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1. Introduction 
 

    The arrival of the Cassini-Huygens probe at Saturn’s moon Titan - the only Solar System body 

besides Earth and Venus with a solid surface and a thick atmosphere with a pressure of 1.4 atm 

at surface level – in 2004 opened up a new chapter in the history of Solar System exploration. 

The mission revealed Titan as a world with striking Earth-like landscapes involving hydrocarbon 

lakes1 and seas as well as sand dunes2 and lava-like features3 interspersed with craters and icy 

mountains of hitherto unknown chemical composition.4 The discovery of a dynamic atmosphere 

and active weather system5 illustrates further the similarities between Titan and Earth.6 The aero-

sol-based haze layers,7 which give Titan its orange-brownish color, are not only Titan’s most 

prominent optically visible features,8 but also play a crucial role in determining Titan’s thermal 

structure and chemistry.9 These smog-like haze layers are thought to be very similar to those that 

were present in Earth’s atmosphere before life developed more than 3.8 billion years ago,  

absorbing the destructive ultraviolet radiation from the Sun, thus acting as ‘prebiotic ozone’ to 

preserve astrobiologically important molecules on Titan. Compared to Earth, Titan’s low surface 

temperature of 94 K and the absence of liquid water preclude the evolution of biological 

chemistry as we know it. Exactly because of these low temperatures, Titan provides us with a 

unique prebiotic “atmospheric laboratory” yielding vital clues – at the frozen stage – on  the 

likely chemical composition of the atmosphere of the primitive Earth. However, the underlying 

chemical processes, which initiate the haze formation from simple molecules, have been not 

understood well to date.  
 

     Titan’s chemical inventory is the result of a rich, coupled photochemistry of two main atmos-

pheric constituents: molecular nitrogen (N2) and methane (CH4).10 Stratospheric trace constitu-

ents have been firmly identified via infrared spectroscopy onboard the Voyager I and II space-

crafts 11 as well as in the framework of the Cassini-Huygens mission.12 These are the hydrocar-

bon molecules acetylene (C2H2), ethylene (C2H4), ethane (C2H6), methylacetylene (CH3CCH), 

propane (C3H8), diacetylene (C4H2), and benzene (C6H6), several nitriles like hydrogen cyanide 

(HCN), cyanoacetylene (HCCCN), cyanogen (C2N2), and dicyanodiacetylene (C6N2), as well as 

oxygen-bearing molecules carbon dioxide (CO2), carbon monoxide (CO), and water (H2O). The 

emission lines of these molecules can be utilized as valuable tracers to collect data on tempera-

ture profiles, on the potential existence of cold traps and freeze-out zones, and on molecular 
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abundances in the stratosphere; they also help to understand the formation of the organic aerosol 

layers on Titan. Here, planetary chemists proposed that the formation of the aerosol layers is 

initiated by fast and barrier-less reactions of small, carbon-bearing radicals such as simple diato-

mics (dicarbon, C2(X1Σg
+/a3Πu);13, 14 methylidyne radicals, CH(X2ΠΩ);15 cyano radicals, 

CN(X2Σ+)16) and triatomic molecules like the ethynyl radical (C2H(X2Σ+))17, 18 with unsaturated 

hydrocarbons via organic transient species. These considerations have led to the development of 

photochemical models of Titan 19 and also to extensive laboratory studies during the last 

decades.8, 20 However, the majority of these experiments were performed under bulk 

conditions.21 Several limitations such as wall effects undermine their validity.22 Also, the 

reaction products are often analyzed off-line and ex situ.23 Hence, the detailed chemical dyna-

mics of the reaction – the role of radicals and intermediates – cannot always be obtained, and re-

action mechanisms can at best be inferred indirectly and qualitatively. Recently, a different 

experimental approach has been utilized. By conducting a series of detailed experiments on the 

elementary steps of cyano and ethynyl radical reactions and photodissociation studies of hydro-

carbon molecules, a complete picture of the processes involved in the chemical processing of 

Titan’s atmosphere is beginning to emerge. Since the macroscopic alteration of Titan’s atmos-

phere consists of multiple elementary reactions that are a series of bimolecular encounters be-

tween radicals and molecules, this detailed understanding of the mechanisms involved at the mi-

croscopic level is crucial to unravel the chemical evolution and processing of low temperature 

environments in general. These are experiments under single collision conditions in which par-

ticles of one supersonic beam are made to ‘collide’ only with particles of a second beam (reac-

tive collisions) or photons (photodissociation). Here, crossed beam experiments of cyano 

(CN(X2Σ+))24 and ethynyl radicals (C2H(X2Σ+))17 with unsaturated hydrocarbons demonstrated 

that highly unsaturated nitriles – organic molecules carrying the cyano (CN) group – and hydro-

gen-deficient molecules, among them (substituted) polyynes up to triacetylene, can be formed 

(Figure 1). Low temperature kinetic experiments of cyano and ethynyl radicals amplified the role 

of these neutral – neutral reactions in Titan’s low temperature atmosphere as these studies 

depicted the barrier-less nature of bimolecular encounters of ethynyl and cyano radicals with rate 

constants of a few 10-10 cm3s-1 being close to the gas kinetics limit.14, 25 
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     Among the diatomic species, closed shell, ground state dicarbon C2(X1Σg
+) and its open shell 

first excited triplet state C2(a3Πu) counterpart have received considerable attention. In Titan’s 

atmosphere, dicarbon can be formed as a transient species via photodissociation of the ethynyl 

radical, C2H(X2Σ+); the latter is the primary photodissociation product of acetylene (C2H2) at a 

wavelength less than 217 nm (5.7 eV).26, 27 Reactions of singlet and triplet dicarbon with unsatu-

rated hydrocarbons such as acetylene and ethylene were shown to be rapid over the temperature 

range of 24 K to 300 K with reaction rates larger than 10-10 cm3s-1 for singlet dicarbon; reactions 

of triplet dicarbon were systematically slower than their singlet counterparts.13, 28 Nevertheless, 

since only the decay kinetics of the dicarbon reactants were followed, information on the reacti-

on products were elusive. A series of crossed molecular beam experiments, in which reaction 

products can be identified under single collision conditions, unraveled a rich chemistry (Figure 

2) leading not only to hydrogen-terminated, polyyne-like carbon clusters (CnH (n = 4, 6)), but 

also to resonantly stabilized free radicals (RSFR) of the generic formula CnH3 (n = 4, 5) – 

potential building blocks to form aromatic molecules in Titan’s atmosphere. Since the electronic 

ground and first excited triplet states are very close in energy (718 cm-1), they are both present in 

the crossed molecular beam studies and – due to the absence of any entrance barrier – both react 

with the hydrocarbon reactant. However, a recent crossed beam study of the reaction of dicarbon 

with hydrogen cyanide (HCN) provided evidence that at low collision energies, only singlet 

dicarbon reacted.29 This system presents an unprecedented opportunity to discriminate the reacti-

on dynamics of ground state (lower collision energy) and triplet dicarbon molecules, which reac-

ts only at higher collision energies due to a barrier in the entrance channel of at least 29.3 kJmol-

1. Therefore, we conducted the reaction of dicarbon molecules in both their singlet and triplet 

states with hydrogen cyanide at a collision energy of 42.4 kJmol-1 and compare the findings with 

our previous study on the singlet surface. These findings are then applied to untangle the 

chemical dynamics of the isoelectronic dicarbon  – acetylene system on the singlet and triplet 

surface. Recall that previous studies of this reaction not only failed to discriminate between the 

chemical dynamics on the singlet and triplet surface, but also led to contradictory results when 

comparing studies with continuous 30 and pulsed dicarbon beams.31  
 

     We also present preliminary data on the reactions of important methylidyne radicals (CH 

(X2ΠΩ)). Recall that in Titan’s atmosphere, the methylidyne radical is expected to play a role in 
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synthesizing higher hydrocarbon molecules. Since methane (CH4) presents the most abundant 

hydrocarbon on Titan, the photolysis of methane is considered as the major source of methyli-

dyne. Lacking an unsaturated bond, methane only absorbs light shorter than 145 nm; therefore, 

the photochemistry of methane mostly occurs in the stratosphere with a significant flux of Ly-

man-α photons at 121.6 nm (10.2 eV). Early laboratory works by McNesby et al.,32 Laufer et 

al.,33 Gorden et al.,34 Rebbert et al.,35 and Slanger et al.36 suggested quantum yields (denoted φ) 

for methane photolysis at 121.6 nm as defined by equations (1) – (4). Secondary processes were 

inferred to produce the methylidyne radical via reactions (5) – (7).37 In a recent theoretical study, 

Lodriguito et al.38 investigated the photodissociation processes of methane theoretically on its 

lowest singlet potential surface at 122 nm. They found that non-adiabatic dynamics were 

important, and methyl (CH3(X2A”2)) plus atomic hydrogen and the carbene (CH2(a1A1)) plus 

molecular hydrogen were the major dissociation channels. The methyl radical was mostly 

formed via direct dissociation hopping to the ground state. On the other hand, carbene can either 

be formed by hopping to the ground state surface or through adiabatic dissociation involving 

carbene in its b1B1 state. They also suggested that the triple dissociation channel CH + H2 + H 

was less important; methylidyne is formed via a two step sequential mechanism, where either a 

molecular or atomic hydrogen elimination was followed by a atomic or molecular hydrogen loss. 

Later, Zhang et al.39 reinvestigated this reaction utilizing the high resolution Rydberg tagging 

time-of-flight (TOF) technique after photo dissociating methane at 130 nm. Their results show an 

important single C-H bond fission channel from methane. A simulation of the TOF spectra indi-

cated the formation of highly rotationally excited methyl radicals. These products are attributed 

to the conical intersection pathway between the excited state singlet (S1) and ground state singlet 

(S0) surface of methane.   
 

  CH4 + hν  → 1CH2 + H2   φ1 = 0.41 (1) 

              → 3CH2 + 2H   φ2 = 0.51 (2) 

              → CH + H + H2  φ3 = 0.08 (3) 

         → CH3 + H   φ4 = 0.00 (4) 

  3CH2 + hν  → CH + H     (5) 

  CH3 + hν  → CH + H2     (6) 

  3CH2 + H  → CH + H2     (7) 
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However, due to the difficulty to probe quantitatively the hydrocarbon fragments, the branching 

ratios are debatable. Lee et al.,40 for instance, reported excitation spectra of electronically excited 

carbene CH2(a1B1) showing that this channel is only a minor pathway in the methane photolysis. 

Utilizing the technique of hydrogen atom photofragment translational spectroscopy, Mordaunt et 

al.41 found a simple carbon-hydrogen bond fission in methane to be the dominant primary pro-

cess at 121.6 nm. The resulting methyl radical (CH3) fragments are formed with sufficient inter-

nal energy that about 25 % of them undergo secondary decomposition yielding predominantly 

methylidyne (CH) and molecular hydrogen (H2). Brownsword et al.42 measured the absolute 

hydrogen atom quantum yield as 0.47 for the methane Lyman-α photolysis in agreement with the 

conclusions of Mordaunt et al.. Later, Mebel et al.’s43 ab initio calculation and experimental 

works by Heck et al. and Wang et al. revealed that at 121.6 nm, the methyl radical channel can 

be considered as the major pathway.27, 44  Consequently, the methylidyne branching ratio should 

be higher than 0.08 as proposed originally. Kinetic studies in the range of 23 K to 295 K indicate 

that subsequent reactions of the methylidyne radical with hydrocarbon molecules are fast (few 

10-10 cm3s-1) and in the case of olefins, hold maximum rate constants at around 70 K.15 Utilizing 

tunable vacuum ultraviolet (VUV) photoionization and time-resolved mass spectrometry, Leone 

and co-workers suggested that at 298 K, methylidyne reacts with  ethylene to form 70 ± 8 % 

allene (H2CCCH2), 30 ± 8 % methylacetylene (CH3CCH), and less than 10 % cyclopropene (c-

C3H4). Experiments with acetylene indicated the formation of mainly the cyclic C3H2 isomer 

with smaller fractions of triplet propargylene (HCCCH), in contrast to theoretical predictions. 

However, the authors emphasized that since the experiments were not conducted under single 

collision conditions, atomic hydrogen-triggered isomerization processes were likely responsible 

to change the nascent product distribution.45 Therefore, experiments conducted under single col-

lision conditions as provided in crossed molecular beams, in which the nascent reaction products 

can be probed, are clearly desired.   
 

     Secondly, since the gaseous molecules might also agglomerate to aerosol particles46 or se-

quester to Titan’s surface,47 we also present new data on the interaction of potentially abundant 

organic solids (ethane, propane) with ionizing radiation in the form of energetic electrons, as 

generated in the track of high energy galactic cosmic ray particles. In a pioneering study, Sagan 

and Thomas outlined that energetic cosmic ray particles can penetrate deep into the lower 

atmospheric layers.48 These energetic particles could incorporate part of their kinetic energy into 



 7

chemical reaction and thus processed simple organics in Titan’s lower atmosphere. In a more 

recent study, Molina-Cubero et al. derived an energy deposition on Titan’s surface of 4.5×109 

eVcm-2s-1.49 However, the radiation processing of these simple organics by energetic electrons is 

not well understood. To shed light on this matter and to gain a comprehensive picture on the 

hydrocarbon chemistry, not only in the gas phase as described above but also in the condensed 

phase, we present data on the interaction of ionizing radiation, in form of energetic electrons, 

with solid ices of ethane and propane – two of Titan’s abundant saturated hydrocarbons. We will 

also investigate to what extent the radiation processing can lead to the formation of polymer-like 

macromolecules, which could present building blocks of Titan’s organic aerosol layers, via hete-

rogeneous chemistry.50   
 

     Finally, it has to be noted that Titan’s nascent chemical inventory can be not only enriched, 

but also altered by an external influx of matter as supplied by (micro)meteorites and possibly 

comets.51, 52 Therefore, these processes must also be understood to gain a complete picture on the 

chemical inventory. Recent photochemical models suggest that Titan’s oxygen-bearing species 

(carbon monoxide, carbon dioxide, and water) can be simultaneously reproduced using an oxy-

gen flux consistent with the Cassini Plasma Spectrometer observations and a hydroxyl radical 

(OH) flux consistent with the predicted production from (micro)meteorite ablation.52 The impact 

of (micro)meteorites with dense atmospheres also leads to an ablation of the nascent meteoritic 

material thus releasing ground and excited metal atoms (mostly iron (Fe), magnesium (Mg), and 

silicon (Si) from abundant silicates) and their ions.53 As discussed by Petrie,54 within the hydro-

carbon-rich atmosphere of Titan, these species are expected to form unsaturated and polar 

organo-metallic molecules, which could provide effective nucleation sites for the condensation 

of polar molecules and highly unsaturated hydrocarbon molecules at high altitudes. This in turn 

could lead to metal- and silicon-doped tholin-like material. Although extensive work has been 

conducted on magnesium-bearing molecules,53 an understanding of the organo-silicon chemistry 

is still in its infancy; only a single crossed molecular beam study on the reactions of ground state 

silicon atoms with acetylene has been conducted to date.55 There have been a few theoretical 

studies on the ionization energy of Si(C2H2), and very early electron impact measurements for a 

few  silicon carbides with large error uncertainties of a few tenth electron volts, but beyond this 

there is a paucity of information regarding organo-silicon compounds.56 Due to this lack of data 

on silicon-carbon-bearing molecules, we report here on the in situ reaction of ablated silicon 
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species – as simulated by laser ablation of neat silicon - with acetylene acting as a prototype 

unsaturated hydrocarbon molecule in Titan’s atmosphere. These studies provide not only an 

inventory of potentially abundant neutral organo-silicon molecules in Titan’s atmosphere, but 

also deliver accurate ionization energies of these molecules. The ionization energies are in turn 

crucial to predict to what extent newly formed organo-silicon molecules can be ionized in Titan’s 

atmosphere by the harsh UV/VUV radiation field from the Sun possibly influencing the charge 

balance in Titan’s upper atmosphere. 
 

     At this Faraday Discussion, we cover three fields of interest related to Titan’s chemical evo-

lution. First, we present the crossed molecular beams approach which can be applied to study bi-

molecular reactions in Titan’s atmosphere. Data on the reactions of excited state dicarbon mole-

cules with hydrogen cyanide (HCN) and of methylidyne radicals with methylacetylene 

(CH3CCH) and diacetylene (C4H2) are discussed. Hereafter, we move to solid state chemistry 

and describe to what extent the interaction of ionizing radiation with closed shell hydrocarbons, 

ethane (C2H6) and propane (C3H8), present either in aerosol droplets and/or sequestered on Ti-

tan’s surface can lead to the formation of an organic ‘polymer’ and hence influence the overall 

hydrocarbon budget. Finally, we present novel data on the formation and ionization energies of 

silicon-bearing organic molecules, which are of possible interest to understand the reactions of 

(micro)meteoritic ablated silicon atoms with acetylene in Titan’s upper atmosphere. 
 

2.       Experimental Approach 

2.1.    The Crossed Molecular Beams Setup 

2.1.1. The Crossed Molecular Beams Approach 
 

          Which experimental approach can be utilized to expose the chemical dynamics of reacti-

ons of diatomic molecules such as ground (C2(X1Σg
+)) and excited state dicarbon (C2(a3Πu)) 

molecules as well as the methylidyne radical (CH(X2ΠΩ)) in Titan’s hydrocarbon-rich atmosphe-

re? Since the macroscopic alteration of atmospheres of planets and their moons involves multiple 

elementary reactions, that are a series of bimolecular encounters, a detailed understanding of the 

mechanisms involved at the most fundamental, microscopic level by eliminating any wall effects 

is desirable. These are experiments conducted under single collision conditions, in which partic-

les of one supersonic beam - predominantly an unstable species such as dicarbon or methylidyne 

- are made to ‘collide’ only with particles of a second supersonic beam.57, 58 In strong contrast to 
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bulk experiments, where reactants are mixed and where the product distribution can be influenc-

ed by wall effects of the reactant vessel, the crossed beam approach has the unique capability of 

generating the radicals in separate supersonic beams. In principle, both reactant beams can be 

prepared in well-defined quantum states before they cross at a specified energy under single col-

lision conditions. This provides an unprecedented opportunity to observe the consequences of a 

single collision event, excluding secondary collisions and most importantly wall effects. In 

principle, the products can be detected via spectroscopic detection schemes such as laser induced 

fluorescence (LIF)59 or Rydberg tagging,60 ion imaging probes,61, 62 or via a quadrupole mass 

spectrometric detector (QMS) with universal electron impact ionization or photoionization. Cros-

sed beam experiments can therefore help to untangle the chemical dynamics, to infer the inter-

mediates, and to identify the nascent reaction products under single collision conditions; neither 

bulk nor kinetic experiments can supply this information. It should be mentioned that recent 

kinetics experiments pioneered an isomeric-specific detection of reaction products utilizing time-

resolved multiplexed photoionization mass spectrometry via synchrotron radiation.63 Under those 

experimental conditions, the reaction intermediates may undergo up to a few thousand collisions 

with the bath molecules so that three-body encounters cannot be eliminated, and true single 

collision conditions are not provided. On the other hand, in ‘real’ atmospheres, stabilizations due 

to collisions are important if the collision times are shorter than the life time of the reaction inter-

mediates, and they can be only probed in collisional environments. Therefore, crossed beams and 

kinetics studies must be regarded as highly complementary.  
 

          Over the past decades, the use of crossed molecular beams has led to an unprecedented ad-

vancement in our understanding of fundamental principles underlying chemical reactivity. De-

tailed experimental studies of simple three-atom reactions established experimental benchmarks 

such as the reactions of chlorine,64 fluorine,65 deuterium,66 carbon,67 nitrogen,68 oxygen,69 and 

sulfur atoms70 with molecular hydrogen. This approach has been extended to tetra atomic sys-

tems like OH/CO71 and OH/H2 together with their isotopic variants,72 and CN/H2 (D2).73 These 

simple systems are prototypical reactions in bridging our theoretical understanding of reactive 

scattering, via dynamics calculations on chemically accurate potential energy surfaces, with ex-

perimental observations.74 These dynamics calculations are needed to turn the ab initio results in-

to quantities that can be compared with experiments. Quasi classical trajectory (QCT) calcula-

tions are of particular significance to investigate the effect of the collision energy on the chemi-
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cal dynamics and to derive the experimental observables such as the collision energy dependence 

of the reaction cross section, the translational energy and angular distributions, and the differen-

tial cross section as a function of the center-of-mass angle and product center of mass velocity. 

Although interest in these light elementary reactions still continues, with the development of 

powerful theoretical models, attention has turned during the last years to more complex systems 

of significant practical interest such as in combustion processes,62, 75 catalysis,76 atmospheric che-

mistry,77 interstellar chemistry,78 organo metallic chemistry,79 and planetary chemistry as 

presented at the present Faraday Discussion.80, 81 
 

2.1.2. The Crossed Molecular Beams Machine 
 

          In case of reactions of dicarbon and methylidyne, the crossed molecular beam approach 

with universal mass-spectrometric detection presents the most versatile technique to study 

elementary reactions with reaction products of unknown spectroscopic properties. This helps to 

elucidate the chemical dynamics and - in the case of polyatomic reactions - the primary reaction 

products of bimolecular reactive encounters.82 The crossed beams machine consists of two 

source chambers at a crossing angle of 90°, a stainless steel scattering chamber, and an ultra-

high-vacuum tight, rotatable, differentially pumped quadrupole mass spectrometric (QMS) de-

tector which can be pumped down to a vacuum in the high 10-13 torr range.14 Multiple techniques 

can be applied to generate highly reactive beams. In the primary source, a pulsed beam of un-

stable (open shell) species are generated either by laser ablation (C, C2, C3),83 laser ablation 

coupled with in situ reaction (CN, C2D),81 photolysis (C2H, C2H3, C3H3), 84 or flash pyrolysis 

(C3H5, C6H5).85 The pulsed primary beam is passed through a skimmer into the main chamber; a 

chopper wheel located after the skimmer and prior to the collision center selects a part of the 

pulse with well-defined velocity which reaches the interaction region. This section of the beam 

then intersects a pulsed reactant beam released by a second pulsed valve under well-defined 

collision energies. The incorporation of pulsed beams allows reactions with often expensive 

(partially) deuterated and/or highly toxic chemicals to be carried out. Also, pulsed sources with 

high beam densities allow the pumping speed and hence cost to be reduced drastically. 
 

To analyze the product(s), our machine incorporates a triply differentially pumped, uni-

versal quadrupole mass spectrometric detector coupled to an electron impact ionizer. Here, any 

reactively scattered species from the collision center after a single collis86ion event has taken 
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place can be ionized in the electron impact ionizer, and - in principle - it is possible to determine 

the mass (and the gross formula) of all the products of a bimolecular reaction by varying the 

mass-to-charge ratio, m/z, in the mass filter. Since the detector is rotatable within the plane 

defined by both beams, this detector makes it possible to map out the angular (LAB) and velocity 

distributions of the scattered products. Measuring the time-of-flight (TOF) of the products, i.e. 

selecting a constant mass-to-charge value in the controller and measuring the flight time of the 

ionized species, from the interaction region over a finite flight distance at different laboratory 

angles allows extracting the product translational energy and angular distributions in the center-

of-mass reference frame. This provides insight into the nature of the chemical reaction (direct vs. 

indirect), intermediates involved, the reaction product(s), their branching ratios, and in some 

cases the preferential rotational axis of the fragmenting complex(es) and the disposal of excess 

energy into the products’ internal degrees of freedom as a function of scattering angle and colli-

sion energy. However, despite the triply differential pumping setup of the detector chambers, 

molecules desorbing from wall surfaces, which are  on a straight line to the electron impact 

ionizer, cannot be avoided. Their mean free path is of the order of 103 m compared to maximum 

dimensions of the detector chamber of about 1 m. To reduce this background, a copper plate 

attached to a two-stage closed cycle helium refrigerator is placed right before the collision center 

and cooled down to 4 K. In this way, the ionizer views a cooled surface which traps all species 

with the exception of hydrogen and helium. 
 

     What information can we obtain from these measurements? The experimental observables 

contain some basic information. Every species can be ionized at the typical electron energy used 

in the ionizer and, therefore, it is possible to determine the mass and the gross formula of all the 

possible species produced from the reactions by simply selecting different m/z in the quadrupole 

mass spectrometer. Even though some problems such as dissociative ionization and background 

noise limit the method, the advantages with respect to spectroscopic techniques are obvious, 

since the applicability of the latter needs the knowledge of the optical properties of the products. 

In our setup, we are operating the ionizer during the scattering experiments at electron energies 

of 80 eV, i.e. at an energy at which the ionization cross section of the organic molecules is at 

their maxima.56 Based on signal calculations, the crossed beam reactions of dicarbon and 

methylidyne radicals are very challenging and we need all the intensity (here: detectable ion 

counts) we can get. Note that our ionizer can be also operated via soft electron impact ionization 
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as pioneered by Casavecchia et al..58 This approach utilizes electrons with low, tunable energy 

(8–30 eV) to reduce strongly or even eliminate the problem of dissociative ionization from inter-

fering species. However, soft ionization has – in case of the present experiments - one disadvan-

tage: at electron energies of 8–30 eV, the ionization cross sections of the newly formed molecu-

les are at least a factor of 20 lower than the electron impact ionization cross sections with 80 eV 

electrons.87 Therefore, the low cross sections, the expected signal-to-noise, and the inherent data 

accumulation times make the application of soft ionization impractical for the present experi-

ments utilizing pulsed beams. However, soft electron impact ionization and laser induced fluo-

rescence (LIF) can be utilized to characterize the reactant beams on axis and in situ as described 

below. Another important aspect is that, by measuring the product velocity distributions, one can 

immediately derive the amount of the total energy available to the products and, therefore, the 

enthalpy of reaction of the reactive collision. This is of great help when different structural iso-

mers with different enthalpies of formation can be produced. For a more detailed physical inter-

pretation of the reaction mechanism it is necessary to transform the laboratory (LAB) data into 

the center-of-mass (CM) system using a forward-convolution routine.88 This approach initially 

assumes an angular distribution T(θ) and a translational energy distribution P(ET) in the center-

of-mass reference frame (CM). TOF spectra and the laboratory angular distribution are then 

calculated from these center-of-mass functions. The essential output of this process is the genera-

tion of a product flux contour map, I(θ,u) = P(u) × T(θ). This function reports the flux of the re-

actively scattered products (I) as a function of the center-of-mass scattering angle (θ) and pro-

duct velocity (u) and is called the reactive differential cross section. This map can be seen as the 

image of the chemical reaction and contains all the information on the scattering process. 
 

2.1.3.    The Supersonic Beam Sources  

2.1.3.1. The Ablation Source: supersonic dicarbon beam 
 

       Pulsed supersonic beams of dicarbon molecules are generated via laser ablation of gra-

phite utilizing a home-built ablation source.89 Here, a 266 nm laser beam originating from a 

neodymium-doped yttrium aluminum garnet (Nd:YAG) laser is tightly focused by a 1.5 m lens 

with pulse energies of 5 – 10 mJ onto a graphite rod performing a helical motion. The ablated 

species are seeded into helium carrier gas (99.9999 %; Gaspro) at a backing pressure of 4 atm. 

Then, the supersonic beam of in situ generated dicarbon molecules is chopped and crosses a 
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pulsed hydrogen cyanide beam (5 % hydrogen cyanide premix in 99.9999 % helium; Matheson 

Gas) perpendicularly in the interaction region at a collision energy of 42.4 ± 1.7 kJmol-1. Peak 

velocities of the dicarbon beam are 2019 ± 64 ms-1 with a speed ratio of 4.2 ± 0.5. The hydrogen 

cyanide beam segment crossing the dicarbon pulse is characterized by a peak velocity of 1612 ± 

6 ms-1 and speed ratio of 15 ± 3. Note that the ablation beam also contains ground state carbon 

atoms (C(3Pj)). However, as demonstrated earlier in our group, atomic carbon does not react with 

hydrogen cyanide to form C3N molecules plus atomic hydrogen at our collision energy.90 Final-

ly, the reaction of co-ablated tricarbon molecules with unsaturated bonds is hindered by entrance 

barriers larger than our collision energy.16 Also, we did not see reactive scattering signal at 

masses higher than m/z = 50. Therefore, the only species in the primary beam reacting with 

hydrogen cyanide are dicarbon molecules. 
 

              It is important to discuss the electronic states of the dicarbon molecules. Due to the low 

energy gap between the ground and first excited triplet state (718 cm-1), the supersonic ablation 

beams contain dicarbon in its X1Σg
+ electronic ground state as well as in its first electronically 

excited a3Πu state.91 Crossed molecular beam reactions of dicarbon molecules with hydrogen 

sulfide (H2S) and hydrogen cyanide (HCN) form the HCCS(X2ΠΩ)92 and CCCN(X2Σ+)29  pro-

ducts only on the singlet surfaces. The corresponding reactions of triplet dicarbon are either 

repulsive (hydrogen sulfide reaction) or hold a significant entrance barrier of about 30 kJmol-1 

(hydrogen cyanide). Therefore, those previous crossed beam reactions provided direct evidence 

that dicarbon molecules in their X1Σg
+ electronic ground state exist in the ablation beams. In or-

der to verify the presence of triplet C2 in the ablation beam we are conducting first a comprehen-

sive laser induced fluorescence (LIF) study probing the dicarbon molecules in the first electro-

nically excited state via the Swan transition (d3Πg a3Πu). Here, triplet dicarbon was excited by 

the fundamental output of a Lambda Physics Scanmate dye laser using Coumarin 503 dye at 

about 516.5 nm at laser power of 45 μJ per pulse. The dye laser itself was pumped by an internal 

Neodymium-yttrium-aluminum-garnet (Nd:YAG) laser operating at 355 nm at 10 Hz with an 

output power of 50 mJ per pulse. The dye laser was fired around 200 μs after the pulse valve 

opening with a pulse energy of a few μJ to intercept the peak of the dicarbon beam.91 The geo-

metry of the LIF detection experiment of triplet dicarbon is shown in Figure 3 with the pulse se-

quence compiled in Figure 4. The main experimental challenge of the LIF measurement was to 
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suppress the scattered laser light in a tight volume of the crossed beams setup. To achieve this, 

the detection laser beam was focused to a 2-3 mm diameter spot at the crossing point by a 1.5 m 

lens. An antireflective coated lens has been employed to reduce multiple reflections in the lens 

that produce divergent beam components. Baffles tube containing eight irises of 4 mm and 5 mm 

diameter trapped divergent components in the detection laser beam. The skimmer of the seconda-

ry molecular beam has been removed to allow an unobstructed exit of the laser light. An ultra-

low-backscatter laser beam trap (Thorlabs BT510, 6×10-6 fraction for integral backscatter inten-

sity) has been placed 50 cm behind the front wall of the secondary source to trap the detection 

beam. The fluorescence was detected by a Hamamatsu R955 photomultiplier tube (PMT) placed 

between the baffles tube and the detector chamber at about 10 cm from the intersection point. 

Band pass interference filter of 10 nm bandwidth centered at 562 nm (Andover) was placed in 

front of the PMT to block the scattered laser light and to pass the fluorescence to the first 

vibrationally excited ground electronic states of dicarbon. No spatial filtering of collected light 

was introduced. The signal was amplified by a built in preamplifier of the Hamamatsu C7247 

PMT socket assembly prior to feeding into a digital oscilloscope and a computer for data collec-

ting and processing. The LIF spectra were then analyzed utilizing Diatomic spectral simulation 

program by Tan93  with spectroscopic constants from Bernath.94 The corresponding LIF spectra 

of dicarbon seeded in helium and neon carrier gasses are shown in Figures 5 and 6, respectively. 

Different peak velocities (vp) of the beam were chosen by selecting distinct delay times between 

the pulsed valve and the chopper wheel. The peaks in the spectra correspond to the excitation 

from different rotational states of the ground vibrational state of triplet dicarbon ((0,0) band) and 

of the first excited vibrational state ((1,1) band). Vibrational (0,0) and (1,1) bands are separated 

on the energy scale. Their integral intensity ratio is determined by the relative populations of the 

ν = 0 and ν = 1 states. We did not observe transitions from vibrational states higher than ν = 1.  
 

      Figure 7 addresses the dependence of the vibrational and rotational temperatures as well as 

speed ratios on the peak velocities of distinct parts of the chopped dicarbon beam. The vibratio-

nal temperature is expressed in practical terms of the fraction of triplet dicarbon in ν = 1. The 

majority of the LIF spectra can be fitted well if we treat the vibrational and rotational tempera-

tures for each vibrational state separately. In some spectra, however, we have to introduce two 

temperatures and a bimodal distribution to describe the distribution of rotational state populati-

ons within one vibrational state. This probably indicates highly non-equilibrium energy distribu-
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tion in the dicarbon molecules following graphite laser ablation events. The general trend for the 

speed ratio and the rotational temperature is that lower velocities provide cooler molecules; rota-

tional temperatures as low as 50 K can be achieved. This is consistent with the fact that the 

ablated species seeded in the fast (front) parts of the helium and neon pulses have less collisions 

with the noble gas causing lower cooling efficiency. Rotational temperatures for ν = 1 are syste-

matically lower than for ν = 0 suggesting a better rotational cooling of vibrationally excited spe-

cies. There are some irregularities in the velocity dependence of the beam characteristics; these 

can be partially attributed to variations in the independently adjusted delay times of the pulsed 

valve and ablation laser as well as slight variations in the ablation laser power leading to distinct 

seeding conditions. Also, the vibrational population dependence on velocity does not exhibit a 

pronounced trend. Vibrational relaxation is about equally inefficient in the whole range of expe-

rimental conditions. 
 

     As compiled in Figure 4, the 17 cm diameter four-slit chopper wheel with 0.76 mm slits ope-

rates at 120 Hz between the skimmer of the primary source and the interaction region. An infra-

red diode attached to the top of the chopper unit detects the slit passage thus providing the time 

zero of the experiment. By selecting the time delay between the diode pulse and the pulsed valve, 

distinct parts of the ablation pulse can be selected. An SRS DG535 delay/pulse generator (PDG 

I) is triggered at 60 Hz by the frequency divided output of the diode. The two outputs, AB and 

CD, of the pulse generator (50 Ω, +3.5 V, 80 μs pulse width) lead to a homemade pulse shaper, 

which in turn is connected to the Physik Instumente P-286.23 high voltage pulse amplifier. The 

output of the amplifier drives both piezoelectric Proch-Trickl valves at repetition rates of 60 Hz, 

opening times of 80 μs, and pulse amplitude of minus 400 V to 500 V. The delay time between 

the two valves provides for simultaneous arrival of the most intensive parts of the two reactant 

beams to the interaction region. The A output of the PDGI pulse generator (TTL, high impe-

dance) passes a frequency divider (division by two, 50 Ω output) fed as an external trigger to a 

second delay/pulse generator (PDG II). The time delayed A output (A = T0 +16,666.66 μs, high 

impedance TTL) is fed into the SRS 430 multichannel scaler (MCS) utilizing trigger and 

discriminator levels of +0.5 and +0.2 V. A second output of the frequency divider serves as an 

external trigger of PDG III. This unit controls the time sequence of Spectra Physics Nd:YAG 

laser (30 Hz, 120 mJ per pulse at 266 nm). Channel AB (A = T0 + 16,672 μs, B = A + 5 μs, 50 
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Ω, TTL) triggers the flash lamps and CD the Q-switch (C = A + 186 μs, D = C + 5 μs, 50 Ω, 

TTL). The time sequence for Nd:YAG pumped dye laser (10 Hz repetition rate) used for LIF 

detection is set by PDG IV triggered by the frequency divided A output of PDG II. Channel AB 

(A = T0 + (10-20) μs, B = A + 5 μs, 50 Ω, TTL) triggers the flash lamps and CD the Q-switch (C 

= A + 186 μs, D = C + 5 μs, 50 Ω, TTL) of the internal Nd:YAG laser. Delays for the primary 

pulsed valve and ablation laser were varied slightly depending on desired velocity of the dicar-

bon beam. 
 

2.1.3.2. The Photolytic Source: supersonic methylidyne beam 
 

             We generated a pulsed supersonic beam of methylidyne radicals via photolysis of heli-

um-seeded bromoform (CHBr3) at seeding fractions of 0.12 % at 248 nm at 30 Hz by bubbling 

helium gas (99.9999 %; Gaspro) at a pressure of 2.2 atm through a stainless steel bubbler which 

houses the bromoform at a temperature of 283 K and feeding this gas mixture into a pulsed 

piezoelectric valve. The latter is operated at a repetition rate of 60 Hz, pulse widths of 80 μs, and 

a voltage of minus 400 V to 450 V. Here, by focusing 60 mJ per pulse output of excimer laser 

(KrF) with a 1 meter focus lens downstream of the nozzle to an area of about 4 mm by 0.7 mm, a 

few 1012 radicals cm-3 can be formed in the interaction region of the scattering chamber. The 

timing of the experiment is shown in Figure 4 alongside with the timing for the dicarbon experi-

ment. If the delay times differ, the values for methylidyne experiment are shown in parentheses. 
 

      Methylidyne radicals are only produced in the 2Π ground state. The A and B states have 

lifetimes of 440±20 ns and 470±20 ns and relax to the ground state before they reach the skim-

mer.95 The photodissociation of bromoform to CH(X2Π) is a multiphoton process initiated by the 

cleavage of the C-Br bond to yield CHBr2+Br96  (σ(248 nm) = 1.9×10-18 cm2).97 Utilizing photo-

ionization photofragment translational spectroscopy, North et al. observed also CHBr, CBr, HBr, 

and Br2 fragments which were attributed to higher-order photodissociation processes of CHBr2 

and CHBr. Mebel computed the photodissociation cross sections of CHBr2 and CHBr at 248 nm 

to be 1.6±0.4 ×10-18 and 2.0±0.3×10-18 cm2, respectively.98 Although it is not feasible to eliminate 

CHBr2, CHBr, and CBr in the supersonic beam, these molecules have – due to the heavy 

bromine atom – distinct center-of-mass angles when reacting with the hydrocarbon molecules. 

Therefore, the dynamics can be distinguished from those of the CH reactions based on the 
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distinct mass-to-charge ratios and due to different center-of-mass angles and hence scattering 

ranges of the products. This presents a unique advantage of the present experimental setup. The 

velocity and speed ratio of the radical beam can be determined on-axis in the TOF mode. Since 

signal at m/z = 13 (CH+) also originates from dissociative ionization of, for instance, non-photo-

lyzed bromoform, operating the electron impact ionizer in the soft ionization mode, here at 34 

eV, for the beam characterization is important. This translates into peak velocities of about 1700 

ms-1 and speed ratios of about 16.  
 

     We also utilized laser induced fluorescence to characterize the rotational and vibrational mo-

des of the methylidyne radical, CH(X2Π), in the interaction region of the scattering chamber. 

Methylidyne radicals are detected using A2Δ – X2Π transitions: (0,0) vibrational band for excita-

tion near 431 nm and (0,1) band for detection near 490 nm. The interference filter in front of the 

photomultiplier tube (PMT; Andover Corp.) is centered at 490 nm with a 10 nm bandwidth; this 

discriminates against scattered laser light. Two major modifications have been made to LIF 

detection setup compared to dicarbon experiment (Figure 3). Firstly, the skimmer of the secon-

dary source does not have to be removed in the new configuration (Figure 8). The incoming 

detection laser beam is mainly absorbed by a piece of polished black glass (ThorLabs; neutral 

density filter; 40-20 surface quality); the reflected part travels back into the baffles tube. 

Secondly, spatial filtering of fluorescence signal is introduced. The fluorescence spot in the 

interaction region is projected by a 35 mm focus lens onto the center of the iris in front of the 

PMT, which is mounted on the lid of the machine. This vertical orientation of the detector allows 

also to minimize the collection of Raleigh scattered light of the vertically polarized laser on the 

atoms and molecules in the beam. Another piece of polished black glass is placed under the 

interaction region to eliminate the propagation of scattered laser light in the light collection cone. 

Figure 9 shows the LIF spectrum of the methylidyne radical beam with a peak velocity of 1700 

ms-1 as characterized with the TOF technique. Sixteen detection laser shots were averaged for 

each point. The spectrum was analyzed utilizing a LIFBASE database and spectral simulation for 

diatomic molecules by Jorge Luque.99 The best fit simulation suggests a rotational temperature of 

14 ± 1 K in the vibrational ground state; less than 6 % of the radicals are in the first vibrationally 

excited state population. We conducted two test reactions of this beam by crossing it with argon-

seeded diacetylene (C4H2) and neat methylacetylene (C3H4). The diacetylene beam has a peak 
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velocity of 600 ± 15 ms-1 at a speed ratio of 8; the neat methylacetylene beam was characterized 

by a velocity of 840 ± 10 ms-1 and a speed ratio of 9.   
 

 

2.2. The Surface Scattering Machine 
 

        A surface scattering machine, in which an ultrahigh vacuum in the low 10-11 torr range can 

be achieved (Figure 10),100 was utilized to simulate the interaction of energetic electrons with 

organics as present on Titan in form of aerosol ‘droplets’ and solids on Titan’s surface. Ethane 

(C2H6) and propane (C3H8) ices were prepared in separate experiments by passing ethane (99.999 

%; Gaspro) and propane (99.9 %; Specialty Gas Group) for 3 minutes through a glass capillary 

array at hydrocarbon pressures of 1.5 × 10-8 Torr onto a highly polished silver mono-crystal. The 

silver substrate is attached to the freely rotating arm of a closed cycle helium refrigerator (CTI-

Cryogenics CP-1020) and was held at 11.3 ± 0.5 K to allow for the rapid condensation of the 

gases. The temperature of the ice samples was measured by a silicon diode connected to a 

Lakeshore 331 temperature controller. Recall that Titan’s surface temperature of 94 K is well 

above the 11.3 K of the cold head. Therefore, the ices were heated to 50 K (C2H6) and 65 K 

(C3H8) – just before the sublimation temperature under UHV conditions – and then irradiated 

with 5 keV electrons supplied by an electron gun (SPECS EQ 22) for 3 hours at a beam current 

of 500 nA. The manufacturer states an electron extraction efficiency of 78.8 %; this resulted in 

an exposure of 1.5 × 1016 electrons per cm2 over the irradiation time with an irradiation area of 

1.8 ± 0.3 cm2. The analysis of the irradiated ice samples was performed on line and in situ with a 

Nicolet 6700 FTIR spectrometer operating in absorption-reflection-absorption mode (reflection 

angle α = 75o) to the surface. Spectra were recorded at a resolution of 2 cm-1 over the mid-IR 

ranges (4000–500 cm-1) utilizing liquid nitrogen cooled mercury-cadmium-telluride detector. 

Gaseous species were monitored by a Balzer QMG 420 QMS operating in residual gas analyzer 

mode with an electron impact ionization energy of 100 eV and a mass range of up to 200 amu. 

Upon completion of the irradiation period, the ice samples were then heated to 300 K by a 

controlled heating program at a rate of 0.5 K per minute to allow for the analysis of volatile 

products as they sublimed from the target.  
 

     The analysis of the infrared bands of pristine ethane (C2H6) and propane (C3H8) allowed for 

the calculation of the thickness of the deposited ice layers using the integral absorption coeffici-
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ents for the methyl group (CH3) deformation bands provided by Bohn et al.101 and the densities 

of ethane (0.713 ± 0.002  gcm-3) and propane (0.763 ± 0.004  gcm-3) at 77 K as given in Stewart 

and La Rock.102 The thicknesses were calculated to be 200 ± 50 nm for ethane (C2H6) and 180 ± 

30 nm for propane (C3H8). To gain a quantitative handle on the energy absorbed by the 

hydrocarbon molecules, the electron trajectories in the ice samples and the energy transfer were 

then simulated by the CASINO code.103 This code calculates average transmission energies of 

the energetic electrons of 4.56 ± 0.01 keV and 4.59 ± 0.01 keV for ethane and propane ices, 

respectively. Therefore, each electron deposits on average 440 ± 10 eV into the ethane sample 

(linear energy transfer LET = 3.7 ± 0.2  keV μm-1) and 410 ± 10 eV into the propane ice (LET = 

3.7 ± 0.4 keV μm-1). From here, the average amount of energy absorbed per target molecule, the 

dose, is calculated to be 36 ± 2 and 53 ± 5 eV per molecule for the ethane and propane samples.  
 

2.3. The Laser Ablation Apparatus 
 

       The experiments were performed with a laser ablation apparatus coupled to a 3 meter mono-

chromator of the Chemical Dynamics Beamline at the Advanced Light Source.104 The apparatus 

was described previously.105 Compared to the original design, the ablation source was modified 

to incorporate an external motor assembly as described below (Figure 11). Briefly, the ablation 

source consists of an aluminum block and a pulsed piezoelectric valve. The 6.35 mm diameter 

silicon rod (ESPI) rotates and simultaneously translates vertically inside of the aluminum ablati-

on block, which acts as a guide for the ablation rod. The latter is connected to an in-vacuum 

translation-rotation stage, which is driven by a computer controlled stepper motor (RMS techno-

logies) connected through a speed reducing gear box. A frequency doubled (532 nm) Nd:YAG 

laser operating at 50 Hz and output powers of  about 0.8 mJ per pulse ablates the silicon rod. The 

ablated species are entrained in acetylene (C2H2; Airgas) carrier gas released by a Proch-Trickl 

piezo valve. Acetone, which acts as a stabilizer in the pressurized acetylene cylinder, is filtered 

out before the gas enters the piezo valve at a stagnation pressure of 1.5 atm. The ablated silicon-

bearing species travel together with the gas pulse inside a 4 mm diameter 30 mm long extension 

channel before exiting the ablation block. The acetylene acts both as a carrier gas and as a 

reagent media; therefore, the organo-silicon molecules are formed in situ in the supersonic beam 

via reaction of acetylene with the ablated silicon species. This technique has been applied 

recently to produce and to derive the ionization energies of highly reactive organic transient 
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radicals like linear and cyclic C3H radicals.106 A pair of deflection plates, producing an electrical 

field of about 660 V cm-1, are located between the ablation block and skimmer assembly thus 

removing charged species generated by the ablation process; this allows only neutral particles to 

pass through the differential pumping wall, which is equipped with a 2 mm skimmer hole; this 

section separates the source chamber from the main photoionization chamber. 
  

     The neutral, supersonic beam is interrogated in the ionization region of a commercially 

available reflectron time-of-flight mass spectrometer (R.M. Jordan) by tunable monochromatic  

synchrotron radiation in the vacuum ultraviolet (VUV) region of the electromagnetic spectrum. 

Typically 1013 photons s-1 are available at this terminal. The photoionization region is situated 12 

cm downstream from the ablation region. As the synchrotron light is quasi-continuous (500 

MHz), a start pulse for the time-of-flight (TOF) ion packet is provided by pulsing the repeller 

plate (the lowest electrode in the Wiley-McLaren ion optics) of the time-of-flight ion optics. The 

pulsing sequence with voltages are shown in the inset of Figure 11. The ions hit a microchannel 

plate (MCP) detector; the signal from these ions are collected with a multichannel-scalar card 

(NCS; FAST Comtec 7886) triggered by the repeller plate pulse. Time-of flight spectra, i.e. the 

flight time of the ion versus the intensity of the ion counts, are recorded for the photoionization 

energy range between 8.0 eV and 10.5 eV. The typical step size used for these experiments is 50 

meV; the signal was collected for 5-7×103 laser shots. The detected signal was optimized using 

LabView (National Instruments) routines by changing the delay times (Nd:YAG lamp to Q-

switch to attenuate laser pulse intensity; laser pulse to trigger pulse to piezo valve;  laser pulse to 

repeller plate pulse) and voltages of the TOF ion optics. Previously, we estimated that typically 

108-109 molecules cm-3 are being ionized in the 1 mm3 interaction region. 
 

     The photoionization efficiency (PIE) curves of a well-defined ion of a mass-to-charge ratio 

(m/z) can be obtained by plotting the integrated ion signal at the mass-to-charge versus the 

photoionization energy between 8.0 eV and 10.5 eV, normalized by the photon flux and the 

number of laser shots. The synchrotron VUV photon flux is measured by a Si photodiode (IRD, 

SXUV-100). These PIE curves can be exploited to extract the adiabatic ionization energies of the 

newly formed silicon bearing species. To calibrate the photon energy, auto ionization peaks of 

xenon and a resonance feature in the PIE curve of atomic silicon are used. Thus, to measure the 

energy resolution of the VUV light, scans of a resonance in the PIE spectrum of atomic silicon 
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due to it atomic transitions were undertaken. The resulting PIE curves were measured in the 

photon energy range from 9.82 eV to 9.93 eV for three different sizes of the 3 meter monochro-

mator exit slits; these are shown in Figure 12 and are fitted with a Gaussian function. It is obser-

ved that the energy resolving power (E/ΔE) is 1650 for 50 μm slits; this degrades to 250 for a 

slid width of 1 mm. 
 

3. Theoretical Approach 
 

     Molecular geometries and vibrational frequencies of reactants, intermediates, and transition 

states on the potential energy surface of the reaction of hydrogen cyanide (HCN) with triplet 

dicarbon (C2(3Πu)) were calculated at the hybrid density functional B3LYP/6-311G** level of 

theory 107 using the GAUSSIAN 98 program package.108 Relative energies were refined utilizing 

the coupled cluster CCSD(T) method as implemented in the MOLPRO package109  with extra-

polation to the complete basis set (CBS) limit. To achieve this, we computed CCSD(T) total 

energies for each stationary point with Dunning’s correlation-consistent cc-pVDZ, cc-pVTZ, cc-

pVQZ, and cc-pV5Z basis sets and projected them to CCSD(T)/CBS total energies using 

equation (8): 

                 Etot(x) = Etot(∞) + Be-Cx   (8)    

where x is the cardinal number of the basis set (2, 3, 4, and 5) and Etot(∞) is the CCSD(T)/CBS 

total energy. – With respect to calculations of the organo silicon neutral molecules and ions, we 

used the same B3LYP/6-311G** approach for the geometry optimization and evaluation of vi-

brational frequencies. Relative energies of various isomers as well as vertical and adiabatic ioni-

zation energies were then refined by single-point energy calculations at the CCSD(T)/cc-pVQZ 

level of theory. 
 

4.       Results & Discussion 

4.1.    Crossed Beam Reactions  
 

          In our experiments of dicarbon with hydrogen cyanide, we recorded time-of-flight (TOF) 

spectra at various laboratory angles at mass to charge ratios of m/z = 50 (C3N+) and higher. 

Similar to the reactions of ground state singlet dicarbon conducted previously in our group at 

collision energies of 22.4 kJmol-1 and of 25.8 kJmol-1 29 we detected signal at mass to charge 

ratios m/z = 50 (C3N+) (Figure 13). Also, we could confirm that even at a collision energy of 
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42.4 kJmol-1 , no products at higher masses were monitored. It is important to stress that all TOF 

spectra were fit with a single channel leading to the synthesis of a molecule of the gross formula 

C3N formed through a dicarbon molecule versus hydrogen atom exchange; the formation of the 

thermodynamically less stable isocyano radical (CCNC) is endoergic by 102 kJmol-1 and hence 

can be ruled out considering our collision energy of only 42.4 kJmol-1. Consequently, we 

propose that the cyanoethynyl radical (CCCN) is also the reaction product at m/z = 50. Note that 

the corresponding laboratory angular distribution is very narrow and spread only 300 in the 

scattering plane as defined by the dicarbon and hydrogen cyanide beams. Therefore, we can 

conclude that both in the previous reactions of singlet dicarbon and now with singlet and triplet 

dicarbon, the cyanoethynyl radical can be formed under single collision conditions.  
 

     Having analyzed the laboratory data, we now focus our attention to the derived center-of-

mass functions. As outlined before, an acceptable fit could be achieved with a single reaction 

channel. Here, a close look at the center-of-mass translational energy distribution (Figure 14)  

assists to compare the experimentally derived reaction energy with theoretically predicted value. 

By subtracting the collision energy (EC) of 42.4 kJmol-1 from the maximum translational energy 

released into the translational degrees of freedom of the reaction products, here 60 ± 5 kJmol-1, 

the reaction was found to be exoergic by 18 ± 10 kJmol-1. This data is in good agreement with 

our ab initio data of 21 ± 5 kJmol-1 for the triplet dicarbon reaction. Secondly, the translational 

energy distribution shows a plateau ranging from about 12 to 20 kJmol-1. As found from previous 

reactions of singlet and triplet dicarbon with acetylene and ethylene, these patterns could suggest 

the existence of two reaction pathways on the singlet and on the triplet surface. Recall that the 

translational energy distribution obtained at lower collision energies of 22.4 kJmol-1 and of 25.8 

kJmol-1, i.e. only from the singlet dicarbon reaction, peaked at zero translational energy, sugges-

ting a barrier-less decomposition of an intermediate – in this case singlet cyanoacetylene – to 

form atomic hydrogen and the CCCN radical. However, in case of Figure 14 and the 

involvement from channels on the singlet and triplet surface, we can therefore propose that the 

triplet surface should involve a reaction intermediate which decomposes via a rather tight exit 

transition state. Further, the center-of-mass angular distribution (Figure 14) depicts intensity over 

the complete scattering range from θ = 00 to θ = 1800. This pattern is indicative the involvement 

of reaction intermediates. Most intriguing, at both lower collision energies of 22.4 kJmol-1 and of 

25.8 kJmol-1, in which only singlet dicarbon reacted, the authors observed a forward-scattered 
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distribution with the intensity in the forward hemisphere increasing as the collision energy rised. 

Therefore, if only the singlet channel reacted at an even higher collision energy of  42.4 kJmol-1 

as in the present experiment, we would predict an even more forward-peaking of the center-of-

mass angular distribution (typical osculating complex model if only one reaction channel and 

one decomposing intermediate, here cyanoacetylene HC3N, is involved). However, this is clearly 

not observed. Therefore, the backward scattering is likely attributed to the involvement of the re-

actions of triplet dicarbon.  
 

     Having unraveled that both the singlet and the triplet dicarbon molecules lead to distinct 

scattering dynamics of an osculating complex (singlet surface) and a backward-scattering (triplet 

surface), we are now refitting the laboratory data and superimpose a two channel fit for the 

singlet and triplet channel separately in an attempt to untangle the contribution of singlet versus 

triplet dicarbon to the reactive scattering signal. Again, it must be stressed that we could also fit 

the data of m/z = 50 with a single channel; the separation of the single center of mass function 

into two is carried out because we have explicit evidence of the reaction on the singlet and triplet 

surfaces. The results of this procedure are shown in Figures 15 and 16. Here, the TOF spectra 

and the laboratory angular distribution can be fit with two reaction channels accounting for 

singlet and triplet dicarbon with relative weighting factors of about one to six. Assuming a 

similar reaction cross section, this demonstrates that dicarbon in its first excited triplet state is 

much more abundant in the ablation beam at a collision energy of 42.4 kJmol-1 compared to 

singlet dicarbon. On the singlet surface, the center-of-mass translational energy distribution is 

extended to higher energies based on the additional kinetic energy of the dicarbon reactant as 

compared to the experiments conducted at collision energies of 22.4 kJmol-1 and of 25.8 kJmol-1. 

The corresponding center-of-mass angular distribution is also more forward scattered thus 

amplifying the conclusion derived from lower collision energies that an osculating 

cyanoacetylenes complex is involved. On the triplet surface, on the other hand, the center-of-

mass translational energy distribution peaks well away from zero translational energy this in-

dicating the involvement of a tight exit transition state. The pronounced backward scattered cen-

ter-of-mass angular distribution presents a distinct and unique feature on the triplet surface and is 

in strong contrast to the osculation complex patterns as found on the singlet manifold.  
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What reaction mechanism can be proposed on the triplet surface to account for these fin-

dings? A comparison of the experimental data with the triplet potential energy surface (Figure 

17) can shed some light on this issue. Here, the computations identified nine reaction intermedi-

ates t1 to t9. Intermediate t8 can be likely ruled out as the decomposing complex since a frag-

mentation of the latter has no exit barrier; therefore, we would expect a close to zero peaking of 

the center-of-mass translational energy distribution. This was clearly not observed on the triplet 

surface. An alternative reaction pathway of t8 is the isomerization to t9 via a barrier located 42 

kJmol-1 above the separated products. Since the energetically more favorable pathway of a de-

composition of t8 to CCCN plus atomic hydrogen was not observed, we can conclude that a 

[1,3]-hydrogen shift in t8 to t9 is unlikely to proceed. Therefore, we can conclude that t8 does 

not play a significant role in the scattering dynamics. This holds an important conclusion. 

According to the calculations, t8 can be only formed from t7 via a barrier located 98 kJmol-1 

below the separated reactants; a competing pathway of t7 presents the isomerization to t8. Since 

this barrier is even higher than the calculated barrier of the non-observed rearrangement of t7 to 

t8, we may conclude that t9 cannot be accessed from t7 either. Therefore, t7 together with t8 and 

t9 are likely unimportant reaction intermediates on the triplet surface. Is this a reasonable 

conclusion? It is important to stress that t7 can be formed only from isomerization of t5; the iso-

merization of t6 to t4 can be excluded since the barrier involved ranges at 64 kJmol-1 with res-

pect to the separated reactants; this is higher than our collision energy of  42.4 kJmol-1. Interme-

diate t5 on the other hand is accessible via t1 and through a two step sequence involving t1 and 

t4. On the other hand, considering the locations of the barriers involved, t1 isomerizes preferen-

tially to t3. Therefore, we can conclude that the formation of t5 is hindered due to the facile 

isomerization of t1 to t3. Based on these arguments, we limited our discussion to intermediates 

t1 to t3. The calculations identified two entrance channels, i.e. an addition of triplet dicarbon to 

the carbon and nitrogen atom of the hydrogen cyanide molecule leading to intermediates t3 and 

t2. Both pathways have entrance barriers of about 29 and 36 kJmol-1. Recall that in previous 

experiments at lower collision energies of 22.4 kJmol-1 and of 25.8 kJmol-1, these entrance chan-

nels were closed. Intermediate t2 either decomposes back to the reactants or isomerizes to t1. 

Considering the location of the barriers, t1 in turn isomerizes to intermediate t3. The latter can 

decompose to the observed CCCN isomer in an exoergic reaction (-21 kJmol-1) via a tight exit 

transition state located about 50 kJmol-1 above the separated products. A tight exit transition state 
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was predicted based on the off-peaking of the center-of-mass translational energy distribution of 

the triplet dicarbon channel (Figure 16). Therefore, we propose that triplet dicarbon adds prefe-

rentially to the carbon atom of the hydrogen cyanide molecule forming intermediate t3; this path-

way favors the lowest entrance barrier. The latter is relatively short lived; this intermediate can 

fragment by emitting the heavy CCCN molecule in the backward direction with respect to the 

triplet dicarbon beam, while the hydrogen atom leaves in the forward hemisphere. These findings 

amplify the difference in reaction dynamics of singlet versus triplet dicarbon with triplet dicar-

bon. 
 

Having verified the distinct reactivities of singlet and triplet dicarbon with hydrogen cyanide, 

it is interesting to compare these findings with the isoelectronic dicarbon – acetylene system in-

vestigated earlier in our group.31 Recall that the reaction of singlet and triplet dicarbon with ace-

tylene was conducted at collision energies between 10.6 and 47.5 kJmol-1. Here, singlet dicarbon 

was found to add without barrier to the acetylene molecule forming intermediate s1 and/or s2 

(Figure 22). These collision complexes isomerized yielding ultimately the linear diacetylene 

molecule (s3) which decomposed without exit barrier to the linear 1,3-butadiynyl radical plus 

atomic hydrogen.110 Since the diacetylene molecule belongs to the D∞h point group, the hydrogen 

atom could be emitted with equal probability from either carbon atom of the rotationally excited 

diacetylene molecule. Since diacetylene can only be excited to B-like rotations, this results in a 

forward-backward symmetric center-of-mass angular distribution at all collision energies. On the 

triplet surface, the rising collision energy resulted in a more pronounced backward scattering of 

the 1,3-butadiene product. However, the corresponding TOF spectra and laboratory angular 

distributions could be fit with a single reaction channel. Since the LIF studies provided explicit 

evidence on the presence of triplet dicarbon, we have re-analyzed the laboratory data for this 

system with a two-channel fit – one for the singlet and a second one for the triplet surface.  On 

the singlet surface, we further imposed a forward-backward symmetric center-of-mass angular 

distribution due to the ‘symmetric’ diacetylene intermediate. The results are compiled in Figures 

18-21. Indeed, the two channel approach also leads to fits of an identical quality as the single 

channel approach. Further, on the singlet surface, the translational energy angular distributions 

all peaked at zero translational energy as expected for a barrier-less decomposition of the 

diacetylene molecule. These are identical patterns as observed for the singlet dicarbon – hydro-

gen cyanide system. On the other hand, the center-of-mass functions for the triplet channel are 
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quite distinct. First, the translational energy distributions (Figure 20) depict well-pronounced ma-

xima as characteristic for a tight exit transition state. The existence of a tight exit transition state 

is verified by the triplet potential energy surface; here, intermediate t3 decomposes to 1,3-

butadienyl radicals plus atomic hydrogen (Figure 22); t3 is formed initially via isomerization of 

the initial collision complexes t1 and t2. Secondly, the center-of-mass angular distribution are 

increasingly backward scattered as the collision energy rises (for all systems investigated here, 

we have almost constant triplet to singlet dicarbon ratios of about three to one. Therefore, this 

trend cannot be explained with an increase in the concentration of triplet dicarbon in the beam. 

However, as extracted from the LIF studies, as the collision energy rises from 21.6 to 47.5 

kJmol-1, so does the rotational temperature increase from about 100 K to about 350 K. Therefore, 

these results suggest that the increased rotational temperature of the triplet dicarbon beam and 

the enhanced collision energy might be responsible for an enhancement in the backward-scatte-

ring. Recall that the reaction channel of triplet dicarbon with isoelectronic hydrogen cyanide also 

leads to a backward-scattered center-of-mass angular distribution (Figure 16). There seems to be 

– at least in the case of acetylene and hydrogen cyanide – some consistency that the enhanced 

rotational temperature of dicarbon and/or the rising collision energy leads to an amplification of 

the scattering signal in the backward hemisphere.  

 

Finally, we would like to comment briefly on preliminary results of the reaction of methyli-

dyne radicals with diacetylene (C4H2) and methylacetylene (C3H4) (Figure 23). Here, preliminary 

data suggest that in both systems, the methylidyne radical formally replaces at least a hydrogen 

atom leading to the products of the generic formulae C5H2 and C4H4, respectively. Those 

preliminary data demonstrate the feasibility of the reactions of methylidyne radicals with hydro-

carbons of relevance to Titan’s atmosphere and depict the capability to conduct scattering experi-

ments under single collision condition with this important diatomic radical species.  
 

4.2.    Surface Scattering Experiments 

4.2.1. Ethane Ices 
 

          Figure 24(a) displays the mid-infrared spectrum of pristine ethane (C2H6) ice at 50 K. In 

the higher frequency region of the spectrum, the fundamental bands associated with the ν10 (2970 

cm-1) and the ν5 (2878 cm-1) CH3 stretching vibration modes are clearly visible as the strongest 
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absorption features. The deformation modes associated with the methyl (CH3) group are located 

at lower frequencies, specifically the ν11 CH3 deformation region (1468–1450 cm-1), the ν6 CH3 

deformation band positioned at 1369 cm-1, and the ν6 CH3 rocking doublet located at the 825 and 

815 cm-1 positions. All peaks, which are summarized in Table 1, are in good agreement with lite-

rature values assigned to crystalline phase ethane ices.111  
 

          Having discussed the assignments in the pristine ethane sample, Figure 24(b) depicts the 

mid-infrared spectrum of the sample after the 3 hour exposure to 5 keV electron irradiation at a 

nominal current of 500 nA. The absorption features observed in the irradiated ethane sample are 

compiled in Table 2. Most absorption bands previously assigned to the CH stretching modes of 

the ethane molecule are observed to decrease in intensity and become broader in appearance. In 

the lower frequency region, a similar result is observed for the CH3 deformation modes, where 

the ν6 CH3 rocking doublet originally located at 825 and 815 cm-1 for the neat C2H6 ice sample 

combines into the one broad peak located at 820 cm-1 in the irradiated sample spectrum. This 

indicates that the crystalline ethane ice converts to an amorphous phase over the irradiation 

process.112 A number of new absorption features, not previously identified in the pristine ethane 

sample are also observed in the lower frequency region of Figure 24(b) at 1642, 1435, 1299, 993, 

969, 949 and 911 cm-1; these vibrations are assigned predominantly to saturated carriers and to a 

minor amount to olefinic functional groups. We then warmed up the sample at a rate of 0.5 K 

min-1. Figure 24(c) displays the mid-infrared spectrum of the irradiated ethane sample heated to 

94 K with the observed absorption features compiled in Table 2. With the sublimation of ethane 

occurring in the 60–70 K temperature range, it is expected that absorption features associated 

with the original ethane sample would no longer be observed at 94 K. However, absorption 

features located in the high frequency region of the C–H stretching fundamentals are still clearly 

visible, displaying intensities ~ 20 % of the original ethane bands. These absorption bands are all 

shifted to the red in the order of ~ 10 cm-1 from the original positions of the corresponding etha-

ne peaks. This suggests that although the neat ethane sample sublimes at 60-70 K, the irradiated 

sample and the newly formed molecules can still retain ethane at elevated temperatures higher 

than the nominal sublimation temperature. In addition, the CH3 deformation bands are also still 

present at 94 K at 1462 cm-1 and 1374 cm-1; they do not display a significant shift from the 

positions assigned in non-irradiated ethane at 50 K. The irradiation induced 1435, 1299 and 949 

cm-1 bands, previously indentified in 50 K irradiation spectrum, were observed to disappear after 
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heating to 94 K. Finally, Figure 24(d) displays the mid-infrared spectrum of remaining residues 

that were formed from the electron irradiation of ethane after heating the substrate to 300 K. The 

spectrum is similar in appearance to the spectrum recorded at 94 K in relation to peaks and their 

positions, except for the observation that the absorption intensities for all bands appear to be ap-

proximately 50 % of those recorded at 94 K. These absorptions are indicative of a polymeric re-

sidue, containing mostly saturated, aliphatic groups and only to a minor amount olefinic units.  
 

     In an effort to correlate the observation of new absorption bands to species formed via elec-

tron irradiation of ethane ices, a mass spectroscopic analysis of the gas phase was performed du-

ring controlled heating of the sample from 50 K to 300 K. Figure 25 displays the ion count pro-

files of methane (CH4) and ethane (C2H6) generated during the warm-up phase of the pristine 

ethane ice (Figure 25(a)) and after the electron irradiation (Figure 25(b)). No new species were 

detected in the mass spectra of the gas phase during the actual irradiation period, but only during 

the sublimation phase of the irradiated ices. Signals for m/z = 30 (C2H6
+) developed in the range 

of 60 K to 70 K for the heated pristine sample, confirming the sublimation temperature for neat 

ethane under the present experimental conditions. However, after exposure to electron irradi-

ation, the signal for the C2H6
+ species (m/z = 30) also started to increase at 60 K before reaching 

a 2 × 10-9 ion count maxima at 70 K. However, the signal for C2H6
+ in the irradiation experiment 

differed from the neat sample by the observation of an extended sublimation temperature profile 

where ethane was only observed to stop out-gassing at 105 K. In addition, the signal for m/z = 16 

(CH4
+) increased between in the 52 K to 80 K temperature range after heating of the irradiated 

sample. This sublimation temperature range corresponds well with the sublimation profile of 

CH4 previously confirmed by Kim et al.173 using similar experimental conditions, allowing for 

the positive identification of methane as a degradation product of the irradiated ethane ices in the 

present study. However, it is important to note that ethane itself contributes to m/z =16 due to 

electron impact ionization as shown in Figure 24(a), meaning the blank contribution in the pris-

tine ices must be subtracted for quantifying the methane signal in the irradiation experiments. It 

should be stressed that no higher molecular weight alkanes were observed to sublime in the 

irradiated sample. 
 

           The electron irradiation of the ethane ice at 50 K resulted in the observation of methane as 

a primary deposition product. This species is identified in the solid phase by the 3004 cm-1 ν3 
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(CH4) stretching fundamental band and the 1299 cm-1 ν4 (CH4) deformation fundamental band in 

the associated mid-IR spectrum (Figure 24(b)). Further evidence of methane formation is pro-

vided by the mass spectrum recorded during the controlled heating of the irradiated ethane film. 

Here, the ion count profile for m/z = 16 (CH4
+) increased between 50 K and 75 K. The complete 

sublimation of methane after heating the cold target to 94 K is confirmed by the mid-infrared 

spectrum recorded in Figure 24(c), where the absorption bands previously attributed to the 

methane fundamentals disappeared. 
  

          As the mass spectrum recorded for the irradiated ethane sample confirms the total sublima-

tion of the original ethane ice at 105 K, we can now shift our attention to the residue remaining 

on the silver substrate after heating to 300 K. The infrared spectrum presented in Figure 24(d) 

clearly displays absorption features that can be attributed to a solid phase hydrocarbon formed as 

a product of the irradiation. High-frequency absorption bands in the 3000–2850 cm-1 region are 

clearly visible, which are typical of C–H stretching vibrations in aliphatic hydrocarbons. The 

observation of a distinct absorption band located at 2938 cm-1, a region generally associated with 

the asymmetric stretching mode of C–H in alkane –CH2– chain groups (2940–2915 cm-1), 

suggests that ethane ices form extended aliphatic hydrocarbons upon irradiation. 
  

         Recent experiments conducted by Kim et al.113 using 10 and 100 nA electron beam currents 

and lower irradiation time of only 60 minutes have confirmed the irradiation induced formation 

of n-butane. Although absorption bands could be tentatively assigned to the fundamental modes 

of the n-butane species in the present study, the absence of a ion count signal at m/z = 58 

(C4H10
+) over its 90 K to 100 K sublimation range in the corresponding mass spectra indicates 

that n-butane was not formed under the present irradiation conditions. After consideration of the 

absorbed energy dosages per ethane molecule, where the previous study calculated a total dosage 

of 1.4 ± 0.2 eV molecule-1 compared to 36 ± 2 eV per molecule calculated for the present 

experiments, it could be expected that the much higher irradiation dose would induce a continued 

‘polymerization’ of any n-butane formed into higher order aliphatic alkanes.  
 

It is observed through the absorption intensities assigned to the 2960 cm-1 asymmetric 

CH3 stretching vibration and the 2960 cm-1 asymmetric CH2 mode of the residue, that the methyl 

functional group is the stronger of the two absorbing modes. This indicates that the product 

residue may display considerable amount of branching in its structure, as opposed to linear 
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aliphatic conformations which would display a greater absorption intensity for the –CH2– chain 

species. In addition, the 300 K mid-infrared spectrum of the residue provides evidence for 

unsaturated vinylene centers at 1640 cm-1 (C=C stretch) and terminal vinyl groups (=CH2) at 911 

cm-1. This indicates also hydrogen loss under the irradiation conditions.  
 

4.2.2. Propane Ices 
 

          Figure 26(a) displays the mid-infrared spectrum for pristine propane ice at 65 K. The 

associated peak positions and assignments are summarized in Table 3. In the C–H stretching 

region of the spectrum, the absorption bands associated with the terminal ν2 (2964 cm-1) and ν16 

(2893 cm-1) CH3 stretching modes can be identified. This is in addition to the main chain ν23 

(2935 cm-1) and ν3 (2871 cm-1) CH2 stretching fundamental vibrations that are also observed as 

strong absorption peaks. The CH3 deformation vibrations are identified in their characteristic 

positions for aliphatic hydrocarbons, specifically in the regions located at (1472–1461 cm-1) and 

(1389–1368 cm-1) where a number of CH3 deformation vibrations share similar vibrational 

frequencies (Table 3). The final low frequency absorption bands identified in the spectrum of 

pristine C3H8 ice can be assigned to the ν20 and ν8 C–C stretching vibrations located at 1049 and 

868 cm-1 respectively and the ν25, ν7 and ν26 CH3 rocking vibrations in their respective 1186, 1155 

and 747 cm-1 positions. All absorption bands observed in the current experimental spectra appear 

to correspond well with values published previously assigned to the crystalline ethane at 77 K.114 
  

Figure 26(b) depicts the mid-infrared spectrum of the sample after 3 hour exposure to 5 

keV electron irradiation at 500 nA at 65 K. Absorption bands and associated peak assignments 

for the irradiated propane ice spectrum are compiled in Table 4. There appears to be significant 

alteration to the original C3H8 band positions for the C–H stretching modes after irradiation, with 

most peaks experiencing a 4–6 cm-1 shift to lower frequency. This is in addition to displaying an 

approximate 40 % decrease in absorption intensity and a noticeable peak broadening effect. A 

clear loss in fine structure is also displayed for the CH3 deformation bands following irradiation, 

where the previously well-defined peaks in the 1472–1461 cm-1 and 1389–1368 cm-1 regions 

appear to combine into two separate diffuse features. In addition, novel absorption features that 

were not previously identified in the non-irradiated C3H8 ice spectrum, are also observed across 

the entire mid-infrared region of Figure 26(b). These weak features can be observed at 3075, 
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3004, 1645, 1299, 993, 970 and 910 cm-1. Again, these can be mainly attributed to hydrogen-rich 

aliphatic molecules.  
 

            Figure 26(c) displays the mid-infrared spectrum of the irradiated propane sample at 94 K. 

The observed absorption features are compiled in Table 4. Sublimation of propane was observed 

to occur in the 70K to 90 K temperature range from the controlled heating of the pristine propane 

ice sample; therefore it is expected that very little of the original propane sample would be left 

on the silver substrate to contribute to the absorption spectrum at 94 K. However, it can be 

observed in Figure 26(c) that similar to the delayed emission of the ethane ice the high frequency 

C–H stretching bands are still clearly visible with only slightly lower absorption intensities than 

those recorded at 65 K after irradiation. Furthermore, the new absorption peaks that were 

identified in the irradiated ice spectrum at 65 K could all be accounted for at 94 K. 
 

Finally, Figure 26(d) displays the mid-infrared spectrum of the irradiated propane ice 

after heating to 300 K. At 300 K any original propane should have long been sublimated from 

the cold target, leaving only a residue on the substrate. It is clear from the spectrum at 300 K that 

a residue is formed from the irradiation of the propane ice, with weakly absorbing C–H peaks 

clearly identified above the baseline in the 2960–2870 cm-1 region. Furthermore, absorption 

features corresponding to the CH3 deformation modes at 1460 and 1375 cm-1 can be identified in 

the lower frequency regions, as well as the 1635, 967 and 910 cm-1 bands that remain after first 

being identified as irradiation induced features at 65 K.  
 

Mass spectroscopy was employed for the gas phase analysis of sublimated propane 

during the controlled heating of the sample from 50 K to 300 K. Figure 27(a) displays the ion 

count profiles of propane generated during the warm-up phase of the pristine propane ice, while 

Figure 27(b) displays the ion count profile of propane during the controlled heating of the sample 

following electron irradiation. Surprisingly, no newly formed alkanes were observed in the mass 

spectra collected, neither during the actual irradiation period nor during the warm-up phase of 

the irradiated propane ices. Signals for m/z = 44 (C3H8
+) generated by the heated pristine sample 

were observed to increase in the range of 70–90 K (2 × 10-9 maximum ion count), correlating to 

the sublimation temperature for propane under the present experimental conditions. Following 

the irradiation of the propane sample, the ion current for the C3H8
+ species reached a maximum 

ion count of 5 × 10-10 at 86 K. The sublimation profile of the irradiated propane sample was 



 32

observed extend to 94 K, the only discernable difference between the shape of the pristine and 

irradiated propane ice gas phase sublimation profiles. 

          The mid-infrared spectrum obtained for irradiated propane ices after controlled heating to 

300 K depicts the remaining hydrocarbon residue after sublimation of volatile species from the 

substrate surface. The general appearance of the residue spectrum is similar to the spectrum of 

the residue obtained from the irradiated ethane ices discussed earlier. Although the peaks 

observed in the propane spectrum are about 25 % lower in absorption intensity than those 

observed in the irradiated ethane experiment, the basic patterns are generally the same. The 

distinctive C–H stretching modes identified at 2959 (asymmetric CH3), 2930 (asymmetric CH2) 

and 2871 cm-1 (symmetric CH3); in addition to the positive identification of CH3 group deforma-

tion modes at 1460 and 1375 cm-1, all indicate that the residue consists of large hydrocarbon 

molecules with sublimation temperatures above 300 K. It can therefore be concluded that the 

irradiated propane molecules, each exposed to 53 ± 5 eV per molecule, undergoes extensive 

polymerization to form higher order aliphatic hydrocarbons. In an effort to quantify the conversi-

on of propane to the polymer, an integration of the m/z = 44 (C3H8
+) signals for both the 0 nA 

and 500 nA mass spectra was performed. A comparison of the signal of propane of the irradi-

ation experiment (3.7 × 10-7 As) to the blank experiment (1.1 × 10-6 As) suggests that about 66 % 

of the propane molecules underwent a irradiation induced alteration; this translates to a loss of  

7.2 ± 0.2 × 1016 propane molecules. In our experiments, we irradiated the sample with 1.5 × 1016 

electrons per cm2. Since each electron deposits 410 ± 10 eV into the sample, this leads to a total 

energy deposition of 6.2 × 1018 eV cm-2. Recall that Titan’s energy deposition is of 4.5×109 

eVcm-2s-1 on its surface. Therefore, the irradiation time in our laboratory corresponds to about 44 

years exposure time on Titan. In these 44 ‘Titan’ years, about 5 ×10-6 g of propane are being 

transformed into a polymeric structure per cm2. Over a typical time of 109 years, this results into 

an accumulation of about 116 g polymeric material per cm2. Considering a typical density of 

0.94 g cm-3 for a low density organic polymer, this results in a layer of about 1.2 meter polymer 

per cm2. Therefore, our laboratory experiments show that in principle, propane can be converted 

to aliphatic-type polymers over geological timescales on Titan’s surface via interaction with 

cosmic ray particles.  
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4.3.  VUV Photoionization Studies 
 

        Figure 28 shows a mass spectrum of the products formed from ablation of a silicon rod in a 

carrier gas of acetylene recorded at a photon energy of 10.5 eV. The inset in Figure 28 depicts an 

expanded spectrum between 49-55 amu to demonstrate the resolution and quality of the mass 

spectrum. The spectrum is complex, but in conjunction with tunable VUV radiation allows for 

elucidation of the chemical composition via ionization energy determinations coupled with 

calculated results performed in this work and literature values. In Table 5, the most prominent 

masses are compiled along with chemical identification. Also presented are calculated and 

measured ionization energies for a number of these species and previous literature results are 

also reported in this table. The following species are ionized in the molecular beam at 10.5 eV: 

polyynes (C4H2, C6H2, C8H2, C10H2), molecules belonging to the SiC2Hx family (x = 0,1,2), to 

the Si2C2Hx family (x = 0,1,2), silicon –carbon clusters Si2Cx (x = 1 – 6), Si3C, Si3C2, and Si4C2, 

as well as Si2C4Hx (x = 1,2) and Si2C6Hx (x = 1,2). A comprehensive investigation of the 

ionization energies of all these species is beyond the scope of this paper. To demonstrate the 

feasibility of our approach and to highlight the implications to Titan, we focus on the SiC2H and 

SiC2H2 systems as case studies. Figure 29 shows the PIE curves of m/z = 53 and 54 

corresponding to the ions of SiC2H and SiC2H2. 
 

      Considering SiC2H2, calculations at the CCSD(T)/cc-pVQZ//B3LYP/6-311G** level suggest 

that a cyclic structure holding C2v symmetry and in the 1A1 electronic ground state is the lowest 

lying state. A vertical ionization energy (VIE) of 9.5 eV and adiabatic ionization energy (AIE) of 

9.3 eV is derived for ionization to a C2v symmetry and 2A1 state of the cation. The calculated adi-

abatic ionization energy agrees perfectly with our 9.3 eV experimental determination. An L 

shaped isomer in which silicon inserts between a carbon and hydrogen of the acetylene lies 78.3 

kJmol-1 above the ground state in the neutral channel with a calculated VIE and AIE of 9.1 and 

8.7 eV respectively. There is no signal in our PIE spectrum at these energies and all the other 

possible isomers lie much higher in energy to be populated in our molecular beam. This suggests 

that we are exclusively producing the cyclic isomer of SiC2H2 in our molecular beam. Ikuta et 

al.115 performed a comprehensive study on the ionization energies for various isomers of SiC2H2 

at the similar CCSD(T)/cc-pVQZ level of theory. They suggest that the global minima for the 

neutral and cation, (C2v, 1A1) and (C2v, 2B2) are silacyclopropenylidine structures with VIE and 
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AIE of 9.83 and 8.97 eV respectively. Ketvirtis et al.86 calculated an AIE of 9.00 eV at the 

QCISD(T)-(full) level of theory. Our measured IE of 9.3 eV is discrepant with these calculations. 

The difference between our present calculated results and those by Ikuta et al.116 can be 

explained by the discrepancy in the electronic states of the silacyclopropenylidine cation. Our 

calculations give the 2A1 state as the lowest cationic state at the vertical geometry with VIE of 

9.50 eV, lower than 9.83 eV obtained by Ikuta et al. for the 2B2 state. Geometry relaxation in the 
2B2 state of the cation is larger than in 2A1 resulting in the lower AIE for 2B2, 8.97 eV, as 

compared to that for 2A1, 9.31 eV. This means that the 2A1 cationic state has better Franck-

Condon factors for ionization from the neutral silacyclopropenylidine SiC2H2 than the 2B2 state 

and the comparison with the experimental PIE curve supports the hypothesis that the 2A1 state of 

the ion was actually produced. 
 

    For SiC2H, the story is not so straightforward. Calculations show the lowest lying isomer in 

the neutral channel is of the linear SiCCH radical form with C∞v symmetry and 2Π doublet state 

with VIE and AIE of 7.3 eV in both cases. Note that Ketvirtis et al.117 calculated an AIE of 7.06 

eV for this isomer at the QCISD(T)-(full) level. From our PIE it would appear that signal arises 

from around 8.0 eV above the base line and starts rising around 9.0 eV. A Cs, 2A’ cyclic isomer 

is calculated to lie 29.3 kJmol-1 above the linear ground state. Calculations show that this state 

upon ionization rearranges to a linear SiCCH cation holding C∞v symmetry with VIE and AIE of 

8.10 eV and 6.96 eV, respectively. It is plausible that these states because of bad Franck-Condon 

factors do not show much intensity in the ionized cationic states. The isomers which have 

calculated ionization energies around 9.0 eV, include chain Cs-symmetric CCSiH and cyclic non-

planar HSiCC, lying 192.5 and 175.8 kJmol-1 above the lowest SiCCH structure. Although these 

high-energy isomers seem unlikely to be populated in the molecular beam, a plausible assign-

ment of the observed PIE can be made based on the chain CCSiH isomer with calculated VIE 

and AIE of 9.54 and 9.02 eV, respectively. It should be noted that CCSiH can be produced 

directly from the L shaped isomer of SiC2H2 by the C-H bond cleavage. As the low-lying L 

shaped SiC2H2 isomer has not been observed in the PIE spectra, it is possible that it does not 

survive and dissociates to CCSiH, which in turn gives rise to the PIE curve measured from 

SiC2H. On the other hand, according to our calculations, the cyclic H-SiCC isomer with a VIE of 

9.26 eV decomposes when ionized indicating bad Franck-Condon factors for ionization. 
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     There are very few measurements in the literature to which we can compare our measured ap-

pearance energies for the SiC systems. Drowart et al.118 reported electron impact ionization 

results for SiC2, Si2C, Si2C2, and Si3C to be 10.2, 9.2, 8.2, and 8.2 eV respectively with quoted 

errors of ±0.3 eV. Our measurements for SiC2 and Si2C2 fall outside these error bars. Schmude 

and Gingerich119  also reported electron impact appearance energies of SiC2 (10.4±0.3 eV), Si2C 

(9.5±0.5 eV), Si2C2 (8.8±0.5 eV) and Si3C (7.9±0.5 eV). The value for SiC2 falls outside the 

error limits compared to our measured value, and the relatively large errors in these electron 

impact measurements for the other species does not allow for reliable thermodynamic 

information to be extracted. Furthermore, the value for the silicon dimer (Si2) measured in both 

electron impact measurements, 7.0 ± 0.5 eV and 7.4 ± 0.3 eV,Error! Bookmark not defined. fall well 

outside a recent VUV photoionization determination of 7.92 ± 0.05 eV reported by our group.120 

A recent theoretical calculation121 at the B3LYP-DFT/6-311G(3df) level report ionization 

energies of 9.69 eV (linear SiCC), 9.79 eV (triangular CSiC), 9.18 eV (linear SiCSi), 9.19 eV 

(triangular SiCSi), and 8.97 eV (rhombus Si2C2). These ionization energies agree well with our 

experimental results, and since the calculations are likely vertical in nature would suggest good 

Franck-Condon factors for ionization. Their calculated value of 7.81 eV for rhomboidal Si3C 

does not agree with our measured value of 8.4 eV and could likely arise from a different 

geometry being present in our molecular beam. The agreement with the other values does 

suggest that our measured ionization energies are more reliable than the early electron impact 

measurements. In terms of structure, it is widely believed that SiC2 exists in the cyclic form and 

our results would indicate that this is indeed possible. A recent LDA-DFT study by Pradhan and 

Ray122  report adiabatic ionization energies of 10.38-10.78 eV (SiC2), 9.629 eV (Si2C), 8.26 eV 

(Si2C2), and 8.68 eV (Si3C) which are systematically above our measured energies suggesting 

there is an error in the local density approximation adopted by these authors. Our measured 

ionization energy of 9.2 eV for Si2C agrees extremely well with the calculated adiabatic value of 

9.2±0.2 eV at various levels of theory for a transition to a linear 2Σu
+ state in the cation.123 The 

same authors also calculated ionization energies for Si3C using similar methods and suggest a 

vertical IE of 8.2±0.2 eV for a C2v 1A1 state rhomboid structure transition to a C2v 2B2 state in the 

cation. They also suggest that the geometry of the neutral varies considerably from the cation 

leading to poor Franck-Condon factors and an adiabatic ionization energy of 7.8±0.2 eV. In this 

particular case our appearance energy of 8.4 eV does not fall in with this prediction, however, 
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the shape of the PIE curve is not steep but a gentle rise suggesting poor Franck-Condon factors 

for this species. For Si2C2, a charge transfer energy bracketing method124  posits the ionization 

energy of 8.24±0.2 eV which does not agree with our value of 8.95 eV. For the unrelaxed ion in 

the charge bracketing measurement, an ionization energy of 9.35±0.1 eV was measured. It is 

possible that there was incomplete relaxation of the ion in the time frame of the charge 

bracketing experiment giving rise to a lower ionization energy. Ignatyev and Schaefer124  report 

values of the ionization energies to the lowest energy state of the cation (2Πg) holding linear 

structure and the next highest state (2Ag), a slightly distorted rhombic structure which is similar 

in structure to the neutral ground state. This rhombic transition could be what is observed in our 

photoionization experiment as it has been suggested by numerous theoretical calculations125  that 

the linear Si-C-C-Si and a rhombic structure are almost degenerate in energy. It is also 

interesting to point out that Yadav et al.115 calculate an IE of 8.97 eV for this transition which is 

in very good agreement with our measured appearance energy. For Si2C3, Si2C4, Si2C5, Si2C6, 

Si3C2, and Si4C2, there are no experimental or theoretical data on ionization energies in the 

literature to the best of our knowledge, and the results reported here are the first experimental 

determinations. There could be multiple isomers present in the molecular beam, coupled with 

different Franck-Condon factors for these isomers and these are probably being reflected in the 

gentle rise and absence of sharp onsets in this set of PIE curves.  
 

5. Conclusions  
 

     At this Faraday Discussion, we presented three research fields of interest to explore the che-

mical evolution of Titan’s atmosphere and surface. First, we explored the chemical dynamics of 

simple diatomic radicals (dicarbon, methylidyne) utilizing the crossed molecular beams method. 

This versatile experimental technique can be applied to study reactions relevant to the atmosphe-

res of planets and their moons as long as intense and stable supersonic beam sources of the reac-

tant species exist. By focusing on reactions of dicarbon with hydrogen cyanide, we could untang-

le for the first time the contribution of dicarbon in its singlet ground and first excited triplet sta-

tes. These results were applied to understand and re-analyze the data of crossed beam reactions 

of the isoelectronic dicarbon plus acetylene reaction. The reactions of dicarbon with hydrogen 

cyanide (HCN) and acetylene (C2H2) lead to doublet radical by hydrogen emission: 
 

(9)             C2(X1Σg
+/a3Πu)) + HCN(X1Σ+) →    CCCN(X2Σ+) + H(2S) 
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(10)            C2(X1Σg
+/a3Πu)) + C2H2(X1Σ g

 +) → CCCCH(X2Σ+) + H(2S) 
 

These radicals can react with unsaturated hydrocarbons further to form highly unsaturated hydro-

carbons and nitriles, which could act as precursor molecules to the organic aerosol layers. Note 

that the kinetics of the 1,3-butadiynyl radical reactions with unsaturated hydrocarbons are very 

fast even at low temperatures relevant to Titan’s atmosphere.126 However, the reaction products 

are elusive. Crossed beam experiments are planned to untangle the dynamics of these reactions 

in a similar way as those of the important methylidyne reactions.  
  

     Second, we investigated the interaction of ionizing radiation in form of energetic electrons 

with organic molecules ethane and propane sequestered on Titan’s surface. These experiments 

presented compelling evidence that even at irradiation exposures equivalent to about 44 years on 

Titan’s surface, aliphatic like organic residues can be produced. Scaling this to geological time 

scale of, for instance, 109 years on Titan, this results in case of propane irradiation exposure into 

an accumulation of 1.5 meter organic polymer per cm2. Therefore, our laboratory experiments 

show that in principle, propane can be converted to aliphatic-type solid polymers over geological 

timescales on Titan’s surface via interaction with cosmic ray particles. It is important in future 

models of Titan to account for the radiation-induced modification of Titan’s surface and to eva-

luate objectively its contribution compared to deposition from organics by ‘sedimentation’ from 

higher atmospheric layers. Nevertheless, a galactic cosmic ray driven chemistry will certainly 

influence Titan’s overall hydrocarbon budget. 
 

     Finally, we investigated how Titan’s nascent chemical inventory can be altered by an external 

influx of matter as supplied by (micro)meteorites and possibly comets. For this, we simulated the 

ablation process in Titan’s atmosphere, which can lead to ground and electronically excited 

atoms of, for instance, the principal constituents of silicates like iron, silicon, and magnesium, in 

laboratory experiments. By ablating silicon species and seeding the ablated species in acetylene 

carrier gas, which also acts as a reactant, we produced organo silicon species, which were then 

photoionized utilizing tunable VUV radiation from the Advanced Light Source. In combination 

with electronic structure calculations, the structures and ionization energies of distinct organo-

silicon species were elucidated. We plan to expand these studies also to iron and magnesium-

bearing species in the near future.  
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     In summary, laboratory experiments such as crossed molecular beams scattering experiments, 

surface scattering studies, and laser ablation studies coupled with electronic structure calcu-

lations and VUV photoionization provide a powerful tool to shed light on Titan’s chemistry not 

only of the atmosphere, but also of Titan’s surface. To understand Titan’s chemistry comprehen-

sively, surfaces, aerosols, and the gas phase cannot be treated separately, but must be 

incorporated into a single model. Naturally, this will present a nice challenge to the modeling 

community. However, by providing feedback between experimentalists, modelers, and 

observers, in principle these models can be refined iteratively until a satisfactory agreement 

between experiments, observations, and models is reached – not only with respect to Titan, but 

for any body in our Solar System.  
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Figure 1: Products formed in the bimolecular reactions of cyano (CN(X2
Σ

+)) and ethynyl radicals (C2H(X2
Σ

+)) with unsaturated hydrocarbons.110 
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Figure 2: Products formed in the bimolecular reactions of ground and excited states dicarbon C2(X
1
Σg

+/a3
Πu) with unsaturated hydrocarbons.110 



 
 

Figure 3: Schematic geometry of the laser induced fluorescence (LIF) detection setup of triplet 

dicarbon as incorporated in the crossed beams machine.  



 

 
 

Figure 4: Pulse sequence for the crossed beams experiments and LIF detection. Delay times are 

shown for distinct dicarbon beams produced in the primary chamber. For the methylidyne 

source, delay times different from the dicarbon experiment are shown in parentheses.  
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Figure 5: LIF excitation spectra of dicarbon seeded in helium carrier gas for different velocities 

of the beam. Temperatures of the best-fit for rotational energy distributions are listed separately 

for the (0,0) and (1,1) bands. Some distributions have distinct non-equilibrium character; they are 

fit with two temperature components. 

 

 



19350 19400 19450 19500 19550

0.0

0.5

1.0
  

Excitation Wavenumber, cm
-1

0.0

0.5

1.0

 
  

0.0

0.5

1.0

 

 

N
o

rm
a

liz
e

d
 L

IF
 S

ig
n

a
l

0.0

0.5

1.0

 

  

0.0

0.5

1.0

 

  

0.0

0.5

1.0

 

  

0.0

0.5

1.0

  

T
rot

 = 250 KT
rot

 = 300 K

T
rot

 = 200 KT
rot

 = 250 K

T
rot

 = 220 KT
rot

 = 250 K

T
rot

 = 200 KT
rot

 = 220 K

T
rot

 = 170 KT
rot

 = 200 K

T
rot

 = 180 K

T
rot

 = 200 K T
rot

 = 150 K

(1,1) band(0,0) band

T
rot

 = 210 K

v
p
 = 1021 m s

-1

v
p
 = 1109 m s

-1

v
p
 = 1200 m s

-1

v
p
 = 1294 m s

-1

v
p
 = 1383 m s

-1

v
p
 = 1459 m s

-1

v
p
 = 1545 m s

-1

 
 

Figure 6: LIF excitation spectra of dicarbon seeded in neon carrier gas for different velocities of 

the beam. Temperatures of the best-fit for rotational energy distributions are listed separately for 

the (0,0) and (1,1) bands. 
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Figure 7: Supersonic vibrational (a), rotational (b), and speed ratio (c) dependence on the 

dicarbon beam peak velocity. The dicarbon molecules are seeded in neon (left part) and helium 

(right part) carrier gases. The cooling efficiency is characterized in terms of the population of the 

first vibrationally excited state (a), rotational temperature (b), and speed ratio of the beam (c). 

Black and red curves in (b) represent rotational temperatures of ν = 0 and ν = 1, respectively. 

The smaller squares plot temperature components of a non-equilibrium energy distribution. 



 
 

Figure 8: Schematic geometry of the laser induced fluorescence detection setup of the methyli-

dyne radical as incorporated in the crossed beams machine. 
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Figure 9: LIF spectrum of helium-seeded methylidyne radicals (top) together with the simulati-

on. Parameters of the best fit simulation suggest a rotational temperature of 14 K and relative po-

pulations of ν = 1 level of less than 6 % based on the (1,1), R1(1) peak. Note that we cannot 

distinguish between different spin-orbit states of methylidyne radical (Ω = 1/2 vs. Ω = 3/2) 

because for the observed transitions, the largest spectroscopic splitting (0.11 cm
-1

 for R2(1) 

transition) would be still smaller than the line width of the detection laser of 0.15 cm
-1
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Figure 10: Schematic top view of the surface scattering machine.
100
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Figure 11: Scheme of the laser ablation setup machine: 1) micro-channel plates, 2) reflectron, 3) 

ablation block with a silicon rod, 4) pulsed piezo valve, 5) Wiley-McLaren ion optics, 6) ion 

deflection plates, 7) translation-rotation stage, 8) gear box, 9) step motor. 

 



 
 

Figure 12: a) Resonance features in the photoionization efficiency curves of atomic silicon for 50 

µm, 200 µm, and 600 µm monochromator exit slits; b) the dependence of the full width at half 

maximum (FWHM) of the synchrotron VUV radiation and its resolving power on the monochro-

mator exit slit size. 



 
Figure 13: Laboratory angular distribution and selected time-of-flight (TOF) spectra of the C3N 

radical, which was formed in the reaction of dicarbon with hydrogen cyanide, recorded at m/z = 

50 at a collision energy of 42.4 kJmol
-1

 utilizing a single channel fit with the center-of-mass 

functions as shown in Figure 14. 



 
Figure 14: Center-of-mass angular (top) and translational energy distributions (bottom) of the 

C3N radical plus atomic hydrogen channel open in the reaction of dicarbon with hydrogen 

cyanide; the  collision energy of the experiment was 42.4 kJmol
-1

.  



 
Figure 15: Laboratory angular distribution and selected time-of-flight (TOF) spectra of the C3N 

radical, which was formed in the reaction of dicarbon with hydrogen cyanide, recorded at m/z = 

50 at a collision energy of 42.4 kJmol
-1

 utilizing a two-channel fit with the center-of-mass functi-

ons as shown in Figure 16; red: singlet channel; green: triplet channel. 

 



 
Figure 16: Center-of-mass angular (top) and translational energy distributions (bottom) of the 

C3N radical plus atomic hydrogen channel open in the reaction of dicarbon with hydrogen 

cyanide; the collision energy was 42.4 kJmol
-1

. For this two channel fit, green corresponds to the 

triplet and red to the singlet channel. For comparison, translational energy distribution extracted 

from experiments at 22.4 kJmol
-1 

(dark blue) and of 25.8 kJmol
-1

 (light blue) are shown for 

comparison; at these lower collision energies, only singlet dicarbon reacts. 
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Figure 17: Schematic triplet potential energy surface of the reaction of triplet dicarbon with 

hydrogen cyanide. The singlet surface is taken from reference 29 and shown for comparison. 



 
Figure 18: Time-of-flight spectra recorded at mass-to-charge, m/z, of m/z = 49 (C4H

+
) utilizing a 

two channel fit of the reaction of acetylene with dicarbon leading to the 1,3-butadiynyl radical 

plus atomic hydrogen at four collision energies of 21.6 (upper left), 29.0 (upper right), 39.9 

(lower left), and 47.5 kJmol
-1

 (lower right). Red: singlet channel; blue: triplet channel. 



 
 

Figure 19: Laboratory angular distributions at mass-to-charge, m/z, of m/z = 49 (C4H
+
) utilizing 

a two channel fit of the reaction of acetylene with dicarbon leading to the 1,3-butadiynyl radical 

plus atomic hydrogen at four collision energies of 21.6 (upper left), 29.0 (upper right), 39.9 

(lower left), and 47.5 kJmol
-1

 (lower right). Red: singlet channel; blue: triplet channel. 



 
 

Figure 20: Center-of-mass translational energy distributions utilizing a two channel fit of the 

reaction of acetylene with dicarbon leading to the 1,3-butadiynyl radical plus atomic hydrogen at 

four collision energies of 21.6 (upper left), 29.0 (upper right), 39.9 (lower left), and 47.5 kJmol
-1

 

(lower right). Red: singlet channel; blue: triplet channel. 

 



 
 

Figure 21: Center-of-mass angular distributions utilizing a two channel fit of the reaction of 

acetylene with dicarbon leading to the 1,3-butadiynyl radical plus atomic hydrogen at four 

collision energies of 21.6 (upper left), 29.0 (upper right), 39.9 (lower left), and 47.5 kJmol
-1

 

(lower right). Red: singlet channel; blue: triplet channel. 
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Figure 22: Potential energy surfaces (PES) of the reactions of C2(X

1
Σg

+
) (upper) and C2(a

3
Πu) 

(lower) with acetylene, C2H2(X
1
Σg

+
), adapted from reference 31.  

 



 
 

Figure 23:  Time-of-flight spectra of the C5H2 and C4H4 reaction products as detected via their 

molecular ions at m/z = 62 and 52 in the reaction of the methylidyne radical with diacetylene 

(left) and methylacetylene (right) at the corresponding center-of-mass angles.  



 
Figure 24: Mid-infrared spectra of (a) pristine ethane ice at 50 K, (b) electron irradiated (500 nA, 

3 hr) ethane ice at 50 K, (c) electron irradiated ethane ice heated to 94 K, and (d) electron 

irradiated ethane ice heated to 300 K. Band assignments are compiled in Tables 1 and 2. 



 

 

Figure 25: Ion-count profiles of methane (CH4) and ethane (C2H6) released during the warm-up 

phase after (a) 0 nA (b) 500 nA irradiation of ethane at 50 K. 

 



 
 

Figure 26: Mid-infrared spectra of (a) pristine propane  ice at 65 K, (b) electron irradiated (500 

nA, 3 hr) propane ice at 65 K, (c) electron irradiated propane ice heated to 94 K, and (d) electron 

irradiated propane ice heated to 300 K. Band assignments are compiled in Tables 3 and 4. 



 

Figure 27: Ion-count profiles of propane (C3H8) released during warm-up phase after (a) 0 nA (b) 

500 nA irradiation of propane at 65 K. 
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Figure 28: Mass spectrum at photon energy of 10.5 eV. 
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Figure 29: top: PIE curves for SiC2, Si2Cx, (x = 1 - 6), Si3C, Si3C2, Si4C2. bottom: PIE curves for 

SiC2H, SiC2H2, Si2C2H, Si2C2H2, Si2C4H, Si2C4H2, Si2C6H, and Si2C6H2. 

 



Table 1. Vibrational assignments of pristine ethane ice (C2H6) at 50 K. 

 

Pristine Absorption (cm
-1

) Literature Value
a 
(cm

-1
) Assignment 

2970 2972 ν10 (CH3 stretch) 

2941 2941 ν8+ ν11 (combination) 

2878 2879 ν5 (CH3 stretch) 

2733 2736 ν2+ ν6 (combination) 

1468 - 1450 1464 ν11 (CH3 deform) 

1369 1370 ν6  (CH3 deform) 

825 - 815 820 ν12 (CH3 rock) 
a
 Kim et al. 2010. 

 

 

Table 2. Proposed vibrational assignments for residue formed from irradiated ethane ice (C2H6). 

 

50 K (cm
-1

) 94 K (cm
-1

) 300 K (cm
-1

) Assignment
a
 Literature

a 
(cm

-1
) 

3006 … … ν3 (CH4)
b
 3008

b
 

2971 2958 2960 (asym. CH3 stretch) 2975–2950 

2938 2929 2930 (asym. CH2 stretch) 2940–2915 

2878 2871 2871 (sym. CH3 stretch) 2885–2865 

2736 2724 … combination … 

1642 1642 1640 (C=C stretch) 1665–1630 

1463 1462 1458 

1435 … … 
(CH3 deform) 1465–1440 

1371 1374 1375 (CH3 deform) 1390–1370 

1299 … … ν4 (CH4)
b
 1300

b
 

993 993 … (HC=CH wag) 1000–910 

969 969 970 

949 … … 
(CH3 rock) 1060–900 

911 911 911 

… 891 … 
(=CH2 wag) 980–810 

820 820 … (CH2 rock) 800–700 
a
 Socrates (2001); 

b 
Kim et al. (2010) 

 

 

 

 

 

 

 

 

 



Table 3. Vibrational assignments of pristine propane ice (C3H8) at 65 K. 

 

Pristine Absorption (cm
-1

) Literature Value
a 
(cm

-1
) Assignment 

2964 2962 ν2 (CH3 stretch) 

2935 … ν23 (CH2 stretch) 

2893 2887 ν16 (CH3 stretch) 

2871 2887 ν3 (CH2 stretch) 

2731 2752 ν2+ ν6 (combination) 

1472 - 1461 1475 - 1460 ν4, ν5, ν17, ν24 (CH3 deform) 

1389 - 1368 1382 - 1368 ν6, ν18 (CH3 deform) 

1186 1185 ν25 (CH2 rock) 

1155 1155 ν7 (CH2 rock) 

1049 1050 ν20 (CC stretch) 

868 869 ν8 (CC stretch) 

747 745 ν26 (CH2 rock) 
a 
Goodman et al. (1983) 

 

 

Table 4. Possible vibrational assignments for residue formed from irradiated propane ice (C3H8). 

 

65 K (cm
-1

) 94 K (cm
-1

) 300 K (cm
-1

) Assignment
a
 Literature

a 
(cm

-1
) 

3075 3072 3075 (=CH2 stretch) 3150–3000 

3004 … … ν3 (CH4)
b
 3008

b
 

2957 2957 2959 (asym. CH3 stretch) 2975–2950 

2930 2929 2930  (asym. CH2 stretch) 2940–2915 

2870 2869 2871 (sym. CH3 stretch) 2885–2865 

1645 1645 1635 (C=C stretch) 1665–1630 

1467 1466 1460 (CH3 deform) 1465–1440 

1375 1373 1375 (CH3 deform) 1390–1370 

1299 1299 … ν4 (CH4)
b
 1300

b
 

993 991 … (HC=CH wag) 1000–910 

970 968 967 (CH3 rock) 1060–900 

910 910 910 (=CH2 wag) 980–810 

748 747 … ν26 (C2H6) 745
c
 

a
 Socrates (2001); 

b 
Kim et al. (2010); Goodman et al. (1983) 



Table 5. Mass, chemical species, measured and calculated ionization energies; all energies in eV. 

 

Mass Species IEexp 

 

IEcalc Literature IE 

52 SiC2 9.75(±0.025)  10.2±0.3, 10.321, 

9.69, 9.79, 10.4±0.3 

53 SiC2H 9.1   

 

 

 7.26 (v) 

7.26 (a) 

7.06 

 

 

 8.10 (v) 

6.96 (a) 

 

 

 

 9.54 (v) 

9.02 (a)  

 

 

 

 9.26 (v)  

54 SiC2H2 9.3(±0.05)   

 

 

 9.50 (v) 

9.31 (a) 

8.97(a), 9.83(v), 

9.00(c) 

 

 

 9.14 (v) 

8.72 (a) 

 



 

 

 8.37 (v) 

8.26 (a) 

 

68 Si2C 9.2(±0.025)  9.2±0.3, 9.06-9.33, 

9.626, 9.18, 9.19, 

9.5±0.5 

80 Si2C2 8.95(±0.05)  7.731, 8.2±0.3, 

8.259, 8.24, 8.97, 

8.8±0.5 

81 Si2C2H 8.2(±0.1)   

82 Si2C2H2 9.4   

92 Si2C3 8.7(±0.1)  8.12 

96 Si3C 8.4(±0.1)  8.2±0.3, 7.95-8.3, 

8.679, 7.8, 7.9±0.5 

104 Si2C4 8.45(±0.05)   

105 Si2C4H 8.45(±0.05)   

106 Si2C4H2 8.5(±0.05)   

108 Si3C2 8.5(±0.1)  7.27 

116 Si2C5 <8.0   

128 Si2C6 8.5(±0.1)   

129 Si2C6H -   

130 Si2C6H2 8.5   

136 Si4C2 8.5(±0.1)   
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