼ 1629 (407)

12.630 101,867 3R01 310 3R01: �3¼ 871

12.648 102,012 3R’ 720 3R01: 2�7¼ 1016 (508)

12.656 102,077 8R1 330 8R1: 3�3¼ 2468 (823);

10R1 320, 3
1
0 720,7

4
0 10R1: 2�3¼ 1637 (819); 4�7¼ 1637 (409)

12.691 102,359 11R1 320, 3
1
0 720,7

4
0 11R1:2�3¼ 1653 (827); 4�7¼ 1653 (413)

12.752 102,851 3R01 210 3R01:�2¼ 1855

Notes: aRydberg series R1, R2 and R3 converge to the A2�u state of of C4H
þ
2 at 12.62 eV, and the R01 series converges to the

B02�þu state at 16.61 eV (see text).
bSingle quantum values in brackets.
csh¼ shoulder.
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going to the A2�u state must play a role in modifying

the Franck–Condon factors involving excitation of �2.
Calculation of the corresponding Franck–Condon

factors would help to understand the vibronic excita-

tion behaviour, including that of the degenerate �7
vibration (symmetric C�C–C bend) in the vibrational

dyads and polyads.
Assignments of the Rydberg series R1, R2 and R3:

Optically allowed (dipole) transitions in Hund’s case a

and b coupling (assumed in the present case) for the

Rydberg states converging to the A2�u ion state are:

. . . :5�4g 4�4u 1�4u 1�4g X1�þg ! 1��1u ns�1g �u

. . . :5�4g 4�4u 1�4u 1�4g X1�þg ! 1��1u nd�1g �u

. . . :5�4g 4�4u 1�4u 1�4g X1�þg ! 1��1u nd�1g �u

. . . :5�4g 4�4u 1�4u 1�4g X1�þg ! 1��1u nd�1g �u

Thus we expect one s-type Rydberg series (ns�g),
and three d-type series (nd�g, nd�g, nd�g). We observe

what are apparently 3 Rydberg series R1 �� 0.9; R2

�� 0.77; R3 �� 0.07 (except 4R3) (Table 2) and we

assign them as follows:

R1 is ns�g: �� 0.9. This is a reasonable quantum defect

for a highly penetrating ns� Rydberg series [37].

R2 is nd�g or, less probably, nd�g: �� 0.77. The value
�� 0.77 is reasonable for a nd�g assignment in
diacetylene since in molecules such as C2H2 �¼ 0.50
for nd�g and in C2H4 �¼ 0.60 for nd�g [37].
R3 is nd�g: �� 0.07. The first member of this series,
n¼ 4 is anomalous (�� 0.14) indicating some penetra-
tion of the 4 d�g Rydberg electron.

We remark that one of the Rydberg series con-
verging to the X2�g state of the ion also has a large
quantum defect, �¼ 0.87, assigned provisionally to an
ns� series [38]. Concerning our R2 series, one alterna-
tive assignment is to consider that the R2 Rydbergs
could be ��1 np�u

1�u and/or �
�1 np�u

1�þu . However,
these are forbidden transitions, although two analo-
gous forbidden transitions have been reported in CO2

[39] and whose quantum defects are �¼ 0.64 and
�¼ 0.55 [40]. We note that allowed np� and np�
Rydberg series in acetylene have quantum defects
�¼ 0.70 [37].

Assignments of the Rydberg series R01 The four
features at 12.522, 12.630, 12.648 and 12.752 eV
respectively (Table 1) could not be fitted into
Rydberg series converging to the A2�u state.
Although they would well fit n¼ 4 Rydberg levels
converging to the B2�u state at 13.865 eV, the absence
of a corresponding peak for this ion state in the HeI
photoelectron spectrum and the double excitation
nature of the corresponding Rydberg and ionization
transitions make this assignment highly unlikely. We
therefore considered whether the features could corre-
spond to Rydberg states converging to the B02�þu state,
whose adiabatic ionization energy is reported to be
16.61 eV by Baker and Turner [26]. Examination of the
published corresponding complex photoelectron band
[26] indicates that the uncertainty in determining the
adiabatic ionization energy is probably at least
100meV. Nevertheless, using I¼ 16.61 eV, the R01
features could correspond to the origin band and
vibronic components of a n¼ 3 member of a Rydberg
series with a quantum defect �¼ 1.18. In our provi-
sional assignment of these bands, a quantum defect of
this magnitude would correspond to an ns� series. The
vibrational components are �3¼ 871 cm�1,
2�7¼ 1016 cm�1 and �2¼ 1855 cm�1 (Table 1).

Finally, we mention that if the ion state at 16.61 eV
were a 2�þg state, i.e. there is an inversion of the order
of the 4�u and 5�g molecular orbitals in the configu-
ration previously given above, the ns�g molecular
Rydberg transition would be forbidden, but np�u and
np�u transitions would be allowed, with quantum
defects of the order of 0.7 [37]. The �¼ 1.18 value
which we observe for the R01 bands indicates that the
Rydberg state is indeed 2�þu and not a 2�þg state, i.e. it

Table 2. Diacetylene Rydberg states converging to the
ion A2�u ion state. Quantum defects (�) for 0� bands :
R1¼ ns�g, R2¼ nd�g and/or nd�g, R3¼ nd�g.

E/eV ~� cm�1 Assignment "

R1 Rydberg series: �� 0.9

11.239 90,648 4R1 000 0.861

11.817 95,310 5R1 000 0.884

12.097 97,568 6R1 000 0.899

12.252 98,818 7R1 000 0.919

12.350 99609 8R1 000 0.901

12.413 100,117 9R1 000 0.893

12.453 100,440 10R1 000 0.974

12.486 100,706 11R1 000 0.923

R2 Rydberg series: �� 0.77

11.300 91,140 4R2 000 0.789

11.865 95,697 5R2 000 0.755

12.124 97,786 6R2 000 0.762

12.267 sh 98,939 7R2 000 0.792

R3 Rydberg series: �� 0.07 (leaving aside 4R3).

11.707 94,423 4R3 000 0.14

12.061 97,278 5R3 000 0.066

12.230 98,641 6R3 000 0.093

12.339 sh 99,520 7R3 000 0.042
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confirms the molecular orbital order that we presented
earlier.

Autoionization mechanism in the R1, R2, R3
Rydberg states The Rydberg features seen in the
PEPICO spectrum result from autoionization pro-
cesses. In autoionization, in order to satisfy selection
rules, the outgoing electron from the Rydberg states
converging to the A2�u state of the ion must have
ungerade symmetry, since the final ion state in the
autoionization process, the. . .1�4u 1�3g X2�g state ion
core, has gerade symmetry.

We note than in our PEPICO spectrum the R1
Rydberg bands are more intense than the R2 bands as
is expected from their relative Rydberg assignments.
We remark, however, that Smith reports n¼ 3, 4 and 5
absorption spectra members of a Rydberg series, at
77976, 91120 and 95696 cm�1, respectively [21], which,
for n¼ 4 and 5, correspond to our 4R2 000 and 5R2 000
PEPICO bands at 91140 cm�1 and 95697 cm�1 respec-
tively (Smith’s 77976 cm�1 band is below the first
ionization energy and therefore not observable in
PEPICO experiments). He makes no mention of R1
bands. The latter are either apparently weaker than the
R2 bands in the absorption spectrum of diacetylene,
which would be in contradiction with their Rydberg
assignments, or, more likely, the hydrogen many-line
spectral source in Smith’s experiment was inadequate
to reveal the R1 features [21]. Furthermore, Smith
notes that in his spectra there is considerable interfer-
ence above 11.2 eV due to trace water and oxygen
bands, making it difficult to follow the bands in this
region. We note also that Cool et al. [17], in their
photoionization cross section study of diacetylene,
report the n¼ 4 R1 000 band at a 11.2 eV peak
(photoionization cross section 44.82Mb) and another
peak at 11.3 eV, which can be considered to be due, at
least in part, to the 4R2 000 transition, according to our
observations (Table 1). In an electron excitation study
of the dipole forbidden transitions in diacetylene by
Allan [38] there is a small feature at 11.3 eV, but none
in the 11.2 eV region (upmost spectrum in Figure 6 of
ref. [38]).

It is important to study the relative intensities of the
R1 and R2 bands in going from absorption to
autoionization in order to determine the relative rates
of autoionization of the R1 Rydberg levels with respect
to the R2 levels. Calculations of relative transition
intensities, and measurement of diacetylene absorption
spectra carried out with a true continuum spectral
source, and of higher resolution than that of Smith, are
necessary in order to more thoroughly investigate the
dynamics of the Rydberg state relaxation processes.

Further to the question of the relaxation of the
Rydberg levels of diacetylene, we mention the

photochemical study of Silva et al. [41] at 11.7 eV,
using two-photon laser excitation (2� 212 nm) via an
intermediate 1Du electronic state of diacetylene.
Neutral molecule photodissociation occurs at this
energy, the principal dissociation processes being
C4H2þ h� (11.7 eV)!C4HþH and C4H2þ h�
(11.7 eV)!C2HþC2H; the branching ratios are com-
puted to be 68% and 20%, respectively. Silva et al.
suggest that the intermediate state undergoes electronic
relaxation before excitation by the second photon, so
that the final excitation level is in the 9–10 eV region.
However, it seems more reasonable to us that the final
level is indeed at 11.7 eV, which corresponds to
excitation to the R3 000 band 4 s�g Rydberg level.
A measurement of the photodissociation quantum
yield at 11.7 eV would be useful. It must be less than
unity since autoionization occurs at that excitation
energy and would be in competition with
photodissociation.

Absolute ionization cross-section of C4H2 One aim
of our study was to measure absolute ionization cross
sections to be used for atmospheric and/or astrophys-
ical modelling. In Figures 3 and 5 we give ionization
cross-sections on the ordinate that have been obtained
using a comparative method [17] and propane as a
standard. The ionization cross section of propane is
taken from Kameta et al. [42]. We note that, using this
standard, our cross section is lower, by a factor of 2,
than the only C4H2 measurement found in the litera-
ture which is from Cool et al. [17]. This is consistent
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Figure 6. PEPICO ion yield spectrum of C4H
þ (m/z 49) in

the 15.8 to 17.7 eV range. The appearance energy of this
fragment is determined to be AE (C4H

þ)¼ (16.15� 0.03) eV.
Step width 10meV. DELICOUS II conditions:
KEmax¼ 5.7 eV. The partial ionization cross-section of the
dissociation channel C4H

þ
2 !C4H

þ
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with recent work of Wang et al. [43] who measured

photoionization cross sections of propane. They find

higher values, by a factor of 2 (at 11.5 eV), than

Kameta et al. [42] but do not discuss this disagreement.

The group of Cool rely on propene as a standard and

work from the 70 s performed by Person and Nicole

[44]. The apparatus of the latter authors was calibrated

using photoionization cross sections of nitric oxide

measured by Watanabe et al. [45] in 1967.
We note that the work of Kameta et al. [42]

represents an independent measurement since they
measure the absolute photoabsorption cross section

and the ionization quantum yield of propane in the

same experiment and thus do not need any cross-

calibration. We therefore tend to rely more on their

findings than on those from Cool et al. [17,43].

However, this inconsistency in the literature has to be

sorted out in the future.

4. Fragment ions

PEPICO ion yield curves were measured only for

parent ion (m/z 50) and the C4H
þ (m/z 49) fragment

ion. From our mass spectral data other ions would be

too weak or have too high appearance energies for

their ion yield curves to be determined.
C4H

Y: Figure 6 gives the PEPICO ion yield curve

for m/z 49, assigned to the C4H
þ fragment ion. In our

mass spectra the m/z 49 (C4H
þ) is already of compa-

rable intensity to that of the parent ion at m/z 50 at

Eexc¼ 17 eV (Figure 1), whereas in the PEPICO ion

yield curve the parent ion intensity is about 5 times that
of m/z¼ 49 at 17 eV (Figure 3). This is because of the

difference of KEmax in both measurements. True cross-

sections and branching ratios of dissociative photore-

actions can only be measured at high KEmax. It was

carefully checked on the VMI images that, at

KEmax¼ 5.7 eV, all electrons are captured for the

PEPICO measurement.
From Figure 6 we determine the appearance energy

of the C4H
þ ion to be AE (C4H

þ)¼ (16.15� 0.03) eV.

Coats and Anderson [31] report an electron impact
mass spectrum AE (C4H

þ)¼ (12.1� 0.3) eV, i.e.

�500meV below the first excited state A2�u of

C4H
þ
2 which lies at 12.62 eV. However, the A2�u

state is known to fluoresce, with a lifetime of (71� 3)

ns for its zero vibrational level [46] and with similar

lifetimes for at least 1000 cm�1 excitation energy in this

state. Thus dissociation of the A2�u state would have

an extremely small rate, if it occurred, so that we can

consider the AE(C4H
þ)¼ 12.1 eV of Coates and

Anderson as incorrect.

The measured AE’s can be used to calculate

enthalpies of formation of fragment ions mþ1
(Equation (1)) for different possible fragmentation

pathways, using Equation (2):

Mþ h�!Mþ þ e� ! mþ1 þ n mi þ e� ð1Þ

AEþ DfHgasðMÞ ��½DfHgasðmiÞ	 ¼ DfHgasðm
þ
1 Þ ð2Þ

Here, mi are the formed n neutral fragments

(including possible isomers). The dissociation ioniza-

tion process is C4H2þ h�!C4H
þ
þH. From our

experimental AE(C4H
þ)¼ (16.15� 0.03) eV and using

DfH(C4H2)¼ 4.81 eV [6,18] and DfH(H)¼ 2.259 eV [18]

we calculate the heat of formation

DfH(C4H
þ)¼ 18.70 eV (1805 kJ/mol), using Equation

(2). This is the first reported value of DfH(C4H
þ) and

should be considered as an upper limit.
We can also estimate the ionization energy of the

C4H radical as follows. Potential energy surface

calculations of ground state neutral diacetylene have

been carried out at the CCSD(T)/CBSþZPE(B3LY/6-

311G** level of theory [41]. The dissociation to linear

C4HþH occurs at 5.765 eV above the ground state of

diacetylene. From this value and our observed

AE(C4H
þ)¼ 16.15 eV, also assumed to be to a linear

ion, we derive IE(C4H)¼ 10.39 eV. There is no other

value of this ionization energy in the literature.
Other ions seen in mass spectra of diacetylene: It is

of interest to use thermochemical data to calculate the

expected appearance energies of the other ions seen in

the photon impact and/or electron impact mass spectra

of diacetylene.

m=z 48 : C4H2 þ h�! Cþ4 þHþH or Cþ4 þH2

The calculated AE(Cþ4 )¼ 22.31 eV for HþH prod-

ucts, and 17.79 eV for the H2 product channel. Our

mass spectra (Figure 2) show that AE(Cþ4 ) is about

22 eV. This indicates that the dissociation channel is to

HþH rather than to H2 at threshold.

m=z 37 : C4H2 þ h�! C3H
þ þ CH

Using DfH(C3H
þ)¼ 16.58 eV [47] and

DfH(CH)¼ 6.158 eV [47] we obtain a calculated value

AE(C3H
þ)¼ 17.93 eV for the appearance energy of the

2-propynylidyne radical cation. Our photon impact

mass spectra (Figure 2) show that AE(C3H
þ) is

between 22 and 23 eV. Thus there is a high barrier to

this dissociation. Potential energy surface calculations

of the dissociation channel are needed to verify

quantitatively this conclusion.

m=z 36 : C4H2 þ h�! Cþ3 þ CH2
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From DfH(Cþ3 )¼ 20.77 eV [33] and DfH(CH2)¼
4.0 eV [47] we calculate AE(Cþ3 )¼ 19.96 eV. In our
photon impact mass spectra there is no peak at m/z 36
over the whole range 11–24 eV (Figures 1, 2), showing
that the true appearance energy probably lies above
24 eV, thus implying a large potential energy barrier in
this dissociative ionization channel.

m=z 25 : C4H2 þ h�! C2H
þ þ C2H

Two values of DfH(C2H) are quoted in the litera-
ture, 4.94 eV and 5.76 eV [18]. A calculated value is
5.84 eV [48]. The ionization energy of C2H is reported
as IE(C2H)¼ (11.61� 0.07) eV [18], so that
DfH(C2H

þ)¼ 16.55 or 17.37 eV. From these values
the calculated AE(C2H

þ)¼ 16.68 or 18.32 eV, depend-
ing on the value of DfH(C2H). Our mass spectra show
an extremely weak signal at 22 eV, becoming a little
stronger at 23 eV and weakening at 24 eV (Figure 2),
indicating a small partial cross section for this disso-
ciative ionization channel. We note that Coats and
Anderson [31] report an electron impact mass spectrum
appearance energy value for m/z 25, AE(C2H

þ)¼
20.1� 0.5 eV, broadly consistent with our photon
impact observation that 21 eV5AE(C2H

þ)5 22 eV.
From the calculated neutral dissociation channel to

C2HþC2H at 6.92 eV above the diacetylene ground
state [41] and the known IE(C2H)¼ 11.61� 0.07 eV
[18], Equation (2) enables us to calculate another C2H

þ

appearance energy value, AE (C2H
þ)¼ 18.53 eV,

which is close to the higher of the two calculated
values above.

m=z 24 : C4H2 þ h�! Cþ2 þ C2H2

From DfH(Cþ2 )¼ 20.6 eV [33] and
DfH(C2H2)¼ 2.35 eV [18] we obtain the calculated
value AE(Cþ2 )¼ 18.4 eV. A similar value,
AE(Cþ2 )¼ 18.14 eV, is obtained by addition of
IE(C2)¼ 12.15 eV [18] to the calculated potential
energy value 6.056 eV [41] of the C2þC2H2 dissocia-
tion channel of neutral diacetylene. Although Cþ2 is
observed very weakly in 70 eV electron impact mass
spectra [18], no peak at m/z 24 is noted over the whole
range 11–24 eV of our photon impact mass spectra
(Figures 1, 2).

m=z 13 : C4H2 þ h�! CHþ þ C3H

The CHþ ion is observed very weakly in the 70 eV
electron impact mass spectrum [18] but not in our
photon impact mass spectra up to Eexc¼ 24 eV
(Figures 1, 2). The AE for this ion could not be
estimated since there is no reported value of DfH(C3H).

m=z 12 : C4H2 þ h�! Cþ þ C3H2

The Cþ ion is observed very weakly in the 70 eV
electron impact mass spectrum [18] but not in our
photon impact mass spectra up to Eexc¼ 24 eV
(Figures 1, 2). The AE for this ion could not
be estimated since the value of DfH(C3H2) is not
known.

5. Conclusion

Direct and indirect photoionization processes in diace-
tylene were studied using synchrotron radiation as
photon excitation source over the spectral range
8–24 eV, using photoelectron–photoion coincidence
(PEPICO) and threshold photoelectron–photoion coin-
cidence (TPEPICO) techniques to determine mass
spectra, ion yields, total and partial ionization cross-
sections. The adiabatic ionization energy of diacetylene
was determined as IEad¼ (10.17� 0.01) eV, in good
agreement with optical spectroscopic measurements.
An improved heat of formation of the ion,
DfH(C4H

þ
2 )¼ 14.98 eV was established.

Absolute ionization cross sections of C4H2 were
determined in the 10 to 19 eV energy regime (Figure 3)
using a comparative method and propane as a
standard. The ionization cross section of propane is
taken from an independent measurement by Kameta
et al. [42].

The appearance energy of the C4H
þ photofragment

was measured as (16.15� 0.03) eV and it was shown
that the only previous literature value AE
(C4H

þ)¼ (12.1� 0.3) eV, of Coates and Anderson
[31] is incorrect. The heat of formation of C4H

þ was
determined to be DfH(C4H

þ)¼ 18.70 eV and the for-
merly unknown ionization energy of C4H was esti-
mated as IE(C4H)¼ 10.39 eV. The partial ionization
cross section of the C4H2þ h�!C4H

þ
þH fragmen-

tation channel was measured between the AE of C4H
þ

and 19 eV.
The appearance energies of other fragment ions

observed in photon or electron impact ionization of
diacetylene, estimated by thermochemical calculations,
have led to some inferences concerning the dissociation
pathways forming the fragment ions Cþ4 , C3H

þ, Cþ3
and C2H

þ.
Autoionization features in the PEPICO and

TPEPICO spectra were analysed. The many structured
features observed in the PEPICO spectrum of diace-
tylene in the 11–13 eV region were principally assigned
to three Rydberg series, R1 (n¼ 4–11), R2 (n¼ 4–7)
and R3 (n¼ 4–6) never previously observed or
analysed. These Rydberg series converge to the first
electronic excited state of the diacetylene cation, A2�u.
Vibrational components were observed for each of the
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Rydberg series and their assignments given. Four other
features are assignable to n¼ 3 vibrational components
of an R01(ns�g) Rydberg series converging to the B02�þu
state of the cation. Quantum defects � were determined
for the origin bands 000 of each member n of the
Rydberg series. The different series converging to the
ion A2�u state were assigned as follows: R1(ns�g),
R2(nd�g), R3(nd�g). The autoionization mechanisms
and their conformity with specific selection rules are
discussed. The results of this work are used to clarify
the nature of the final excited state in the two-
photon laser photochemical study of diacetylene by
Silva et al. [41].

Our mass spectroscopic measurements, thermo-
chemical parameter value estimations, the determina-
tion of total and partial ionization cross-sections and
the analysis of diacetylene Rydberg series will be of use
for astrophysical modelling involving the formation
and destruction of diacetylene and its ions in various
astrophysical sites.
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