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CHAPTER 1. LARGE CARBON MOLECULES IN 

INTERSTELLAR SPACE 

 Introduction. 

The space between the stars is not absolutely empty as most people think. Since the 

beginning of the 20th century the study of physics and chemistry of the interstellar gas has 

played a prominent role in astrophysics. Most of the early work was focused on absorption 

line observations of diffuse interstellar clouds, which do not completely obscure the light 

from bright background stars. The electronic transitions of atoms and molecules can then be 

seen as sharp lines superimposed on the stellar spectra at visible and ultraviolet wavelengths. 

After the development of millimeter telescopes in the early 1970s, most of the interest shifted 

to the dense, dark molecular clouds where a rich chemistry is observed through the rotational 

emission lines of molecules.  

The first interstellar molecules CH, CH+ and CN were identified between 1937 and 

1941. However, evidence of much more complex species appeared 15 years earlier [1] that 

were later identified as interstellar [2]. Since then, more than 200 of such bands were 

discovered [3] which were called Diffuse Interstellar Bands (DIBs) for their broadness 

compared to sharp lines arising from atomic and diatomic species in space. A number of 

molecular carriers were suggested, such as CO2, Na2, O–, C–, H–, CH4
+, but all of them were 

disproved after careful laboratory studies. Numerosity of DIBs suggests that there is more that 

one molecule that is responsible for these absorptions and their broadness is usually attributed 

to the short lifetime of the excited electronic state or to the unresolved rotational structure of 

large molecules.  Very likely DIB carriers are a class of molecules with similar structure, 

chemistry and cosmic abundances and the only prevalent element in space that is known to 

form a great diversity of large molecules is carbon. 

The observation of unidentified, ubiquitous, molecular and solid-state features in 

astronomical spectra and the realization that these features are linked to carbonaceous 

materials have resulted in major scientific progress in the last 10 years. Laboratory and 

theoretical studies stimulated by these astronomical observations have led to a better 

understanding of the various forms of cosmic C such as polycyclic aromatic hydrocarbons 

(PAHs), C-chain molecules, carbon clusters, and carbonaceous solids. Ultimately, these 

astrophysically motivated investigations have led to the detection of novel forms of C and laid 

the foundations for the chemistry of fullerenes. 
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Astronomical observation of molecules helps to determine chemical pathways by which 

they are formed hence giving an insight into an interstellar chemistry. Each new studied and 

detected molecule provides a test for existing theories of interstellar chemistry. Laboratory 

astrophysics provides a realistic simulation of the conditions that exist in a given cosmic 

environment and gives quantitative data that are relevant to the interpretation of space 

observations. 

 Interstellar chemistry. 

The interstellar medium (ISM) consists of gas and dust between the stars, which 

accounts for 20–30% of the mass of our galaxy. Much of this material has been ejected by old 

and dying stars. The ISM contains different environments showing large ranges in 

temperature (10–104 K) and densities (100–108 hydrogen atoms cm–3). It is filled mainly with 

hydrogen gas, about 10% helium atoms and about 0.1% of atoms like C, N and O. Other 

elements are even less abundant. Roughly 1% of the mass is contained in microscopic dust 

grains. Molecular clouds and diffuse clouds occupy only a few percent of the interstellar 

space, though they contain almost 100% of its mass. The clouds are surrounded by warm, 

neutral intercloud gas and hot, ionized coronal gas that together fill most of the space  

(Table 1). 

Table 1. Characteristic parameters of the various regions of interstellar space. 

 Coronal 

gas 

Radiatively 

ionized 

regions 

Intercloud 

gas 

Diffuse 

clouds 

Molecular 

clouds 

Temperature (K) 106 104 103-104 102 10 

Density (cm–3) < 10–2 102 1 102 104 

Identifiers O VI H, 656nm 21 cm 21 cm CO, J=1-0 

Fractional 

ionization 

1 1 0.1 10–3 10–7 

Filling factor ∼50% <1% ∼50% 3% <1% 

Mass fraction    ∼50% ∼50% 

 

Carbon is a major player in the evolutionary scheme of the universe because of its 

abundance and its ability to form complex species. It is also a key element in the evolution of 

prebiotic molecules. Carbon plays an important role in the physical evolution of the ISM 
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because it is the main supplier of free electrons in diffuse IS clouds, thus contributing to the 

heating of IS gas. Carbon has an ionization potential (EI = 11.3 eV) below the Lyman edge, 

so C is almost completely ionized in space, with the exception of C in dense clouds. Currently 

the interstellar carbon abundance in considered to be 225±50 ppm (atoms per 106 H atoms) 

[4], therewith the amount of carbon is gas phase is estimated to be 140±20 ppm [5]. 

Table 2. The 129 reported interstellar and circumstellar molecules. [6] 

Diatomic Triatomic
Four 

Atoms 

Five 

Atoms  

Six 

Atoms 

Seven 

Atoms 
Eight Atoms Nine Atoms Ten Atoms 

H2 C3 c-C3H  C5 C5H  C6H  CH3C3N  CH3C4H  CH3C5N?  

AlF  C2H l-C3H  C4H l-H2C4 CH2CHCN HCOOCH3 CH3CH2CN  (CH3)2CO  

AlCl  C2O C3N  C4Si C2H4  CH3C2H  CH3COOH? (CH3)2O  NH2CH2COOH? 

C2 C2S C3O  l-C3H2 CH3CN HC5N  C7H  CH3CH2OH  CH3CH2CHO 

CH  CH2 C3S  c-C3H2 CH3NC  HCOCH3  H2C6 HC7N   

CH+  HCN C2H2 CH2CN CH3OH NH2CH3   CH2OHCHOC8H   

CN HCO CH2D+? CH4 CH3SH   c-C2H4O  CH2CHCHO   

CO HCO+ HCCN  HC3N HC3NH+ CH2CHOH    

CO+ HCS+ HCNH+  HC2NC HC2CHO     

CP  HOC+ HNCO HCOOHNH2CHO     

CsI  H2O HNCS  H2CHN C5N      

HCl  H2S HOCO+  H2C2O HC4N     

KCl  HNC H2CO H2NCN      

NH HNO H2CN  HNC3      

NO  MgCN H2CS SiH4      

NS  MgNC H3O+ H2COH+     

NaCl  N2H+ NH3       

OH N2O SiC3       

PN  NaCN C4        

SO OCS        

SO+  SO2        

SiN  c-SiC2        

SiO  CO2        

SiS  NH2        

CS H3
+     

Eleven 

Atoms 

Twelve 

Atoms 
Thirteen Atoms 

HF  SiCN     HC9N  CH3OC2H5 HC11N 

SH  AlNC        

FeO(?) SiNC        
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Molecules that are found in the interstellar space vary from simple diatomic to complex 

polyatomic chains that are very exotic in the terrestrial environment (Table 2). Certain 

molecules are easier to detect than others. For example, energy levels structure of linear 

carbon chain molecules is simple enough and for a given energy there are not many ways for 

it to be distributed, thus individual spectral lines can be quite strong. The energy levels 

structure of nonlinear molecules is very complicated and do produce the signal of similar 

strength the molecule would have to be several orders of magnitude more abundant than the 

linear one. 

There is a variety of processes that can lead to the formation of molecules in 

the interstellar medium. These are mainly ion-neutral reactions because they are about 

a hundred times faster than neutral-neutral reactions. The latter can also have an activation 

barrier that would block the reaction pathway at low temperatures. Substantial chemical 

differences can be observed between molecular clouds that might be due to different physical 

conditions. Therefore using appropriate models one can try to derive from molecular 

composition the physical parameters of the clouds such as temperature, gas density, and 

radiation intensity. 

Despite the long history of gas-phase chemical modeling (see [7], [8] and references 

therein) and the large amount of observational work, some long-standing enigmas and a few 

recent failures push for a re-visitation of commonly accepted schemes and hint that diffuse 

clouds are much more complex than usually assumed. Among these enigmas, observations 

show that complex molecules may achieve dark clouds abundances in the diffuse ISM [9]. 

The interpretation of such a phenomenon is still lacking a robust observational scenario and it 

is doubtful whether present theoretical models may be reconciled with observed column 

densities. 

 Diffuse clouds 

The intensity of interstellar UV in diffuse clouds is so high that it can easily dissociate 

most molecules so that a substantial fraction of matter in diffuse clouds remains in the atomic 

form. Thus, the major species are H atoms and H2 molecules. The first chemical model of 

diffuse clouds was proposed by Black and Dalgarno [10] in 1977 and was later refined by 

van Dishoeck [7].  

The main gas phase reaction paths are now well established. Protons created by cosmic 

ray ionization can undergo an accidental resonance charge exchange with oxygen atoms, 

creating O+ which is able to react efficiently with H2: 
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H + c.r. → H+ + e– + c.r. 

H+ + O → H + O+ 

and O+ reacts further  

O+ ⎯→⎯ 2H  OH+ ⎯→⎯ 2H  H2O+ ⎯→⎯ 2H  H3O+ 

 ↓e–  ↓e–  ↓e– 

 O  OH  OH,H2O 

 

This is a fairly standard behavior: ion-molecule reactions will go until no further 

reactions are possible and then recombination with electrons gives neutral products. 

The chemical network describing the formation of simple C molecules in diffuse clouds, 

where C is mostly ionized, begins with the radiative association reaction of C+ with H2. 

The resulting CH2
+ reacts with H2 to form CH3

+, which produces CH and CH2 through 

dissociative recombination with electrons. 

 CHCHC e
2

H2 ⎯→⎯⎯→⎯
−++  

The reaction of these neutral molecules with C+ leads to the formation and build-up of 

polyatomic hydrocarbons. This reactional scheme is limited, however, by the photo-

dissociation of the neutral molecules at short and moderate depths and by the lockup of C in 

the stable CO molecule at greater depths in the cloud.  

C + OH → CO + H 

N + CH → CN + H 

 Dense clouds 

Cold, dark molecular clouds were discovered originally as dark patches on the sky but 

have subsequently been traced in molecular line emission. These clouds are particularly rich 

in molecules and often contain many of those listed in Table 2. Cold gas chemistry can 

efficiently form simple species such as CO, N2, O2, C2H2, C4H2, HCN and simple carbon 

chains [11]. Although UV radiation cannot reach the inside of the cloud, cosmic rays can 

penetrate deeply and ionize H2 molecules. The energetic electrons from these molecules can 

in turn electronically excite other H2 molecules making them to emit UV photons. 

Studies in the infrared and radio regions show that many dark clouds are regions of low-

mass star formation. The chemistry in dark clouds is somewhat similar to the chemistry in 

diffuse clouds, but the ultraviolet radiation intensity and the rates of photodissociation are 

greatly reduced. The higher densities lead to faster formation than in diffuse regions and 
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slower rates mean that abundances of molecules tend to be higher in dark clouds that in 

diffuse clouds. Cosmic rays will be driving the gas phase chemistry through the ion H3
+ that 

arises directly from the ionization of H2: 
++ ⎯→⎯⎯→⎯ 3

H
2

c.r.
2 HHH 2  

and H3
+ is a proton donor which initiates many sequences of reactions, for example: 

       OH 
O ⎯→⎯

+
3H  OH+ ⎯→⎯ 2H  H2O+ ⎯→⎯ 2H  H3O+ ⎯→⎯

−e  ⎨ 

       H2O 

 

In dense clouds shielded from UV radiation, C is mostly neutral and the C chemistry 

starts with the reaction of C with H3
+ and the formation of CH3

+ by the formation of CH+ and 

CH2
+. Complex hydrocarbons (such as CH2CO, CH3CN, and CnHm) are subsequently 

produced through C insertion reactions, condensation reactions, and radiative association 

reactions. 

 Sulfur-bearing molecules 

The chemistry leading to the formation of the sulfur-bearing molecules in the interstellar 

space probably begins with S or S+ ions as sulfur has low ionization energy. Reactions of 

these two species with H2 are endothermic and will not occur in cold molecular gas at a 

significant rate. A possible route to H2S is the following; 

S ⎯→⎯
+
3H HS+ ⎯→⎯

−e HS ⎯→⎯
+
3H H2S+ ⎯→⎯

−e H2S; 

There are several interstellar molecules with C–S bonds (Table 2). As S+ does not react 

with H2, it is available to react with lesser abundant species, including hydrocarbons. 

S+ + CH4 → H3CS+ + H. 

By dissociative recombination the product ion H3CS+ can form H2CS and CS. 

The reaction 

S+ + C2H2 → HC2S+ + H 

could be the first stage of the formation of C2S. Similarly, the reaction of S+ with 

CH3CCH could result in C3S. 
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 Large carbon molecules 

It has been shown [12] that polyacetylenic carbon chains and PAHs are a major 

products of the acetylene polymerization at high temperatures (1500-3000 K). Such processes 

are common in hydrocarbon flames and combustion, eventually leading to the formation of 

soot. Once the intermediates of these processes are established and characterized 

spectroscopically, it is possible to study these hostile environments remotely and revise the 

network of chemical processes that take place there. The same approach applies to the 

interstellar chemistry. Although no optical/UV features have been attributed yet to the spectra 

of large carbon molecules, the microwave spectra of molecular clouds confirm the presence of 

polyacetylenic chains of up to 13 atoms [13] and the observed mid-infrared features in the 

diffuse ISM are very characteristic of aromatic species. 

The first large carbon chain molecules that were detected in molecular clouds were 

cyanopolyynes HC2n+1N for n=2..5 [13-16]. The detection of such exotic and unexpected 

species has raised a number of questions. It seems reasonable that in the medium that consists 

mainly of hydrogen with only minor amounts of carbon and nitrogen highly saturated 

molecules would be readily produced. Nevertheless, searches for hydrogen-containing carbon 

chains in the interstellar space have shown that as a chain with a given number of carbon 

atoms adds more H the relative abundance drops rapidly and the numerous hydrocarbon 

derivatives are essentially absent [17]. There could be an unidentified chemical pathway that 

preferentially leads to the formation of long chains but it is also likely that these species are 

formed in a completely different scenario. In denser shells of C-stars carbon atoms can form 

dust particles and it is likely that the carbon chains are some form of intermediates or 

breakdown products. Since the interstellar dust is also assumed to be covered with amorphous 

carbon [18] and it  was shown [19] that amorphous carbon can be considered as a collection 

of loosely bound molecular clusters, one can expect carbon chain molecules to appear in 

diffuse clouds as well [20] leaving grain surface through heat-up by collisions with other 

grains of with cosmic rays. Although the exact pathway is not known, it is clear that some 

processes must occur that limit the carbon mantle grown and return the carbon to the gas 

phase. 

Large molecules such as polycyclic aromatic hydrocarbons PAHs can affect the 

chemistry of both diffuse and dense clouds through charge-transfer and neutralization 

reactions [21] 
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PAH + X+ → PAH+ + X 

PAH– + X+ → PAH + X 

Of specifical importance for the PAH production is the formation of the first aromatic 

ring which is benzene. This molecule and its radicals are formed by the spontaneous closure 

of a highly flexible C6Hm chain molecule. The type of chains is restricted by flexibility and 

state of saturation. 

Flexibility: since polyacetylenes are rather stiff molecules, the activation energies for 

closure of such structures are too high. The chain molecule has to contain more than two 

hydrogen atoms to dispose of at least one sp2 hybridized carbon atom. 

Saturation: at low pressures less saturated hydrocarbons are preferred. 

One of the possible mechanisms of the PAH formation is shown on Figure 1. 

 

Figure 1. The dominant reaction pathway for the formation of polycyclic aromatic hydrocarbons in 

curcumstellar envelopes[22] 

The laboratory experiments and calculations [23] suggest that unimolecular ring closure 

is more effective than a Diels-Alder addition reaction towards benzene and the ultimate 

intermediate is HC≡C–C≡C–CH=CH2. Astronomical detection of such nonlinear chains could 

be a way to vizualize the regions of PAH formation. Up to now, very little is known about the 

electronic structure of such nonlinear carbon chains and their spectroscopic properties. In this 

work, the first electronic spectra of cations C2nH4
+ (n=2-4) are presented and molecular 

geometries are determined from the rotational structure. 
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CHAPTER 2. ROTATIONAL SPECTROSCOPY OF 

POLYATOMIC MOLECULES 
 

High resolution spectroscopy is one of the most reliable methods to determine 

molecular structure. The main problem is that molecules have not more than three moments of 

inertia which is usually not enough to determine the large number of bond angles and lengths. 

When possible, isotopically substituted molecules can be studied, assuming that molecular 

geometry does not change. Nevertheless, even a set of three rotational constants can be a 

sufficient to discriminate between different proposed geometries of observed molecule. 

In general, a molecule can rotate about three geometric axes and can have three 

different moments of inertia relative to these axes. The moment of inertia about an axis is 

defined as 

∑=
i

ii rmI 2  

where ri is a distance from the atom to the axis. The axes are chosen in such a way that 

the tensor of moment of inertia is diagonal. The three moments of inertia, Ix, Iy and Iz 

determine the layout of the rotational levels of molecule. The internal molecular axes are 

labeled as A, B, C so that IA≤IB≤IC. It is conventional to classify molecules into the following 

categories: 

 

linear molecules IA = 0, IB = IC,  

spherical tops, IA=IB=IC, 

prolate symmetric tops, IA<IB=IC, 

oblate symmetric tops, IA=IB<IC,  

asymmetric tops, IA<IB<IC. 

 Linear molecules 

The rotational energy levels of rigid linear molecule are given by  

)1(rot += JBJE  

where J is the rotational quantum number and B is the rotational constant defined as 

BI
hB 2

2

8π
=  
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A real molecule is not a rigid rotor because the bond between atoms A and B can stretch 

at the same time as the molecule rotates. As rotation increases, the centrifugal force stretches 

the bond, increasing r and decreasing the effective B value. The bond length also depends, in 

an average sense, on the vibrational state v. The non-rigid rotor energy level equation for 

vibrational state v is 

Fv(J) = BvJ(J + 1) – Dv[J(J + 1)]2
 + … 

where Dv and higher order terms are centrifugal distortion constants. The influence of a 

vibrational excitation is given as 

( )2
1+−= ∑ i

i
iev vBB α  

neglecting higher order terms, where Be is the rotational constant of equilibrium 

geometry and αi – constants of rotation-vibration interaction. 

The selection rules for rovibronic transitions (i.e. transitions that involve electronic 

excitation of molecule) are ΔJ = 0, –1, +1, giving rise to the Q-, P- and R-branches of the 

rotational structure, respectively. 

 Symmetric tops 

A symmetric top rotor has the same moment of inertia about two principal axes. The 

three moments of inertia about these three principal axes are labeled Ia, Ib and Ic, with the 

convention that Ic ≥ Ib ≥ Ia. A symmetric top can have the two larger moments of inertia equal 

(Ic = Ib > Ia), which is called a prolate rotor, or it can have the two smallest moments of inertia 

equal (Ic > Ib =Ia), which is called an oblate rotor. If a molecule has a symmetry axis of three- 

or more fold symmetry, it is always a symmetric top. Molecules of lower symmetry can be 

near-symmetric tops, having two rotational constants of close values and with a lack of 

spectral resolution they can behave like symmetric tops. Similar to linear molecules, 

a symmetric top has one of the principal axes along the molecular symmetry axis. In a prolate 

symmetric top, the a-axis lies along the symmetry and in an oblate symmetric top it is the c-

axis. The rotational energy levels for the ground vibrational state of a rigid prolate symmetric 

top are represented as 

EJ,K = B J (J + 1) + (A – B)K2, 

where K is the projection of the total angular momentum, on the symmetry axis. For 

an oblate symmetric top, 

EJ,K = B J (J + 1) + (C – B)K2, 
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The value of K must not be greater J then as it represents the component of J. Since the 

energy does not depend on the sign of K, all states with the exception of K = 0 are doubly 

degenerate, corresponding to opposite directions of rotation around the symmetry axis. Figure 

2 shows the energy level diagram for symmetric top molecules. Every K ladder has 

the structure rotational levels same as linear molecule but offset by (A – B)K2 in energy. 
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Figure 2. Energy levels of symmetric top. 

The spectra of linear and symmetric tops can generally be classified as parallel and 

perpendicular depending upon the direction of the electronic transition dipole moments. 

Parallel transitions occur when a transition moment is aligned along the symmetry axis of 

the molecule within a given K ladder  

ΔK = 0 and ΔJ = ±1 for K = 0, 

ΔK = 0 and ΔJ = 0 ±1 for K ≠ 0. 

In the rigid rotator approximation transitions in each ladder will overlap each other and 

the resulting spectral lines will match those of linear molecule with the rotational constant B. 

If a transition dipole moment is perpendicular to the symmetry axis, its interaction with 

the electromagnetic provides torque around this axis, leading to  

ΔK = ±1 and ΔJ = 0, ±1. 

The spacing between two adjacent ladders, K and K + 1, is (A – B)(2K + 1) that gives 

rise to a series of rotational progressions spaced by 2(A – B), so called K-structure. 

The scheme of allowed transitions for the prolate top is shown on Figure 3. 
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Figure 3. A scheme of allowed transitions for prolate rotor. R-, Q- and P-branch transitions are marked 

with different colors. 

 Asymmetric tops 

The majority of polyatomic molecules fall in the asymmetric-top category. When the 

three principal moments of inertia of a molecule differ, the molecule is classified as 

an asymmetric top. The energy level formulation for a rigid asymmetric top is considerably 

more complex than that for symmetric-tops or linear molecules. With the exception of low 

rotational levels, the rotational energy and transitions cannot be conveniently expressed in 

simple algebraic terms. Nonetheless, it is quite often that the moments of inertia about two 

axes are close in value and can be assumed to be a symmetric top rotor to a first order, with its 

levels split to remove the remaining degeneracy. Each level of the rotational quantum number 

J of an asymmetric rotor are split into 2J + 1 levels which are specified by the quantum 

numbers Ka and Kc. The value Ka represents the projection of the angular momentum on the 

symmetry axis if the molecule was a prolate symmetric top rotor and the value Kc corresponds 

to the limiting case for an oblate symmetric-top. In this way, the levels of an asymmetric rotor 

are labeled as JKaKc. 

Ray's asymmetry parameter, κ, is often used to characterize the degree of asymmetry:  

CA
CAB

−
−−

=
2κ  
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When A ≈ B, κ approaches +1 for the oblate case and when B ≈ C, κ approaches –1 for 

the prolate case. 

For asymmetric tops the rotational transitions can be classified as a-type, b-type and 

c-type depending upon the orientation of the electronic transition dipole moment to one of the 

rotational axes. For an asymmetric rotor the selection rules for a-type transitions are: 

ΔJ = 0, ±1; ΔKa = 0, ±2, …; ΔKc = ±1, ±3, …; 

for b-type transitions:  

ΔJ = 0, ±1; ΔKa = ±1, ±3, …; ΔKc = ±1, ±3, …; 

for c-type transitions:  

ΔJ = 0, ±1; ΔKa = ±1, ±3, …; ΔKc = 0, ±2, …; 

 

The situation can get even worse as electronic transitions are not always polarized 

neatly along the inertial axes. This can lead to hybrid band structures. 
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CHAPTER 3. HISTORY AND PRINCIPLES OF MASS-

SPECTROMETRY 
 

Mass spectrometry makes use of forces that affect charged species placed in electric 

and/or magnetic field to separate these species. The motion of charged particles is described 

by the second Newton Law and the Lorentz Law: 
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Here F is the force acting on a particle, m is its mass, a – acceleration, z – charge of the 

particle, E – electric field, v × B – vector product of the particle’s velocity and the applied 

magnetic field. The scalar values are given in italic and vectors – in bold. It can be noticed 

that separation of particles will depend on their mass to charge ratio (m/z). 

The pioneer of mass-spectrometry is Sir Joseph John Thomson. He has shown that 

cathode rays produced by Crooke’s tube exhibit a single m/z and must be composed of 

a single type of negatively charged particle. Comparing this to the charge of ions that was 

known from experiments on electrolysis, he concluded that the mass of this particle should be 

1800 times smaller then the mass of the hydrogen ion. The particle was called electron and 

J.J. Thompson was awarded a Nobel Prize in 1906 for this discovery. Applying the same 

technique for studying anode rays he observed many kinds of particles [24]  

 

 

Figure 4. Photographs made by the positive rays after they have suffered electric and magnetic deflections 

[24]. 

 



23 

 

Now, when the possibility of ions separation was shown, the research efforts were 

aimed at the creation of a compact mass analyzer with high selectivity suitable for the 

laboratory use. The first mass spectrometers were built analogous to optical spectrometers 

known at that time. They incorporated magnetic sector as a monochromator with the magnetic 

field oriented perpendicularly to the direction of the ionic flux [25]. Ions with different m/z 

ratios move in this field in arcs of different radii. The second electric sector was used to 

discriminate the kinetic energy of moving ions. Mass-spectrometers of this kind are still in use 

because they achieve the highest mass resolution amongst different types of mass 

spectrometers and because they provide highly reproducible results allowing quantitative 

analysis. However, high cost of these machines and their bulk stimulated search for new 

schemes of mass-selection. In 1950s Wiley and McLaren developed time-of-flight (TOF) 

mass spectrometer that separates ions not in space but in their travel time from accelerating 

electrodes to detector [26]. Ions accelerating in the electric field will have the kinetic energy 

 
2

2mvVzT =⋅= , 

where V is the potential between accelerating electrodes. The resulting speed of ions will 

again depend on the m/z ratio. Assuming that all ions start from the same point and at the 

same time, the flight time for the analyzer of length L will be represented by the following 

expression  
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Mass scan is achieved by observing the time dependence of the signal coming from the 

ions detector. This makes TOF mass spectrometers to be the fastest mass analyzers available 

with the highest mass range. TOF mass spectrometers are best suited for pulsed ion sources- 

However the mass scale is relative and depends on experimental parameters and the 

spectrometer has to be calibrated every time using some known reference peaks. The mass 

resolution of TOF mass spectrometers m/Δm normally does not exceed 300-400 and their 

demand to high vacuum in the TOF tube (around 10–7 mbar) complicates using such 

spectrometers for monitoring plasma of slit nozzles that are running at the pressure around 

0.1 mbar. 

Next step of the progress in mass spectrometry was made by Wolfgang Paul who 

discovered in 1950s that electromagnetic field of quadrupole can be used to focus ions [27]. 
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Constant electric field would focus ions in one plane and defocus in another, but alternating 

field can focus ions in both planes. 

Quadrupole mass filter consists of four equally spaced high-precision cylindrical rods 

placed parallel to each other. Opposite rods of the filter are connected and form positive and 

negative pairs that are subject to constant and alternate potential (Figure 5). 
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Figure 5. The scheme of the quadrupole mass filter.  

The motion of ions in quadrupole field is described as a solution of a system of linear 

second order differential equations. Such equations were studied for the first time in 1868 by 

Mathieu [28] and are named after him. When applied to the motion of ions, these equations 

can be written in the following form: 
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Mathieu equations have two types of solutions: 

Stable motion: ions oscillate in the xy-plane with finite amplitude and pass quadrupole 

along z-axis without hitting the rods. 
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Instable motion: the amplitude of oscillation increases exponentially in x, y or both 

directions and eventually ion hits a rod. 

The type of the solution depends only on parameters a and q and does not depend on the 

initial parameters of the ionic motion such as the speed of ion. Thus, in the a-q space there are 

stability and instability regions. The region of interest is the intersection of x- and y-stability 

regions shown on Figure 6 [28].  
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Figure 6. The stability diagram of the solutions of Mathieu equations. 

 

For specified values of r0, ω, U and V all ions with the same m/z ratio correspond to the 

same point on the stability diagram. As the ratio 
V
U

q
a 2
=  does not depend on m, all points 

corresponding to different ion masses will be situated on the working line a/q=const. Points 

lying on the q-axis (а=0, i.e. U=0) will be stable for 0<q<qmax=0.92 which means that all ions 

with masses in the range of ∞>m>mmin will have stable trajectories. In this case quadrupole 

will serve as an ion guide focusing all heavy enough ions. 

The range of transmitted ion masses Δm becomes narrower with the increase of the 

voltage U, i.e. with the increase of the slope of the working line, and reaches its zero value 

when the line crosses the top of the stability region. In this case ion transmission is 

determined only by fluctuations of the electromagnetic field. Changing the vales of U and V 

simultaneously and proportionally keeping the a/q ratio constant will bring ions of different 

masses inside the stability region making quadrupole work as a mass-spectrometer.  
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Because of their versatility and simplicity, quadrupole mass-filters became common in 

very different research fields, from organic and biochemistry to the molecular physics, being 

used as mass-spectrometers or as ion guides.  
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CHAPTER 4. EXPERIMENTAL SETUP 
 

Ions and radicals, studied in this work, were produced in a pulsed discharge slit nozzle 

using acetylene diluted in helium or argon. The plasma source was mounted on a translation 

stage so that the distance from the nozzle opening to the probe laser beam could be varied in 

the range of 0–16 mm. The nozzle was placed in the stainless steel crosspiece evacuated by 

Roots pump system with total pumping capacity of 2775 m3/h that maintained the background 

pressure of 10–2 mbar. During the experiment the pressure in the chamber is kept at a chosen 

value (normally, 0.060 – 0.200 mbar) by automatical adjustment of the valve opening time. It 

has been found [29] that this procedure significantly increases the stability of the production 

of transient species. Mirrors for CRD experiment were mounted to the chamber with flexible 

bellows tube that allowed fine adjustment of each mirror in order to create stable optical 

resonator. The plano-concave mirrors used in the experiment were produced by Research 

Electro-Optics Inc. and had a reflecting surface of 5 mm radius, 1000 mm curvature radius 

and a reflectivity of 99.98 to 99.998 %. Installed at a distance of 52 cm from each other they 

form a stable optical resonator with a spacing of longitudal modes of about 0.008 cm–1 so that 

for a laser with a bandwidth of 0.05 cm–1 a multimodal cavity excitation is always allowed, 

reducing interference effects in cavity to the minimum. A small helium flow near the surface 

of mirrors protests them from being contaminated by plasma products. The vacuum in the 

chamber is ensured by sealed 1″ quartz windows. 

Absorption spectroscopy of atoms and molecules in the gas phase is a powerful tool of 

analytic and physical chemistry that allows one to determine absolute concentrations and 

record absorption spectra of diverse species. The ability to measure absolute concentration is 

the reason why absorption spectroscopy is still used although such elaborated methods as 

resonance enhanced multiphoton ionization (REMPI) and laser-induced fluorescence (LIF) 

are available. Amongst absolute methods a cavity ringdown spectroscopy (CRDS) is of 

special importance as it combines good sensitivity and relatively simple experimental setup. 

Regular absorption spectroscopy measures the amount of light that is transmitted 

through the sample. The drawback of the method is the limited sensitivity as a small variation 

of optical density has to be measured on top of a big amount of light passing through the 

sample. The sensitivity can be increased by extending the absorption path or by frequency 

modulation schemes. The CRDS is based on measuring not the magnitude but rather the speed 
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of light decay. The sample is placed inside an optical resonator that consists of two highly 

reflective mirrors so that the light that enters the resonator reflects back and forth (Figure 7). 

Figure 7. The principle of cavity ringdown spectroscopy. 

Every time the light is reflected from a second mirror, the small part of it escapes the 

resonator and goes to the detector. The stronger sample absorbs the faster light decays. 

Depending on the reflectivity, the effective path length can up to several kilometers. The first 

CRDS measurement was reported in 1988 by O’Keefe and Deacon [30] who showed that 

using a pulsed laser one can avoid interference effects in the resonator. They demonstrated the 

sensitivity of the method by recording the spectrum of the doubly forbidden 

)0()2,1( 31 =Σ←=Σ −+ νν gg Xb  electronic transition of oxygen. 

The advantage of CRDS compared to other highly sensitive methods of optical 

spectroscopy is the absolute scale of the detected signal. This allows quantitative 

measurements without calibration. 

Probe laser beam was shot at 60 Hz frequency whereas the gas valve was running at 

30 Hz so for every plasma pulse the background absorption could be subtracted. A tunable 

dye laser that was used in the experiment is a SCANmate 2E by Lambda Physik with a 

tunable range of 340..900 nm. For high-quality scans the laser bandwidth of 0.15 cm–1 can be 

reduced to 0.05 cm–1 by installing additional intracavity etalon. The dye laser was pumped by 

an excimer laser (COMPex 110 by Lambda Physik) with a wavelength of 308 nm (Xe+HCl 

mixture in neon) that generated 10 ns laser pulses with a typical power of 120 mJ.  

Laser beam was spatially filtered by 1:1 telescope system with a 100 μm pinhole placed 

at the focal point and guided to the optical resonator. The light that leaked out of the cavity 

supermirror (R=99.9%)

( )Rc
d
−

=
1

τ

( )nlRc
d

ε1
τ

+−
=

Light decay in empty cavity.

Light decay with additional
absorption present.

In
te

n s
ity

in
t e

ns
ity



29 

was detected by a fast photodiode (Hamamatsu S1336-44BQ, spectral response range 190 to 

1100 nm, response time 0.5 μs). Narrow-band optical filter was placed in front of photodiode 

to block most of the background light and the light generated by the discharge. After 

amplification, the signal was digitized and fitted to the exponential decay curve by standard 

routine. Typical decay times ranged from 7 to 50 μs and depended mainly on the quality of 

available mirrors. A decay time of 50 μs corresponds to the effective path length of 

860 meters through a plasma jet. Spectra were calibrated using the Burleigh pulsed 

wavemeter WA-4500 with working range of 400 to 1100 nm and wavelength determination 

accuracy of 0.02 cm–1. The determined wavelength value was transmitted to the computer via 

RS-232 protocol and recorded as a separate data channel. 
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Figure 8. The organization of the experimental setup. 
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Transient species were produced in plasma that was generated by letting an electrical 

discharge through the specially prepared gas mixture (normally a dilution of 0.5%–1% of 

acetylene in helium or argon). The flow of the gas with a stagnation pressure of 10 bar was 

operated by a solenoid valve (Series 9 valve made by Parker Hannifin Corporation) that 

formed 1 ms gas pulses at 30 Hz frequency. The expansion nozzle had multilayer geometry: it 

was formed by slotted ceramic insulators separating the electrodes as shown on Figure 9.  The 

negative voltage of –250..–1000 V was applied to outer electrodes whereas the inner electrode 

was grounded. It was shown [31] that a negative potential of outer electrodes to the inner plate 

is important because of the significant mobility difference of positive and negative charge 

carriers (molecular ions and electrons) in plasma. The discharge pulse of 250 μs was 

synchronized with the maximum opening of the gas valve to produce stable conditions for 

recording the whole laser ringdown event. The current on the electrodes was monitored by 

measuring the voltage dropdown on load resistors.  The advantage of this scheme is that the 

discharge is confined in the region prior to the nozzle opening and it will not interfere the 

molecular cooling in the supersonic expansion. The laser followed the beginning of the 

discharge so that the total ringdown event was recorded during a single plasma pulse. The 

measured rotational temperature of produced species was in the range of 25 to 40 K.  

high
voltage

 

Figure 9. The slit nozzle consists of two blade electrodes, one slotted electrode and aluminum body, 

separated by slotted ceramic plates. 

Described detection scheme does not allow studying molecules selectively. Instead, all 

species produced in the plasma are observed simultaneously and one has to prove if observed 

spectral feature belongs to the molecule of interest. In order to facilitate this task the setup 

was augmented with a mass spectrometer that would sample the plasma downstream to the 

optical probing region.  The spectrometer of choice was Inficon PPM400 by Balzers AG, a 

quadrupole mass spectrometer specially designed for monitoring the plasma. The main 

difference compared to standard quadrupole mass spectrometer is a kinetic energy filter for 
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ions entering the quadrupole. Three electrostatic lenses are used as ion transfer optics as well 

as energy filter (Figure 10). A divergent ion beam arriving at the first lens is defocused around 

the beam stop and then focused again into the mass filter. In this way, a bandpass for the ion 

energy is established. All electrostatic potentials can be biased to adjust the mass spectrometer 

to ions of particular energy. 

skimmer

L1 L2 L3

beam stop

quadrupole
deflector

to detector 

Figure 10. The mass spectrometer, adapted to sample discharge plasma. The kinetic energy filter consists 

of three electrostatic lenses (L1, L2, L3) and a beam stop that block ions with energy above a threshold. 

The teflon cap with the skimmer protects mass spectrometer from electromagnetic interference. 

Some additional modifications were made to improve the sensitivity of the mass 

spectrometer by reducing the electromagnetic noise on the detector arising from the discharge. 

The extraction hood of the spectrometer (that has an entry orifice of 100 μm) was covered 

with a teflon cap that has an aerodynamic skimmer on top of it. With this small adaptation the 

electromagnetic noise from the discharge has been reduced virtually to zero allowing clean 

scans to be recorded up to the ion masses of 200 a.m.u. A small positive potential 

(+10 to +30V) was applied to the skimmer to get the maximum current of ions. Ions were 

detected by a conversion dynode that was run in the single ion counting mode. Typical 

detected amounts of ions were 10 to 104 ions per ms.  

For the discharge length of 250 μs running at 30 Hz the ions are produced only during 

250⋅10–6 s × 30 Hz = 7.5⋅10–3 = 0.75% of the time. The PPM400 mass spectrometer and its 

bundled software, designed for continuous ions detection, do not support gated ion detection 

so a special counting scheme was built. The ion count signal from the secondary electron 

multiplier with conversion dynode was converted to the TTL pulse form and then registered 

by a National Instruments PCI-6602 eight-channel counter board. One channel was used to 

form a gate pulse that was triggered by the discharge trigger. This gate pulse was used to open 

the second, counting channel for a time interval when ions are expected to arrive to the 

detector. For the nitrogen plasma it was determined that first +
2N  ions arrive to the detector 

50 μs after the discharge is ignited and expire 100 μs after the end of the discharge (the time 
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period when the ion current exceeds 20% of its peak signal). A program was written in 

LabView™ 5.1 that controlled the quadrupole mass spectrometer via RS-232 interface [32], 

operated the PCI-6602 counter using the driver provided by National Instruments, displayed 

recorded mass spectra and stored them to hard disk (see the Appendix B for the program 

transcript). The time sequence of running experiment is shown on Figure 11.  

trigger

discharge

ion production

gate for the
ion detection

gas

laser

 

Figure 11. The time sequence of the experiment. Trigger sequence runs at 60 Hz, every second ringdown 

event is used for subtraction of background absorption. 
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CHAPTER 5. SAMPLING DISCHARGE PLASMA WITH 

QUADRUPOLE MASS SPECTROMETER 

 Introduction 

Methods that combine an electrical discharge and a supersonic expansion are commonly 

used for producing different kinds of transient species [31, 33]. Particularly, it was shown [34] 

that linear carbon chains could be produced in a slit nozzle through an electrical discharge of 

a precursor gas. Although there exist some models of the chemistry that takes place inside 

such plasmas [35], it is nearly impossible to take into account all factors that influence the 

plasma conditions. Hence, the characterization of the chemical compound of plasma can only 

come through the experimental observations. This can be either an indirect spectroscopic 

measurement or a direct sampling the plasma with mass spectrometer.  

The two most common techniques to measure ions are quadrupole and time-of-flight 

(TOF) mass spectrometry. Intrinsic pulsed character of TOF instrument makes it more 

appropriate for monitoring the discrete ion flow from the pulsed plasma source. However, for 

slit nozzles with profuse gas flux it is impossible to achieve required high vacuum conditions 

without installing differential pumping system. On the contrary, quadrupole mass 

spectrometer of decent resolution is inexpensive and compact and it can be built into the 

existing experimental setup without its substantial modification. 

Because of the continuous character of the quadrupole mass spectrometer one has to 

modify the detection scheme and use the gated integration of the signal. 

 Results and discussion 

The mixture of acetylene in helium is a commonly used precursor for producing carbon-

containing radicals and ions. The mass spectrum of its plasma produced in the pulsed 

discharge nozzle has been obtained recently [36] using TOF mass spectrometer so it would be 

particularly interesting to compare obtained mass spectra and to justify the applicability of the 

constructed setup to monitor pulsed plasma sources. Figure 12 presents the mass spectrum of 

the acetylene mixture in helium recorded in steps of 0.1 mass unit with the accumulation of 

the ion current during 1000 ms for each data point. 
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Figure 12. The mass spectrum of 0.5% C2H2 in helium discharge. Peaks at masses 58 and 43, marked with 

asterisks, are characteristic marks of acetone, (CH3)2CO+ and its fragment CH3CO+, respectively. 

One can see that mass peaks are arranged in the series of groups, where each group 

corresponds to ions with certain number of carbon atoms (CnHm). The series with even n are 

more intense with a strongest peak corresponding to CnH2
+. The most prominent structure of 

these ions are polyacetylene cations that are readily observed in this kind of plasma [37-39]. 

The mass spectrum confirms that linear carbon chains are the dominating products in the 

acetylenic discharge. Nevertheless, significant number of ions, especially those with odd n, 

have three or four hydrogen atoms. These ions probably have prolate structure analogous to 

the structure of C6H4
+, which has been identified in such plasma under similar conditions 

using optical cavity ringdown spectroscopy [40]. Compared to the TOF mass spectrum [36], 

the spectral resolution has clearly increased so that peaks of ions with adjacent masses are 

clearly separated. Higher spectral resolution also makes weaker peaks visible, providing more 

information about the plasma ionic composition. Thus, quadrupole mass spectrometer, 

equipped with a kinetic energy filter, is an appropriate tool to monitor the ionic composition 
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of plasma in pulsed discharge nozzles, that can compete and even overcome TOF mass 

spectrometers. 

The carrier gas has a great influence on the production of transient species. The 

difference in the plasma composition can be visualized by recording mass spectra of acetylene 

dilutions in different carrier gases. Compared to helium, argon as a carrier gas obviously 

promotes the aggregation of acetylene fragments into longer chains (Figure 13). One can 

clearly distinguish mass peaks of C12H2
+ and C12H3

+. Once again, mass peaks of 

polyacetylene cations dominate the spectrum. 
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Figure 13. The mass spectrum of 0.5% C2H2 in argon discharge. Part of the spectrum is magnified to 

illustrate the resolution and the sensitivity of the setup. 

The discharge through the mixture of acetylene in neon shows a remarkably richer mass 

spectrum (Figure 14). Not only longer chains are observed in this plasma but also the species 

distribution is much richer because of the species containing more hydrogen atoms. The inset 

shows that on average in neon plasma carbon chains have one hydrogen atom more than in 

argon. This makes neon an attractive carrier gas for studying nonlinear carbon chains having 

three or four hydrogen atoms. Due to its costliness, however, it can only be used in the 

exceptional cases, when conventional carrier gases do not provide sufficient concentration of 

a species of interest. 
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Figure 14. The mass spectrum of 0.5% C2H2 in neon discharge. The inset shows the comparison of species 

distribution in neon (solid line) and argon (dotted line) plasma mass spectra recorded under similar 

conditions. 
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Figure 15. Mass spectrum of 0.3% benzene in argon discharge plasma. The inset shows mass distribution 

of ions with six carbon atoms. 

Benzene is another possible precursor for producing radicals and ions in the gas phase. 

Although the concentration of benzene in plasma is limited by its vapor pressure, some 

absorption features are only observed with this precursor, for example, broad band at 

442.9 nm [41]. The peculiarity of the species distribution in the plasma can be depicted by the 

observed mass spectrum (Figure 15) that was recorded for the 0.3% benzene in argon mixture. 

As it was discussed, the acetylene plasma consists primarily of chain structures containing 

only a few hydrogen atoms. At the same time, various fragments of benzene can constitute 

wider variety of structures although hydrogen-deficient structures still dominate. On the 

contrary to previous assumptions [41], benzene fragments do react with each other producing 

ions of masses up to 178 a.m.u. (which is probably due to antracene cation C14H10
+). 

However, because a lot of different species are generated in the discharge simultaneously at 

comparable concentrations, it would be hardly possible to assign them in the cavity ringdown 

spectrum. Even the assignment of the band at 442.9 nm is disputable as it was made assuming 

that no species with more than six carbon atoms can be produced in benzene plasma [42]. 
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 Mass spectrometry of sulfur-containing carbon plasma 

Although C2H2+CS2/Ar plasma is commonly used to produce sulfur-terminated carbon 

chains, its composition has not been extensively studied. Such discharges have been utilized 

to produce laser induced fluorescence spectra of the transient species HC2nS (n = 1–3) and the 

SCCS– anion [43-45], and pure rotational spectra of HCnS (n = 2–8) [46, 47] and CnS  

(n = 4 – 9) [48]. Despite the importance of this discharge system for the production of sulfur 

bearing species relevant to astrophysics, it has never been studied by a mass-selective 

technique. In this work the plasma was sampled using commercial quadrupole mass 

spectrometer. Only a small amount of C2H2 was added to the mixture of 0.3% CS2 in argon to 

favour the production of sulfur-containing species and highlight corresponding peaks in the 

mass spectrum. High discharge stability allowed the detection of cationic chains of different 

type containing up to 7 carbon atoms. The structure of these species has not been 

unambiguously identified but based upon optical observations these are unsaturated linear and 

nearly-linear carbon chains terminated with sulfur and hydrogen atoms. 
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Figure 16. The mass spectrum of CS2 mixture in argon with trace amounts of acetylene. Vertical bars 

mark different homologous series. 

 

 Conclusions 

The designed scheme of gated ion detection using quadrupole mass spectrometer shows 

high resolution and signal-to-noise ratio, that outperforms the reported observation of the 
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pulsed discharge nozzle plasma using time-of-flight mass spectrometer [36]. Presented 

scheme can be used for monitoring pulsed discharge supersonic ion sources with any typical 

gas precursor that is used with the present experimental setup. Obtained results indicate that 

linear carbon chains are dominating species in the acetylenic discharge. Evidence of the 

formation of PAH cations in benzene plasma are observed. Mass spectra demonstrate 

significant differences in the plasma compound depending on the carrier gas. 
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CHAPTER 6. SPECTROSCOPY OF SULFUR-TERMINATED 

CARBON CHAINS IN THE GAS PHASE 

 Introduction  

Sulfur-bearing conjugated carbon systems are of interest to many fields of scientific 

enquiry ranging from molecular electronics to astrophysics. As molecular electronic devices 

they are invoked due to the propensity of the sulfur terminal to bond to a gold surface [49]. 

Single sulfur-bearing conjugated molecules have been placed between gold electrodes with 

voltages applied between them, thereby allowing the measurement of current passing through 

a single molecule [50]. The current-voltage characteristics observed depends critically upon 

the electronic structure of the bridging sulfur-bearing conjugated carbon system [51]. It is 

known that sulfur plays an important part in the chemistry of the interstellar medium [9]. 

Sulfur bearing carbon chains such as C3S and C5S have been discovered in space by rotational 

spectroscopy [52-54]. Sulfur heteroatoms terminating carbon chains cause strong polarization 

of the π-electron cloud and increases the oscillator strength of its electronic transitions. As 

such, despite the lower abundance of sulfur in the interstellar medium as compared to carbon, 

the sulfur terminated carbon chains can absorb strongly and may be considered as candidate 

carriers of the diffuse interstellar bands. Confirmation as carriers of diffuse interstellar bands 

can only come from a direct comparison with gas-phase optical laboratory spectra. As sulfur-

bearing carbon chains such as CnS and HCnS are radicals, they must be produced as transient 

species. This is usually performed with a sulfur-seeded hydrocarbon discharge. 
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 Results and discussion 

 

 

Figure 17 The origin band of HC8S (left) and DC8S (right) measured by CRDS. The origin of HC8S lies 80 

cm–1 to the blue of the prediction in Ref. 5, based on a linear relationship of the absorption wavelength 

and chain length. Simulations were performed using the spectroscopic constants listed in Table 3. 

For production of HC8S (DC8S) a 0.5% C2H2 (and/or C2D2) with 0.1% CS2 mixture in 

argon was used while for production of HC10S (DC10S), C2H2 was substituted by 0.4% C4H2 

(and/or C4D2). Figure 17 shows the measured origin bands of HC8S and DC8S measured by 

CRDS.  

The origin position of HC8S, 14838.4 cm–1, is only 80 cm–1 to the blue of that predicted 

by a linear relationship between chain length and origin wavelength, extrapolated from the 

smaller species, HC2S, HC4S, and HC6S [43, 44]. The slight deviation from linearity is 

continued for HC10S and its deuterated analog, DC10S. The broad spectra of these species are 

shown in Figure 18. The origin positions of HC10S and DC10S cannot be estimated better than 

the laser resolution (0.15 cm–1) due to the severe lifetime broadening. Spectroscopic constants 

for HC8S, DC8S, HC10S and DC10S are summarized in Table 3. 
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Figure 18. Origin bands of HC10S (left) and DC10S (right) measured by CRDS. From the broadening of the 

bands the excited state lifetime is estimated to be about 2.6 ps. 

The strongly linear relationship between absorption wavelength and chain size is a 

reflection of the cumulenic bonding structure in the HCnS species induced by the carbon-

sulfur double bond. The bonding pattern was confirmed by the quantum chemical calculations 

described above. This relationship is also seen in the CnH– anions [55], where one end of the 

chain exhibits cumulenic bonding which merges smoothly to acetylenic character on moving 

to the terminal hydrogen. It is this acetylenic character, induced at the hydrogen terminal, 

which explains (at the Hückel level of theory) the deviation from linearity. It has been shown 

that for the long carbon chains, HC2nH, the relationship between chain length and absorption 

wavelength is strongly non-linear [56]. As the near-linear relationship is expected to continue, 

a prediction can be made for the origin position of HC12S. Based on the present data (making 

a small correction due to non-linearity), this species is expected to absorb at 820±5 nm 

(Figure 19). 
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Figure 19. A plot of the origin band wavelength of the HC2nS series as a function of the number of carbon 

atoms in the chain, 2n. The relationship is remarkably linear, a reflection of the cumulenic bonding in 

these systems. A quadratic fit to the points measured for n = 2–5 yields an estimate for the absorption 

position of HC12S of 820 nm. 

The shift in origin band position upon deuterium substitution is caused by the difference 

in zero-point energies in the ground and excited states. This is 23 cm–1 to higher energies for 

HC8S and 17 cm–1 for HC10S. This compares with 35 cm–1 for HC6S and 54 cm–1 for HC4S. 

The decreasing deuterium shift upon increasing the chain size reflects the decreasing effect 

that the electronic excitation has on the vibrational modes involving motion of the hydrogen 

(deuterium) moiety. With this in mind, it is expected that the origin band position of DC12S 

will lie about 12 cm–1 to the blue of the HC12S band position. It has been noted that the 

excited state lifetimes of the HC2nS series decrease with increasing chain length. Laser 

induced fluorescence work has estimated the lifetimes of HC4S and HC6S to be 30 ns and 

270 ps respectively [43, 44]. The lifetime of HC8S is thus expected to be shorter still. Due to 

lack of resolution, the lifetime could not be estimated from the spectrum displayed in  

Figure 17. The line width used in the simulated spectra was 0.15 cm–1. If the lifetime 

broadening is no more than this order of magnitude, a conservative lower limit for the lifetime 

can be made of 70 ps. From spectral simulation, the lifetime of the A2Π excited state of 

HC10S is estimated to be 2.6 ps. 
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Table 3. The origins and the effective rotational constants (in cm–1) of the vibronic bands of the HC8S and 

HC10S radicals, and their deuterated analogs.  

 T0 B″ B′ ΔASO 

HC8S 14838.4(1) 0.00958a 0.00954(2)d 0.7 

DC8S 14861.9(1) 0.00938(2)b 0.00935(3) d 0.7 

HC10S 13333.7(5) 0.00551(1)c 0.00542(5) d 2.5 

DC10S 13350.8(8) 0.00541(1)b,c 0.00535(5) d 2.5 

Only the change in ASO could be determined accurately by the fitting procedure.  
a). Previously determined by microwave spectroscopy [46]. b). The rotational constants of the 
deuterated species in the ground state were calculated according to the assumption that the structure of 
deuterated species is unchanged upon isotopic substitution. c). The rotational constant of HC10S in the 
ground state was estimated under consideration of increasing chain length. d). Rotational constants in 
the excited state were extrapolated using the rotational constant ratio B″/B′ of HC6S and HC4S. 
Reported errors were estimated during the fitting procedure. 

 

 Conclusions 

By quadrupole mass spectrometry it was found that a sulfur-seeded hydrocarbon 

discharge produces a range of hydrogen and sulfur bearing carbon chains, and that these 

species dominate the discharge chemistry. This is in accord with previous detection of sulfur 

bearing chains as products of CS2/hydrocarbon discharges. The dominant series appearing in 

the mass spectrum are the C2n+1SHm and CnS2Hm series. The production of the even chains 

HC2nS was confirmed by cavity ringdown spectroscopy. The spectrum of HC8S was measured 

for the first time and was found to lie within 80 cm–1 of the prediction according to an 

extrapolation from smaller members of the same series [43, 44]. The extremely broad origin 

band of HC10S was measured for the first time and confirmed the slight deviation from 

linearity of the relationship between chain size and absorption position. This measurement 

provided an updated estimate for the position of the HC12S origin band, which is expected 

near 820 nm. The near linear relationship between the absorption wavelength and the length 

of the carbon chain is indicative of cumulenic bonding. None of the spectra of the HC2nS 

chains match those of the DIBs. The predicted position of the origin band of HC12S does not 

lie nearby any DIBs and thus these species can be ruled out as carriers thereof. 
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CHAPTER 7. SPECTROSCOPY OF NONLINEAR CARBON 

CHAINS 

 High-resolution electronic spectroscopy of a nonlinear carbon 
chain radical C6H4

 + 

 Introduction 

In recent years many experimental studies have been reported presenting high-

resolution spectra of pure and highly unsaturated carbon chain radicals. Microwave[57], 

infrared [58], and UV–VIS spectra [59] are available both from matrix and gas-phase studies, 

all of them having in common that the major part of the observed geometries is linear. Even 

for very long chains, such as HC22H [56] and HC17N [60], linear structures have been found. 

Theoretical studies, however, predict for longer chains cyclic structures as well. In the case of 

C13, for example, theory predicts a cyclic ground-state structure [61], but the experimentally 

observed IR spectrum is clearly that of a linear chain [62]. A reason for this discrepancy 

might be simply that the experimental techniques – supersonic jet expansions or matrix 

deposition experiments – favor the production of linear species, because large-amplitude 

bending motions (that are necessary to close the ring) are frozen in the production process. A 

similar situation might apply to the interstellar medium, where many linear carbon chain 

species already have been identified and the number of cyclic structures is still rather 

limited [63]. 

In this work the electronic spectrum of a member of a so far unstudied class of carbon 

chain radicals is presented: a nonlinear and noncyclic species. The spectrum was observed 

around 604 nm when scanning for coincidences with diffuse interstellar band features in 

hydrocarbon plasma. The observed spectrum has a clear rotational and K-type structure. 

Simulation of the spectrum allows an accurate determination of the molecular constants of the 

carrier. Study of the partially and completely deuterated species gives information on the 

number of (equivalent) hydrogen atoms. Final identification becomes possible following 

semiempirical and ab initio geometry optimizations for a number of species. These indicate 

that the band at 604 nm is due to the carbon chain cation C6H4
+ with a nonlinear  

HC≡C–C≡C–CH=CH2
+ planar molecular geometry. This is confirmed by the observation of 

their transition in the absorption spectrum obtained after mass-selective deposition of C6H4
+ 

ions generated in a hydrocarbon plasma in a 6 K neon matrix.  
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Spectroscopic data for species of the form C6H4
(+) are so far missing. Only a 

photodissociation study has been reported in which C6H4
+ was generated following a ring 

opening reaction in cyanobenzene [64]. In the latter study geometry optimizations are 

reported using MNDO calculations, which result in a series of equilibrium structures for the 

cation in which the heat formation of the possible acyclic structures is about 150 kJ mol–1 

lower than that of benzene-type structures. Among these is a geometry that is confirmed in the 

present study, a linear noncyclic structure that is very close to the geometry proposed for the 

neutral species: 1-hexene-3,5-dyine [65]. 

 Results and discussion 

The experimental setup has been described in details in the corresponding chapter. 

Presented absorption spectra were recorded using 0.5%C2H2(or C2D2) in helium with a 

discharge of –300 V, a stagnation pressure of 10 bar and pressure in the vacuum chamber of 

0.220 mbar.  It is an important fact that the highest absorbance was detected with a minimal 

voltage applied to the electrodes of the discharge nozzle. Previous results obtained with the 

same discharge nozzle show that such a behavior is a characteristic of positive ions on the 

contrary to neutral species that are produced in higher concentrations with the increase of the 

voltage. A possible explanation of this useful phenomenon is that high negative potential on 

outer electrodes can prevent positive ions from leaving the discharge area and crossing the 

probe beam. This speculation is supported by the fact that cations exhibit stronger absorption 

when probed closer to the nozzle opening. 

 The obtained gas-phase spectrum of the absorption band around 604 nm is shown on 

the upper trace of Figure 20. One can see a regular sequence of rotational transitions as well 

as a progression of sharp R-branch bandheads, known as K-structure. The latter is a 

characteristic feature of parallel transitions of prolate tops. The spacing of rotational lines in 

resolved P-branch gives a good estimation to for the value of B″ (C″) (on the first step the 

molecule is treated as prolate top and the values of B and C constants are considered equal). 

The change in rotational constants upon electronic excitation is reflected by a change of line 

spacings for higher J levels of the P-branch, which gives values for B′ (C′). The R-branch 

region consists of a series of unresolved bands with clear bandheads corresponding to  

K = 0–7 as indicated in Figure 20. The distance between the bandheads is a good indication 

for the value ΔA–ΔB = (A″–A′) – (B″–B′), and the intensity ratio can be used to estimate A″. 

The Q-branch bands are rather weak and cannot be assigned directly. The overall pattern 

indicates a rotational temperature of the order of 40(5) K. The rotational profile of the 
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spectrum was fitted using a simulation program WANG [66]. The observed values of the 

rotational constants are given in Table 4. The assignment of rotational lines in the P-branch is 

given in Appendix A (page 79). The rotational constants B and C are found to be about 0.045 

cm–1. Comparing this result to the available rotational constants of different kinds of carbon 

chain radicals determined in previous studies [38, 39, 67] one can conclude that the molecule 

consists most likely of six or seven carbon atoms. Using C2D2 instead of C2H2 yields  

a 67 cm–1 blueshifted spectrum with nearly identical spectral features, as shown in Figure 21. 

This indicates that the carrier is not a bare-carbon species but contains one or more hydrogen 

atoms. 

 

 

R-branch Ka=

Q-branch

P-branch

12 3 4 5

01 2 3 4 5 6 7

Ka=

cm  -1 

Figure 20. Band observed at 604 nm using CRD spectroscopy through a supersonic planar plasma 

expansion. The rotational and K-type structure that is observed experimentally (top trace) can be 

simulated with a rotational temperature of 40 K, using constants derived from geometry optimizations for 

the nonlinear planar and noncyclic C6H4
 + carbon chain cation (second trace). 

An effective procedure to determine the number of hydrogen atoms in molecule is to 

record an absorptions spectrum of mixture of isotopes using a C2H2+C2D2 mixture. A low-
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resolution scan, in which mainly the strong peaks for K = 0 and 1 will be visible, gives five 

broad absorption bands including bands originating from fully H- (16546 cm–1) and fully 

D- (16613 cm–1) substituted species Figure 22. Three remaining bands located at 16500 cm–1 

(a), 16560 cm–1 (b), and 16595 cm–1 (c) are due to partially deuterated species. Taking into 

account the fact that deuterium isotopic shifts of electronic bands are generally additive [68], 

it can be concluded that the observed molecule contains four hydrogen atoms: the a, b, and c 

bands correspond to species with one, two, and three D atoms, respectively. The one-, two-, 

and threefold-deuterated species should give four, six, and four absorption peaks respectively 

by statistical arguments, but only three, four, and three peaks are observed. This indicates that 

two of the four hydrogen atoms are rather similar in their position. The same method cannot 

be applied to determine the number of carbon atoms because corresponding isotopic shifts are 

too small and absorption features of partially deuterated derivatives will overlap each other. 

 

 

Figure 21. Spectrum for the fully deuterated C6D4
 + species, blueshifted by approximately 67 cm–1 with 

respect to the C6H4
 + cation. 



49 

C Hn 4
+ C Hn 3

+H C Hn 2 2
+D C Hn

+D3 C Dn 4
+

 

Figure 22. Electronic spectrum of partially deuterated species. 

 

Equilibrium structures for various isomers of C6H4
(+) and C7H4

(+) (and fully deuterated 

isotopes, both neutral and positively charged) have been calculated using MOPAC [69] 

(PM3/UHF). The structure that gets closest to the observations is that of the nonlinear chain 

HC≡C–C≡C–CH=CH2
+ (Figure 23) for which A″ = 1.230 cm–1, B″ = 0.0465 cm–1, and 

C″ = 0.0448 cm–1. This structure corresponds to one of the geometries calculated in [64] and 

is close to the previously proposed geometry of the neutral C6H4. Other isomeric structures 

yield sets of substantially different constants, particularly for the fully deuterated species, 

whereas the corresponding DC≡C–C≡C–CD=CD2
+ gives A″= 0.889 cm–1, B″= 0.0414 cm–1, 

and C″= 0.0395 cm–1, close to the values derived from a fit of the observed spectrum.  
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Figure 23. Optimized molecular structure of C6H4
 + using ab initio calculations. The bond lengths  

are given in Å. 
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In order to refine the expected geometry pf C6H4
+, ab initio calculations have been 

performed using GAMESS [70]. In previous work ROHF/6-31G** calculations have been 

reported on the isomerization of C4H4 radical cations [71]. An identical method is applied 

here to C6H4
+. Rotational constants were determined using the ab initio optimized structure 

with bond lengths and angles as indicated in Figure 23. The resulting constants are 

summarized in Table 4.  

Table 4. Observed and calculated molecular constants of C6H4
 + and C6D4

 + . 

  C6H4
 +  C6D4

 +  

  Observeda Ab initiob Observeda Ab initiob  

A″ 1.24 1.217 0.89 0.889  

B″ 0.04674 0.0471 0.0416 0.0420  

C″ 0.04524 0.0453 0.0400 0.0401  

A′–A″ 0.0763   0.0450   

B′ 0.04518   0.0403   

C′ 0.04375   0.0387   

T00 16 544.965   16 611.91  

a Expected errors of the rotational constants are 0.1 cm–1 in A and 0.001 cm–1 in B and C. Expected 

errors of T00 are 0.01 cm–1 for C6H4
+ and 0.1 cm–1 for C6D4

+.  

b Equilibrium values (ROHF/6-31G**).  

 

Ray’s asymmetry parameter κ for the calculated structure equals –0.997 that confirms 

that the molecule can be treated as a prolate top. Using the ab initio results, the rotational 

spectrum was simulated with an assumed resolution of 0.05 cm–1 (lower trace on Figure 20). 

The calculated and observed spectra match very well apart from minor intensity deviations 

and a few absorption lines that belong to another carrier. Similar transition energies of C6H4
+ 

and HC6H+ suggest that they involve the same π ←π excitation in the conjugated chain. In the 

Cs point group π-orbitals are antisymmetric with respect to the symmetry plane of the 

molecule, thus, the symmetry of both ground and excited states of  C6H4
+ is A″ and the 

observed electronic transition can be assigned to 2A″ ←X2A″.   
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The proof of the absorption band assignment comes from a mass-selective matrix study 

that was performed following the gas phase analysis. This experiment combines mass 

selection and matrix isolation spectroscopy and has been described [72]. The C6H4
+ (C6D4

+) 

cations were produced from a phenylacetylene–deuterated-2,4-hexadiyne mixture in helium in 

a hot cathode discharge source. A 90° deflector and a quadrupole mass spectrometer are used 

to steer the ion beam onto the matrix, where the mass-selected ions are codeposited with 

excess of neon at 6 K. The absorption spectra are recorded by guiding monochromatized light 

(0.1 nm bandpass) through the matrix onto a photomultiplier. The resulting spectra for 

matrices prepared with mass of C6H4
+ or C6D4

+ are shown in Figure 24. Two strong bands are 

observed, one around 609 nm and one around 585 nm, for C6H4
+. No strong bands are 

observed to lower energy; i.e., the band at 609 nm corresponds to the origin band. The main 

structures to the blue of the dominant peaks (609 nm for C6H4
+ and 606 nm for C6D4

+) are 

matrix artifacts due to a site structure. The 114 cm–1 blueshift of the gas-phase spectrum with 

respect to the matrix band at 609 nm is typical for electronic transition of a chain of this size 

[59]. The band at 585 nm is due to another isomer of C6H4
+, since the relative intensity of the 

two bands varies strongly with different precursors. Upon deuteration the band at 609 nm 

shifts by 62(3) cm–1 to the blue which is very close to the 67 cm–1 shift observed in the gas 

phase. The band observed at 585 nm in the matrix only shifts 17(3) cm–1 upon deuteration. 

Subsequent neutralization of the trapped species by irradiation of the matrix with a medium-

pressure mercury lamp leads to the disappearance of both bands. This confirms that the carrier 

of the 609 nm matrix and the 604 nm gas-phase carrier is a C6H4
+ cation, as was concluded 

from the gas-phase spectrum.  
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Figure 24. Electronic absorption spectra of C6H4
 + (upper trace) and C6D4

 + (lower trace) measured in 6 K 

matrices after codeposition of mass-selected cations with excess of neon. 

 Astrophysical relevance 

All the spectroscopic information is in favor of the identification of the band observed at 

604 nm as due to the 2A″–X 2A″ electronic origin band transition of the nonlinear planar 

HC≡C–C≡C–CH=CH2
+ carbon chain cation. The inferred rotational constants may guide a 

search for this species by millimeter-wave spectroscopy to allow a more accurate geometry 

determination. This is of interest as the number of microwave studies of carbon chain cations 

is still rather limited [73]. It furthermore would make a radio-astronomical search for this 

species in dense interstellar clouds possible. The optical spectrum obtained here allows a 

comparison with the available lists of diffuse interstellar band (DIB) positions [74, 75]. A 

comparison with the hitherto reported DIBs shows that there exists an overlap between the 

band observed around 16 545 cm–1 and a broad DIB (full width at half maximum 

(FWHM) ~14 cm–1) reported at 16 537.3 cm–1. In order to check whether this discrepancy of 

8 cm–1 might be due to a temperature effect, a comparison has been made between an artificial 

DIB spectrum in the 604 nm range and the simulated C6H4
+ spectrum for low (10 K), 

intermediate (40 K), and high (150 K) temperatures (Figure 25). Although it is clear that for 

higher temperatures the spectrum of the nonlinear C6H4
+ might start filling up the broadband 
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around 16 545 cm–1, it is hard to account for the difference in intensity of the P and R 

branches. This is not reflected in the DIB spectrum. 

 

Figure 25 Artificial DIB spectrum ([74]) in the 604 nm range (lowest trace) and the simulated C6H4
 + 

spectra for 10, 40, and 150 K (upper three traces). 

 

 Electronic spectroscopy of the nonlinear carbon chains C4H4
+ 

and C8H4
+ 

 

High-resolution spectroscopy of unsaturated carbon chain radicals is of interest in view 

of interstellar chemistry, as well as terrestrial discharge and flame processes. Electronic 

transitions of the polyacetylene cations HCnH+ [38, 39, 76, 77] and radicals CnH [78] with 

even number carbons have now been studied. Recently a nonlinear planar carbon chain 

radical C6H4
+, HC≡C–C≡C–CH=CH2

+, was detected in a supersonic planar discharge with 

cavity ring down spectroscopy in the 604 nm region [40]. Therefore, the related C4H4
+ and 

C8H4
+ nonlinear chains were expected to be produced in the plasma discharge in a sufficient 

concentration for detection. 

Hydrogenated nonlinear chains can exist in dark interstellar clouds as well as linear 

ones. However, the intensity of rotational transitions for a linear molecule with a smaller 

rotational partition function is stronger than for an asymmetric top, and thus, a long nonlinear 

carbon chain has not yet been detected by radio astronomy, even though the population may 

be comparable. In the case of electronic transitions, an asymmetric top molecule is not at a 
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disadvantage compared with the linear one. Thus, the nonlinear chains can be considered as 

candidates, causing the diffuse interstellar band (DIB) absorptions in much the same way as 

the linear series [79].  

The short nonlinear carbon chain HC≡C–CH=CH2 is predicted to be an intermediate 

between acetylene and polyaromatic hydrocarbons in the interstellar chemistry of 

circumstellar envelopes [22]. Laboratory experiments indicate that photodissociation of 

aromatic molecules produces a nonlinear carbon chain [64]. The potential energy surface for 

three C4H4 isomers is also of relevance in the fields of organic chemistry and reaction 

dynamics [80]. Therefore, species and their ions having H–Cn–CH=CH2 (n = 2, 4, 6,...) 

nonlinear chain structures are of interest, and information by high-resolution spectroscopy is 

needed. 

The 604 nm origin of the 2A′′–X2A′′ transition of C6H4
+ [40] is close to the 600 nm  

2Πu–X2Πg one of HC6H+ [77]. Both transitions involve the same π ←π excitation. The 

transition energy difference in a homologous series should be comparable because C6H4
+ and 

HC6H+ are produced by an extension of the acetylene chain from C4H4
+ or HC4H+ [81]. The 

same argument may be applied to the six- and eight-carbon chain species. This trend is shown 

in Figure 26a, and the transition energies of C4H4
+ and C8H4

+ are consequently estimated to 

lie near 510 and 712 nm, respectively. 

 

Figure 26. (a) Energies of the origin bands in the 2Πu–X2Πg transition of HCnH+ and the 2AІ–X2AІ 

transition of CnH4+. For HCnH+ (n = 4, 6, 8) and C6H4+, those are the observed values. The transitions 

of C4H4+ and C8H4+ were estimated by shifting the HC4H+ and HC8H+ values down by the difference 
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of HC6H+ to C6H4+; (b) Observed transition-energy differences between HCnH+ and CnH4+ with the 

same number of carbon atoms. 

The electronic transition of mass-selected C4H4
+ was subsequently observed in a neon 

matrix with origin band at 515 nm, in good agreement with the estimated value. Based on this, 

the gas-phase spectrum was searched for in a cavity ring down spectrometer, and the origin 

band was observed at 513 nm. Similarly the electronic transition of C8H4
+ was also detected 

in the gas phase in the expected 712 nm region. The observed rotational structure in the 

gas-phase spectra indicates that these are due to the nonlinear, planar carbon chains  

HC≡C–CH=CH2
+ and HC≡C–C≡C –C≡C–CH=CH2

+. 

 Results and discussion 

To locate the electronic transition of C4H4
+, neon-matrix isolation spectroscopy in 

combination with mass selection was used at first. The C4H4
+ cation was produced from 

benzene–helium mixture in a hot cathode discharge source. A 90° deflector and a quadrupole 

mass spectrometer were used to steer the ion beam onto the substrate, where the mass-selected 

ions were codeposited with excess of neon at 6 K [72]. The absorption spectra were recorded 

by guiding monochromatized light (0.1 nm bandpass) through the matrix onto a 

photomultiplier. The observed spectrum is shown on Figure 27. 

  

Figure 27. The electronic absorption spectrum of C4H4
+, measured in a 6 K matrix after codeposition of 

mass-selected cations with excess of neon. The peaks marked with  that are located 100 cm–1 to the blue 

from the dominant ones are matrix artifacts due to site structure. The bands at 19630 and 20440 cm–1 are 

due to the diacetylene cation HC4H+. 



56 

All bands observed in the absorption spectrum disappeared upon UV irradiation of the 

matrix, a test used to indicate that the species is a cation. Three bands of C4H4
+ were 

observed; the one at 19416 cm–1 can be assigned to the origin of the electronic transition and 

the 19931 and 20229 cm–1 ones to transitions to excited levels in the upper electronic state 

corresponding to vibrational frequencies of 515 and 813 cm–1, because the population of the 

species at 6 K is entirely in the lowest level of the ground state. 

 

Figure 28. The origin band of the 2A″–X2A″ electronic transition for C4H4
+ observed using cavity ring 

down spectroscopy through a supersonic planar plasma expansion. The observed rotational structure (a) 

can be simulated with a temperature of 30 K using constants derived from geometry optimization by ab 

initio calculation (b). Bands marked with * are due to another carrier. The peaks going off-scale are due to 

the Swan bands of C2 and were used for the frequency calibration. 

The origin transition of C4H4
+ was searched for around the 19416 cm–1 region, and a 

band having P- and R-branches was found at 19486 cm–1, as shown in Figure 28a. The 

deuterated species could not be detected unambiguously due to many absorption lines of C2 

overlapping the expected region of C4D4
+ absorption. 

The energy of the electronic transition of C8H4
+ was expected around 14030 cm–1 by 

reference to Figure 26. One band was found in the gas phase at 14073 cm–1, as shown in 

Figure 29. The optimized condition was quite similar to that for C6H4
+, a –300 V discharge 
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through a mixture of 0.5% C2H2 in helium and with probing 1.5 mm downstream from the 

slit. 

 

Figure 29. The 2A″–X2A″ origin band in the electronic transition for C8H4
+ observed using cavity ring 

down spectroscopy through a supersonic planar plasma expansion. The rotational structure observed 

(upper trace) can be simulated (lower trace) using constants derived from geometry optimization by an ab 

initio calculation and a temperature of 50 K. 

 



58 

The differences in frequency between the observed origin bands of C4H4
+, C6H4

+, and 

C8H4
+ and of the corresponding HCnH+ series [38, 76, 77] are 237, 110, and 70 cm–1, as 

shown in Figure 26b. The shifts decrease with increasing number of carbon atoms. This 

indicates that the contribution of the nonlinear part, –CH=CH2, to the molecular orbital 

decreases on extension of the carbon chain. This trend in the two homologous series suggests 

that the observed bands can be assigned to C4H4
+ and C8H4

+ with the common chain 

structures. C8H4
+ has five isomers constructed by combination of ethylene and acetylene, as 

shown in Figure 30.  

 

Figure 30. Optimized molecular structure in the ground state of C4H4
+ and C8H4

+ using ab initio 

calculations. The bond lengths are given in Å. Other isomers of C8H4
+ are indicated by simple pictures. 

Structure (b) is intermediate between a prolate and an oblate top, but the observed 

spectrum has the profile of a typical near-prolate top and a-type transition. In the view of this, 

structure (b) is rejected as the carrier of the observed spectrum. Geometries (b) and (c) do not 

have eight carbons in a line but instead have a branching structure. Owing to the correlation of 

the transition energy of CnH4
+ and HCnH+ (Figure 26), these should be π–π type electronic 

excitations in the conjugated system. Transition energies of the structures (b) and (c) would 

not show the correlation with the HCnH+ series. Structures (d) and (e) are cis and trans 

isomers, and both should have their electronic transition close to each other. No other signal 

could be detected within ±100 cm–1 from the observed band. Thus, the structures (c), (d), and 

(e) can be rejected as candidates for the observed spectrum. There remains structure (a), 

which would correlate with the HCnH+ series, and therefore this is the best candidate for the 

assignment. Consequently the symmetry of the electronic transitions observed for C4H4
+ and 

C8H4
+ is 2A″–X2A″. 

Determination of the rotational constants from the observed spectra is difficult because 

of overlap by the Swan bands of C2 [82] in the case of C4H4
+ (Figure 28) and the non-resolved 
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rotational contour on C8H4
+ (Figure 29). Thus, the rotational constants and molecular 

structure in the ground state of C4H4
+ and C8H4

+ were determined by ab initio calculations 

using GAMESS [70] with ROHF/6-31G**, the same method used in previous works [40, 71]. 

The optimized bond lengths and angles are given in Figure 30. From the latter, the rotational 

constants were calculated (Table 5). 

Table 5. Calculated rotational constants and assumed ratios between the ground and excited states. 

 C4H4
+ C6H4

+ [40] C8H4
+ 

A″ (cm–1) 1.562 1.217 1.220 

B″ (cm–1) 0.162 0.0471 0.0193 

C″ (cm–1) 0.147 0.0453 0.0190 

A″/A′ 0.91 0.94a 0.96 

B″/B′, C″/C′ 1.06 1.03a 1.01 
a Experimentally determined 

In the case of the polyacetylene cations HCnH+, the ratio B″/B′ of rotational constants 

between the ground and excited states decreases and approaches 1.0 on extension of the 

carbon chain (Figure 31). 

 

Figure 31. Ratios of rotational constants between the ground and excited states for HCnH+ and CnH4
+. 

A″/A′ are <1.0 whereas B″/B′ are >1.0, and it is assumed that B″/B′ = C″/C′ in CnH4
+. 

The ratios B″/B′ and C″/C′ for the CnH4
+ series should follow the same trend and 

converge to the HCnH+ value for the long chains. Ratio A″/A′ should increase and approach 

1.0 on extension of the carbon chain. These trends were assumed in order to estimate the 
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rotational constants in the excited states of C4H4
+ and C8H4

+ (Table 5). The profiles of the 

origin bands in the electronic transitions of C4H4
+ and C8H4

+ were then simulated using the 

ground-state rotational constants given by the ab initio calculation and the extrapolated 

excited-state values from the C6H4
+ data. The observed profiles are then well reproduced 

(Figure 28 and Figure 29) using the WANG program [66]. By comparison of the simulated 

and observed spectra, the assignments were confirmed, and more accurate transition 

frequencies were inferred. These are given in Table 6. 

Table 6. Comparison of the origins (cm–1) of the 2A″–X2A″ electronic transition of CnH4
+ and 2Πu–X2Πg of 

HCnH+. 

n HCnH+ CnH4
+ ΔT00 

4 19722.61 [76] 19485.80 236.81 

6 16654.69 [77] 16544.98 [40] 109.71 

8 14143.18 [38] 14073.00 70.18 

 

The optical spectrum obtained for C8H4
+ allows a comparison with the available lists of 

DIB positions [74, 75]. This shows that there is an overlap between the band observed around 

14073 cm–1 and two DIBs reported at 14068.9 and 14078.4 cm–1. To check whether these 

differences in frequency might be due to a temperature effect, a comparison was made 

between an artificial DIB spectrum in the 709–714 nm range and the simulated C8H4
+ 

spectrum for the temperature of 150 K as shown on Figure 32. The absorption band of the 

nonlinear C8H4
+ does not fit the DIB absorption. 

 

 

Figure 32. Artificial diffuse interstellar band absorptions in the 709–714 nm range (lower trace 

reproduced from ref. [74]) and the simulated C8H4
+ laboratory spectra at 150 K (upper traces). 

An upper limit of the column density for the CnH4
+ series in diffuse clouds can be 

estimated by comparison of the laboratory and DIB data in a similar fashion to that used 

before [83]. For this, it is assumed that the oscillator strengths of the 0–0 band in  
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the 2A″–X2A″ transition for CnH4
+ (n = 4, 6, 8) and A2Πu–X2Πg for HCnH+ (22) are equal 

(i.e., 0.04, 0.06, and 0.08 for C4H4
+, C6H4

+, and C8H4
+) and that a signal-to-noise ratio of 5 is 

required for detection of a DIB absorption. The FWHM of the bands is about 2 Å, and the 

sensitivity limit for detection is 0.002 Å [74]. This leads to upper limits for their column 

densities of 2×1012, 1×1012, and 0.6×1012 cm–2 for C4H4
+, C6H4

+, and C8H4
+, respectively. 
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CHAPTER 8. UNPUBLISHED RESULTS 

 Rotationally resolved spectrum of a vibrational band of 2Π–X2Π 

transition of C6H 

The recent detection of the 3Σ––3Σ– electronic transition of C6H+ in neon matrices at 

515.8 nm [84] has stimulated the search of the corresponding gas phase absorption spectrum 

in this range. Considering the usual shifts of gas phase spectra compared to neon matrices, the 

absorption spectrum was recorded in the range 512 to 517 nm using an acetylene mixture in 

helium as the plasma precursor. The spectrum reveals five absorption bands with similar 

profiles (Figure 33) that could match the rotational profile of the C6H+ ion. Nevertheless, none 

of these bands could be attributed to the absorption of C6H+ for several reasons. 

513.0 513.5 514.0 514.5 515.0
wavelength, nm

a b c d e

 

Figure 33. The overview of the observed absorption bands in the region 513-515 nm. 

 The stronger absorption signal was observed when a  higher voltage was applied to the 

discharge nozzle, an empirical indication of a neutral carrier species as discussed above. 

Band b has a pronounced Q-branch, whereas it should be missing in the spectrum of a Σ–Σ 

transition. Bands a and e have a complicated rotational structure, indicating the presence of 

a nonlinear carrier molecule.  Noticeably similar rotational profiles of bands c and d suggest 

that they may arise from the same electronic transition, perhaps being the two spin-orbit 

components of a 2Π–2Π electronic transition. Such a transition, belonging to the C6H radical, 

has been observed previously at 526.5 nm, which corresponds to an energy shift of 440 cm–1. 

This energy shift could be attributed to a vibrational excitation of the molecule. To test this 
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assumption the rotational structure of the 2Π–2Π electronic transition of C6H was simulated in 

PGOPHER [85] using the reported spin-orbital interaction (A) and rotational constants (B) for 

ground and excited states [86]. Afterwards, the fit of individual rotational lines was performed 

by variation of the energy of the excited state and the corresponding rotational constant B′. 

The table of the assigned rotational lines can be found in Appendix A(page 83).  

19420 19425 19430 19435
 

 

 

 
 energy, cm-1

 

Figure 34. Observed spectrum of the vibrational band of C6H (upper trace) and its simulation (lower 

trace). 

Figure 34 shows the comparison of the observed and the simulated spectra. The same 

spacing and intensity ratio of the spin-orbit components of the spectrum is already a good 

indication that the spectrum belongs to the same electronic transition as the origin band at 

526.5 nm. The assignment is confirmed by a good match of the individual rotational lines of 

the observed and simulated spectra. All obtained spectroscopic constants are given in Table 7. 

The vibrational excitation energy in the upper electronic state is 439 cm–1 and can be due to a 

bending motion. The spectral resolution of 0.07  cm–1 (as estimated by the simulation) is not 

sufficient to resolve l-type splitting of rotational lines due to the rotation-vibration interaction.  
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Table 7. Spectroscopic constants for ground and excited states of C6H. 

 Origin band Vibrational band 

ΔE a18989.7677(7)  cm–1 b19428.8974(67)  cm–1 

A″ a –15.04 cm–1 

A′ a –23.6876(10)  cm–1 

B″ a 0.046404974(1) cm–1 

B′ a 0.0455976(17)  cm–1 b 0.046208(18) cm–1 
a Values taken from [86]. 
b Values were obtained through rotational lines fit in PGOPHER. 

 

 New measurement of C5 absorption band at 510.93 nm 

The first gas phase absorption spectrum of the +Σ←Π gu X 11 electronic transition of C5 

has been measured by CRDS in 1999 [87]. Since then the data processing routine has been 

improved so that the ringdown time is determined by an exponential fit of the whole ringdown 

event instead of using only two gates in the beginning and in the end of the light decay [88]. 

The electronic absorption spectrum of C5 was recorded once again to compare the sensitivity 

of new fitting method. The upper trace on Figure 35 is recorded using a complete exponential 

fit whereas the lower trace represents the spectrum recorded in 1999. The latter was scaled so 

that the noise levels of the two spectra match each other. 



65 

510.7 510.8 510.9 511.0 511.1 511.2

wavelength, nm

 

Figure 35. The origin band of the +Σ←Π gu X 11 electronic transition of C5 recorded with 0.15 cm–1 laser 

bandwidth by new (upper trace) and by previous (lower trace) fitting program. 

 

Compared to previous results, the new fitting method is about three times more sensitive 

as indicated by the signal-to-noise ratio. The higher sensitivity gives the possibility to resolve 

more details using the intracavity etalon (0.05 cm–1). The resulting spectrum, presented in 

Figure 36, does not exhibit any regular substructure that could be used for rotational analysis. 

The sharp peaks belong to C2 lines as was shown before [87]. The new data, however, 

suggests that a narrow dip in the absorption spectrum, marked with an asterisk, probably does 

not arise from an overlap with C2 lines. If the dip that has a width of 0.07 cm–1 is indeed a 

feature of the C5 rotational profile, then no significant broadening can be attributed to the 

spectrum. This, however, would be in contrast to the previous results on the profile analysis 

when the spectrum could be sumulated only if 0.7 cm–1 broadening was assumed. Ab initio 

calculations [89] suggest that the excited electronic state of C5 at 2.4 eV can be nonlinear, 

which could give rise to the complicated rotational profile of the observed electronic 

transition. 
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510.8 510.9 511.0 

* 

wavelength, nm  

Figure 36. Higher resolution absorption spectrum of +Σ←Π gu X 11 absorption band of C5 recorded with 

laser bandwidth of 0.05 cm–1. 

 

 Refined position of C10H electronic absorption band 

The position of the 2Π ← X 2Π transition of C10H at 14000 cm–1 [78] is close to the 

broad DIB positioned at 14005.7 cm–1. The absorption spectrum was recorded once again 

using 0.5% C2H2 in neon at a stagnation pressure of 8.5 bar. The pressure in the chamber was 

maintained at 0.088 mbar and –800 V was applied to the electrodes of the discharge nozzle. 

The spectrum was calibrated using a Burleigh WA-4500 wavemeter. The precision of the 

wavemeter was controlled using atomic absorption lines of the noble gases. The absorption 

band of C10H is homogenously broadened and was fitted to a Lorentzian shape using Origin® 

software in order to obtain the exact peak position. The maximum of the fitted band is located 

at 714.033(3) nm (14001.1 cm–1) which is 1.1 cm–1 blue-shifted from the previously reported 

position. The FWHM of the band is 7.3 cm–1, which corresponds to a lifetime in the excited 

electronic state of 0.7 ps.  
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Figure 37. Calibrated spectrum of the 2Π–2Π electronic transition of C10H recorded with 0.15 cm–1 laser 

bandwidth and the Lorentzian fitted curve. 

 

Table 8. The parameters of the Lorentzian fit of the 2Π ← X 2Π electronic absorption band of C10H. 

 Value Uncertainty 

λmax 714.033 nm 0.003 nm 

w 0.372 nm 0.019 nm 
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CHAPTER 9. AN APPROACH TO THE GAS-PHASE 

ABSORPTION SPECTRUM OF C60
+ 

The spontaneous formation of the fullerene molecule C60 in carbon-rich environments 

and its remarkable stability suggests that it could be one of the major forms of carbon in the 

interstellar space. The ionization potential of the fullerene is 7.58 eV so one can expect that a 

large fraction of interstellar fullerene would exist in the ionic form. The best electronic 

absorption spectrum of C60
+ reported so far [90] was recorded in a neon matrix. The origin 

band was found at 10368 cm–1 along with a strong satellite peak lying 67 cm–1 to higher 

energy, presumably corresponding to two slightly different C60
+ structures trapped by the 

matrix environment. Subsequently, two diffuse interstellar bands were found at 9577 Å and 

9632  Å that were only shifted by 3 and 10 cm–1 compared to laboratory measurements of 

C60
+ [91]. The bands were later found to correlate in intensity [92] indicating a possible 

relation between the carriers of two DIBs. However, because the gas-phase spectrum of C60
+ 

can be shifted compared to the one obtained in neon matrices, the identification of these bands 

remains tentative. 

First fullerenes were produced in the gas phase by laser ablation of a carbon disk [93]. 

However, because of the short laser pulse duration, it is not possible to obtain a stable flow of 

fullerene molecules for the 100 μs period – the time necessary to record a single ringdown 

event. This was demonstrated by comparison of the C5 electronic absorption spectra obtained 

with pulsed discharge nozzle and with ablation sources [87]. Here an alternative approach is 

discussed, based on building an effusive source of C60 with subsequent ionization by electron 

impact. 

The vapor pressure of fullerene in the temperature range 723–1096 K is given by 

Matsumoto et al. [94] 

( )
T

P 7.820991.4log atm −=  

At 800 K the pressure of fullerene would be 3.4⋅10–3 torr which is equivalent to the 

concentration of 4.0⋅1013 cm–3. 

The total intensity of the effusive source for practical application may be written as  

( ) ⎥⎦
⎤

⎢⎣
⎡

⋅
⋅=

ssr
molecules

MT
pI σ02210125.10 [95] 

where p0 is the pressure in torr within the source, σ is the area of the source orifice in 

square centimeters, and M and T are the molecular weight and the absolute temperature of 
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gas, respectively. Assuming that the source will have a 100 μm slit with a length of 3 cm, the 

intensity of the fullerene source will be 1.5⋅1015 molecules sr–1 s–1. The average velocity of 

fullerene molecules at 800 K is 130 m/s and the concentration of C60 near the nozzle opening 

can reach 3⋅1013 cm–3. Afterwards, fullerene molecules can be efficiently ionized by electron 

impact source. The ionization crossection σ of C60 by electrons with the energy of 70–300 eV 

exceeds 10–15 cm–2 [96]. According to Labmert-Beer’s law, the intensity of an electron beam 

passing through the cloud of fullerene of concentration c and pathlength l is given by 

( ) ( )clJclJJ σσ −≈−= 1exp 00  

and the rate of C60 ionization k = J0 – J = J0 (σ c l). Taking l=1 mm, the width of the volume 

probed by laser, gives k = 3⋅10–3J0. The electron current density emitted by a heated filament 

is described by the following expression [97] 

 ⎟
⎠

⎞
⎜
⎝

⎛ −
=

kT
E

ATJ wexp2  

where A is material constant (60 amps/cm2K2 for tungsten) and Ew is thermionic work 

function (about 4.5 eV for tungsten). According to this formula, a 3 cm long tungsten filament 

with a diameter of 0.2 mm heated to 2700 K will generate 0.3 A current. Actual emission 

current, however, is much lower as most of the electrons are stopped by the molybdenum tube 

acting as a Wehnelt shield. The typical values for thorium-coated tungsten filament (Thorium 

coating reduces Ew down to 2.6 eV) range from 10 to 80 mA. The current of 10 mA 

corresponds to I0 = 6⋅1016 s–1 and thus k = 2⋅1014 s–1. Assuming that the electron beam is 

focused to 1 mm at the optical axis of the spectrometer and taking into accound the fullerene 

molecules leave the active space at the speed of 130 m/s, the stationary concentration of 

C60
+ ions can be estimated as 1⋅1012 cm–3. Cavity ringdown spectroscopy is capable of 

detecting moderately absorbing species at concentrations down to 1010 cm–3 [98] so the 

described method can indeed provide detectable amounts of C60
+ ions. However, the internal 

temperature of molecules coming out of the effusive source is equal to the temperature inside 

the source so the electronic absorption bands of fullerene would be very broad due to the 

excitation of highly energentic rotational and vibrational movement. 

The scheme of the designed source is shown on Figure 38. The one-piece copper body 

consists of the heating chamber and the slit opening. The oven is wound with a heating wire, 

which is shielded with a steel cylinder to minimize heat dissipation. An argon flow through 

the oven brings the fullerene vapor to the slit. The slit is formed by two steel blades placed to 

make an opening of precisely 100 μm. 
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Figure 38. The scheme of the effusive source for producing C60
+ ions. 

A thermocouple is mounted near the slit opening to monitor the temperature of the exit 

orifice. During the initial tests, the source could be heated up to 850 K by applying ∼110 V to 

the heating wire. The design of the electron impact source was taken from the work by 

Ruchti et al. [99] without any alteration. A tungsten filament is placed inside a slotted 

molybdenum tube, both of them kept as the same potential. Emitting electrons are thus 

accelerated thorough the slit towards the C60 beam. The production of ions is monitored by 

the mass spectrometer. At the present step, however, no signs of electron impact ionization 

have been observed due to unresolved technical problems and no further progress has been 

made yet on gas-phase detection of C60
+. 
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APPENDIX A. ROTATIONAL LINES ASSIGNMENT 
 

 
Table 9. Assigned rotational lines of a P-branch of 2A″-X2A″ electronic transition of C6H4

+, the frequencies 

are given in cm–1. Several rotational transitions can contribute to one line in the spectrum due to limited 

resolution. 

N′ Ka′ Kc′  N″ Ka″ Kc″ Observed Calculated Obs-Calc 

4 0 4 - 5 0 5 16544.456 16544.475 -0.019 

5 0 5 - 6 0 6 16544.355 16544.368 -0.013 

5 1 4 - 6 1 5 16544.456 16544.440 0.016 

5 1 5 - 6 1 6 16544.456 16544.452 0.005 

6 0 6 - 7 0 7 16544.227 16544.258 -0.030 

6 1 5 - 7 1 6 16544.355 16544.329 0.027 

6 1 6 - 7 1 7 16544.355 16544.342 0.013 

7 1 6 - 8 1 7 16544.227 16544.214 0.013 

7 1 7 - 8 1 8 16544.227 16544.230 -0.003 

7 2 5 - 8 2 6 16544.456 16544.456 0.001 

7 2 6 - 8 2 7 16544.456 16544.456 0.000 

8 1 7 - 9 1 8 16544.099 16544.097 0.002 

8 1 8 - 9 1 9 16544.099 16544.115 -0.016 

8 2 6 - 9 2 7 16544.355 16544.339 0.016 

8 2 7 - 9 2 8 16544.355 16544.339 0.016 

9 1 8 - 10 1 9 16543.968 16543.976 -0.008 

9 1 9 - 10 1 10 16543.968 16543.997 -0.029 

9 2 7 - 10 2 8 16544.227 16544.220 0.008 

9 2 8 - 10 2 9 16544.227 16544.220 0.007 

10 1 9 - 11 1 10 16543.837 16543.852 -0.015 

10 1 10 - 11 1 11 16543.837 16543.876 -0.038 

10 2 8 - 11 2 9 16544.099 16544.097 0.002 

10 2 9 - 11 2 10 16544.099 16544.098 0.001 

11 0 11 - 12 0 12 16543.660 16543.661 -0.001 

11 1 10 - 12 1 11 16543.707 16543.726 -0.018 
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N′ Ka′ Kc′  N″ Ka″ Kc″ Observed Calculated Obs-Calc 

11 2 9 - 12 2 10 16543.968 16543.971 -0.004 

11 2 10 - 12 2 11 16543.968 16543.972 -0.005 

11 3 8 - 12 3 9 16544.355 16544.361 -0.006 

11 3 9 - 12 3 10 16544.355 16544.361 -0.006 

12 1 11 - 13 1 12 16543.564 16543.596 -0.032 

12 2 10 - 13 2 11 16543.837 16543.843 -0.005 

12 2 11 - 13 2 12 16543.837 16543.844 -0.006 

12 3 9 - 13 3 10 16544.227 16544.233 -0.005 

12 3 10 - 13 3 11 16544.227 16544.233 -0.005 

13 1 12 - 14 1 13 16543.441 16543.463 -0.022 

13 2 11 - 14 2 12 16543.707 16543.711 -0.003 

13 2 12 - 14 2 13 16543.707 16543.712 -0.005 

13 3 10 - 14 3 11 16544.099 16544.101 -0.002 

13 3 11 - 14 3 12 16544.099 16544.101 -0.002 

14 0 14 - 15 0 15 16543.263 16543.267 -0.005 

14 2 12 - 15 2 13 16543.564 16543.576 -0.012 

14 2 13 - 15 2 14 16543.564 16543.577 -0.013 

14 3 11 - 15 3 12 16543.968 16543.966 0.001 

14 3 12 - 15 3 13 16543.968 16543.966 0.001 

15 2 13 - 16 2 14 16543.441 16543.438 0.003 

15 2 14 - 16 2 15 16543.441 16543.440 0.001 

15 3 12 - 16 3 13 16543.837 16543.829 0.009 

15 3 13 - 16 3 14 16543.837 16543.829 0.009 

16 0 16 - 17 0 17 16543.017 16542.990 0.027 

16 3 13 - 17 3 14 16543.707 16543.688 0.020 

16 3 14 - 17 3 15 16543.707 16543.688 0.020 

16 4 12 - 17 4 13 16544.227 16544.233 -0.006 

16 4 13 - 17 4 14 16544.227 16544.233 -0.006 

17 0 17 - 18 0 18 16542.846 16542.846 0.000 

17 2 15 - 18 2 16 16543.168 16543.152 0.015 

17 2 16 - 18 2 17 16543.168 16543.155 0.012 
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N′ Ka′ Kc′  N″ Ka″ Kc″ Observed Calculated Obs-Calc 

17 4 13 - 18 4 14 16544.099 16544.089 0.010 

17 4 14 - 18 4 15 16544.099 16544.089 0.010 

18 0 18 - 19 0 19 16542.695 16542.700 -0.005 

18 2 16 - 19 2 17 16543.017 16543.005 0.012 

18 2 17 - 19 2 18 16543.017 16543.009 0.008 

18 4 14 - 19 4 15 16543.968 16543.942 0.025 

18 4 15 - 19 4 16 16543.968 16543.942 0.025 

19 0 19 - 20 0 20 16542.538 16542.551 -0.013 

19 2 17 - 20 2 18 16542.846 16542.855 -0.008 

19 2 18 - 20 2 19 16542.846 16542.859 -0.013 

19 3 16 - 20 3 17 16543.263 16543.247 0.016 

19 3 17 - 20 3 18 16543.263 16543.247 0.016 

20 0 20 - 21 0 21 16542.386 16542.399 -0.013 

20 2 18 - 21 2 19 16542.695 16542.701 -0.006 

20 2 19 - 21 2 20 16542.695 16542.706 -0.011 

20 4 16 - 21 4 17 16543.660 16543.639 0.021 

20 4 17 - 21 4 18 16543.660 16543.639 0.021 

21 0 21 - 22 0 22 16542.223 16542.244 -0.021 

21 1 20 - 22 1 21 16542.277 16542.289 -0.011 

21 2 19 - 22 2 20 16542.538 16542.544 -0.006 

21 2 20 - 22 2 21 16542.538 16542.550 -0.012 

22 0 22 - 23 0 23 16542.070 16542.085 -0.016 

22 2 20 - 23 2 21 16542.386 16542.384 0.001 

22 2 21 - 23 2 22 16542.386 16542.391 -0.005 

23 0 23 - 24 0 24 16541.894 16541.924 -0.030 

23 2 21 - 24 2 22 16542.223 16542.221 0.001 

23 2 22 - 24 2 23 16542.223 16542.229 -0.007 

24 0 24 - 25 0 25 16541.764 16541.761 0.004 

24 2 22 - 25 2 23 16542.070 16542.055 0.014 

24 2 23 - 25 2 24 16542.070 16542.064 0.005 

25 0 25 - 26 0 26 16541.588 16541.594 -0.005 
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N′ Ka′ Kc′  N″ Ka″ Kc″ Observed Calculated Obs-Calc 

25 1 25 - 26 1 26 16541.720 16541.699 0.021 

25 2 23 - 26 2 24 16541.894 16541.886 0.008 

25 2 24 - 26 2 25 16541.894 16541.896 -0.002 

25 3 22 - 26 3 23 16542.277 16542.283 -0.005 

25 3 23 - 26 3 24 16542.277 16542.283 -0.006 

26 0 26 - 27 0 27 16541.415 16541.424 -0.009 

26 2 24 - 27 2 25 16541.720 16541.714 0.006 

26 2 25 - 27 2 26 16541.720 16541.726 -0.006 

27 1 27 - 28 1 28 16541.387 16541.358 0.029 

28 0 28 - 29 0 29 16541.056 16541.076 -0.020 

28 1 28 - 29 1 29 16541.195 16541.183 0.011 

28 2 26 - 29 2 27 16541.387 16541.359 0.028 

28 2 27 - 29 2 28 16541.387 16541.374 0.013 

28 3 25 - 29 3 26 16541.764 16541.759 0.005 

28 3 26 - 29 3 27 16541.764 16541.760 0.005 

29 1 29 - 30 1 30 16541.004 16541.006 -0.001 

29 2 27 - 30 2 28 16541.195 16541.177 0.017 

29 2 28 - 30 2 29 16541.195 16541.194 0.000 

30 1 30 - 31 1 31 16540.826 16540.825 0.002 

30 2 28 - 31 2 29 16541.004 16540.992 0.012 

30 2 29 - 31 2 30 16541.004 16541.011 -0.007 

31 2 29 - 32 2 30 16540.826 16540.804 0.022 

31 2 30 - 32 2 31 16540.826 16540.825 0.001 

31 3 28 - 32 3 29 16541.195 16541.208 -0.013 

31 3 29 - 32 3 30 16541.195 16541.209 -0.014 

33 0 33 - 34 0 34 16540.128 16540.154 -0.027 

33 1 32 - 34 1 33 16540.128 16540.161 -0.034 
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Table 10. Measured rotational line frequencies of C6H. 

 

Branch J’ J” Observed Calculated Δ(Obs-Calc) 
2Π3/2–2Π3/2 electronic transition 

Q   3/2  3/2 19424.57 19424.57 0.00 

P   3/2  5/2 19424.35 19424.34 0.01 

P   5/2  7/2 19424.25 19424.25 0.00 

P   7/2  9/2 19424.22 19424.16 0.06 

P   9/2 11/2 19424.10 19424.06 0.04 

P  11/2 13/2 19423.97 19423.97 0.00 

P  17/2 19/2 19423.71 19423.68 0.03 

P  19/2 21/2 19423.59 19423.59 0.01 

P  21/2 23/2 19423.47 19423.49 -0.02 

P  27/2 29/2 19423.26 19423.20 0.05 

P  29/2 31/2 19423.15 19423.11 0.05 

P  31/2 33/2 19423.04 19423.01 0.03 

P  33/2 35/2 19422.94 19422.91 0.03 

P  37/2 39/2 19422.75 19422.72 0.03 

P  43/2 45/2 19422.45 19422.42 0.03 

P  45/2 47/2 19422.35 19422.32 0.02 

P  53/2 55/2 19421.98 19421.92 0.05 

P  55/2 57/2 19421.86 19421.82 0.04 

P  57/2 59/2 19421.74 19421.72 0.02 

P  67/2 69/2 19421.24 19421.21 0.03 

R   5/2  3/2 19424.79 19424.80 -0.02 

R   7/2  5/2 19424.88 19424.90 -0.01 

R  15/2 13/2 19425.25 19425.26 -0.01 

R  17/2 15/2 19425.31 19425.35 -0.03 

R  21/2 19/2 19425.52 19425.53 -0.01 

R  23/2 21/2 19425.60 19425.62 -0.02 
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Branch J’ J” Observed Calculated Δ(Obs-Calc) 
2Π1/2–2Π1/2 electronic transition 

P   1/2   3/2 19433.11 19433.08 0.02 

P   3/2   5/2 19433.00 19432.99 0.02 

P   5/2   7/2 19432.91 19432.89 0.01 

P  11/2  13/2 19432.62 19432.61 0.01 

P  13/2  15/2 19432.51 19432.51 0.00 

P  15/2  17/2 19432.39 19432.41 -0.02 

P  19/2  21/2 19432.24 19432.22 0.02 

P  21/2  23/2 19432.08 19432.12 -0.04 

P  23/2  25/2 19431.97 19432.02 -0.05 
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APPENDIX B. CONTROLLING THE QUADRUPOLE MASS 

SPECTROMETER IN LABVIEW 
 
MassSpectr.vi 
D:\QMS-operate\MassSpectr.vi 
Last modified on 15/06/2006 at 15:58 
Printed on 15/06/2006 at 16:21 
 
DESCRIPTION: 
This VI operates quadrupole mass spectrometer QMS 422 via 
standart ASCII RS-232-C protocol. The signal from the detector 
is counted by NI-TIO 6602 board which counts pulses on SOURCE 
pin during user-defined externally triggered gate signal. 
 
INSTRUCTIONS: 
1. Choose desired mass range and step of the scan. 
2. Make your Gate selections, as desired. 
3. Optional controls are hidden and can be found on diagram. 
You can need them for debugging this VI. 
4. Run the VI. 
5. Press save button to save your scan as XY pairs. The dialog 
window will appear after the scan is finished or interrupted. 
 
I/O CONNECTIONS: 
TTL pulses converter is connected to SOURCE 2 pin; 
Discharge trigger pulse is connected to GATE1 pin; 
OUT1 is connected to GATE2, this is actual GATE signal. 
 
NOTE: For actual I/O pin numbers, please refer to your 
hardware user manual. 
 
DAQ VIs USED: 
Counter Group Config.vi 
Counter Source (NI-TIO).vi 
Counter Gate (NI-TIO).vi 
Counter Get Attribute.vi 
Counter Control.vi 
 

Alexey Denisov, 2002 
Institute for Physical Chemistry 

University of Basel 
Switzerland 
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Electronic Gas-Phase Spectrum of the Pentaacetylene Cation†

P. Cias, O. Vaizert, A. Denisov, J. Mes,§ H. Linnartz, # and J. P. Maier*
Department of Chemistry, Klingelbergstrasse 80, CH 4056 Basel, Switzerland

ReceiVed: February 27, 2002; In Final Form: June 25, 2002

The origin band of the A2Πu-X2Πg electronic transition of the linear pentaacetelyne cation, HC10H+, and
isotopic derivatives, HC10D+ and DC10D+, has been recorded in the gas phase. The absorption spectrum was
observed by cavity ring down spectroscopy through a supersonic planar plasma expansion. The spectrum
comprises both spin-orbit components with resolved P- and R-branches. Contour fits allow the determination
of ground and excited state spectroscopic constants.

Introduction

The polyacetylene cations, HCnH+, are open-shell species
with a 2Π ground state. The strong electronic transitions have
2Πu-X2Πg symmetry and shift to the red with increasing
number of carbon atoms. Rotationally resolved electronic spectra
have been recorded previously in the gas phase for the even
members withn ) 2 at 255.7 nm,1 n ) 4 at 507.0 nm,2,3

n ) 6 at 600.4 nm,4,5 andn ) 8 at 707.1 nm.6 Little is known
on the next member in the series, the pentaacetylene cation
HC10H+. Density functional theory calculations7 and ion chro-
matography8 predict a linear structure. It was shown that
HC10H+ is formed in an ion trap upon collision activated
processes on polycyclic aromatic hydrocarbons.9 Furthermore,
this cation may be of interest from an astrophysical point of
view. It has been argued that electronic transitions of carbon
chains may be among the carriers of unidentified absorption
features in diffuse interstellar clouds.10 Particularly longer chains
are of interest as these are expected to be photo stable.

The first experimental observation of the A2Πu-X2Πg

electronic spectrum of HC10H+ was in a neon matrix using mass
selective deposition;11 the transition was found to comprise a
strong origin band around 823.3 nm and a series of weaker bands
corresponding to vibrational excitation in the upper electronic
state. In the case of the smaller polyacetylene cations, the
transitions in the gas phase are typically blue-shifted 100-130
cm-1 with respect to the matrix value, that is, the unperturbed
origin band of HC10H+ is expected between 814.5 and
816.5 nm.

Experiment

The wavelength range around 815.5 nm was scanned using
cavity ring down (CRD) spectroscopy. CRD has become a
powerful tool for the study of the structural and dynamical
properties of molecules in the gas phase.12 One of the reasons
for this success is the conceptual simplicity of a CRD experi-
ment. A small fraction of laser light is coupled into an optical

cavity of lengthL consisting of two mirrors with a reflec-
tivity close to unity. The light leaking out of the cavity has
an envelope, which is simply a first-order exponential decay,
exp(-t/τ). The ring down time,τ, reflects the rate of absorption
rather than its magnitude, and as such the method is independent
of power fluctuations. In addition, very long absorption path
lengths are obtained by confining light tens of microseconds to
the cavity. A spectrum is recorded by measuringτ as function
of the laser frequency.

In the present experiment, a standard pulsed CRD spectrom-
eter with a resolution of 0.15 cm-1 is used to sample a pulsed
supersonic plasma, generated by discharging a mixture of 0.3%
HCCH (or DCCD or both) in He (-600 V, 100 mA) in the
throat of a 300 mm× 300 µm multichannel slit nozzle
geometry.13 This system combines high molecular densities and
relatively large absorption path lengths with an effective
adiabatic cooling. The best S/N ratios are found when the CRD
beam intersects the expansion 3 mm downstream from the
nozzle orifice. The light exiting the optical cavity is focused
via a narrow band-pass filter onto a broad band Si photodiode
and is monitored by a fast oscilloscope. Typical ring down times
amount toτ ) 50 µs. For a cavity of lengthL ) 52 cm, this is
equivalent to approximately 29 000 passes through the plasma
or an effective absorption path length of 865 m. The present
data set is calibrated via the internal reference system of the
dye laser, yielding an absolute accuracy on the order of
0.5 cm-1 around 815 nm.

Results and Discussion

For an A2Πu-X2Πg electronic transition of a linear molecule,
one expects to observe two separate bands (each consisting of
a P-, Q-, and R-branch) of the two spin-orbit transitions
A2Π3/2-X2Π3/2 and A2Π1/2-X2Π1/2. The intensity ratio of the
two bands is determined by the spin-orbit temperature (Tso)
and the spin-orbit splitting in the ground state (A′′). The latter
is expected to be close to the value found for the tri- and
tetraacetylene cations,-31 cm-1. The minus sign indicates that
the ground state is invertedsas was observed for the smaller
polyacetylene chains5,6si.e., theΩ ) 3/2 component is below
Ω ) 1/2. The separation between the two bands in the spectrum
is given by the difference in spin-orbit constants in excited
and ground state (∆A ) A′ - A′′) and is expected to be on the
order of 3 cm-1.

The origin band in the A2Πu-X2Πg electronic transition of
HC10H+ is shown in the left part of Figure 1. The band contour

† Part of the special issue “Jack Beauchamp Festschrift”.
* To whom correspondence should be addressed. E-mail: J.P.Maier@

unibas.ch.
§ Visiting scientist, Laser Centre, Department of Physics and Astronomy,

Vrije Universiteit, De Boelelaan 1081, NL 1081 HV Amsterdam, The
Netherlands
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of both spin-orbit components is visible, even though there is
some overlap with the absorption lines of another species,
presumably C2. The band is not rotationally resolved be-
cause the rotational constant of HC10H+ is on the order of
0.01 cm-1 and the best laser resolution obtained with an internal
etalon was 0.035 cm-1. In addition, lifetime broadening might
occur as result of intramolecular processes. It is possible,
however, to interpret the band contours in terms of unresolved
P-, Q- and R-branch contours of the A2Π3/2-X2Π3/2 and
A2Π1/2-X2Π1/2 electronic transitions. This is demonstrated in
the figure with stick diagrams.

The observed rotational profiles were simulated to determine
the band origin position and to estimate the spectroscopic
constants, using PGopher.14 The ground state spin-orbit splitting
is assumed to be similar to that found for the tri- and
tetraacetylene cations,-31 cm-1. The intensity ratio of the two
spin-orbit bands yieldsTso ) 45(5) K, which will be close to
the rotational temperature,Trot. This value is higher than that
in previous experiments (e.g., ref 15) and a direct consequence
of measuring closer to the slit nozzle orifice; further down-
stream the shoulder at lower energy disappears and only the
A2Π3/2-X2Π3/2 band is observed. The ground-state rotational
constantB′′ ) 0.009 88 cm-1 is calculated from a recent ab
initio density functional theory geometry optimization that
gives H-C1 ) 1.068 Å, C1-C2 ) 1.219 Å, C2-C3 )
1.330 Å, C3-C4 ) 1.240 Å, C4-C5 ) 1.311 Å, and C5-C6
) 1.246 Å,7 reflecting a single-triple bond alternation.16 A
good simulation is obtained for an origin band value ofT0 )
12 260.4(5) cm-1, blue-shifted 117 cm-1 with respect to the
matrix value and with excited-state valuesA′ ) -28 cm-1 (i.e.,
∆A ) 3 cm-1) and B′ ) 0.009 82 cm-1. The latter value is
expected to be accurate to within a few percent. The ratio
B′′/B′ ) 1.007 is close to unity; for a chain as long as HC10H+,
only a minor change in molecular geometry is expected upon
electronic excitation. For smaller chains, the effect is more
pronounced. This can be seen from Table 1 in which the param-
eters of a number of polyacetylene cations HCnH+ are compared.

For larger n, the rotational constantsB decrease, the ratio
B′′/B′ decreases as well, and there is a monotonic shift of the
origin band to the red. The oscillator strength increases withn,
which holds promise for the extension of the experimental
approach to measure the electronic spectrum of even longer
species.

Figure 1. A smoothed laboratory spectrum of the A2Πu-X2Πg electronic origin band transition of HC10H+ (left side) and DC10D+ (right side)
recorded in absorption using cavity ring down spectroscopy with 0.15 cm-1 resolution. Both spin-orbit components are visible, as can be concluded
from the stick diagram. The latter shows the simulation for a rotational temperature ofTrot ) 45 K and molecular parameters as listed in Table 1.
The dashed line shows the simulation for the unresolved spectrum.

TABLE 1: Comparison of the Spectroscopic Constants of
Linear Chains HCnH+, DCnD+, and HCnD+a

HCnH+

n ) 4b n ) 6c n ) 8d n ) 10e,f

T0 19 722.610(2) 16 654.6873(3) 14 143.1815(5) 12 260.4(5)
B′′ 0.146 888(22) 0.044 594(3) 0.019 078(9) 0.009 88(3)
B′ 0.140 083(22) 0.043 792(3) 0.018 867(9) 0.009 82(3)
B′′/B′ 1.049 1.018 1.011 1.007
A′′ -33.5(1.9) -31.40(28) (-31) (-31)
A′ -31.1(2.0) -28.41(28) (-28) (-28)
∆A 3 3

HCnD+

n ) 4g n ) 6c n ) 8g n ) 10f

T0 19 731.725(2) 16 670.6168(3) 14 156.3(3) 12 270.6(5)
B′′ 0.136 599(30) 0.042 573(8)
B′ 0.130 469(30) 0.041 815(8)
B′′/B′ 1.047 1.018
A′′ (-33.3) -32.37(56)
A′ (-31.1) -29.42(56)
∆A 2.2

DCnD+

n ) 4b n ) 6c n ) 8d n ) 10f

T0 19 740.683(2) 16 686.5100(3) 14 169.5243(3) 12 280.8(5)
B′′ 0.127 403(24) 0.040 701(9) 0.017 648(6) 0.009 23(5)
B′ 0.121 831(25) 0.039 980(9) 0.017 452(6) 0.009 17(5)
B′′/B′ 1.046 1.018 1.011 1.007
A′′ -33.3(2.0) -31.31(49) (-31) (-31)
A′ -31.1(2.0) -28.40(49) (-28) (-28)
∆A 3 3

a All values are in cm-1. b Reference 2.c Reference 3.d Reference
4. e Reference 6.f This work. g Reference 19.
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A confirmation of the assignment of the observed 815.5 nm
band to the pentaacetylene cation is provided by the detection
of this transition in the partially (HC10D+) and fully deuterated
(DC10D+) species. The latter is shown in the right part of
Figure 1, approximately 20 cm-1 blue-shifted with respect to
the HC10H+ band. A good simulation of the observed spectrum
is obtained forB′′ ) 0.009 23(5) cm-1, B′ ) 0.009 17(5) cm-1,
andT0 ) 12 280.8(5) cm-1 (Figure 1). The corresponding stick
diagram is shown as well. The spectrum of the monodeuterated
chain, HC10D+, has been observed at 12 270.6(5) cm-1 but is
rather weak, and a contour simulation is not possible. Table 1
summarizes the determined spectroscopic constants for chains
HCnD+ and DCnD+, with n ) 4, 6, 8, and 10.

This work presents the electronic spectrum of the largest
polyacetylene cation measured in the gas phase so far. Never-
theless, a comparison with the hitherto reported diffuse interstel-
lar bands in the near infrared17,18 shows that there is no
absorption apparent at the position of the origin band in the
electronic spectrum of HC10H+.
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Gas phase detection of cyclic B 3 : 2 2E8]X 2A 18 electronic origin band
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The rotationally resolved origin band in the 22E8←X 2A18 electronic spectrum of cyclic B3 has been
observed by cavity ring down spectroscopy in the gas phase. The B3 molecule was generated in a
supersonic planar plasma containing decaborane (B10H14) and neon as a carrier gas. The rotational
structure pattern is that of a cyclic molecule. It is analyzed assuming an equilateral triangle in both
electronic states. The band origin is determined to be 21 853.52 cm21, and the bond lengths
1.603 77~106! Å in the ground and 1.619 07~96! Å in the excited electronic state are inferred from
analysis of the rotational structure. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1791153#

I. INTRODUCTION

Well resolved absorption and emission spectra of cyclic
trimers have been reported only for few species, including,
Al3 ,1 Li 3 ,2 Cu3 ,3 H3

1 ,4 and Na3 .5 As the small boron mol-
ecules have applications in industry as chemical insulators,
explosives, semiconductors, and high energy density materi-
als, their structure is of relevance.6,7 The boron trimer has
been investigated only in rare gas matrices. First came the
electron-spin-resonance observation which showed that B3

contains an unpaired electron and that the three nuclei are
equivalent.8 The infrared spectrum of B3 was also observed,1

and recently the 22E8←X 2A18 electronic transition of B3 in
a neon matrix was identified using a mass selective
approach.9 However, there is no spectroscopic information
on the boron trimer B3 in the gas phase.

There is interest in the spectrum of cyclic B3 because
several of the excited electronic states are degenerate inD3h

symmetry. According to the Jahn-Teller theorem, there exists
at least one vibrational mode that removes the electronic de-
generacy and results in the stabilization of the lowest com-
ponent by lowering the symmetry of the equilibrium struc-
ture. Most recent theoretical calculations on B3 predicted an
equilateral structure (D3h) with an 2A18 electronic symmetry
in the electronic ground state and an obtuse triangle (C2v)
with an apex angle>60° for the 22E8 excited electronic
state.8,10,11 However, a low stabilization energy~difference
between the conical intersection and the minima! compared
with zero point energy for the 22E8 state is reported.9 There-
fore the B3 molecule can be considered to haveD3h

symmetry in the 22E8 state as an effective structure and the
2 2E8←X 2A18 electronic system can be considered as a quasi
‘‘ D3h-D3h’’ transition.

In the present work we report the observation of the
rotationally resolved origin band of the 22E8←X 2A18 elec-
tronic spectrum of B3 . The analysis of the spectrum gives an
estimate of the molecular geometry; the first gas phase struc-
tural determination.

II. EXPERIMENT

This consists of a standard cavity ring down setup sam-
pling a plasma generated in a pulsed supersonic slit jet
expansion.12 A small fraction of pulsed laser light from a
tunable dye laser is coupled into an optical cavity consisting
of two highly reflective mirrors (R.99.99%). The fraction
of light leaking out of the cavity has an envelope which is a
first-order exponential decay, exp(2t/t). The ring down time
t reflects the absorption coefficient. A spectrum is recorded
by measuringt as function of the wavelength of the laser
~running at 30 Hz!. Forty-five ring down events are averaged
at each wavelength before the digitized data are downloaded
to a workstation. The;0.05 cm21 linewidth of the laser was
attained with an internal etalon.

The pulsed slit jet system is located in a vacuum cham-
ber evacuated by a roots blower. The plasma is produced in a
nozzle incorporating a discharge in the high pressure expan-
sion. The orifice comprises a metal plate anode and two
sharp stainless steel cathodes that form the actual slit~30
mm3300 mm!. A pulsed negative voltage~2800 V/100 mA
and 100ms in duration! is applied. The geometry of the
orifice is such that the discharge is confined upstream of the
supersonic expansion. To produce B3 , solid B10H14 is heated
in the oven to 70610 °C with neon as a carrier gas at a
backing pressure of 10 bars. In order to avoid condensation
inside the source, the valve and body of the nozzle are heated
as shown in Fig. 1. The B3 molecules are efficiently pro-
duced at a distance 5 mm down stream from the slit. The
spectrum is calibrated via the neon atomic lines that are ob-
served in the jet expansion.

III. RESULTS

The 22E8←X 2A18 electronic spectrum of B3 was ini-
tially identified in absorption in a 6 K neon matrix using
mass selection with origin band located at 21 828 cm21.9

Based on this the band was sought in the gas phase. The
absorption signal was subsequently found near 21 900 cm21

~Fig. 2! and the observed profile of the band,;25 cm21 in
width, was in a good agreement with preliminary simula-
tions. No other signal could be detected within6300 cm21

a!Author to whom correspondence should be addressed; Fax:141-61-
2673855. Electronic mail: J.P.Maier@unibas.ch
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from the observed band. Though the spectrum visually ap-
pears ‘‘noisy’’ ~typical S/N of at least 5! all the peaks are
genuine. This is shown by the top trace which is an indepen-
dent recording of this part of the band. Corresponding traces
were obtained for other regions proving that all the lines
given in Tables I and III are real.

The spectrum exhibits rotationally resolvedP and R
branches slightly blended with strong neon atomic lines. The
Q branch is not visible due to a complex splitting and blend-
ing with an intense neon line. Actually, it is a composition of
four spectra, as two boron isotopes are present. Because the
natural isotopic abundance of11B:10B in the precursor is 4:1,
the relative concentration of the two isotopomers33B3 :32B3

~two equivalent structures of10B11B2) should be 4:3. The
peaks in the spectra of31B3 and 30B3 could not be assigned
due to their small abundance. As a result, the observed spec-
trum is essentially an overlap of the two isotopomers33B3

and32B3 .
The B3 cyclic molecule in the excited degenerate state

should undergo a deformation due to the Jahn-Teller effect,
however, the distortion from an equilateral triangle can be
neglected as a result of low stabilization energy@merely 39
cm21 compared with a zero-point energy~1522 cm21! in the
2 2E9 state9#. A similar situation was encountered for the
cyclic C3H radical, where deformations of the C2v structure
were neglected due to small energy differences between the
Cs and C2v forms.13 Therefore, it is reasonable to assume that
the effective symmetry of the 22E8 state isD3h for the
analysis of the rotational structure in the observed spectrum.

The measured positions of the33B3 lines are given in
Table I. The spectral line frequencies were analyzed using a
conventional Hamiltonian for a symmetric top molecule. In
order to analyze the imperfectly resolved rotational spectrum
it was assumed that the structure of the B3 molecule hasD3h

symmetry in both states. This way the number of spectro-

FIG. 1. Schematic diagram of the source used to produce B3 . Decaborane
was heated up to 70610 °C in the oven. Neon at a backing pressure of 10
bars was used as a carrier gas. The pulsed plasma was produced by a slit
nozzle to which the high voltage was applied.

FIG. 2. Rotationally resolved 22E8←X 2A18 electronic origin band of B3 in
the gas phase measured by cavity ring down spectroscopy through a super-
sonic planar plasma. The two upper traces are independent recordings to
show that the peaks are real and not noise. The three bottom traces are the
simulated patterns33B3132B3 ~in ratio 4:3!, 32B3 and33B3 . The two strong
lines off scale belong to neon. Bands marked with* are unassigned. Lines in
the simulation for which counterparts in the spectrum could not be found are
marked with ‘‘1.’’

TABLE I. Frequencies~in cm21! and assignments in the 22E8←X 2A18
absorption spectrum of33B3 .

NK nobs ncalc nobs2ncalc

11-22 21 850.374 21 850.543 20.169a

22-33 21 849.223 21 849.296 20.073
33-44 21 848.070 21 848.027 0.043
44-55 21 846.731 21 846.736 20.005
66-77 21 844.118 21 844.086 0.032
77-88 21 842.710 21 842.727 20.017
11-00 21 855.230 21 855.305 20.075
22-11 21 856.499 21 856.440 0.059
33-22 21 857.600 21 857.552 0.048
44-33 21 858.629 21 858.642 20.013
55-44 21 859.690 21 859.710 20.020
88-77 21 862.770 21 862.778 20.008
99-88 21 863.713 21 863.756 20.043
1010-99 21 864.749 21 864.712 0.037

aNot included in the least-squares fit.
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scopic parameters could be reduced to 3; the bond lengths
r 8, r 9 and band originT00 were then determined directly
from a least-squares fit to the line positions.

The results for the33B3 molecule are listed in Table II.
The determined bond lengths (r 0) are 2% longer than the
calculated ones (r e) ~Ref. 9! in both the ground and excited
states. In the ground state this is because of zero-point vibra-
tions as the analysis assumes a negligible inertial defect. The
difference in the excited state is additionally caused by im-
perfections of the simple model used~assuming an equilat-
eral triangleu560° and ignoring the Jahn-Teller effect! and
anharmonicity of the potential.

The observed rotational profile was also simulated with
the obtained molecular constants using the programWANG.14

The simulated spectrum of33B3 is shown in Fig. 2. Best
agreement with the experiment was attained with a rotational
temperature of 30 K. A linewidth of 0.05 cm21 was used for
the simulation, though in the observed spectrum it is larger
due to Doppler and/or lifetime broadening.

In the case of the32B3 isotopomer the simulation was
based on the same geometry and temperature parameters
as inferred for33B3 but using a conventional Hamiltonian
of an asymmetric top molecule. It was also assumed that
only the B2-A1 transition, which is a type, occurs. The
rotational constants used for the32B3 molecule were
A:B:C51.2696:1.1906:0.6144 cm21 for the ground, and
1.2457:1.1682:0.6029 cm21 for the excited state. The spec-
trum of 32B3 was then shifted by21.94 cm21 ~from T00 of
33B3) to get the best agreement with the observation~Fig. 2!.
The isotopic shift of21.94 cm21 is reasonable for an origin
band.

In all, 34 rotational transitions were assigned; 14 of them
are attributed to the33B3 molecule and the rest to32B3 ~Table
III !. The presented rotational assignment and molecular
structure of the B3 molecule should be considered as tenta-
tive, because the insufficientS/N ratio of the spectrum de-
creases the accuracy of the molecular structure determina-

tion. Lines of31B3 ~'19% of the33B3 intensity! disturb the
line profiles of32B3 and 33B3 transitions. There are few un-
assigned lines, few missing ones, and some are obscured by
intense neon atomic lines~Fig. 2!. However, the consistency
of the whole analysis is sufficient to conclude that the
observed rotationally resolved spectrum is indeed the
2 2E8←X 2A18 transition of the cyclic B3 molecule, and leads
to the first structural information in the gas phase.
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TABLE II. Bond lengths and spectroscopic constants of the33B3 molecule
inferred from the partial rotational analysis of the 22E8←X 2A18 electronic
origin band.a

2 A18 2 2E8

Obs. Calc.b Obs. Calc.b

r 0 (Å) 1.603 77~106! 1.619 07~96!
u0 (deg) 60.0c 60.0c

r e (Å) 1.5706 1.5955
ue (deg) 60.0 60.8
T00 (cm21) 21 853.52d 22 723
B (cm21) 1.190 64~157!e 1.168 25~138!e

C (cm21) 0.595 32~79!e 0.584 12~69!e

aThe numbers in parentheses represent the one standard deviation derived
from the least square fitting. A rms of the fitting is 0.043 cm21.

bReference 9.
cFixed.
dError of calibration is around 0.01 cm21.
eThe rotational constants were calculated from the determined molecular
structures.

TABLE III. Frequencies~in cm21! and assignments in the 22E8←X 2A18
absorption spectrum of32B3 .a

NKaKc
nobs ncalc nobs2ncalc

212-313 21 847.174 21 847.197 20.023
202-303 21 847.183 20.009
313-414 21 845.859 21 845.877 20.018
303-404 21 845.876 20.017
414-515 21 844.525 21 844.544 20.019
404-505

515-616 21 843.220 21 843.188 0.032
505-606

616-717 21 841.821 21 841.809 0.012
606-707

717-818 21 840.420 21 840.407 0.013
707-808

414-313 21 856.843 21 856.832 0.011
404-303 21 856.833 0.010
515-414 21 857.952 21 857.934 0.018
505-404

616-515 21 859.041 21 859.013 0.028
606-505

717-616 21 860.125 21 860.068 0.057
707-606

aThe assignment and calculated frequencies were derived on the assumption
that the bond lengths of32B3 and 33B3 are equal, and the isotopic shift is
21.94 cm21.
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ABSTRACT

New laboratory data are presented for the previously reported molecular absorption band at 4429 8 observed in
a benzene plasma matching the strongest diffuse interstellar band (DIB) at 4428.98. Gas-phase absorption spectra
are presented for rotational temperatures of �15 and 200 K. The observations indicate that it is unlikely that
the laboratory band and the 4429 8 DIB are related. Eleven isomers of C5H5

(+) and C6H5
(+), both neutral and cat-

ionic, were considered as possible carriers of the laboratory band in view of the observed rotational profiles and
deuterium isotope shifts. The experimental data and theoretical calculations (CASPT3, MRCI) indicate that the
HCCHCHCHCH radical, a planar but nonlinear chain with one hydrogen on each carbon, is the most probable
candidate causing the 4429 8 laboratory absorption.

Subject headinggs: ISM: lines and bands — ISM: molecules — line: identification — methods: laboratory —
molecular data

1. INTRODUCTION

Recent progress with sensitive optical spectroscopic tech-
niques allows the detection of gas-phase spectra of molecules
that have been considered as potential carriers of diffuse in-
terstellar bands (DIBs). The DIBs are observed as absorption
features toward reddened stars (Herbig 1975). Up to now over
200 such features have been reported (Jenniskens & Désert
1994; Tuairisg et al. 2000), varying in width and intensity. It is
a long-standing problem to explain their origin. Various forms
of matter have been proposed, but none have resulted in an
unambiguous assignment (Tielens & Snow 1995). The report
in this journal (Ball et al. 2000) of a striking match between a
laboratory band at 44298measured through an expanding ben-
zene plasma and the strongest DIB, centered at 4428.9(1.4) 8,
has attracted attention, initiating a discussion on whether radi-
cal fragments of aromatic rings might be present in the diffuse
interstellar medium (Thaddeus & McCarthy 2001).

In their thorough spectroscopic study of a hydrocarbon
plasma, Ball et al. find a strong molecular band at 4429.27(4)8
consisting of an unresolved P-, an unresolved Q-, and an un-
resolved R-branch, matching in wavelength to a few parts in
104 the 4429 DIB. They conclude from partial and complete
deuteration of the precursor gas benzene that the laboratory
carrier is a hydrocarbon of the form CnH

þð Þ
5 with two pairs of

equivalent hydrogen atoms plus a single hydrogen. They dis-
cuss a series of possible radicals and propose as most likely
candidates the quasi-linear benzene fragments C3H

þ
5 and C5H5,

for which optical data have not been reported.
While the match in wavelength between the laboratory and

astronomical spectra is striking, there is no agreement in their
line widths; the 4429 DIB feature is about 17 times wider than
the band observed in the jet. In two recent studies of the intrinsic
profile of the 4429 DIB (Snow 2002; Snow et al. 2002), the lack
of fine structure is attributed to an electronic transition of a

gaseous molecule with the upper state undergoing a rapid in-
ternal conversion, or alternatively a system consisting of over-
lapping rotational lines. The first explanation implies that the
laboratory and astronomical spectra are identical both in wave-
length and in line width, which is not the case. The second ex-
planation leaves space for the proposition by Ball et al. that the
mismatch in line width may be due to a substantial difference
in rotational temperature of the carrier in a supersonic beam
(a few K), where collisional cooling is the main relaxation
mechanism, and in interstellar space (a few hundred K), where
radiative cooling might be very inefficient for weakly polar
species. Hence measuring the same spectrum at different tem-
peratures will give additional information on the astrophysical
relevance of the 4429 8 molecular band. Moreover, the dis-
cussion will benefit from the identification of the carrier of the
laboratory spectrum.

2. EXPERIMENT

The results of two complementary laboratory experiments
are described. The first is similar to that reported by Ball et al.
(2000); the 4429 8 band has been recorded through a benzene
plasma generated in a planar supersonic jet at rotational tem-
peratures of 15–40 K. In the second a hollow cathode discharge
cell is used instead, resulting in a substantially higher rota-
tional temperature of about 200 K. In both experiments, cavity
ring-down (CRD) spectroscopy is used as a sensitive detection
technique to observe signals in direct absorption (O’Keefe &
Deacon 1988). Very long absorption path lengths are obtained
by confining the light tens of microseconds in the cavity.

In the first experiment a cooled planar plasma is generated
by applying a 500 �s voltage pulse (�700 to�900 V) to a 1 ms
gas pulse of a 0.3% C6H6 /Ar (C6D6/Ar) mixture that is ex-
panded through a 3 cm ; 300 �m slit with a backing pres-
sure of about 10 bars. This setup has been used in the study of
over 20 hydrocarbon radicals and cations up to now (see, e.g.,
Motylewski et al. 2000) and combines high molecular densities
with an effective adiabatic cooling. The resolution is increased

1 Current address: Laser Centre and Department of Physical Chemistry,
De Boelelaan 1083, NL-1081 HV, Amsterdam, Netherlands.
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compared to pinhole expansions as used by Ball et al. (2000)
because of reduced Doppler broadening parallel to the slit that
allows spectroscopy at the limit of the laser resolution. Rota-
tional temperatures are slightly higher, typically 15–40 K.

A much warmer plasma is obtained in the second experiment
by applying a 500 �s voltage pulse (�1000 V) to gas mixtures
identical to those used in the jet, but in an 84 cm long hollow
cathode discharge cell, running at a pressure of a few mbar.
The spectroscopy is not Doppler-free, and with liquid nitro-
gen cooling, rotational temperatures are typically 150–200 K
(Kotterer et al. 1996).

3. RESULTS AND DISCUSSION

3.1. Comparison between the 4429 8 DIB
and Laboratory Bands

Figure 1 shows the CRD spectrum obtained through the
supersonic planar plasma. Although the signal-to-noise ratio
is good, no rotational structure is observed that could provide
structural information that is necessary to identify the carrier.
This indicates either that the separation between adjacent lines
is smaller than 0.03 cm�1 or that a lifetime broadening exists.
The absorption profile is in the middle of the strong 4429 8
DIB as seen from the synthetic spectrum shown in Figure 1.
As discussed by Ball et al. (2000), there is a clear difference in
spectral width of both features, and this has to be explained
before a correlation between the laboratory and astronomical
spectra can be established. Ball et al. correctly argue that for
the proposed nearly symmetric prolate top molecules, a spec-
trum consisting of a P-, a Q-, and an R-branch is expected
similar to the one observed, under the explicit condition that
only the lowest K ladder in the ground state is populated. The
many subbands from the higher K ladders of the ground state
may fill out the contour at higher temperatures, causing the
observed spectrum to broaden symmetrically, as observed
recently for the nonlinear carbon chain C6H

þ
4 (Araki et al.

2003). Therefore the same spectrum was recorded under
warmer conditions than in the jet expansion. Decreasing the
backing pressure, increasing the benzene /mixing ratio, mea-
suring closer to the jet, and using higher discharge voltages
generally increases the rotational temperature from 15 to 30–
40 K. Indeed, we observed a small shift in the Boltzmann max-
imum to higher J-values, but no broadening could be observed.
Consequently, a cell discharge was then used to obtain a much
higher temperature.
In Figure 2 the absorption spectrum recorded in a liquid

nitrogen cooled hollow cathode cell is shown. The rotational
temperature under these conditions is about 200 K. A band
broadened asymmetrically to the red is now observed (Fig. 2,
with the jet spectrum shown as a reference). Such a broadening
is typical for a hot-band progression and quite possible at the
high ambient temperatures in the cell. Nevertheless, the spec-
trum does not fill up the 44298DIB. In order to be sure that the
cell and jet spectra are due to the same carrier, the experiment was
repeated with fully deuterated benzene as precursor; the absorp-
tion feature shifts 123(1) cm�1 to higher energy, which is iden-
tical to the shift observed in the jet study: 122.8 cm�1 (Ball et al.
2000). These observations seem to indicate that the laboratory
band and the 4429 8 DIB originate from different carriers.
In order to compare the laboratory and astronomical spectra

it would be helpful to know more about the vibrational tem-
perature (Tvib) in the cell plasma, but without the detection of
a resolved transition from a vibrationally excited level in the
ground state it is hard to determine this value. Generally,
vibrational temperatures in a cooled cell discharge vary from
a few hundred to a thousand kelvins according to similar dis-
charge systems (Zelinger et al. 2003; Greenberg & Hargis
1990). The determination of rotational temperatures (Trot), e.g.,
200 K for Nþ2 (Kotterer et al. 1996) and 500–600 K for D3O

+

(Araki et al. 1999) put a lower limit to Tvib. Such values are indeed

Fig. 1.—The 4429 8 absorption band observed through a planar benzene
plasma expansion using a CRD approach. The band coincides in wavelength
with the 4429 8 DIB (taken from Jenniskens & Désert 1994 as shown in part
above), but the line widths of the laboratory and astronomical spectra differ
significantly.

Fig. 2.—The 4429 8 absorption band measured in a jet and liquid nitro-
gen cooled hollow cathode discharge cell and compared to the 4429 8 DIB
(taken from Jenniskens & Désert 1994). At the higher temperature a clear
broadening is observed. A simulated rotational profile at 350 K, using the same
constants as in Fig. 3, is clearly different from the observed cell spectrum.
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sufficiently high to excite low-frequency vibrational modes in
molecules the size of C5H5. A broadening due to a series of hot-
band progressions is therefore reasonable to assume.

On the other hand, in the plasma jet expansion such bands
are not expected. It has been shown that these low rotational
temperatures at high vibrational temperatures are obtained for
small (diatomic) molecules (Bazalgette Courrèges-Lacoste
et al. 2001), but for larger species with smaller vibrational spac-
ings, rotational and vibrational temperatures will be more sim-
ilar. As a consequence, hot-band progressions are not observed.
Nevertheless, because the cooling and heating mechanisms
in space are completely different from those in the laboratory,
care has to be taken when comparing the CRD spectrum with
the 4429 8 DIB.

3.2. Comparison between the 4429 8 DIB
and the Simulated Spectrum

We have made a substantial effort to identify the carrier of
the laboratory band by combining experimental and theoretical
information. The 4429 8 absorption band has been reproduced
using the program WANG (Luckhaus & Quack 1989). It is
found that an ‘‘a-type transition’’ of a nearly prolate top with
rotational constants A�1 and B � C � 0:1 cm�1 reproduces
the observed spectrum under the assumption that the molecular
geometry change upon electronic excitation is small and that
differences of rotational constants in the two electronic states
are less than 1%. A simulated spectrum for 15 K is shown in
Figure 3. For B and C values larger than 0.1 cm�1, a resolved
rotational profile is expected, which is not the observation.
As a consequence, molecules with less than five carbon atoms
are not considered. Furthermore, the production of molecules
with more than six carbon atoms or with a four-membered ring
is not favored in the benzene discharge. Additional informa-
tion is available from the observation of deuterium isotope
shifts by Ball et al. (2000) that indicates that the carrier con-
tains five hydrogen atoms, including two pairs of equivalent
ones. These considerations result in 11 isomers of C5H

(þ)
5 and

C6H
(þ)
5 (Fig. 4), both neutral and cationic, as the most probable

carriers of the laboratory spectrum. Anions are not considered
since their production is not favored under the conditions used
in the CRD experiment.

We have simulated the profile with Trot ¼ 350 K (Fig. 2).
This indicates that our cell spectrum cannot be reproduced by a
rotational profile of the origin-band alone. This is consistent
with the proposed explanation that the cell spectrum is the result
of overlap of such rotational profiles for various vibrational hot-
band transitions. Furthermore, the simulation at Trot ¼ 350 K
indicates the profile of the 4429 8 DIB cannot be reproduced
by a rotational profile of the origin-band alone. In the jet spec-
trum the intensity of the R-branch is stronger than that of P,
because the ground-state rotational constant (Bþ C )=2 is larger
than in the excited state. At high temperatures the intensity dif-
ference between the R- and P-branches increases and the rota-
tional profile becomes asymmetric, although the 4429 8 DIB
has a symmetric Lorentzian profile (Snow et al. 2002).

As vibrational frequencies in excited electronic states are
generally lower than in the ground state, the hot-band transi-
tions are usually to the red of the origin band. This is as seen in
the cell spectrum at Tvib ¼ 200 K, where the profile extends
asymmetrically to the red. Thus it does not seem realistic that
the profile to the blue of the origin band could be filled by
hot-band transitions even at very high values of Tvib. Our
conclusion is that the laboratory band and the 4429 8 DIB are
unlikely to originate from the same carrier.

3.3. Identification of the 4429 8 Laboratory Band

Calculations of vertical excitation energies and transition
moments were carried out for various C5H5 and C6H5 species
(Fig. 4) using the TD-DFT (B3LYP) method with the Gaussian
program (Frisch et al. 2003). For selected molecules, higher
accuracy excitation energies (vertical and adiabatic) and ro-
tational constants in the ground and excited states were com-
puted with the CASSCF, CASPT3, and MRCI methods, with
the MOLPRO 2002.3 package (Werner & Knowles 2003); see
Appendix for the computational details. The cc-pVDZ basis set
was used in all calculations.

The electronic transition must fulfill four conditions for the
molecule to be regarded as a possible carrier for the laboratory
band: (1) it must have excitation energy close to the experi-
mental value of 2.80 eV, (2) it must have a nonzero oscillator
strength, (3) the transition dipole moment must be predomi-
nantly along the a-axis (j�aj3 j�bj and j�aj3 j�cj), and (4) it
must have small differences of rotational constants between
the ground and excited states. At the TD-DFT stage of calcu-
lations, a vertical excitation energy around 2.8–3.1 eV is re-
quired. Conditions 1–3 are fulfilled by the neutral radical 5aN

and the cation 5b+, but they are not fulfilled by any of the
C6H5 species, either neutral or cationic (Table 1). The TD-DFT
method was found useful because it gives vertical excitation en-
ergies with a reasonable accuracy (including dynamical cor-
relation) at relatively low computational cost. However, this
method is not applicable for 5d and 5e because of the compli-
cated electronic structures (xA2). CASSCF calculations for the
5d species [doublet 5dN(D) and quartet 5dN(Q) for neutral and
singlet 5d +(S ) and triplet 5d +(T ) for cation] are presented in the
Appendix. Calculated electronic structures and spectroscopic
parameters of 5d and 5e are almost the same.

In order to judge whether the carrier of the 4429 8 band
is a neutral or a cation, an additional experiment has been
carried out. In this the 4429 8 transition was searched for in
a benzene plasma with a resonant two-color two-photon ion-
ization (R2C2PI) approach (Ding et al. 2003), capable of
measuring the masses of the neutral radicals selectively. The
discharge systems used in the R2C2PI and CRD setups are

Fig. 3.—Simulated a-type rotational profile of the 44298 electronic transition
for a prolate molecule at 15 K compared to the laboratory absorption spectrum.
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comparable, and experiments have been performed using sim-
ilar conditions. A 0.4% C6H6/Ar mixture (backing pressure
5 bars) was discharged between two stainless steel electrodes
mounted in the ceramic body of a pinhole source. The exci-
tation laser was scanned around 4429 8, and intense radia-
tion from an F2 laser (157 nm) or Nd :YAG (212.5 nm) was
used for the ionization. Neutral species with an ionization po-
tential of less than 10.7 eV are detected in this way. All spe-
cies with a mass of less than 200 amu have been monitored
simultaneously.

A weak band of neutral C5H5 was observed at 4435 8,
but no band at 4429 8 could be seen (Fig. 5). This suggests

that the carrier of the 4429 8 laboratory band either is a
charged species, or a neutral one with an ionization potential
higher than 10.7 eV, or has a very short upper electronic state
lifetime. It is also possible that the species is destroyed by
chemical reactions before reaching the mass spectrometer be-
cause in the R2C2PI experiment the molecular beam is probed
30 cm downstream, but only 2 mm downstream in the CRD
experiment.
The profiles of the 4429 8 CRD absorption (Fig. 1) and the

R2C2PI C5H5 band (Fig. 5) are similar, indicating that the
molecules probably have similar geometries. The R2C2PI band
can be reproduced by a simulation of the rotational profile based

Fig. 4.—Eleven possible C5H5 and C6H5 isomers with two pairs of equivalent hydrogen atoms and a prolate structure. The horizontal dashed line indicates the
a-axis, the vertical one the b-axis; the c-axis is perpendicular to the plane formed by a and b.
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on the assumptions that the transition is a-type and that the
carrier is a nearly prolate C5H5 molecule at 7 K, a typical tem-
perature of the molecules produced in this apparatus. Simula-
tion at 15 K with the same molecular constants can reproduce
the profile of the 4429 8 CRD band. Thus it appears that both
the carrier of the 4429 8 CRD and the 4435 8 resonance-

enhanced multiphoton ionization (REMPI) band have five car-
bon atoms, but are different isomers.

The 5e isomer cannot convert to cyclic pentadienyl radical
as easily as 5d because additional cis-trans isomerizations are
difficult. The isomer does not decay as fast and may be one of
the possible candidates for the REMPI band. For the same
reason production of 5d should be favored and a larger abun-
dance of this isomer could be expected immediately after the
discharge through benzene. Therefore 5d would be a better
candidate for the carrier of the CRD band.

Higher level theoretical calculations were carried out for
the 5aN, 5b+, 5dN(D), 5dN(Q), 5d+(T ), 5eN(D), 5eN(Q), and
5e+(T ) species with the CASPT3 (Werner 1996; Celani &
Werner 2000) and MRCI methods (Werner & Knowles 1988;
Knowles &Werner 1988). The 5d +(S ) and 5e+(S ) isomers were
not considered at this stage because the CASSCF results indi-
cate too-high excitation energies of 4.6 eV for the lowest a-type
transitions (see xA1). The active space, including seven orbitals
(five �-orbitals perpendicular to the molecular plane, and two
in-plane orbitals), was used with seven electrons for a neu-
tral radical and six for a cation. The vertical and adiabatic tran-
sition energies are given in Table 2. The transitions 2 2A2 2B1

of 5dN(D) and 3A1 3B2 of 5d+(T ) (both in C2v symmetry)
have adiabatic excitation energies of 2.72 and 2.75 eV, re-
spectively, at the CASPT3 level of theory, which are close to the
experimental value of 2.80 eV. The same transitions of 5eN(D)
are 0.02 eV lower than those of 5dN(D) (CASPT3). This is
an additional reason for the assignment of the 4429 8 CRD
band. The smallest differences between vertical and adiabatic
excitation energies predicted for 5dN(D), 5eN(D), 5d+(T ), and
5e+(T ) are consistent with the analysis of the rotational profile
and may suggest a small geometry change upon electronic ex-
citation.We searched for a transition up to 2400 cm�1 to the blue

TABLE 1

Vertical Electronic Transitions of C
5
H

5
and C

6
H

5
Calculated Using TD-DFT Method

Neutral Cation

Transition Moment (D) Transition Moment (D)

Isomer
a

�Eb

(eV) f c �a �b �c

�Eb

(eV) f c �a �b �c

5a.............. 2.93 0.000 0.000 0.000 0.012 2.36 0.000 0.000 0.000 0.022

2.98d 0.003 �0.514 �0.016 0.000 4.37 0.498 5.475 0.281 0.000

5b.............. 2.22 0.073 2.948 0.000 0.000 3.09d 0.190 �4.032 0.106 0.000

3.86 0.000 0.000 0.000 �0.065 3.36 0.000 0.000 0.000 �0.105
5c.............. 1.57 0.002 �0.097 0.576 0.000 5.62 0.102 �1.861 �1.145 0.000

3.94 0.001 0.065 �0.272 0.000 5.86 0.391 �4.071 �1.019 0.000

6a.............. 1.35 0.002 0.260 0.557 0.000 4.05 0.000 0.000 0.000 �0.007
2.72 0.000 0.000 0.000 �0.004 5.35 0.000 0.001 0.000 0.007

6b.............. 2.34 0.000 0.000 �0.019 0.000 1.89 0.000 0.000 0.027 0.000

2.93 0.000 �0.008 0.000 �0.069 5.03 0.430 4.692 0.000 �0.729
6c.............. 2.38 0.000 �0.002 0.000 �0.008 2.05 0.000 0.008 �0.002 �0.014

2.70 0.000 0.002 �0.001 0.017 4.07 0.245 3.943 �0.568 0.000

6d.............. 3.15 0.000 0.000 �0.001 0.036 1.39 0.000 0.002 0.001 0.121

4.16 0.041 �1.547 0.483 0.000 1.72 0.068 3.226 �0.004 �0.001
6e.............. 3.05 0.000 0.001 0.000 �0.001 2.56 0.000 0.000 0.000 0.005

3.07 0.001 0.271 �0.184 0.000 2.98 0.000 0.000 0.000 �0.045
6 f ............. 3.35 0.000 0.000 0.000 �0.004 1.40 0.000 0.007 �0.002 �0.124

4.02 0.028 �1.353 �0.081 0.000 1.73 0.070 3.235 �0.379 0.001

Note.—B3LYP hybrid functional and the cc-pVDZ basis set were used.
a See Fig. 4.
b The observed adiabatic transition energy is 2.80 eV (=4429 8).
c Oscillator strength.
d For higher level calculations see Tables 2 and 3.

Fig. 5.—Absorption spectrum recorded through a benzene plasma at mass
65 amu (C5H5) in the 4429 8 region using a two-laser photon excitation scheme.
A 2125 8 laser was used for the ionization step. The 4435 8 band detected has
a profile similar to that of the 4429 8 band in the CRD spectrum of Fig. 1. Posi-
tion of the 4429 8 band in the CRD spectrum is indicated by the arrow.
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of the 4429 8 band using the CRD spectrometer. However,
no band that would correspond to vibrational excitation in the
upper electronic state was observed in this region either by us
or in the study of Ball et al. (2000). Thus the origin band
dominates the transition, and the geometry change appears to be
small.

Rotational constants in the ground and excited states were
calculated at the CASPT3 level of theory by numerical geom-
etry optimization and are given in Table 3. The simulation of the
rotational profile of the 44298 band suggests that the rotational
constants change less than 1% between the two states. The cal-
culated differences in the cases of 5dN(D), 5eN(D) and 5dN(Q),
5eN(Q) agree with the simulation within the errors, and the

values of �A in the cases of 5aN, 5b+, 5d+(T ), and 5e+(T ) are
too large.
Good agreement with the experimental data of the 4429 8

CRD band is predicted for the 2 2A2 2B1 transitions of
5dN(D) and 5eN(D), although it is slightly better for the first
one with all considered criteria. From the candidates discussed
we conclude that the 5dN(D) isomer, ‘‘planarW structure’’ with
five carbons in C2v symmetry (Fig. 4), a doublet radical, is the
most likely carrier of the 4429 8 laboratory band.

This work has been supported by the Swiss National Science
Foundation (project 200020-100019).

TABLE 2

Electronic Transition Energy Calculated at the MRCI and CASPT3 Level of Theory for the A-Type Transition

Isomer a Transition Method

Adiabaticb

(eV)

Vertical

(eV)

(Vertical) � (Adiabatic)

(eV)

Observed ............................................ . . . . . . 2.80 . . . . . .

5aN ..................................................... 2A}–2A} CASPT3 2.39 2.64 0.25

. . . MRCI 2.42 2.69 0.27

. . . MRCI+D 2.40 2.66 0.26

5dN(D)................................................ 22A2–
2B1 CASPT3 2.72 2.87 0.15

. . . MRCI 2.68 2.84 0.16

. . . MRCI+D 2.65 2.84 0.19

5dN(Q)................................................ 4B1–
4A2 CASPT3 2.62 2.84 0.22

. . . MRCI 2.61 2.83 0.22

. . . MRCI+D 2.62 2.84 0.22

5d +(T ) ................................................ 3A1–
3B2 CASPT3 2.75 2.93 0.18

. . . MRCI 2.86 3.06 0.20

. . . MRCI+D 2.81 2.98 0.17

5eN(D) ................................................ 22A2–
2B1 CASPT3 2.70 2.87 0.17

. . . MRCI 2.64 2.81 0.17

. . . MRCI+D 2.62 2.81 0.21

5eN(Q) ................................................ 4B1–
4A2 CASPT3 2.63 2.85 0.22

. . . MRCI 2.63 2.85 0.22

. . . MRCI+D 2.63 2.86 0.23

5e+(T )................................................. 3A1–
3B2 CASPT3 2.72 2.89 0.17

. . . MRCI 2.82 2.97 0.15

. . . MRCI+D 2.78 2.95 0.17

5b+...................................................... 1B2–
1A1 CASPT3 3.06 3.39 0.33

. . . MRCI 3.20 3.51 0.31

. . . MRCI+D 3.02 3.31 0.29

Note.—The geometries are optimized at the CASPT3 level of theory. For computational details see Appendix.
a See Fig. 4.
b Adiabatic transition energies without zero vibrational level correction.

TABLE 3

Rotational Constants Calculated at the CASPT3 Level of Theory

Isomer a Transition

A

(cm�1)

B

(cm�1)

C

(cm�1)

�Ab

(%)

�Bb

(%)

�Cb

(%)

5aN ................................... 2A}–2A} 1.235 0.0742 0.0700 �16 1 0

5dN(D).............................. 22A2–
2B1 1.381 0.0792 0.0749 �5 �2 �2

5dN(Q) ............................. 4B1–
4A2 1.378 0.0793 0.0750 �4 �3 �3

5d +(T ).............................. 3A1–
3B2 1.201 0.0828 0.0775 11 �4 �5

5eN(D) .............................. 22A2–
2B1 1.079 0.0827 0.0768 �4 �2 �2

5eN(Q) ............................. 4B1–
4A2 1.082 0.0827 0.0768 �4 �2 �2

5e+(T )............................... 3A1–
3B2 0.963 0.0865 0.0794 13 �6 �4

5b+.................................... 1B2–
1A1 0.452 0.1288 0.1003 �21 2 11

Note.—For computational details see Appendix. Rotational constants A, B, and C are in the ground state.
a See Fig. 4.
b Differences of rotational constants between the ground and excited states.
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APPENDIX

COMPUTATIONAL RESULTS AND DETAILS

DFT (B3LYP) geometry optimization and frequency calculation were carried out for the ground state of all molecules, and no
imaginary vibrational frequencies were obtained for the investigated ground states. Thus time-dependent perturbation treatment (TD-
DFT) was used to calculate vertical excitation energies and transition dipole moments to the first and second electronically excited
states (Table 1), although the TD-DFT method is not applicable if the ground state is not characterized by a single configuration
and/or if there is a significant contribution of double excitations in the excited state configuration. Therefore the 5dN(D), 5dN(Q),
5d+(S ), 5d+(T ), and relevant 5e isomers were considered separately using the CASSCF method (see xx A1 and A2). All calculations
were done with a cc-pVDZ basis set.

In the CASSCF, CASPT3, and MRCI calculations the active space included five �-orbitals perpendicular to the molecular plane
and two in-plane orbitals, with seven electrons for neutral radicals and six electrons for cations. In the case of 5aN the two in-plane
orbitals are � and �* orbitals of the C3�C4 triple bond; for 5b+ the two in-plane orbitals are the �HOMO and �*LUMO orbitals localized
on the three-membered ring. The two in-plane orbitals of the 5d isomers are symmetric and antisymmetric combination of two
carbon lone-pair orbitals of C1 and C5 carbon atoms. The above choice was preceded by the CASSCF calculations with larger active
space, since other orbitals are inactive for the states of interest (the corresponding CI coefficients are smaller than 0.05). In the
CASPT3 and MRCI calculations the core orbitals were not correlated. For 5b+, 5d, and 5e, calculations were executed in a C2v

symmetry point group.
The results of CASSCF calculations for manifold excited states of 5dN and 5d+ are presented in xA1. These allowed us to identify

the excited states of the required adiabatic excitation energies and orientations of the transition dipole moments. The electronic
configuration of the ground and excited states of interests are discussed in x A2. The electronic structures and spectroscopic
parameters of 5d and 5e are very similar. The total energy of the 5eN(D), 2B1, is 0.02 eV higher than that of 5dN(D), and the two
excitation energies differ by not more than �0.04 eV. Therefore only the data of 5d are listed here. The vertical and adiabatic
excitation energies (Table 3) were calculated using CASPT3, MRCI, and MRCI with Davidson correction (MRCI+D) methods for
geometries optimized numerically using the CASPT3 method.

A1. ELECTRONICALLY EXCITED STATES OF THE 5D MOLECULES

The CASSCF calculations of vertical and adiabatic excitation energies (without ZPE correction) were performed for two states
from each irreducible representation of the C2v point group, for each form of the 5d molecules: 5dN(D), 5dN(Q), 5d+(S ), and
5d+(T ). That states cover the energy range up to 4–5 eV. The transition of interest should possess an excitation energy close to the
experimental value of 2.80 eV, the required b2 symmetry (a-type transition), and a significant intensity.

The only relevant transition of 5dN(D) is the 2 2A2 2B1 excitation at 2.67 eV (Table A1). A significant transition moment is predicted
also for the excitations to the 2A1 and 22A1 states (excitation energies 1.29 and 4.16 eV). For the 5dN(Q) isomer only the 4B1  X 4A2

excitation is at 2.53 eV (Table A2). A noticeable transition moment is predicted also for the excitations to the 4B2 state (3.40 eV). In the
case of 5d+(S ), all allowed transitions shown in Table A3 possess rather large transition moments, but the excitation energy of the
transitions of the required symmetry (1B2  X 1A1 and 2

1B2  X 1A1) is too high. All allowed transitions for 5d
+(T ) shown inTableA4

have rather large transition moments, except for 2 3A1 3B2 . Among them the 3A1 3B2 transition has the required symmetry and
excitation energy of 2.93 eV. Both the 3A1 and

3B2 states are energetically well separated from other triplet states.

A2. ELECTRONIC STRUCTURE OF THE SELECTED MOLECULES

A2.1. 5aN and 5b+ Isomers

The main configuration of 5aN in the ground state is 22+00 (0.93), where we show the occupations of the five � a} active
orbitals, with the coefficient given in parentheses, and for the excited state the configurations are 2+200 (0.54), 220+0 (0.49), and
2+�+0 (0.32).

TABLE A1

CASSCF Excitation Energies and Transition Moments for the Doublet Radical 5d N
(D)

Excitation Energy Transition Moment

State Vertical (eV) Adiabatica (eV) Direction Value (D)

2B1 ................................. . . . . . . . . . . . .
2A2 ................................. 0.64 0.62 a �0.025
2B2 ................................. 1.46 1.19 . . . Forbidden
2A1 ................................. 1.58 1.29 c �0.241
22A2 ............................... 2.84 2.67 a 0.263

22B1 ............................... 3.44 3.27 b 0.046

22A1 ............................... 4.42 4.16 c �0.625
22B2 ............................... 4.51 4.21 . . . Forbidden

a Adiabatic transition energies without ZPE correction.
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TABLE A2

CASSCF Excitation Energies and Transition Moments for Quartet Radical 5d N
(Q)

Excitation Energy Transition Moment

State Vertical (eV) Adiabatica (eV) Direction Value (D)

X 4A2 ............................. . . . . . . . . . . . .
4B1 ................................. 2.79 2.53 a �0.218
4A1 ................................. 3.76 3.33 . . . Forbidden
4B2 ................................. 3.88 3.40 c �0.263
24A2 ............................... 4.43 4.17 b 0.017

24B1 ............................... 5.18 4.71 a �0.049
24B2 ............................... 6.03 5.49 c �0.102
24A1 ............................... 6.13 5.55 . . . Forbidden

a Adiabatic transition energies without ZPE correction.

TABLE A3

CASSCF Excitation Energies and Transition Moments for Singlet Cation 5d +
(S )

Excitation Energy Transition Moment

State Vertical (eV) Adiabatica (eV) Direction Value (D)

X 1A1 ............................. . . . . . . . . . . . .
1B1 ................................. 3.28 2.27 c �0.473
1A2 ................................. 3.49 2.73 . . . Forbidden

21A1 ............................... 3.80 3.61 b �0.625
21B1 ............................... 4.66 4.58 c 0.533
1B2 ................................. 4.79 4.61 a 6.774

21A2 ............................... 4.83 4.67 . . . Forbidden

21B2 ............................... 5.34 5.25 a 0.529

a Adiabatic transition energies without ZPE correction.

TABLE A4

CASSCF Excitation Energies and Transition Moments for Triplet Cation 5d +
(T )

Excitation Energy Transition Moment

State Vertical (eV) Adiabatica (eV) Direction Value (D)

3B2 ................................. . . . . . . . . . . . .
23B2 ............................... 2.55 2.34 b �0.360
3B1 ................................. 2.62 1.67 . . . Forbidden
3A2 ................................. 2.87 2.16 c 0.438
3A1 ................................. 3.14 2.93 a 0.518

23B1 ............................... 4.18 4.06 . . . Forbidden

23A1 ............................... 4.37 4.16 a 0.012

23A2 ............................... 4.42 4.21 c �0.546

a Adiabatic transition energies without ZPE correction.
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In the case of 5b+ in the ground state, these are 200 20 (0.88) and the doubly excited configuration 220 00 (0.39), where we show
the occupation of the �-orbitals (three b1 and two a2 orbitals), and in the excited state the configurations are 2+0 �0 (+0.64) and
2�0 +0 (�0.64).

A2.2. 5dN and 5d+ Isomers

The electronic structure of 5dN and 5d+ is more complicated because of the presence of two lone-pair orbitals of carbon atoms C1
and C5 occupied by two electrons. The symmetric and antisymmetric combinations of these orbitals are almost degenerate. The
energy difference between the triplet 3B2 and singlet X

1A1 states of the 5d
+ cation is small, 0.05–0.07 eVwith all methods (Table A5).

The energy of the b2 excitation (a-type transition) of the singlet cation 5d
+(S ) is rather high, about 4.8 eV vertical and 4.6 eVadiabatic

at the CASSCF level, and therefore this molecule was excluded from investigation with the CASPT3 andMRCI methods. The quartet
X 4A2 state is the lowest energy form of the 5dN radical; the energy of the lowest doublet state 2B1 is 0.21–0.26 eV higher with all
methods (Table A5).

The ground-state wavefunctions of the high-spin forms, 5dN(Q) and 5d+(T ), are dominated by a single electronic configuration:
+ 2+0 + 20 (0.94), where we show the occupations of the a1 carbon lone pair, three b1 �-orbitals, the b2 carbon lone pair, and
two a2 �-orbitals, for the quartet radical, and + 200 + 20 (0.94) for the triplet cation. In case of the low-spin forms there are two
main configurations of the ground-state wavefunction: 2 200 0 20 (+0.71) and 0 200 2 20 (�0.61) for the singlet cation, and
2 2+0 0 20 (0.66) and 0 2+0 2 20 (0.62) for the doublet radical.

The excited states of interests represent essentially �–�* transitions of b2 symmetry, although the contribution of the promotion
of electrons between the carbon lone-pair orbitals a1 and b2 is noticeable, except for the 5d

+(T ) molecule. The wavefunction of the
latter molecule in the excited state 3A1 is mainly a combination of four configurations 1 210 1 10 with all possible spin directions
with absolute values of coefficients 0.42–0.50.

The excited-state wavefunction for 5dN(Q) consists of two main configurations: + 220 + +0 (0.60) and + 200 + 2+ (0.57), which
represent a �–� transition. Two other configurations, 2 2+0 0 ++ (�0.25) and 0 2+2 2 ++ (+0.25) indicate the contribution of the
excitation between the carbon lone-pair orbitals.

The first excitation 1 2A2 2B1 of the 5dN(D) doublet radical has an energy of only 0.61 eV (adiabatic transition, CASPT3).
That excitation is mainly a promotion of one electron between the carbon lone-pair orbitals a1 and b2. The 2

2A2 2B1 transition

TABLE A5

Total Energy Difference for the Lowest States of 5d

�E a (eV)

Method Neutral Radical 2B1–X
4A2 Cation X 1A1–

3B2

CASSCFb ............................................................. 0.26 �0.05
CASPT3c.............................................................. 0.22 �0.05
MRCIc .................................................................. 0.23 �0.07
MRCI+Dc............................................................. 0.21 �0.06

a Energies without ZPE correction.
b Geometry optimized with the CASSCF method.
c Geometry optimized numerically with the CASPT3 method.

TABLE A6

Geometry and Rotational Constants Computed with CASSCF for the 5d Isomer

5dN(D) 5dN(Q) 5d +(T )

Parameter
2B1 22A2

4A2
4B1

3B2
3A1

Bond length (8)
C1-C2............................................. 1.362 1.420 1.365 1.443 1.353 1.405

C2-C3............................................. 1.422 1.418 1.417 1.404 1.413 1.402

C1-H1............................................. 1.080 1.079 1.080 1.080 1.081 1.080

C2-H2............................................. 1.088 1.086 1.088 1.086 1.085 1.087

C3-H3............................................. 1.082 1.083 1.083 1.084 1.084 1.082

Angle (deg)

C1-C2-C3....................................... 124.594 124.175 124.463 123.813 118.811 123.568

C2-C3-C4....................................... 122.991 123.462 123.243 124.068 124.156 120.548

H1-C1-C2....................................... 132.317 132.263 131.727 130.056 134.829 134.303

H2-C2-C3....................................... 117.699 118.644 117.841 119.009 120.314 119.277

H3-C3-C2....................................... 118.505 118.269 118.378 117.966 117.922 119.726

Rotational constant (GHz)

A ..................................................... 41.601 40.175 41.487 39.440 36.686 40.457

B ..................................................... 2.397 2.333 2.403 2.334 2.517 2.406

C ..................................................... 2.266 2.205 2.272 2.203 2.356 2.271

MOLECULAR BAND AT 4429 8 1309
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has an excitation energy of 2.72 eV (adiabatic transition, CASPT3), which is close to the experimental value of 2.80 eV and is a
promotion of an electron within the �-system from two main configurations of the ground state. The wavefunction of the excited
state 22A2 is primarily a combination of four configurations: 2 220 0 +0, 0 220 2 +0, 2 200 0 2+, and 0 200 2 2+, with absolute
values of coefficients 0.34–0.39.

A3. EQUILIBRIUM GEOMETRIES OF 5dN(D), 5dN(Q), AND 5d+(T )

The geometry parameters and rotational constants were optimized with the CASSCF and CASPT3 methods (Tables A6 and A7,
respectively) in C2v symmetry. The vibrational frequencies of the initial states (the lowest state for each multiplicity) were calculated
numerically with the CASSCF methods in reduced C1 symmetry. No imaginary frequencies are present. Efforts were made to
calculate the vibrational frequencies of the excited states, but these were not successful because of numerical and convergency
problems. Nevertheless, the geometry optimization of the excited states within C2v symmetry seems to be justified, since the excited
states of interest are energetically well separated from the neighbor states (Tables A1–A4).
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TABLE A7

Geometry and Rotational Constants Computed with CASPT3 for the 5d Isomer

5dN(D) 5dN(Q) 5d +(T )

Parameter
2B1 22A2

4A2
4B1

3B2
3A1

Bond length (8)
C1-C2............................................. 1.365 1.442 1.368 1.443 1.364 1.413

C2-C3............................................. 1.429 1.408 1.425 1.411 1.422 1.417

C1-H1............................................. 1.092 1.090 1.092 1.092 1.096 1.095

C2-H2............................................. 1.104 1.096 1.103 1.099 1.100 1.103

C3-H3............................................. 1.094 1.089 1.095 1.095 1.098 1.094

Angle (deg)

C1-C2-C3....................................... 124.972 123.803 124.853 124.262 118.802 123.766

C2-C3-C4....................................... 122.567 122.887 122.884 123.960 123.754 119.731

H1-C1-C2....................................... 134.705 134.863 134.210 132.500 137.062 135.728

H2-C2-C3....................................... 117.307 119.027 117.484 118.577 120.464 119.073

H3-C3-C2....................................... 118.717 118.556 118.558 118.020 118.123 120.134

Rotational constant (GHz)

A ..................................................... 41.406 39.410 41.304 39.489 36.015 39.873

B ..................................................... 2.374 2.327 2.377 2.310 2.482 2.365

C ..................................................... 2.245 2.197 2.248 2.182 2.322 2.233
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Introduction

The allyl radical is the simplest n-alternant hydrocarbon
system and a prototype for more complex conjugated
molecules with an odd number of electrons. Further
interest comes from its abundance in reactive processes
such as those involving combustion [1] and photochem-
istry t2l. In this context detailed knowledge of the
molecular structure and vibrational behaviour of this
radical is important and thus a subject for study by high
resolution spectroscopy.

Electronic states of CrH: have been studied experi-
mentally and theoretically over the past four decades.
The first experimental data were obtained by Currie and
Ramsay who observed diffuse absorption bands in the
370110 nm range during flash photolysis of some allyl ic
compounds [3] The system was assigned to the
A'B1<-X'A2 electronic t ransi t ion wi th band or ig in at
408.3 nm. This transition was also observed in an argon
matrix [4]. Fessenden and Schuler showed by electron
spin resonance that the allyl radical has C2,, symmetry in
the ground state t5]. Geometrical parameters in the
ground state were calculated using dilferent theoretical
models [6-10].  A rotat ional  analysis of  the u11 vibra-
tional band in the infrared (IR) spectrum yielded
experimental values of the geometrical parameters [ 1].
The spectral properties of states lying above the first
excited state A have been studied by resonant Raman
and resonance-enhanced multiphoton ionization

Taylor & Francis
Tay lo r  &  F ranc i s  C roup

spectroscopies |2-18]. Recently Tonokura and Koshi
remeasured the electronic absorption spectrum of the
AtBr *-X2Az transition by a cavity ring down method
resolving well the vibrational structure [6]. They also
carried out CASSCF calculations with a TZY(d.p) basis
set and reported & Cz,,structure for the first excited state
with one imaginary frequency. This anomaly was
ratronahzed by suggesting that in the first excited state
the structure has a twisted C2 symmetry leading to
additional interactions. They measured several vibronic
bands which were rotationally not resolved in the
A'B, *- *2A2 transition and tentatively assigned some
of them. Despite the observation of many strong
vibronic bands, no progressions were evident.

In the present work the rotationally resolved AtBr *-
). l 'Ar. electronic spectra of C3H5 and C:Ds in the gas
phase have been measured by cavity ring down spectro-
scopy using a supersonic planar plasma for the radical
generation. The rotational analysis of the origin band
allowed accurate molecular constants for the first
excited state to be obtained, indicating an effective
structure with C2,, symmetry. Geometrical parameters of
the allyl radical in the 2B1 state were determined lrom
the inferred constants. Two vibronic bands were also
observed in high resolution and assigned to the u7 and ue
vibrational modes.

2. Experimental

The experiment consisted of
sampling a plasma generated

a cavity ring down set-up
in a pulsed supersonic slit

Rotational analysis of the A'Br + *2 Az electronic
spectrum of the allyl radical
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jet  wi th dimensions of  3 cm x 300 pm [19].  The source
was located in a vacuum chamber evacuated by a roots
blower. The CrHs (C:Ds) radicals were synthesized in
the discharge of a gas pulse (30 Hz repetit ion rate. 10 bar
backing pressure,  l00mA at -600V appl ied vol tage) of
0.3o C:H: (C:Dz) in an Ar mixture.  The radicals are
cooled in the supersonic expansion to about 40 K at
2mm downstream lrom the slit.

The excimer pumped dye laser system used had
-0.06 cm I  l inewidth wi th an etalon" or 0.15 cm-r
without it. The light leaking out of the ring down cavity
was detected by a photodiode. The spectra were
calibrated using a wavemeter.

3. Results and discussion

The origin band of the AtB,*-X2A: electronic transi-
tion of the allyl radical l ies at 408.2nm. The rotational
structure could be reasonably resolved using a laser
l inewidth of  0.06cm-'  and is shown in f igure I  ( t race c).
The rotational pattern shows that it corresponds to
an a-type transition. The spectrum shows P- and
R-branches, but the l ines are partially blended by
absorption features of other carbon molecules produced
in the discharge. In order to identify the interfering l ines,
the spectrum was recorded using a 0.5oh mixture of
C:H+ in neon which does not favour C:Hs formation
(trace d in figure 1). Subtraction of the spectra obtained
under such conditions (trace c minus d in figure 2)
simplif ied the identif ication of the rotational l ines
belonging to the allyl radical.

24482 24484 24486 24488

tr igure l .  Rotational ly resolved electronic absorption spectrum
transit ion of C3H5 measured by CRD spectroscopy using acetylene
Traces a and b are the simulated rotational profiles within C2 and

Init ially a rough rotational analysis was carried out
using ab init io calculated geometries of the excited
state (both in C2 and C2,, symmetry) [6]. These constants
are l isted in table 1 and were then used to simulate
the rotational profl le using the program called 'Wang'

[20]. The resulting spectra with ab initio C2 and C2,
geometries in the excited state of C:Hs at a rotational
temperature 40 K are shown in traces a and b of
figure l. As can be seen no agreement with the
experimental spectrum is obtained for C2 symmetry in
the excited state. On the other hand the spectrum
predicted with C2,, geometry in the upper state matches
reasonably.

In the next step a more detailed rotational assignment
was made with C2,, upper state symmetry. P-branch lines
with K" - 0 and 2 were assigned. Except in the Ko :0

ladder, all rotational l ines show asymmetry splitt ing
(see inset in figure 2) which increases with the quantum
number 1/. A least-squares fit to the frequencies of the
l6 l ines l isted in table 2 was made with a conventional
rotational Hamiltonian for an asymmetric top molecule
without centrifugal distortion terms using the program
'Wang' 

t20] Spectroscopic constants for the excited
state and transition energy determined from the analysis
are l isted in table L The simulated spectrum (trace e in
figure 2) with the obtained molecular constants agrees
well with the observed spectrum.

The successful rotational analysis suggests that the
allyl radical has a planar C2,, structure in the zero-point
level of the A state because the obtained constants
are close to those predicted by ab init io calculations
for C2,, rather than C2 symmetry. The inertial defect,

- l

24490 24492 24494 cm

(0.06cm I resolut ion) of the origin band in the AlBr-xtA,
as precursor (trace c). or al lene (trace d) in the plasma discharge.
C2,, slmmetries, respectively, at 40 K.
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A : 1c - I,q. - Is, in the ground state is small '
0 .0539u-uAt ,  ind ica t ing  a  p lanar  s t ruc tu re  [11 ] .  For
the excited state it is -0.048 + 0.434 amu A'. where the

error is derived from the uncertainty in the determined
rotational constants. The similarity of the inertial defect
for the ground and excited state, and both being close
to zero. leads to the conclusion that the molecule has

an effective planar structure in the A state. This result is

consistent with the ab init io results that the equil ibrium
structure in the excited state of this molecule has

24482 24484 24486 24488

Figure 2. Rotational ly resolved electronic absorption spectrum
subtraction of the spectrum observed using an al lene plasma (i .e.
demonstrates the asymmetric spl i t t ing of the l ine with K. :  5 and

t557

C2 symmetry [6]. but the zero-point level may be

energetically higher than the potential barrier of

371cm ' ,  sandwiching the C2,.  structure between the

C2 structures. The dilference between the zero-point

and equil ibrium structures is due to the vibrations

and anharmonicity of the potential.
The rotational constants obtained were used to

determine the C-C distance and CCC angle in the

excited state of the allyl radical. Five structural param-

eters involving hydrogens were fixed to the ah init io

24490 24492 24494 cm

of  the or ig in  band in  the ArBr  * tA,  t rans i t ion o f  CrHs af ter
trace c minus d) and the simulat ion (tr i ice e) at 40 K. The inset
ly '  :  5. The arrow indicates the determincd band origin.

Rotcttionctl crnctlt'sis o/'the AtB, -- *trt. elcctronir'.\pe('trum o/ the all.t'l rodicul

Table  l .  Molecu lar  constants  for  CrH-s (cm- ' ) . "

Ab inir io'

This work I R b * tAt ArBr  (C: ,  ) A2s(cr)

A,,
8,,
C"
(8" + c")12
A,
(.B', + C',)12
(B', - C',)12
Too

"Values in parentheses denote the standard deviat ion and apply to the last digits of the constants.
bFrom 

I  l ] .
'From 

[6].dFixed.
'The error from the least-squares f i t  only.

1 . 9 0 1  8 9 "
0346320d
0.290219' i

1 .6688(22)
0 .28624( lo l )
0 .02426(  l0 l  )
24491.2292(80)"

1 . 8 0 1 8 e ( e 2 )
0.346320(26)
0.290219(27)
0.318270(21)

I  . 8 3 1
0.3457
0.2908

1 . 1 0 6
0.2912
0.0247

t . 1 1 3
0.2966
0.0206
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Table 2. Observed and calculated frequencies^(cm ') gf the
rovibronic l ines for the origin band in the A2B1 - XrAl

e lect ron ic  t rans i t ion o f  CrHs.

Table 3. Observed and calculated molecular constants
of  C. ,D. .

Obs. Calc . " Calc.b
ly'K,,^. uobs ucalc vobs - ucalc

l o  r  -  0 o o
2 o :  -  l o  r
3 o :  -  2 o :
3 t : - 2 t r
3 t t  - 2 t o

4o+  -  3o :
4 t t  -  3 t t
4 t t  -  3 t t
5os  -  4o+
5 t +  -  4 t t
5 " .  -  4 . .

6oo  -  5os
6 : s  -  5 : +
6 : +  -  5 : r
Jot  -  6or .
7 t o  -  6 t s
J t s  -  6 t q
S o s  -  7 o z

24490.605
24489.911
24489.170
24488.161
24488.761
24488.349
24481.898
24487.898
24487.480
24487.042
24486.981
24486.537
24486.090
24486.009
24485.571
24485.036
24484.847
24484.516

24490.624
24489.925
24489.164
24488.141
24488.141
24488.345
24487.9t9
24487.902
24487.469
24481.027
24486.992
24486.539
24486.073
24486.009
24485.556
24485.057
24484.953
24484.523

- 0 . 0 1 5
-0.009

0 . 0 1 0
0 . 0 1 I
0 .021

-0 .00r
-0.022
-0.002

0 . 0 1 0
0 . 0 1 2

-0.009
-0.003

0.020
-0 .001

0 . 0 1 7
-0.024
-0.  l  03
-0.004

A "
B"
C"
(8" + c")12
A '
(B' + C')12
Ioo

t .  I  1 0 8
0.2153
0.2206
0.2480

24540 24542 24544 24546 24548 24550 24552 cm

Figure 3. Rotational ly resolved electronic absorption
sjrsctrum (0.06 cm ' resolution) of the origin band in the
A'B1 X'A1 transit ion of C3D-5 ( lower trace) and the simulated
rotational profile with C2,, symmetry at 40 K (upper trace).
The arrow indicates the determined band orisin.

va lues  16 ]  in  
"C2, ,  

symmet ry ,  r (9 rHr ) :  l .0 l2L ,
r (C2H)  -  1 .073 A,  r (C2H3)  -  1 .071 A,  0 (H2C2C1;  :
120.4'  and 0(H:CzCr) :  120.8".  This leads to the
v a l u e s  r ( C 1 C : )  :  1 . 4 8 3 9  +  0 . 0 0 8 7  A  a n d  0 ( C y C : C 1 )  :
122.67  +  1 .21"  .

The or ig in band in the AtB, . -*2A2 electronic
transition of the deuterated species C:D: was detected
at 407.2 flm, -59 cm-' blue shifted with respect to C3H5.
The observed rotational profi le is shown in figure 3
(lower trace). However, its position is inconsistent

1 .043
0.225

"From the obtained structure parameters for ClHs.
bFrom 

I  l ] .
'Determined by manual f itt ing.

with previous experimental data t3] which predicted
i t  Io  be  a t  404.0nm.  imp ly ing  a  260cm-r  i so top ic
shift. In our measurements no band was detected at
404.0 nm. Isotopic shifts of the origin transitions to
higher electronic states wjre reported to be -40 and
-19cm-'  for  the B and C states,  respect ively i l5,  16] ,
consistent wi th the 59cm-r value for the or ig in band of
the A2Br *-*2A2 system determined in th is work.  In
order to simulate the band profi le in the electronic
spectrum of C3D5, the rotational constants for the
ground state were estimated lrom the geometric param-
eters reported for C:H: I l] and those for the A-B1 state
were from the excited state geometry of C3H5 inferred
above. These constants produce a rotational profi le
similar to that observed. Slight variation of the
estimated rotational constant (B' + C')12 results in
even better agreement. The constants are l isted in
table 3 and the simulated spectrum is shown in figure 3
(upper trace).

Two bands in the A'Br <-X'A2 spectrum correspond-
ing to vibrational excitation in the electronic upper state
were detected previously at 24 597 and 24B3Bcm-' 161.
However, these were not rotationally resolved and
therefore recorded anew (figures 4 and 5, lower traces).
The rotational pattern in the spectra is again of an
a-type transition, indicating excitation of a vibrational
mode of an a1 (a) symmetry Cr,, (C2) structure. The
interpretation that these are transitions lrom the zeroth
level of the *2Az state is supported because the relative
intensity of the origin and these two bands is indepen-
dent of the temperature in the discharge (changed by
varying the distance between the nozzle and laser beam).

In order to obtain the frequency ratio cooloN for the
vibrations in the A state, ab init io calculation of the allyl
radical was carried out using the CASSCF(3,3) method
and a 6-3lG(d,p) basis set with the Gaussian program

[21]. The calculation was in C2 symmetry to avoid an
imaginary frequency (table 4). Although the basis set is
simple, the lrequencies of C3H5 agree well, within rms

1.043
0.214'

24550.60

t-
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Rotational analt 'sis ot ' ' the A2B1 *- XtAr. ele( ' troni( 'spe(' tum o/ ' the ul l t ' l  radic'al

24626 24621 24628
x

24629 24630 24198 24800 24802

I 559

24625

c,H,

24591 24592 24593 24594 24595 c--'

Figure 4. The 9,\ band in the A2B1-itA, transit ion of C.rHs
and C3D5 measured by CRD spect roscopy (0 . l5cm- '  reso lu-
t ion) using C:H: or C2D2 as precursors in the discharge.
Band heads of the R-branch are marked with x.

24804 24806 24808
x

24824 24826 24828 24830 24832 24834 cm''

Figure 5. The 7j band in the A2Br-*tA, transit ion of C:H:
and CrDs measured by CRD spectroscopy (0. l5cm ' resolu-
t ion) using C:H: or C2D2 as precursors in the discharge.
Band heads of the R-branch are marked with x.

Table 4. Vibrat ional frequencies (cm r; in the AlBr and XtA, states of C3H5 and C:D5.

C r H , C:D-t oH asl-o

cal obs cal 'uobs A u Avb Uubr" A v

AtB '

xtA.

24 592
24830

1 0 1
339
54gd
427d

1 0 8
349

24627
24803

16
252
a  ?  1 c
- ) t / .

350"

I 80'
A  A ' 1 c
+ + l

5g2r
44gl

1 . 4 3
|  1 a
l . J  /

1 . 4 8
1 . 2 2

| . - t / .

1 . 3 4
v9

U7

u9

v7

"Posit ion of band origin was extrapolated
bObserved vibrat ional frequencies in [6].
'Calculated in C: geometry.
"F rom [7 ] .
"From [22].'From 

!01.

of 2l  cm r,  wi th the high- level  CASSCF (3,3) ITZY(d,p)
calculation [6]. The frequency ratio does not depend
on the force constants but only on the reduced mass.
Thus the theory with the simpler basis set is sufficient to
help the assignment. The theoretical frequency ratios
were then used to estimate the positions for the C3D5
bands. Two bands were experimentally detected at
24628 and 24804cm-' (f igures 4 and 5, upper traces),
in agreement with the ab init io prediction. The
calculated 447 cm- ' frequency of the u7 mode in C2
geometry is higher than the observed one 339cm-', but
agrees wel l  wi th 356cm-r in C2, geometry [6] ,  which is
consistent with the C2,, planar structure in the zero-point
level. The ue mode has the frequency of 101 cm-r in the
excited electronic state, although the calculated fre-
quency in C2 geometry is 180cm-r.  The var iat ion
between the calculated and observed values is due to
the dilference in molecular structure between the zero-
point and the equil ibrium levels. Therefore the two

f iom the band head of the R-branch.

vibrational bands in both C:Hs
to the excitation of the v7 and
the upper electronic state.

and C:D5 ?f€ assigned

ue vibrat ional modes in
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Abstract

The rotationally resolved vibronic bands in the forbidden ~A1A2–~X 1A1 electronic transition of the cumulene carbene C3H2 have been
observed in the gas phase by cavity ring down absorption spectroscopy through a supersonic planar plasma with allene as precursor. The
band detected in the 16223 cm�1 region is a result of vibronic interaction and is assigned to a combination of a1 and b2 vibrations with a
frequency around 2250 cm�1. Another vibronic band near 15810 cm�1 has an unusual rotational structure because the Ka = 0–1 sub-
band is absent. It is assigned to a combination of a1 and b1 vibrations, �1850 cm�1, which borrow intensity from the near lying ~B1B1

state due to a-type Coriolis coupling. A rotational analysis using a conventional Hamiltonian for an asymmetric top molecule yields
molecular constants for the vibrational excited levels of the Ã1A2 state, which were used for the determination of the geometry. The
stronger ~B1B1–~X 1A1 transition of C3H2, measured in a neon matrix in the 16161–24802 cm�1 range, was not detected. The reason for
this is a short lifetime of the ~B state, leading to line broadening.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Propadienylidene C3H2; Cavity ring down spectroscopy; Electronic transition; Coriolis coupling

1. Introduction

Interest in investigation of hydrocarbon families like the
cumulene carbenes (H2C(=C)n) arises from their relevance
in combustion [1] and photochemistry [2,3] processes as
well as their detection in the interstellar medium. Several
members with n = 2–8 have been detected in the laboratory
by microwave spectroscopy and n = 2, 3, and 5 in dark
molecular clouds [4]. In the literature cumulene carbenes
have also been suggested as possible diffuse interstellar
bands (DIBs) carriers [5]. Consequently, the electronic
spectra of these species in the gas phase are required.

The first electronic spectrum of propadienylidene
H2C=C=C: was recorded in an argon matrix [3] and later
on the vibrationally resolved spectrum was observed in sol-
id neon [6]. Three electronic transitions were observed: a
strong ~C–~X band system in the 39051–47156 cm�1 range,
weaker ~B–~X transition in the 16161–24 802 cm�1 region,
and the hardly detectable forbidden ~A–~X one at 13885–

16389 cm�1. Based on these observations one can search
for these absorptions in the gas phase.

The measured millimetre-wave spectrum of propadieny-
lidene indicated that the structure in the ground state is a
near prolate top with C2v symmetry [7]. Geometrical
parameters were determined from the obtained rotational
constants. A vibrational band in the ~A1A2–~X 1A1 electronic
transition of propadienylidene (denoted in this work as
b-band) was detected using a cw cavity ring down tech-
nique [8]. The rotational analysis provided geometrical
parameters of H2CCC in the excited 1A2 state. Because
the measured transition is forbidden and occurs on account
of vibronic interactions a corresponding DIB would be
weak. To have a reliable comparison with DIBs, gas phase
measurements of the stronger transition of this molecule
are necessary.

In this work, the electronic spectrum of propadienylidene
has been measured using cavity ring down (CRD) spectros-
copy. The stronger ~B1B1–~X 1A1 transition has not been
observed presumably because the short lifetime of the
~B state leads to broad absorptions which are difficult
to detect. Two forbidden vibrational bands in the
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~A1A2–~X 1A1 system are however seen. The transition at
15813 cm�1 gains intensity through a-type Coriolis
coupling in the excited state, and the one at 16233 cm�1

borrows intensity by vibronic coupling with the nearby
states of appropriate symmetry. The rotational analysis
carried out gives the molecular constants for the excited
state, which can be used to calculate a geometrical
structure.

2. Experiment

The setup consists of a standard CRD unit which sam-
ples the plasma generated in a pulsed supersonic slit jet
expansion [9]. The experimental conditions were optimized
using the 15982 cm�1 vibronic band [8]. Both acetylene and
allene seeded in helium or argon were used as a precursor.
The highest concentration of propadienylidene was
obtained by a discharge through a high pressure gas pulse
(30 Hz repetition rate, 10 bar backing pressure, 100 mA at
�800 V applied voltage) of a 0.3% C3H4/Ar mixture in the
throat of a 3-cm · 300 lm multilayer slit nozzle. The spe-
cies are efficiently produced 2 mm down stream from the

slit. The molecules were cooled to about 20 K by the super-
sonic expansion. An excimer pumped pulsed dye laser with
�0.05 cm�1 linewidth with an etalon was used. The spectra
were calibrated by using a wavemeter.

3. Results and discussion

3.1. Non-detection of the ~B1B1–~X 1A1 transition

The stronger ~B1B1–~X 1A1 transition of propadienylidene
was observed in a neon matrix in the 16161–24802 cm�1

range [6]. Its origin and vibronic bands between 14877
and 21453 cm�1 were searched for in the gas phase by
the CRD method. However none were detected. This is
attributed to a lifetime broadening in the ~B state. The
intensity of the 31

0 band in the ~B1B1–~X 1A1 system is about
three times stronger than that of the b-band at
15982 cm�1. If the 31

0 band had a linewidth >50 cm�1 it
would not be detected with the absorption method used.
This in turn implies that the lifetime is 650 fs. There are
several processes which may shorten the lifetime of the ~B
state giving rise to line broadening.

Fig. 1. Rotationally resolved electronic absorption spectrum of the c-band in the ~A1A2–~X 1A1 transition of H2CCC (upper trace) and the simulation (lower
trace) at 20 K, using a single Boltzmann population model for the two nuclear spin isomers (spin statistical weights ee:eo:oe:oo = 1:1:3:3). A small gap at
16229.15 cm�1 is an experimental artefact.
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Table 1
Frequencies of the observed rovibronic lines for the c-band in the
~A1A2–~X 1A1 electronic transition of H2CCC

J 0KaKc J 00KaKc vobs (cm�1) o � c (cm�1)

100 10 — 111 10 16204.843 0.000
90 9 — 101 9 16205.833 �0.006
80 8 — 91 8 16206.797 0.008
70 7 — 81 7 16207.738 0.004
60 6 — 71 6 16208.655 0.006
50 5 — 61 5 16209.546 0.020

160 16 — 161 16 16211.837 �0.021
150 15 — 151 15 16212.111 �0.022
140 14 — 141 14 16212.363 �0.028
130 13 — 131 13 16212.599 �0.031
120 12 — 121 12 16212.835 �0.017
100 10 — 101 10 16213.227 �0.015
90 9 — 91 9 16213.396 �0.015
80 8 — 81 8 16213.544 �0.020
70 7 — 71 7 16213.676 �0.022
50 5 — 51 5 16213.898 �0.019
40 4 — 41 4 16213.990 �0.010
30 3 — 31 3 16214.054 �0.014
20 2 — 21 2 16214.104 �0.014
10 1 — 11 1 16214.138 �0.013
20 2 — 11 0 16215.471 �0.009
30 3 — 21 1 16216.074 �0.017
40 4 — 31 2 16216.662 �0.012
50 5 — 41 3 16217.218 �0.008
60 6 — 51 4 16217.741 �0.007
70 7 — 61 5 16218.224 �0.018
80 8 — 71 6 16218.701 �0.005
90 9 — 81 7 16219.120 �0.019

100 10 — 91 8 16219.548 0.006
111 10 — 120 12 16222.634 0.011
101 9 — 110 11 16223.522 0.026
81 7 — 90 9 16225.196 0.002
71 6 — 80 8 16226.026 0.007
61 5 — 70 7 16226.820 �0.007
51 4 — 60 6 16227.627 0.008
41 3 — 50 5 16228.405 0.009
21 1 — 30 3 16229.915 0.017

181 18 — 180 18 16227.020 0.012
171 17 — 170 17 16227.548 0.015
161 16 — 160 16 16228.026 �0.002
151 15 — 150 15 16228.504 0.008
141 14 — 140 14 16228.950 0.015
131 13 — 130 13 16229.366 0.021
101 10 — 100 10 16230.421 0.016
91 9 — 90 9 16230.706 0.007
81 8 — 80 8 16230.964 0.000
71 7 — 70 7 16231.211 0.010
61 6 — 60 6 16231.414 0.007
51 5 — 50 5 16231.597 0.013
41 4 — 40 4 16231.733 0.000
31 3 — 30 3 16231.855 0.004
21 2 — 20 2 16231.935 �0.005
11 1 — 10 1 16232.009 0.010
21 1 — 10 1 16233.397 0.031
31 2 — 20 2 16234.031 0.021
41 3 — 30 3 16234.655 0.017
51 4 — 40 4 16235.279 0.030
61 5 — 50 5 16235.870 0.026
71 6 — 60 6 16236.458 0.037
81 7 — 70 7 16236.998 0.015
91 8 — 80 8 16237.568 0.039

101 9 — 90 9 16238.082 0.024
111 10 — 100 10 16238.585 0.015

(continued on next page)

Table 1 (continued)

J 0KaKc J 00KaKc vobs (cm�1) o � c (cm�1)

32 2 — 31 2 16248.225 �0.016
42 1 — 41 4 16248.225 �0.026
32 1 — 31 3 16248.331 0.013
22 1 — 21 1 16248.331 0.001
22 0 — 11 0 16249.742 0.012
22 1 — 11 1 16249.742 �0.001
32 1 — 21 1 16250.349 0.007
32 2 — 21 2 16250.392 0.012
42 2 — 31 2 16250.914 �0.010
42 3 — 31 3 16250.990 �0.010
52 3 — 41 3 16251.444 �0.034
52 4 — 41 4 16251.578 �0.026
62 5 — 51 5 16252.156 �0.036

Fig. 2. Vibronic energy level diagram (cm�1) of propadienylidene. The
possible vibronic and Coriolis interactions are indicated by dotted and
thick arrows respectively. Three observed transitions are shown by solid
arrows. Vibrational ground state in the ~X , Ã, ~B electronic states are
denoted by thick bars and vibrational excited states in the Ã1A2 electronic
state are by thin bars. The capital letter stands for the symmetry of the
electronic state; lowercase letter—vibronic symmetry.

Fig. 3. Rotationally resolved electronic absorption spectrum of the a-
band in the ~A1A2–~X 1A1 transition of H2CCC (upper trace) and the
simulation (lower trace) at 20 K, using a single Boltzmann population
model for the two nuclear spin isomers (spin statistical weights
ee:eo:oe:oo = 1:1:3:3). The Ka = 0–1 structure is missing due to a-type
Coriolis perturbation.
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A number of different C3H2 isomers were studied both
theoretically [10] and experimentally [11] during the past
decades. The most stable isomer is a singlet cyclopropenylid-
ene: H2CCC lies 0.59 eV higher in energy than cycloprope-
nylidene (see Fig. 7 in [2]). An activation barrier between
propadienylidene and cyclopropenylidene is 1.81 eV [2], that
is lower than the 2.0 eV excitation energy for the ~B1B1–~X 1A1

transition. However in all three states ~X , Ã, and ~B propadi-
enylidene has C2v symmetry, i.e., there are but small geome-
try differences [8]. Thus, upon excitation the C2v structure
does not rearrange to a cyclic one and excludes this isomer-
ization pathway as a possible reason for the shortened life-
time. Rearrangement to the quasi-linear HCCCH is
unlikely because high barriers are present [2].

Predissociation processes can also decrease the lifetime
of an electronic state. There are several pathways of
C3H2 dissociation discussed in the literature [2,12]. The
major channel is expected to be an elimination of H2

because it has the lowest activation barrier calculated to
be 3.71 eV [2]. Another possible dissociation pathway,
C3H2 fi C3H + H, has slightly higher activation energy
(3.87 eV) [2]. Both of these values are too high for these
processes to play a role in the shortening of the ~B1B1 state
lifetime.

The short lifetime of the ~B1B1 state can be also attribut-
ed to intersystem crossing to the triplet states, 3A2 and 3B1,
lying 0.44 and 0.77 eV lower in energy than ~B1B1 state [13],
and/or internal conversion to the nearby Ã1A2 state (ener-
gy gap of �0.16 eV [8]) via a conical intersection. It will
require a detailed theoretical study to get an insight as to
the relaxation pathway.

While searching for the ~B1B1–~X 1A1 transitions in the
15768–16282 cm�1 region two similar groups of lines were
found near 15812.8 and 16223.5 cm�1, denoted as the a-
and c- bands, respectively. Their rotational structure could
be resolved with a laser linewidth of 0.05 cm�1.

3.2. c-band

The transition around 16233 cm�1 was detected at first.
Under jet-cooled conditions it consists of three subbands
Ka = 0 ‹ 1, Ka = 1 ‹ 0, and Ka = 2 ‹ 1 as shown in
Fig. 1. Based on the rotational profile and the position of
the transition, the carrier is H2CCC.

Initially the P, Q, and R branches of the three subbands
were fitted to a polynomial. A least-squares fit to the fre-
quencies of 76 lines was made with a conventional rotation-
al Hamiltonian for an asymmetric top molecule without
centrifugal distortion terms using the program WANG.
The obtained rotational constant 1/2 (B00 + C00) for the
ground state matched with the microwave value within
error in the initial fitting (Fit I in Table 2). The agreement
of rotational constants confirmed that the observed transi-
tion is due to the H2CCC species. It is assigned to the for-
bidden electronic transition ~A1A2–~X 1A1 because of its weak
intensity. In the next step the ground state B00 and C00 con-
stants were fixed to the microwave values [7]. The A00 con-
stant was taken from [8], where it was determined from the
separations of the subbands using high resolution cw-CRD
spectroscopy. The result of this is Fit II in Table 2 and the
line frequencies are listed in Table 1.

The simulated spectrum with the constants from Fit II
and a single Boltzmann population for the two nuclear spin
isomers is shown in Fig. 1. The intensity distribution of the
K-structure is in agreement with the observation. An inde-
pendent Boltzmann population model fails because (i) the
laser beam crossed the supersonic jet 2 mm downstream
from the slit nozzle, where the collisions between H2CCC
and the rare gas are still occurring. Thus full collisional
equilibration has not been attained. (ii) The observed tran-
sition is vibronically induced (see following section), and
hence the intensities are affected by vibronic interaction
with the nearby 1B1 state.

Table 2
Molecular constants (cm�1)a of H2CCC

State Constant a-band b-bandb c-band Microwavec

Fit I Fit II Fit II Fit I Fit II

~X 1A1 A00 9.6451d 9.6451d 9.6451(17) 9.6688(28) 9.6451d 9.6328(11)
B00 0.35326(22)e 0.353198f 0.353198f 0.35315(14)e 0.353198f 0.353198(67)
C00 0.34043(22)e 0.340367f 0.340367f 0.34075(14)e 0.340367f 0.340367(67)
1/2(B00+ C00) 0.34681(22) 0.34695(14) 0.346783(67)

~A1A2 A0 8.7525(39)g 8.7526(37)g 9.83717(46) 8.8987(10) 8.8977(16)
B 0 0.34076(46) 0.34070(22) 0.341217(86) 0.34204(15) 0.341750(91)
C 0 0.33046(46) 0.33039(15) 0.328764(91) 0.32883(14) 0.328695(49)
T00

h 15812.792(10) 15812.7913(95) 15982.0367(16) 16223. 4777(32) 16223.4673(40)

a Values in parentheses denote the standard deviation.
b Ref. [8].
c Ref. [7].
d Fixed to the value of [8].
e Ratio between B and C constants is fixed to that of [7].
f Fixed to the value of [7].
g Accurate determination of this value is hindered by the Coriolis interaction.
h Error arises from the least-squares fitting and 0.05 cm�1 uncertainty of the calibration.
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As the detected band is a c-type transition, the vibra-
tional component in the upper state belongs to b2 symme-
try and the vibronic symmetry is B1.

The calculated potential energy surface indicates that
the ~B and Ã states intersect �115–155 cm�1 above the min-
imum of the 1B1 energy surface [8]. Thus state mixing is
probable and the intensity of the c-band could come from
this. Although the ~B1B1 state has a short lifetime no line
broadening in the c-band is observed. There are at least
two possible causes: 1. because the intensity of the c-band
is much weaker than of the ~B1B1–~X 1A1 transition, the life-
time of the Ã 1A2 state is only slightly shortened and the
broadening of the ~A1A2–~X 1A1 transition is not detected in
the present experiment 2; the molecule is non-planar in
the A state, i.e., the symmetry is lowered from C2v to Cs,

and the transition is therefore not dipole forbidden. Obser-
vation of the transition to the m = 0 level of the Ã 1A2 state
and determination of the inertial defect could give an indi-
cation of this.

In a previous work ab initio calculations of the vibra-
tional frequencies for the 1A2 state were carried out using
the CASSCF method [8]. From these results the investigat-
ed band can not be uniquely identified. The lowest energy
peak in the ~A1A2–~X 1A1 transition in the neon matrix spec-
trum is at 13975 cm�1 [6]. Thus the vibrational frequency
of the c-band should be P2000 cm�1, even taking into
account a matrix-gas shift of around 100 cm�1. According
to symmetry and frequency the following combinations of
vibrational modes are possible: (i) x4 (a1) + x8 (b2):
1983 cm�1 (the same combination of modes is mentioned
as a tentative assignment for b-band in ref [8]), (ii) x3

(a1) + x8 (b2): 2377 cm�1, (iii) x2 (a1) + x8 (b2): 2648 cm�1.

3.3. a-band

The second transition observed at 15813 cm�1 has an
unusual rotational structure: the Ka = 0 ‹ 1 subband is
missing (Fig. 3). The high-resolution spectrum has been
analysed in a similar manner as described for the c-band.
Based on Fit I the observed transition is assigned to the
~A1A2–~X 1A1 vibronic transition of H2CCC. Fit II (ground
state constants fixed to the values from [7]) provided
excited state rotational constants which are listed in
Table 2.

The missing Ka = 0 ‹ 1 subband suggests that intensity
is borrowed through an a-type Coriolis interaction. This
absence cannot be explained by an abnormal Boltzmann
population of the K-levels because a Ka = 0 ‹ 1 subband
appears clearly in the simulated spectrum. Coriolis interac-
tions can occur between levels with the same angular
momentum and rovibronic symmetry. In the theoretical
survey of the Coriolis effect [14] it was shown that the
intensity of the forbidden electronic transition of formalde-
hyde induced by rotation is proportional to K2

a. Therefore,
the absence of the Ka = 0 ‹ 1 subband is a peculiarity for
the rotational structure of a vibronic transition induced by
Coriolis interaction, as seen for the a-band (Table 3).

Table 4
Molecular structure and inertial defect of C3H2

a

State Band Db Bond length (Å) Angle (�)

C1–C2 C2–C3 C1–C3 C3–H C2–C3–H

~X 1A1 0c 0.0515 1.291 1.324 2.615 1.098 118.8
Ã1A2 a-band �0.3827 1.3109(58) 1.367d 2.6779(58) 1.082d 115.387(12)e

b-band 1.2948(24) 1.367d 2.6618(24) 1.082d 121.5511(35)
c-band 0.0645 1.3092(11) 1.367d 2.6762(11) 1.082d 116.3584(20)

a Values in parentheses denote the standard deviation and apply to the last digits.
b Inertial defect (amu Å2).
c Ref. [7].
d Fixed to the ab initio values for the 1A2 state in [8].
e Accurate determination of this value is hindered by the Coriolis interaction.

Table 3
Frequencies of the observed rovibronic lines for the a-band in the
~A1A2–~X 1A1 electronic transition of H2CCC

J 0KaKc J 00KaKc vobs (cm�1) o � c (cm�1)

81 7 — 90 9 15814.323 �0.023
71 6 — 80 8 15815.207 0.030
61 5 — 70 7 15816.015 0.023
51 4 — 60 6 15816.755 �0.033
31 2 — 40 4 15818.317 �0.014

111 11 — 110 11 15819.381 �0.012
101 10 — 100 10 15819.692 �0.002
91 9 — 90 9 15819.980 0.011
81 8 — 80 8 15820.216 0.000
71 7 — 70 7 15820.451 0.015
61 6 — 60 6 15820.644 0.015
51 5 — 50 5 15820.778 �0.016
41 4 — 40 4 15820.918 �0.014
31 3 — 30 3 15821.060 0.017
11 0 — 00 0 15821.901 0.016
21 1 — 10 1 15822.540 �0.004
31 2 — 20 2 15823.176 �0.009
41 3 — 30 3 15823.828 0.019
61 5 — 50 5 15824.978 �0.029
71 6 — 60 6 15825.575 �0.004
81 7 — 70 7 15826.138 0.004
91 8 — 80 8 15826.685 0.012
22 0 — 11 0 15838.478 0.004
22 1 — 11 1 15838.478 �0.009
32 1 — 21 1 15839.109 0.022
32 2 — 21 2 15839.109 �0.017
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Although only four transition were assigned in the
Ka = 2 ‹ 1 subband of the a-band, the Q branch band
head confirmed the assignment. The distance between the
band heads of the adjacent subbands determines DA, which
should not differ much from those of b- and c-bands.

Because the observed band is a c-type transition and
considering a-type Coriolis interaction, the symmetry of
the present vibronic state is B2 with a b1 vibrational compo-
nent. Thus the observed transition borrowed its intensity
through an interaction with the ~B1B1 state (Fig. 2).

The vibrational frequency should be P1600 cm�1 even
though a gas-matrix shift exists. A trial vibrational assign-
ment gives rise to the following possible combinations: (i)
x3 (a1) + x5 (b1): 1966 cm�1, (ii) x2 (a1) + x6 (b1):
2044 cm�1, (iii) x2 (a1) + x5 (b1): 2237 cm�1 [8].

3.4. Molecular structure

The structure of H2CCC in the ground state was deter-
mined to be a near prolate top with C2v symmetry accord-
ing to the analysis of the millimetre-wave spectrum [15].
The inertial defect D calculated from the rotational
constants is just 0.0515 amu Å2 implying a near planar
species.

To follow the structural changes upon electronic excita-
tion, D was calculated for the a and c observed transitions.
As shown in Table 4, the structure is no longer planar when
the a transition is excited, suggesting that one of the out-of-
plane vibrations of b1 symmetry is involved, as already
indicated from the rotational analysis. The inertial defect
for the c transition was calculated to be 0.0645 amu Å2

implying that the molecule remains planar in the upper
electronic state.

The rotational constants were used to determine the
structural parameters for the 1A2 excited state of propadi-
enylidene species. The r(C2–C3) and r(C3–H) distances were
fixed to the ab initio values. The bond length r (C1–C2) and

angle h (C2–C3–H) were new determined to be 1.31 Å,
115.39� and 1.31 Å, 116.36� for the a and c transitions,
respectively (Table 4).
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