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Abstract 

Cyanoacetylene (HC3N) is an important trace species in the atmosphere of Titan. We report, 

for the first time, absolute partial electron ionisation cross sections and absolute precursor-

specific partial electron ionisation cross sections for cyanoacetylene, following an 

experimental and computational investigation.  Our methodology involves using 2D ion-ion 

coincidence mass spectrometry to generate relative cross sections, over the electron energy 

range 50 – 200 eV. These relative values are then normalised to an absolute scale, using a 

binary encounter-Bethe (BEB) calculation of the total ionisation cross section.  The BEB 

calculation agrees well with previous determinations in the literature.  The mass spectrometric 

observations of HC2N
+ and HCN+, ions with a connectivity markedly different to that of the 

neutral molecule, point towards a rich cationic energy landscape possessing several local 

minima.  Indeed, [HC3N]2+ minima involving a variety of cyclic configurations are revealed 

by a preliminary computational investigation, along with two minima with linear and bent 

geometries involving H atom migration (CCCNH2+). Determination of the energy of a 

transition state between these local minima indicates that the dication is able to explore the 

majority of this rich conformational landscape at our experimental energies.  This investigation 

of the energetics also determines an adiabatic double ionisation energy of 30.3 eV for the lowest 

lying singlet state of HCCCN2+, and 30.1 eV for the lowest-lying triplet state. The bulk of the 

cation pairs detected in the coincidence experiment appear to originate from markedly excited 

dication states, not the ground state.  We observe 5 two-body dissociations of HCCCN2+, and 

subsequent decay of one of the ions generated in such two-body processes accounts for the 

majority of three-body dissociations we observe.   
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1. Introduction 

Cyanoacetylene (HC3N) is the smallest cyanopolyyne, identified spectroscopically in 

interstellar clouds in 19711 via the hyperfine splitting of the J = 0-1 transition, and later via the 

v6 and v5 fundamental vibration-rotation bands at 500 and 663 cm-1,2 respectively. 

Cyanoacetylene has also been detected in protoplanetary disks beyond the water freezing snow 

line,3 in comets,4 and in the atmosphere of Titan by Voyager 12 and Cassini.5 It has been 

proposed that formation of cyanoacetylene in these environments is via the reaction of CN with 

acetylenes,2,6,7 or CN with C2H radicals.7 Other potential formation pathways include 

dissociative recombination of cations8 and associative detachment of anions.9 Cyanoacetylene 

is a potential precursor to larger nitriles,10 a component of prebiotic synthesis of various 

ribonucleotides,11 and is known to undergo photolysis in Titan’s atmosphere.12 The presence 

of cyanoacetylene in these energetic environments necessarily results in its ionisation. Hence, 

characterization of the ionisation of cyanoacetylene is required for modelling both its 

abundance and its contribution to the chemistry of these regions. In fact, such studies are 

already underway, with theoretical and experimental investigations of cyanoacetylene’s 

chemical interactions.13  

This paper reports an investigation of the electron ionisation of cyanoacetylene. Pertinent 

previous work includes experimental, and theoretical, determinations of various electron 

collision cross sections,14,15 ground and excited state energy and geometry determinations,14,16–

19 the appearance energies and enthalpies of formation of the products of electron 

ionisation,16,20 neutral reactions,6 cation reactions,8,13 anion reactions9 and photon-initiated 

processes.12,17,21 Despite the breadth of these studies, we can find no reports of partial electron 

ionisation cross sections of cyanoacetylene in the literature, nor any detailed studies of the 

cyanoacetylene dication. To address this shortcoming, this article reports values of the partial 

ionisation cross sections (PICS) and precursor-specific partial ionisation cross sections (PS-

PICS, definition below) for electron ionisation of cyanoacetylene over the energy range 50-

200 eV. The PS-PICS quantify not only the cross section for formation of an individual 

fragment ion, but also quantify the contribution to that ion yield from each level of ionisation 

of the parent (single, double, triple ...). Relative PICS and PS-PICS are first determined from 

an ion-ion coincidence experiment.22 The binary encounter Bethe (BEB) model is then 

employed to calculate the total ionisation cross section at each electron energy investigated, 

and these total ionisation cross sections are used to place the relative experimental values on 

an absolute scale, as described in detail in previous work.23 A complementary computational 
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study of the dication states reveals a rich geometric landscape allowing a rationalization of the 

unimolecular dissociation of HC3N
2+ we observe in our experiments. 

2. Methodology 

2.1. Coincidence mass spectrometry 

2.1.1. Experimental operation 

The coincidence mass spectrometer employed in this work has been described in detail before 

in the literature24 and, hence, is only briefly described here. The high-vacuum experiment 

involves a beam of electron pulses which cross an effusive gas jet of the target molecule in the 

centre of the pulsed source field of a two-field time of flight mass-spectrometer (TOF-MS). 

The TOF-MS utilises a microchannel plate (MCP) detector and coincidence counting 

electronics involving a programmable time-to-digital converter for data collection. In these 

experiments, the pressure of the target molecule (cyanoacetylene), measured by an ion gauge 

remote from the collision region, is kept close to 10-6 Torr. Experiments have shown this 

pressure regime ensures single collision conditions, and, on average, much less than one 

ionisation event per electron pulse. The ionising electron pulses, produced from a tungsten 

filament, are 30 ns in duration with a repetition rate of 50 kHz. The energy spread of the 

electron beam is approximately 0.5 eV, and the nominal electron kinetic energies employed in 

our series of experiments lie between 50 – 200 eV. The electrons and the target gas jet cross 

perpendicular to both each other and to the principal axis of the TOF-MS. Following the 

ionising electron pulse, the repeller plate of the extraction region is pulsed from 0 to +400 V to 

extract cationic products towards the detector. The TOF-MS is of a standard Wiley-McLaren 

design25 and the extraction is efficient, collecting ions with up to 15.5 eV of kinetic energy 

transverse to the TOF-MS axis.26  The ion signals from the MCP detector are recorded as arrival 

times by a time-to-digital converter, which records multiple stop signals for a single ionising 

electron pulse. Up to three ions are detected in coincidence per cycle, as a single ion, pair of 

ions, or triple of ions. These signals are accumulated in a memory module and subsequently 

transferred to the analysis PC. The term “true pair” refers to two ions, detected in coincidence, 

that arise from the same ionising event, usually dissociative double ionisation. Similarly, “true 

triples” refers to three ions, detected in coincidence, that arise from the same event, usually 

dissociative triple ionisation. 

Calibration of the time-of-flight mass scale is performed by recording mass spectra of Ar.  This 

preliminary investigation, involving the measurement of the ratio of Ar+ to Ar2+, also confirms 
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there is no intrinsic mass discrimination in our experiments.28  Similarly, a determination of 

the ion detection efficiency f of the apparatus is achieved by recording the spectrum of CF4, a 

molecule for which the cross sections for generating the singles and pairs are well 

established.29,30  The overall ion detection efficiency was determined to be 0.29, in good accord 

with previous determinations for our apparatus. Coincidence datasets are recorded at each 

ionising electron energy of interest, the electron energy of successive measurements being 

varied in a non-systematic manner to avoid any hysteresis. Recording a single dataset involves 

a continuous experiment, lasting 6-8 hours, which typically collects over 6 million singles and 

170 thousand pairs.  

Cyanoacetylene is a colourless liquid at room temperature with a melting point near 5 ˚C31 and 

a boiling point at 41.8 ˚C.32 Cyanoacetylene was synthesised in-house following a standard 

methodology.11 A detailed description of the synthesis is available in the supplementary 

information (SI section S.2 Partial ionisation cross sections). The cyanoacetylene sample was 

transferred to, and kept in, a glass cold finger under vacuum, on the inlet gas-line of the TOF-

MS. The sample was maintained as a solid during experiments, held at 0˚C using an ice-water 

bath, to limit reactivity and degradation. At this temperature, the vapour pressure of the solid 

was low but sufficient for admission to the TOF-MS. Unfortunately, the low sample vapour 

pressure resulted in a larger fluctuation than normal in the pressure of the target molecule in 

the mass spectrometer. These fluctuations result in slightly larger uncertainties in the cross 

sections of the minor product ions than a typical coincidence dataset. Using the above 

methodology, the pressure of the cyanoacetylene in the mass spectrometer’s inlet system was 

also markedly lower than we would usually employ.  Under these conditions, the relative partial 

pressure of the background gas (principally air and water) in the apparatus is larger than in a 

typical set of experiments. Thus, the mass spectra show larger “background” peaks from air 

(O2, CO2, N2, H2O) than in our typical spectra.  These disadvantages of operating at a low 

sample pressure are however far outweighed by the advantage of maintaining a stable un-

degraded sample of cyanoacetylene.  The contaminant peaks, which usually range in intensity 

from 0-5% of the parent cation signals, are mostly well-separated from the signals resulting 

from cyanoacetylene and do not interfere with our analysis. Where any contaminant peaks do 

interfere with those of interest, as for example with N+, we remove the contaminant component 

in a method described below using the known relative PICS for the contaminant species. Aside 

from these air-related peaks, the TOF-MS showed the HC3N sample was remarkably pure 

(>99%) after several freeze-pump-thaw cycles. A highly reactive molecule, HC3N oligomerises 
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rapidly21 in the presence of water and, over time (weeks), an oily black residue did form on the 

inner surface of the glass cold finger despite the low temperature. As the mass spectrum of the 

sample remained unchanged throughout, this solid product clearly has a very low vapour 

pressure, consistent with its identification as an oligomer. 

2.1.2. Processing of coincidence data 

When a single ion is detected by the TOF-MS following a pulse of the repeller plate, we term 

the event a ‘single’ and the flight time is added to a list of such events. From this data the 

‘singles’ mass spectrum is produced as a histogram, of ion counts against time of flight.  From 

the singles mass spectrum the intensity I[X+] of each ion X+ is determined by summing the 

counts in each peak and subtracting the appropriate non-zero background. For pair events, 

when two ions are detected in coincidence, the flight times of both ions are recorded. 

Pair events are displayed in a two-dimensional ‘pairs spectrum’: a two-dimensional histogram 

of counts (z), t1 (flight time of faster ion, y) vs t2 (flight time of slower ion, x). Individual 

dication (or trication) charge-separating dissociation reactions appear as distinct lozenge-

shaped peaks in such a pairs spectrum. Summing the counts in the various peaks involving a 

given ion, after removing any false coincidences (see below), allows us to evaluate the detected 

intensity for a given ion (e.g. CH+) in the pairs spectrum, P[X+].  A distinction is made between 

the intensity of ions in pairs involving a pair of monocations which we designate P2[X
+], and 

the intensity of a given ion in pairs which must result from triple ionisation (the pair involves 

a monocation and a dication), which we designate P3[X
+] and P3[X

2+], for the cation and 

dication respectively. 

The flight times involved in ion triples are again stored in an event list. To analyse these events 

we generate a two-dimensional histogram for the values of t2 and t3 that are associated with a 

particular range for t1, that range of t1 corresponds to a given product ion (e.g. H+).  Such a plot 

identifies the two ions in any triple which are coincident with the specified ion (H+ in the above 

example).  Careful choice of different specified ions, and the generation of a number of these 

triples spectra, allows all of the triples to be analysed. The intensities of all the triples peaks 

are again determined by summing the counts and subtracting an estimate of the contribution of 

false coincidences. Such a procedure allows us to derive the intensity of a given ion in the 

triples spectrum: T3[X
+]. The number of ‘triples’ detected is significantly lower than the 

number of ‘pairs’ in the electron energy regime we investigate, and the number of real 

quadruple arrivals is negligible. Therefore, as in our previous investigations with this 
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instrument,23,24,33,34 we do not collect or process any quadruple arrival events and neglect the 

very minor contribution of quadruple ionisation to our data set. 

As noted above, the intensities of all the peaks in the singles spectrum are corrected for the 

non-zero background in the singles spectrum.35 Additionally, the peaks at m/z values of 1, 6, 7, 

12 and 14 contain contributions from the background H2O, CO2 and N2 present in the system. 

Such contributions can be estimated and subtracted using the known partial ionisation cross 

sections34,36–38 for these contaminants and the intensity of a mass peak unambiguously 

assignable to the contaminant. In general, the contribution of these background gases to a mass 

peak from cyanoacetylene is quite low, less than 5% of the total intensity of the peak in question.  

However, the N+ peak was found in some spectra to have up to a 50% contribution from 

ionisation of N2. All other peaks originating from background gases are well separated from 

peaks of interest, and do not interfere with the analysis of the pairs and triples spectra. 

As noted above we subtract an estimate of the number of false coincidences from each 

coincidence peak in the pairs and triples spectrum. False coincidences34 are events involving 

the detection of two or three ions that do not result from the same ionisation event. The 

contribution of false coincidences to each pairs and triples spectrum is minimised 

experimentally by operating at low ion count rates, but a small contribution from such events 

is still present in the data. The contribution of false coincidences to the intensity of the 

coincidence peaks of interest is quantified and subtracted using a well-established ion-

autocorrelation procedure.35 Additionally, the ion detection system has a dead-time of 32 ns 

between detectable ion hits. This dead-time restricts the detection of ion pairs with the same 

m/z ratio. These deadtime losses can easily be estimated by generating a histogram, of intensity 

vs t2-t1 for a given reaction. In such a time-of-flight difference (t2-t1) spectrum, the coincidence 

signals have a characteristic square shape. Signal losses due to the deadtime are readily 

apparent in such time-of-flight difference spectra and can be readily assessed by extrapolating 

the square peak back to t2-t1 = 0.35 Such time of flight difference spectra also reveal those ion 

pairs where some signal is lost due to high transverse kinetic energies of the ions.34 Such losses 

of high-energy ions result in a hollowing of the normally square signals in the difference spectra. 

In the case of cyanoacetylene this final correction was explored, but not required for any 

dissociation process.  We are unable to correct for the losses of energetic (>15.5 eV) fragment 

ions from single ionisation, but we expect such ions to be a very minor component of the ion 

yield.  
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Our data analysis methodology to generate the PICS and the PS-PICS has been described in 

detail before24,35,39 and will be only briefly discussed here. Relative PICS (σr[X
+] and σr[X

2+]) 

are generated from the experimental data, for each ion detected, in the following way (using a 

singly charged cation as an example):  

+

3
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[HC N ]
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In Eqns. (1)-(4), σn[X
+] is the precursor-specific relative PICS for the formation of X+ in an 

ionisation event involving the loss of  n electrons from HCCCN, where n = 1, 2, or 3. Nn[X
+] 

is the number of fragment ions X+ formed by ionisation events involving  the loss of n electrons, 

and k is a proportionality constant dependent on the individual experiment (pressure, electron 

flux), this constant is eliminated in deriving the relative cross section in equation (4).  

To determine the precursor-specific relative PICS (PS-PICS), the detection efficiency f of the 

apparatus is combined with the corrected counts from the experimental data. To determine the 

PS-PICS for X+ and X2+ representative equations are as follows: 
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Using eqns. (4)-(9), the relative PICS and PS-PICS can be determined for all ions we detect 

following the ionisation of cyanoacetylene.40 For both the PICS and PS-PICS, the experimental 

uncertainty associated with each value is taken as two standard deviations from the mean of 

the values derived from the three datasets for each energy. Relative uncertainties are relatively 

high, unsurprisingly, at PICS values close to our experimental detection limit, that is for the 

low abundance ions such as N2+ and C2NH2+ at electron energies of 50 eV and 75 eV. To 

generate absolute values from the relative cross sections, we normalise to a BEB calculation of 

the total ionisation cross section over the energy range of interest, as described in our recent 

publication.23 

Information on the energetics and dynamics accompanying the dissociation of double-ionised 

cyanoacetylene can be extracted from the pairs spectra.35,41–43 This analysis is performed on 

spectra recorded at an ionising energy of 75 eV, the lowest energy with sufficient count-rates 

for meaningful analysis of the shapes of the coincidence signals. In brief, the analysis involves 

extracting the gradient and t2-t1 spectrum of each peak in the pair spectrum, each peak 

corresponding to a given dissociation reaction.44 The gradient, which reveals the correlation 

between the momenta of the fragment ions, can be compared with that expected for a variety 

of dissociation mechanisms.42 These peak gradients are extracted from the pairs spectra with a 

weighted least squares analysis.41,42 The KER of an individual dissociation reaction is extracted 

by fitting a Monte Carlo simulation of the dissociation process to the experimental t2-t1 
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spectrum extracted from a given dissociation channel.23 Such Monte Carlo simulations, which 

incorporate the full range of experimental conditions, have been shown to extract KERs in 

excellent agreement with those reported in the literature.23 The appropriate model parameters 

characterizing the KER (magnitude, distribution) are refined until a good fit is achieved with 

the experimental t2-t1 data. The KERs produced have a range of satisfactory fit to the 

experimental data of approximately 0.5 eV, and this value is taken as the uncertainty of the 

derived KER. Previous work has shown that our experimental arrangement efficiently detects 

the light H+ fragments, but an asymmetry of the coincidence peaks involving H+ arises from 

penetration into the source region of the electric field from the drift tube.39 Due to this 

asymmetry it is not instructive to interpret the shapes of the coincidence peaks involving H+ in 

terms of the dynamics of the dissociation of the dication. 

Once a value for the KER of a given dissociation channel has been determined, the energy of 

the dication precursor state of cyanoacetylene, E[HC3N
2+], associated with the formation of 

that ion pair, can be evaluated by adding the value of the KER to the asymptotic energy of the 

products (Efrag) obtained from thermodynamic data: 

2

3HC N KER fragE E+  = +   (10) 

Such precursor state energies have proved valuable in providing a coarse probe of the energies 

of the low-lying electronic states of dicaitons.39  

2.2. Computational investigations 

2.2.1. Electronic structure calculations 

Electronic structure calculations using Gaussian16 (Rev.A03)45 have been used to help 

interpret our experimental findings. Equilibrium geometries, and adiabatic and vertical 

ionisation energies, where appropriate, have been determined for the linear HCCCN2+ structure.  

Similar determinations have also been made for several other cyclic and bent local minima that 

were located on the [HCCCN]2+ energy landscape for both the singlet and triplet multiplicities. 

Stationary points were determined with a B3LYP methodology, employing a cc-pVTZ basis 

set.  This DFT approach, given our computational budget, gave a much better agreement with 

the accepted literature geometries and energetics of neutral18 and singly-ionised19 HCCCN than 

the MP2 methodology we have employed before. We presume that the DFT approach is 

superior here due to the significant multi-reference character of some of the states.19 All the 

minima we located were verified by vibrational frequency analysis which also determined the 

associated zero point energy. The energetics of the stationary points were determined using 
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single-point CCSD(T) calculations using the same basis set. As described in more detail below, 

we also searched for transition states linking the local dicationic minima.  

2.2.2. Total ionisation cross section calculation (BEB) 

As discussed above, we use calculated values of the total ionisation cross section to place the 

relative cross sections we derive from our experimental data onto an absolute scale. This 

procedure has been discussed in detail in the recent literature.23 For the calculation of the total 

ionisation cross section we use a binary-encounter Bethe (BEB) methodology.46 This semi-

empirical approach requires only the occupation, binding and average kinetic energies of the 

electrons in the occupied orbitals of the target molecule. The method, originally developed by 

Kim and Rudd,46 is used as implemented in the Quantemol electron collisions (QEC) expert 

system.47,48 The present all-electron BEB calculations were performed using Hartree-Fock 

target wavefunctions and the cc-pVTZ basis set, with the linear HC3N geometry optimised at 

cc-pVDZ. This neutral geometry is again in good agreement with that in the literature.18 In 

previous work23 the uncertainty assigned to the cross section derived from the BEB calculation 

was better than 5% of the calculated value across the ionising energy range. Thus, in this work, 

to estimate the final uncertainty in our PICS and PS-PICs we combine a 5% uncertainty in the 

calculated total ionisation cross section with the determined experimental uncertainty in the 

relative cross sections. As a comparison, we note that in absolute experimental measurements, 

such as those by Stebbings et al. in a highly sensitive mass analyser, the experimental 

uncertainties on absolute partial ionisation cross sections are commonly between 5 % and 

30 %.37,49–51  

Our algorithm to normalise the relative experimental PICS and PS-PICS to the total ionisation 

cross section produced by the BEB calculation has been presented in detail before.23  In brief, 

we first determine the absolute cross section for formation of the parent monocation (HC3N
+) 

from the ratio of the calculated total ionisation cross section and the sum of all the relative 

partial ionisation cross sections, as a function of electron energy.  This absolute cross section 

for forming the parent (HCCCN+) ion can then be used to transform all the relative partial cross 

sections to absolute values. 

3. Results and Discussion 

3.1. Coincidence mass spectra and ionisation cross sections 

Coincidence mass spectra of cyanoacetylene were recorded at electron ionisation energies 

between 50 and 200 eV. The singles mass spectrum we record at 75 eV for cyanoacetylene is 
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in good accord with that recorded by Harland at 70 eV.16 Specifically, as seen in Figure 1, the 

dominant ion generated is the parent cation, HC3N
+, which, at 200 eV, has a peak height 

approximately 20 times more intense than the next most intense ions, C3N
+, C+ and C2H

+, while 

the total number of counts for the HC3N
+ peak is approximately five times higher than those 

same comparative ions. As discussed above, due to operating at a low HCCCN pressure to 

preserve the integrity of the sample, minor contamination by air is visible in the spectrum and 

clearly shown in Figure 1. A small H2
+ signal, which is markedly too large to be accounted for 

by ionisation of water contamination is present. Given the observed quadratic pressure 

dependence of these small H2
+ signals it is reasonable to conclude that this ion is generated by 

a bimolecular reaction in the ionisation region. Similar bimolecular reactions generating 

protonated species are well known: for example the production of NH4
+ from NH3 ionisation.52 

As these very weak H2
+ signals are bimolecular in origin they are not included in the analysis. 

The ions detected and shown in Figure 1 form the singles spectra of ionisation of 

cyanoacetylene, and we conclusively detect the following ionisation products: H+, C2+, N2+, C+, 

CH+, C3H
2+, N+, C2

+, C2H
+, HC3N

2+, CN+, HCN+, C3
+, C3H

+, C2N
+, C2NH+, C3N

+, and HC3N
+. 

Two ions collected in coincidence form the pairs spectrum of ionisation of cyanoacetylene, 

shown in Figure 2a., and we conclusively detect the following pairs of ionisation products: C+ 

+ C+,  C+ + N+,  C+ + CH+,  N+ + CH+,  CN+ + C2
+,  CN+ + C2H

+,  H+ + C+,  H+ + N+,  H+ + C2
+,  

H+ + CN+,  H+ + C3
+,  H+ + C2N

+,  H+ + C3N
+,  C3H

2+ + N+,  C2
+ + C+,  C2H

+ + C+,  CN+ + C+,  

C2
+ + CH+,  CN+ + CH+,  C2

+ + N+,  C2H
+ + N+,  C2N

+ + C+,  C2NH+ + C+,  C2N
+ + CH+,  C3

+ 

+ N+,  C3H
+ + N+,  C+ + N2+,  C+ + C2+,  and N+ + C2+. Three ions collected in coincidence form 

the triples spectra of ionisation of cyanoacetylene, and we conclusively detect the 13 following 

triples of ionisation products: C2
+ + N+ + C+,  C2H

+ + N+ + C+,  CH+ + N+ + C+,  CH+ + C2
+ + 

N+,  CH+ + CN+ + C+,  H+ + C+ + C+,  H+ + N+ + C+,  H+ + C2
+ + C+,  H+ + C2

+ + N+,  H+ + CN+ 

+ C+,  H+ + C2N
+ + C+,  H+ + C3

+ + N+,  H+ + CN+ + C2
+. 
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Figure 1 Representative mass spectrum showing the cationic products from the ionisation 

of HC3N at 75 eV electron energy. The vertical scale in region 48 - 52.5 m/z has 

been reduced by a factor of 20 to increase visibility of the lower intensity peaks 

at lower mases.  Signals labelled H2O+, O2
+, N2

+, and CO2
+ result from traces of 

backgound air, a result of the conditions that are required to record stable spectra 

of the target moelcule. Other labels indicate relevant ions from the target 

molecule. See text for details.  

 

Figure 2 Series of images illustrating aspects of the 2D coincidence mass 

spectrum. (a) Representative 2D (pairs) coincidence spectrum from the 

ionisation of HC3N at 75 eV electron energy. t1, on the y axis, is the time 

of flight of the faster ion. Conversely t2 on the x axis is the time of flight 

of the slower ion. (b) Region of the pairs spectrum corresponding to C+, 

CH+ and N+  on the y axis, and C2
+, C2H+, and CN+ on the x axis, showing 

the observable differences in peak slope (labelled) discussed in the text. 
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(c) Region of the pairs spectrum corresponding to C+, CH+ and N+ on 

the y axis, and C3
+, C3H+, and C2N+ on the x axis. (c) also highlights C3

+ 

+ N+ (blue box, I) and C2N++CH+ (purple box, II), two peaks that are 

shown to have two or one kinetic energy releases, respectively. (d) The 

t2-t1 spectrum of the C3
++N+ pair, showing the match between the Monte 

Carlo simulation (filled blue dots, details in text) and the experimental 

values (error bars), where the simulation is a fit for two kinetic energy 

releases of 3.5 eV and 6 eV, respectively. (e) As for (d), for the pair C2N+ 

+ CH+, where the simulation is a fit for one kinetic energy release of 3.6 

eV. Further details are found in the text. 

The total ionisation cross section of cyanoacetylene, calculated using the BEB method and used 

to convert our relative PICS and PS-PICS to absolute values, is shown alongside the PICS we 

derive in the supplementary information (S.2 Partial ionisation cross sections and Table S1). 

Gilmore and Field15 published a BEB calculation of the total cross section for electron 

ionisation of cyanoacetylene, including a comparison to previous literature. Their calculation 

utilised the restricted Hartree–Fock method and the Gaussian basis set 6-311G(d, p), whereas 

our calculation employed a cc-pVTZ basis set for the BEB calculation, and a cc-pVDZ 

geometry optimisation of the neutral.  Satisfyingly, these differences in methodology only 

result in a maximum difference of 2.5 % between the two calculations over the energy range 

of interest here (50 – 200 eV). These differences are well within the assigned 5% tolerance of 

the calculation. Our calculation also compares well with the ionisation cross section calculation 

performed by Kaur et al.14, who used the complex scattering potential-ionisation contribution 

(CSP-IC) method. 

The absolute PICS we obtain for the formation of the various ionic products we detect 

following electron ionisation of cyanoacetylene, after scaling the experimental relative cross 

sections with the BEB calculation, are reported in Table S1, and illustrated graphically in 

Figure 3 to Figure 5 as well as Figure S2. Similarly, the resulting absolute PS-PICS are 

presented in Table S2 and Figure 6. No reports of previous measurements of these quantities 

could be found in the literature. Ion appearance energies16,20 following ionisation of 

cyanoacetylene have been reported before, but are at energies below those employed in our 

study. 

As has been observed before for the electron ionisation of small molecules,53 the PICS we 

report do not vary dramatically over the ionising energy range. Indeed, the maximum value of 

the electron ionisation cross section is commonly found between 20 and 80 eV for molecules 

of the size of HC3N.53 As our measurements begin at 50 eV, they are above the reported first 

(11.6 eV)20 and second (31.52 ± 0.15 eV)16 ionisation limits of cyanoacetylene. As expected in 

our data, cross sections for the formation of ions, such as C+ and H+; with significant 

Page 13 of 30 AUTHOR SUBMITTED MANUSCRIPT - JPHYSB-107222.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



14 

contributions from multiple ionisation, as revealed by the PS-PICS, peak at higher energies 

than those without such a contribution.  

The PICS for formation of the parent ion, HC3N
+, is more than four times larger than the PICS 

for forming the most abundant fragment ion, C3N
+.  Electron ionisation of acetylene, by 

comparison,35 yields a fragment ion, CH2
+, with a higher PICS than the parent, and the PICS 

for forming the parent ion from acetonitrile39 is only twice as large as that for forming CH2CN+. 

The PICS for forming the HC3N
2+ parent dication is about three orders of magnitude smaller 

than HC3N
+, with the formation of smaller dications even less probable.  

Figure 3 shows the PICS for forming product ions containing a CN moiety, as well as the N+ 

ion, from ionisation of cyanoacetylene. Such ions are potentially pertinent to the chemical 

origins of life, as they can contribute to the building of larger molecules such as amino acids 

and N-heterocycles.11,54 Of these ions, the formation of C3N
+, C2N

+, CN+ and N+ exhibit the 

higher cross sections, while the cross sections for forming C2NH+ and HCN+ are approximately 

an order of magnitude lower. The formation of C2NH+ and HCN+ both require rearrangement 

of the nascent parent ion, formed from the neutral via a vertical ionising transition. Such 

rearrangements will be discussed below.  

 

Figure 3 Partial electron ionisation cross sections of HC3N to form product cations 

containing the N atom. The dashed lines use the scale of the right axis, as 

indicated by the arrows. 

Figure 4 shows the PICS for the formation of cations that contain carbon chains following 

electron ionisation of cyanoacetylene, as well as the values for forming H+. Such carbon 

containing species are of intertest as they have the potential to undergo addition reactions, 

building larger chemical species.55 Notable in this series are the ions C3H
+ and C3

+, which 

display near identical cross sections. Interestingly, the magnitude of the PICS for C3
+ and C3H

+ 
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are markedly lower in comparison to the values for C3N
+. Additionally, the cross section for 

forming CH+ is equally as low as the C3H
+ and C3

+ values. Together the low prevalence of 

these three ions indicates that dissociation of either the NCC≡CH bond or the HCCC≡N bond 

are infrequent outcomes of electron ionisation of cyanoacetylene. The low PICS for forming 

N+ formation (Figure 3) support this conclusion. The significant yield, and shape, of the PICS 

for forming the C+ ion is largely due to double ionisation, as is clearly revealed by the PS-PICS 

(Figure 6).  

 

 

Figure 4 Partial electron ionisation cross sections of HC3N to form product cations 

containing C+, a carbon chain and H+.  See text for details.  

Dications are highly reactive and capable of unusual collision chemistry in, for example, 

planetary ionospheres such as that of Titan.56,57 We observe four dications in the mass spectra 

of cyanoacetylene: HC3N
2+, C2+, N2+ and HC3

2+. Of these ions, the formation of the parent 

dication HC3N
2+ has the largest PICS, with an absolute value comparable with several 

monocations detected in these experiments. The formation of the other three dications, C2+, N2+ 

and HC3
2+, involves much smaller PICS (Figure 5) and these dications are, in fact, the three 

weakest signals in the cyanoacetylene mass spectra.  
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Figure 5 Partial electron ionisation cross sections for the formation of the observed 

dications following electron ionisation of HC3N. The dashed lines are aligned 

with the right axis as indicated by arrows.  See text for details. 

The PS-PICS of cyanoacetylene are presented numerically in the supplementary information 

(Table S2) and graphically in Figure 6. PS-PICS for HC3N
+, HCN+ and HC3N

2+ are equal to 

the PICS for these three ions, as they are formed solely via single ionisation (for HC3N
+ and 

HCN+) or double ionisation (HC3N
2+). The fact that HCN+ is effectively formed solely by 

single ionisation is surprising, as the H migration we note in the dication state would appear to 

allow access to dication geometries which could fragment to this ion. HC2N
+ is formed via both 

single and double ionisation, and as we show in the following sections the migration of H to 

the N position in the dication is certainly possible, which would then provide a pathway to 

producing HC2N
+. 

The PS-PICS we derive allow an assessment of the contribution of single, double and triple 

ionisation to the ion yield following an electron collision with HC3N. At 50 eV, 95 % of the 

total ion yield results from single ionisation, with the remaining 5 % from double ionisation. 

At 100 eV, these proportions are approximately 84 % and 16 % for single and double ionisation, 

whilst triple ionisation accounts for only 0.5 % of all ions produced. At 150 eV and 200 eV 

single ionisation accounts for close to 83 % of ions, with double ionisation contributing just 

under 17 %, and triple ionisation only contributing under 1 %. In prior work on PF3, at 200 

eV23, while the proportion of double ionisation was similar to this case, being around 18 %, the 

proportion of triple ionisation was higher at approx. 3 %. This difference indicates that 

cyanoacetylene has a lower overall cross section for triple ionisation than other molecules 

studied previously.  
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Figure 6 Precursor-specific partial electron ionisation cross sections for various fragment 

ions following electron ionisation of HC3N.  These cross sections quantify the 

contribution of single (σ1), double (σ2), and triple (σ3) ionisation to the yield of 

each ion. Note the scale differences to earlier figures representing the PICS. 
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The PS-PICS illustrated in Figure 6 show similar general trends to these quantities determined 

for other 

 molecules.35,39 For example, the smaller ions, H+, N+, CH+, and CN+, show the greatest 

contributions from double and triple ionisation.23 The two monocations with the largest number 

of atoms (four), C3H
+ and C3N

+, are only formed via single and double ionisation. The 

thresholds for formation of N2+ and C2+ via triple ionisation are observed close to electron 

energies of 125 eV and it appears that significant energy is required to access the dissociation 

pathways that produce C2+ and N2+. In contrast, for most other ions, the PS-PICS for triple 

ionisation, σ3[X
+] or σ3[X

2+] have onsets near 75 eV.  

3.2. Dication energetics and geometries 

Dications provide access to new ion-neutral chemistry in energetic environments,58 and, as we 

see above, are generated by the e- + HCCCN collision system. The monocationic products of 

the charge-separating dissociations of dications are also implicated in chemical bond formation 

and unusual chemistry.58 As described above, we can investigate the energetics of the 

HCCCN2+ dication by extracting the KERs from the coincidence signals of some of the 

dicationic charge-separating reactions we detect. To help rationalize the energetics derived 

from these KERs, we have also investigated the geometries and energetics of the HCCCN2+ 

dication computationally. To validate our computational methodology, which has been widely 

used in other studies of small dications, we have also determined the relative energetics and 

geometries of neutral and singly ionised cyanoacetylene to compare with established values in 

the literature.16,17 
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Table 1 Results of electronic structure calculations investigating the cyanoacetylene 

neutral, cation, and dication. A large number of bound dication geometries were 

discovered and only a pertinent subset are listed below. The full results of the 

computational investigations can be found in the supplementary information 

(Error! Reference source not found.-Table S5). A B3LYP algorithm with cc-

VTZ basis set was employed, see text for details. Energies are expressed relative 

to the ground state of the neutral HCCCN molecule. AIE = Adiabatic ionisation 

energy (zero point energy corrected) ; VIE = Vertical Ionisation Energy 

Structure Name Geometry Multiplicity Charge AIE /eV VIE /eV 

HCCCN neutral Linear 1 0 - - 

2HCCCN+ cation Linear 2 1 11.5 11.7 

1HCCCN++ dication Linear 1 2 30.3 30.6 

3HCCCN++ dication Linear 3 2 30.1 30.2 

Bent 1C-CCNH++ 

dication  
1 2 30.5 - 

Diamond cyclic 

1cycCCCNH++ 

dication 
 

1 2 32.5 - 

 

Table 1 shows a subset of the results, those from the most pertinent electronic structure 

calculations. The full set of geometric and energetic results are detailed in the supplementary 

information (Error! Reference source not found., Table S4and Table S5). The neutral 

geometry18 and cation geometry19, and the associated ionisation energy,19 reported in the 

literature are in good accord with our calculations, validating our methodology given the 

accuracy of the dication energetics we extract from our  experiments.  For example, the reported 

first ionisation energy of HCCCN of 11.6 eV19 is within 0.1 eV of the vertical ionisation energy 

that we determine. The dication (HC3N
2+) appearance energy has been previously determined 

in 1986 from experimental work to be 31.52 ± 0.15 eV,16 slightly higher than the linear dication 

vertical ionisation potential (VIP) of 30.2 eV of our computational work (see Table 1). The 

computational investigation revealed that the geometric landscape of [HC3N]2+ is rich, with a 

number of local minima. Several cyclic geometries of the dication were discovered, examples 

of which are shown in Table 1, with more details given in the Supplementary Information. 

These unusual minima, with connectivity markedly different to that of the neutral molecule, 

may explain our observation of fragment ions with unexpected connectivity, such as HC2N
+. 
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To support the above argument, we have investigated if any of these cyclic minima could be 

accessed at our ionising energies, and thus account for some of the “unusual” ions we observe 

in the pairs spectrum. To this end we performed a preliminary computational investigation of 

the energetics of the pathway between the bent 1C-CCNH++ dication geometry and the 

diamond-shaped singlet cyclic 1cycCCCNH++ geometry (Table 1). A QST3 algorithm, using 

the B3LYP/cc-pVTZ methodology employed earlier, located a transition state connecting these 

minima (Figure 7).  The AIP of this transition state is 33.4 eV, a similar energy to the energies 

of many of the minima on the dicationic energy landscape. This observation hints that the 

barriers between the various dicationic minima on the [HCCCN]2+ potential energy surface are 

relatively small, in comparison to the likely internal energy in the dication. Hence, we would 

expect a wide variety of dicationic geometries to be accessible upon double ionisation of HC3N. 

This conclusion supports our explanation of the observation of a number of fragment ions with 

a connectivity markedly different to that of the neutral molecule.  That is such ions can result 

from facile rearrangement of the dication.   Such fluxionality of dicationic structures has been 

characterized before for a number of molecules.59,60  

 

Figure 7 Transition state connecting the 1C-CCNH++ singlet geometry and the 

1cycCCCNH++ diamond cyclic singlet geometry. See text for details. 

 

3.3. Charge separating dissociation of HCCCN2+ 

As described above, we can determine the KER for a given charge-separating dissociation of 

HC3N
2+ by fitting the time-of-flight difference (t1-t2) spectra extracted from the experimental 

pairs data, for that dissociation, with a Monte-Carlo simulation. Several cation pairs from the 

pairs spectrum recorded following ionisation of HC3N were chosen for such an analysis on the 

basis of clear, symmetric, and intense pair peaks. The KERs determined for these selected 

channels are shown in Table 2. All KER determinations were made with data recorded at an 
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ionising energy of 75 eV. This energy was chosen as the lowest ionising energy where the 

channels have sufficient intensity for robust analysis; the lowest possible ionisation energy 

restricts the number of accessible dication states and limits any contribution from triple 

ionisation. Several of the pairs channels show peak-shapes consistent with multiple 

dissociation pathways, with sloped/stepped rising and falling edges, as seen in Figure 2d. 

Conversely, a dissociation pathway with a single KER, has rather steeper rising and falling 

edges, as seen in Figure 2e. It is hard to see these subtle changes in the 2D (pairs) coincidence 

spectrum Figure 2c. Hence the t1-t2 spectra are required to reveal these subtleties of the KER 

distributions.  For those coincidence peaks that require more than one KER for a satisfactory 

fit, two KERs have been employed to achieve a fit (Table 2). A clear interpretation of such 

multiple KERs in a given dissociation channel is that more than one dicationic state contributes 

to the formation of the associated cation pair. The ratio of the two KERs in a given simulation 

is reported in Table 2. As discussed above, the KERs are then used together with relevant 

thermodynamic data to define a lower bound for the energy of the dication state (the precursor 

state energy) from which the dissociation originated (Eq. (10)). The thermodynamic data 

required to determine these precursor state energies are all available in the literature.16,61,70,71,62–

69 It is notable (Table 2) that the energies of the dication states we determine all range between 

about 6 and 16 eV above the lowest calculated double ionisation energy (Table 1). In our 

previous investigations,23,35 precursor state energies determined in the above manner usually 

agreed well with calculated energies of the lower energy states of the associated dication. 

Hence, for cyanoacetylene, the fact that the charge-separating dissociation reactions appear to 

originate from states at energies markedly above the lowest lying dication states indicates that 

the low-lying states of HCCCN2+ are predominantly long-lived and do not readily dissociate. 

Indeed, as many of the coincidence cation pairs we observe require considerable fragmentation 

of a strongly bonded dication, it is not unexpected that high energies are required to fragment 

such a species. Such a conclusion is supported by the low PS-PICS we report for dissociative 

double ionisation at 50 eV, where population of these long-lived dication states will dominate. 

We hope these observations prompt a more detailed computational investigation of the 

potential energy surfaces of the low lying states of HCCCN2+. 
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Table 2 KER (T) and derived precursor dication state energy (E[HC3N2+]) determined 

for selected charge-separating processes of [HCCCN]2+. Energies are expressed 

relative to the ground state of the neutral molecule. Some channels require two 

KERs to achieve a satisfactory fit of the experimental data.  Uncertainties in 

these values are of the order of ±0.5 eV. Neutral third fragments are assumed 

not to dissociate where present. See text for details.   

Ion A Ion B T1 /eV 
T2 

/eV 

Intensity 

KER1:KER2 

E[HC3N2+], 

KER1/eV 

E[HC3N2+] 

KER 2/ eV 

CN+  C2
+  3.4   40.2  

C+  N+  3.1 5.1 0.4:0.6 44.0 46.0 

C2
+  C+  3.5 6 0.35:0.65 42.6 45.1 

C2H+  C+  3.7 6.1 0.35:0.65 41.7 44.1 

CN+  C+  4.9 7.5 0.5:0.5 44.3 46.9 

C2
+  CH+  3.8   42.0  

CN+  CH+  5.4   44.1  

C2
+  N+  3.2 5.9 0.35:0.65 45.3 48.0 

C2H+  N+  5.4   46.6  

C2N+  C+  3.8   39.0  

C2N+  CH+  3.6   34.7  

C3
+  N+  4.4 2.9 0.5:0.5 42.1 40.6 

C3H+  N+  3.5   35.9  

 

As has been discussed extensively in the literature, the “shape” of the pairs peak, for a given 

dicationic charge-separating reaction, in the pairs spectrum can reveal details of the dynamics 

of the decay process.35,42  For example, the “slope” of the coincidence peak in the pairs 

spectrum reveals the ratio of the momenta of the monocations involved.42 Two extremes of 

peak slope are highlighted on the 2D coincidence mass spectrum in Figure 2b, and it is clear 

that the peak slopes vary for several other peaks in this region of the pairs spectrum. To this 

end, the form of the coincidence signals for several of the three-body dissociations we detect 

were further investigated in order to probe their dissociation pathways.  As in previous work 

using this apparatus, the temporal width of our ionizing electron pulse restricts the detail we 

can extract from the peak shape, in comparison with more temporally resolved investigations.39 

However, we can compare the measured “slope” of the coincidence peak with the value 

predicted by a proposed slow sequential decay from an initial dicationic two-body charge 

separation.  For example, the formation of A+ and C+ from ABC2+ can proceed via one of the 

two pathways illustrated in equations (11) and (12), if we restrict ourselves to slow sequential 

decays. We can determine, via momentum analysis, the expected peak slopes for these two 
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prospective decay channels and if one agrees well with experiment, we have good evidence to 

assign the decay pathway.  Clearly if the possible pathways result in similar predicted slopes, 

a definitive mechanistic conclusion is not possible.  If the experimental slope differs markedly 

from all the predictions for slow sequential decays, clearly an alternative mechanism is 

operating.  This comparative approach has proved successful in probing the dissociation 

pathways of a number of dications, giving results in agreement with other groups.72,73  

ABC2+ → AB+ + C+    AB+ → A+ + B (11) 

ABC2+ → A+ + BC+    BC+ → B + C+ (12) 

Table 3 shows the calculated peak slopes for a proposed dissociation pathway, and a 

comparison with the experimental value, for a number of the observed three-body charge-

separating dissociation reactions of HCCCN2+.  The experimental peak slopes have an 

uncertainty of approximately 0.1, this value is determined by the coincidence statistics. Table 

3 shows we obtain a very encouraging agreement between predicted and observed peak slopes, 

for a series of slow sequential decay mechanisms based on the fragmentation of the nascent 

ions generated in the two-body charge-separation reactions we observe experimentally.  

Observed peak slopes lying slightly closer to -1 than the calculated slope are indicative of the 

decay of the nascent monocation occurring when the Coulomb fields from the primary 

fragments can interact significantly, a fast sequential decay.  As Table 3 shows, this good 

agreement exists for all ion pairs except for CN+ + CH+ and CC+ + CH+. For the CN+ + CH+ 

channel, the measured peak slope lies well away from the predicted slope and much closer to 

- 1, an indication that this reaction is very “fast” and perhaps almost an instantaneous explosion. 

In the case of CC+ + CH+, the measured slope (-2.0) is more negative than the calculated slope 

(-1.58) for a slow sequential decay. The manner of this deviation points to a significant energy 

release in the decay of the nascent monocation, where the impulse to the heavier fragment (CC+) 

is in the opposite direction to that from the initial charge separating step. Notably, while the 

two-body fragmentation to form HCCN+ + C+ is seen in the spectrum, none of the investigated 

three-body reactions appear to arise from this initial charge separation. This observation may 

indicate that the alternative geometries of [HCCCN2+] discussed above do not contribute 

significantly to the dissociation reactions we probe in Table 3.  
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Table 3 Dissociation pathways of cyanoacetylene assigned via momentum analysis. See 

text for details. The first five rows report the two-body dissociations we detect. 

Ion pair 
Proposed initial charge 

separation 

Expected peak 

slope 

Measured peak 

slope 

C3H+ + N+ 
 

-1 -1 

C2N+ + CH+ 
 

-1 -1 

HC2N+ + C+ 
 

-1 -1 

C2H+ + CN+ 
 

-1 -1 

C3N+ + H+ 
 

-1 -1 

C+ + N+ HCCC+ + N+ -0.32 -0.4 

C2
+ + N+ HCCC+ + N+ -1.54 -1.4 

C3
+ + N+ HCCC+ + N+ -1.02 -1.1 

CN+ + CH+ HCC+ + CN+ -0.48 -0.9 

CN+ + C2
+ HCC+ + CN+ -0.96 -0.9 

CN+ + C+ HCC+ + CN+ -0.48 -0.6 

C2H+ + C+ HCC+ + CN+ -0.46 -0.5 

C2N+ + C+ HC+ + CCN+  -0.92 -0.9 

C2
+ + CH+ HC+ + CCN+ -1.58 -2.0 

C2
+ + C+ HCC+ + CN+ -0.48 -0.65 

 

4. Conclusion 

This study provides new information on the electron ionisation and subsequent dissociation of 

the astrochemically relevant species cyanoacetylene. Coincidence mass spectra involving the 

electron ionisation of cyanoacetylene in the gas phase have been recorded over the electron 

energy range 50 eV to 200 eV. From this experimental data, relative partial ionisation cross 

sections, and relative precursor-specific partial ionisation cross sections have been determined. 

A BEB calculation of the total electron ionisation cross section of cyanoacetylene is then used 

to place these experimental results on an absolute scale, providing the first absolute partial 

ionisation cross sections data for this molecule. The parent cation dominates the mass spectrum, 

and the parent dication, HC3N
2+, has a yield comparable with many of the fragment cations 

formed by single ionisation events. Two ions are detected which indicate there is an opportunity 

for marked structural rearrangement before the dissociation of both the monocation and 

dication: HCN+ and HC2N
+.  A computational investigation hints at a rich dicationic energy 

landscape, in both the lowest energy singlet and triplet states.  Specifically, several cyclic and 
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bent geometries of the cyanoacetylene dication were located, as well as geometries involving 

H migration to the N atom, for both singlet and triplet multiplicities. Analysis of the kinetic 

energy releases accompanying the ion pairs that result from fragmentation of the dication 

indicate the dicationic states responsible for these fragmentations lie 6 to 16 eV above the 

vertical ionisation energy we calculate for the linear ground state singlet dication (30.6 eV).  

The fragment cation pairs we observe stem from three fundamental charge separating processes.  
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