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“We don't want to conquer space at all. We want to expand Earth endlessly. We 

don't want other worlds; we want a mirror. We seek contact and will never 

achieve it. We are in the foolish position of a man striving for a goal he fears 

and doesn't want. Man needs man!” 

 

Stanislaw Lem, Solaris 
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 Chapter 1. Preface 
 

 

 

 

The Horsehead nebula – dark interstellar cloud approximately 3.5 light years wide and 1500 

light years away from the Sun. 
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1.1. Motivation 

Many molecules were detected in space by means of radio astronomy; nevertheless 

the carriers of the mysterious diffuse interstellar bands are still awaiting their discovery. 

Significant amount of neutral and ionic, bare and terminated, carbon chains were already 

investigated in cold matrices. The present PhD effort was focused upon spectroscopic 

characterization in rare gas (predominantly neon) cold matrices of astrochemistry relevant 

species, which were so far elusive due to complications in their laboratory production. These 

are: bare carbon chain cations Cn
+ (n = 6 – 9), carbon chains terminated with a single proton 

CnH+ (n = 6, 8), protonated polyacetylenes H2CnH+ (n = 4, 6, 8), C6H4
+ ion, and carbon 

chains terminated with a chlorine atom CnCl, CnCl+ (n = 3 – 6). 

The B3 molecule was also taken into consideration and characterized 

spectroscopically in neon matrices. It has less astrochemical relevance but is interesting for 

fundamental science. Several exited electronic states of cyclic B3 are degenerate and 

experience Jan-Teller splitting. Boron is a unique element which, as carbon, can build large 

molecules through covalent bonding and is also interesting for some industrial applications 

(semiconductors, insulators, etc.).  

It is important to search for new ways to produce previously inaccessible species like 

boron clusters larger than B3 or long Cn
+ cations. Hence, the third part of this work was 

dedicated to construction of a laser ablation source, suitable for coupling with the existing 

neon matrix set-up.  

 

1.2. Structure of the manuscript 

The current chapter of this manuscript has the purpose to awake in the reader an 

interest in the chemical diversity of our Universe and the crucial processes responsible for 

that. It deals with a broad range of subjects concerning the chemical structure of stars, planets 

and interstellar space. The problem (and its possible solutions) of the diffuse interstellar 

bands is briefly described. Also insight into matrix isolation spectroscopy is given. The 

second chapter provides a thorough description of the matrix isolation experiment, including 

different estimates of the important physical parameters. Progress in creating a laser ablation 

source is discussed as well. 
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Results and discussions of the matrix isolation studies of the protonated 

polyacetylenes, B3 molecule, and the chlorine terminated carbon chains and their ions are 

given in chapters 3 to 5 on the basis of the corresponding scientific publications. (Results of 

chapter 3 have just been submitted to the Journal of Physical Chemistry A.) Other results that 

were already presented, or will be presented as a PhD thesis by my colleagues, are given in 

the appendix.   

 

1.3. Our Universe 

1.3.1. Structure of the Universe 

It is well known that the cosmic matter is not randomly distributed in space but 

gravitationally bound into galaxies, which are assembled into larger scale structures [1]. The 

main building blocks of a galaxy are stars, very compact (they occupy only 10-27 of the 

volume of the Universe) and hot objects. The space between stars is not empty but contains 

interstellar gas and dust. Around 90% of the mass of our galaxy (Milky Way) exists in the 

form of stars, while gas comprises nearly the remaining 10% of the galactic material; dust is 

present in about 0.1%.  

According to the modern scientific point of view, only two chemical elements were 

produced as a result of the Big Bang, namely hydrogen and helium. They are still the two 

most common elements in the Universe, which can be seen in Fig. 1.1, where the relative 

cosmic abundances of elements are plotted on logarithmic scale [2]. This information about 

elements in the ISM (Interstellar Medium) was obtained spectroscopically (see discussion 

below in text). All other heavier than He atoms are produced in stars, which can be 

considered as giant space factories of chemical elements. 
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Figure 1.1. Relative abundances of elements in the ISM (Interstellar Medium) [2]. 

The bar chart is plotted in logarithmic scale, assuming that the abundance of H is 1. 

Only upper estimates are available for Co, V, Cr and Be. 

 

1.3.2. Chemistry of stars 

The interstellar gas and stars coexist in a dynamical equilibrium; one can compare a 

galaxy with a closed biological ecosystem. Stars are being born as a result of gas 

condensation due to gravitation. On the other hand, during their evolution stars release gas in 

explosive (supernova) or non-explosive ways (stellar winds, planetary nebula) [3]. This “gas 

recycling” process is demonstrated in Fig. 1.2. The condensation of gas into a star is 

accompanied by its considerable temperature increase and continues until the balance 

between the gravitational attraction and the hot gas pressure is reached. In the 19th century 

Lord Kelvin discovered that the heat produced by gravitational compression would be 

sufficient for our Sun to radiate with the current rate for no more than 1 million years. 

Nevertheless, there was already much evidence that the Sun is several billion years old and 

did not experience any dramatic changes of its parameters during this time. This problem, 
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known as Kelvin’s paradox, was solved in the 20th century, when the missing source of 

energy was found. The solution was nuclear reactions, which are responsible for energy 

production in stars. Stars consist mostly of hydrogen, and during 90% of their lifetimes the 

conversion of it into helium (Fig. 1.3) acts as an energy source. Other nuclear reactions need 

higher temperatures and therefore occur only at the last stage of the star’s life. After hydrogen 

in the core region is completely exhausted, the star contracts, and new reactions can start due 

to an increase in temperature.  

 

Figure 1.2. Circulation cycle of the cosmic matter in a galaxy. Stars condense 

from the interstellar gas and return partially modified matter into the gas 

phase by different processes discussed in text. 

 

The quantity that determines size, luminosity, spectral color and evolution of the star 

is its mass. If the object condensed from an interstellar cloud is lighter than 0.01 M  (M  = 

1.989·1030 kg – mass of the Sun) it can not reach a high enough temperature in the core to 

start hydrogen nuclear fusion and become a star. It is a so-called brown dwarf or sub-stellar 

object, radiating mostly in the IR and producing no new elements. Stars with smaller masses, 

up to 5 – 8 M , can not produce chemical elements heavier than oxygen due to the relatively 

low temperatures in their cores. Such a star, after consumption of its nuclear fuel, increases in 

 

13



diameter (Red giant) and repels its massive gas shell into interstellar space (Fig. 1.2). 

Expanded shells of these stars are known as planetary nebula; they have nothing in common 

with planets except their visual similarity. A small core of less than 1.4 M  contracts into a 

white dwarf, which is a very small object, roughly the size of Earth, kept in equilibrium by 

the electron degeneracy pressure. Stars with masses from 5 – 8 M  reach sufficient core 

temperatures to produce heavier chemical elements up to iron (Fe). (Heavier than Fe elements 

are fused with energy consumption). These stars end their life with colossal explosions called 

Supernova, which are responsible for synthesizing all other heavy atoms of the periodic table. 

Cores of these stars have masses >1.4 M  and can not be stabilized by the electron 

degeneracy pressure and shrink further into a neutron star (1.4 – 3 M , equilibrium between 

neutron degeneracy pressure and gravitation is achieved) or a black hole (complete victory of 

the gravitation). 

One can estimate that only 10% of hydrogen is used by a star as fuel; the rest does not 

take part in nuclear reactions (it situates outside the core) and consequently returns into the 

interstellar space by one way or another (Fig 1.2). It is important to mention that the lifetimes 

of heavy stars are extremely short in comparison with their lighter fellows. E.g. a star with a 

mass of 20 M  has a 10000 times higher luminosity as the Sun and lives only several million 

years, while the Sun’s lifetime was estimated to be 10 billion years. Summarizing, during 

their short life heavy stars produce all chemical elements of the periodic table, which return 

into interstellar space as a gas and can be again condensed into the new stars. Every 

consequent generation of stars has a new chemical composition, more and more enriched by 

the heavier atoms. The life on Earth is actually based on chemical elements produced by 

other stars, which died before the Sun was formed from the interstellar cloud. 
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Figure 1.3. The two nuclear fusion reactions by which stars produce energy converting H into 

He during the 90% of their lifetime.  The proton-proton chain (left) is the dominant reaction in 

the stars with the mass of the Sun or less. The CNO (carbon-nitrogen-oxygen) cycle (right) is the 

important reaction in heavy stars; the C, N and O nuclei work as catalysts.  

 

1.3.3. Chemistry of planets 

Planets are much smaller objects than stars, e.g. all the planets in our Solar system 

with all their moons, rings, comets and asteroids together are a thousand times lighter than 

the Sun [4]. The chemical structure of planets is another interesting question, which in the 

case of our Solar system was thoroughly investigated both spectroscopically and directly by 

automatic spacecrafts. (Extra-solar planets, orbiting other stars, can hardly be investigated at 

the present moment. Their existence itself was the subject of speculation for a long time until 

more than one hundred of such planets were discovered during the last three decades [5].) 

The solar planets can be divided into the two well-defined groups. The four giant planets 

(Jupiter, Saturn, Uranus and Neptune) have an elemental abundance similar to the cosmos 

(Fig. 1.1) and lie far away from the Sun. Here hydrogen is the most abundant element; it 

reacts easily and thus governs the chemical composition of these planets, producing such 

compounds as ammonia (NH3), methane (CH4), cyanhydric acid (HCN), different assorted 

hydrocarbons, etc. The second group are the small terrestrial planets (Mercury, Venus, Earth 

and Mars), which lie very close to the Sun and possess mostly heavy elements such as silicon, 

oxygen, iron, magnesium, aluminum, nickel and sulfur. Here oxygen is the most reactive 
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substance and is responsible for such compounds as carbon monoxide (CO), carbon dioxide 

(CO2); the crusts of the terrestrial planets consist mainly of silicon, iron, magnesium and 

aluminum oxides. The fact that these planets have such a different chemical composition than 

the cosmos is very remarkable. According to theory, the temperatures in the inner part of the 

young solar system were high, and thus favored the formation of terrestrial planets from 

rocky bodies. Light gases, such as hydrogen and helium, escaped from their atmospheres. On 

the other hand, in the cold environment away from the Sun, some rocky proto-planets 

managed to accumulate tremendous amounts of H and He and turned into gas giants [4].  

 

1.3.4. Interstellar Medium (ISM)  

As already discussed, the space between stars in our galaxy is filled by gas, and to a 

small extent by dust. The chemistry of the ISM can be investigated only spectroscopically; 

direct measurements are currently impossible, however some progress has already been 

achieved. 

 The presence of dust can be revealed by the reddening of stars. Shorter wavelength 

photons experience stronger Rayleigh scattering on small dust grains; thus the black body 

radiation spectrum of a star becomes distorted in favor of the longer wavelengths (reddening). 

(Exactly the same effect makes our Sun look red when it lies close to horizon and its light 

beams penetrate the thick atmospheric layer above Earth before they reach an observer.) The 

corresponding spectral extinction curve can not reveal the exact chemical composition of dust 

as in the case of unique “fingerprints” of atomic or molecular spectra. But some general 

conclusions can be made. The cosmic dust is formed in stellar atmospheres [1] and is 

represented by particles of different sizes (from molecular scale up to tenth of a millimeter), 

which consist mostly of ice, silicates and probably graphite.  

The interstellar gas consists of atoms, molecules and ions and is very diluted; its 

average concentration is 1 particle per cubic centimeter [2]. The gas is not distributed 

uniformly, but rather in clouds. The most dense clouds have densities of n ~ 106 particles per 

cubic centimeter and temperatures T ~ 10 K. (The gas pressure can be estimated as P = n·k·T 

~ 10-12 mbar and is much lower than standard ultra-high vacuum achieved in laboratory, 

~ 10-9 mbar). Despite low densities, their extended sizes (galactic scale) makes them 

completely opaque to visible light, and thus they are called dark interstellar clouds. The 

Horsehead nebula (a photo is shown on the first page of this chapter) is a spectacular example 
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of a dark cloud, which is approximately 3.5 light years wide and lies 1500 light years away 

from the Sun. The red glow originates from hydrogen predominantly behind the nebula, 

ionized by a nearby bright star. One can distinguish more diluted diffuse interstellar clouds 

with typical densities of 100 particles/cm3, which are transparent to the visible light of the 

neighboring stars and hence have higher temperatures ~ 100 K. 

In the case of the diffuse interstellar clouds, it was long ago possible to obtain 

electronic absorption spectra of their atomic or molecular species on the background of the 

radiation from the stars which lie behind them [6]. One has to be sure that some specific 

absorption lines originate from an interstellar cloud and not the atmosphere of the star itself. 

Double stars are of a great help. If a specific absorption line does not experience periodic 

Doppler shift, as the spectral features of a double star do, it must belong to an absorber in the 

ISM. Many atomic absorption lines were detected in the ISM, mostly in the UV region, and 

thus cosmic chemical abundances (Fig. 1.1) were estimated. Electronic absorptions of some 

simple molecules and their ions (CH, CN, CH+, H2, HD, CO, CO+, OH, NH, NH2, C2) were 

found as well [7]. Recently a weak spectrum of the A 1Πu – X 1 Σg
+ electronic absorption of 

C3 was identified in the diffuse interstellar clouds [8]. C3 is so far the first polyatomic carbon 

chain detected by its electronic spectrum in the ISM. 

Dark interstellar clouds can not be explored using electronic absorption or emission 

spectroscopy. Since the clouds are completely opaque to the light of behind lying stars, and 

their temperatures are low, all ions and molecules exist in their ground electronic states. In 

this case a radio-telescope is an invaluable tool to learn about the chemistry of the dark 

clouds, which are transparent to radio waves. Indeed, a great number of molecules were 

identified by their rotational emission spectra in this region. These are different species, 

which contain mostly the H, C, N and O atoms. However the great disadvantage of radio 

spectroscopy is that only polar molecules can be detected. Transitions between rotational 

levels of non-polar molecules (e.g. bare carbon chains or homonuclear diatomic molecules) 

are forbidden (chapter 1.5). 

Table 1.1 [9] summarizes all molecules found in space; most of them were detected 

by their rotational patterns. According to the modern point of view, all these molecules and 

ions are formed in chemical reactions both in stellar atmospheres and in interstellar 

clouds [10].
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Table 1.1. Molecules detected in the interstellar medium. Most of these molecules were detected 

by their rotational emission spectra using radio-telescopes. 

Molecules with 2 atoms 

AlF, AlCl, C2, CH, CH+, CN, CO, CO+, CP, CS, CSi, HCl, H2, KCl, NH, NO, NS, NaCl, 
OH, PN, SO, SO+, SiN, SiO, SiS, HF, SH, FeO (?) 

Molecules with 3 atoms 

C3, C2H, C2O, C2S, CH2, HCN, HCO, HCO+, HCS+, HOC+, H2O, H2S, HNC, HNO, MgCN, 
MgNC, N2H+, N2O, NaCN, OCS, SO2, c-SiC2, CO2, NH2, H3

+, AlNC  

Molecules with 4 atoms 

c-C3H, l-C3H, C3N, C3O, C3S, C2H2, CH2D+?, HCCN, HCNH+, HNCO, HNCS, HOCO+, 
H2CO, H2CN, H2CS, H3O+, NH3, SiC3 

Molecules with 5 atoms 

C5, C4H, C4Si, l-C3H2, c-C3H2, CH2CN, CH4, HC3N, HC2NC, HCOOH, H2CHN, H2C2O, 
H2NCN, HNC3, SiH4, H2COH+ 

Molecules with 6 atoms 

C5H, C5O, C2H4, CH3CN, CH3NC, CH3OH, CH3SH, HC3NH+, HC2CHO, HCONH2, l-H2C4, 
C5N 

Molecules with 7 atoms 

C6H, CH2CHCN, CH3C2H, HC5N, HCOCH3, NH2CH3, c-C2H4O, CH2CHOH 

Molecules with 8 atoms 

CH3C3N, HCOOCH3, CH3COOH, C7H, H2C6, CH2OHCHO, CH2CHCHO 

Molecules with 9 atoms 

CH3C4H, CH3CH2CN, (CH3)2O, CH3CH2OH, HC7N, C8H 

Molecules with 10 atoms 

CH3C5N?, (CH3)2CO, NH2CH2COOH?, CH3CH2CHO 

Molecules with 11 atoms 

HC9N 

Molecules with 13 atoms 

HC11N 
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1.3.5. Diffuse Interstellar Bands (DIBs) 

Besides the fact that significant progress in interstellar chemistry was achieved, a new 

spectroscopic problem appeared early in the 20th century which is still not solved. Along with 

the identified (mostly in UV) atomic and molecular electronic absorptions (discussion in 

chapter 1.3.4) more than 200 intense absorption lines, whose origin remains unclear, were 

detected in the visible and near IR (400 – 1000 nm, Figure 1.4) [11]. Because they are 

relatively wide in comparison with atomic spectral lines (FWHM around several angstroms), 

they were denoted as diffuse interstellar bands. 

 

Figure 1.4. Diffuse interstellar bands [11]. 

 

Many possible carriers were proposed to explain DIBs, including exotic ones: solid 

dust grains doped with metal ions, carbon chains, fullerenes, polycyclic aromatic 

hydrocarbons, porphyrins, several simple molecules [12]. There were even attempts to 

explain DIBs by the electronic transitions between excited states of H2, the most abundant 

molecule in the ISM [13]. Nevertheless, these diffuse bands remain the longest-standing 

unsolved spectroscopic problem.  
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However some general conclusions about their origin can be drawn [14]. The spectral 

positions of all DIBs are constant, independent of the observation direction, relative to atomic 

absorption lines. Their widths are nearly constant. This is an argument in favor of the 

molecular origin of these bands. It is well known that the position of an electronic absorption 

band is very sensitive to the surrounding environment. Even in very inert Ne and Ar cold 

matrices (see discussion below) one can observe significant broadening and splitting of the 

spectral lines in comparison with gas phase observations. Therefore, doped dust grains can 

not be plausible candidates. Grains must have some size and structure distribution which 

would lead to this mentioned broadening, which is not the case. The carrier of DIBs can not 

be a single molecule, because the relative intensities of these lines vary randomly with the 

observation direction. Thus, it must be a set of many molecules. The fact that DIBs are wider 

than atomic absorptions and some of them have fine structures, the components of which 

vary in intensity, is also evidence for molecular carriers. The molecules are presumably long 

enough to poses very small rotational constants (large moments of inertia). Rotational 

components of their electronic transitions would merge together to produce single rotational 

contours. Fine structures of these contours would change with the temperature in a given 

molecular cloud. The discussed species must consist of the most abundant atoms in 

interstellar space: H, C, N, O (Fig. 1.1). (Helium can not be taken into account, because it is 

chemically neutral.) Carbon is the exceptional element in this group, it can form complex 

compounds reacting easily with other elements and with itself (fullerenes, carbon nanotubes, 

bare carbon chains). It can be seen from Table 1.1 that many molecules with a carbon 

skeleton are indeed present in the ISM. Having in mind the facts mentioned above, one can 

distinguish the two favorites among the proposed DIBs carriers, namely polycyclic aromatic 

hydrocarbons (PAHs) and long carbon chains [14]. (Ions of these compounds and inclusions 

into their structures of some other single atoms must be also taken into account.)  

Several PAHs structures are shown in Fig. 1.5. Their cations are open-shell systems 

with electronic transitions in the visible and near IR region. They were extensively studied in 

noble gas cold matrices by the group of L. J. Allamandola and other research groups [14-16] 

(and references therein). The reported electronic absorption spectra have some bands close to 

the DIBs (Fig. 1.6.), however it must be stressed that gas phase spectra are necessary to make 

any direct comparisons and assignments. Unfortunately it was not possible to find some 

regularity between the electronic absorption spectra of different PAHs. 
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Figure 1.5. Several examples of the polycyclic aromatic hydrocarbons (PAHs). 

 

 

Figure 1.6. PAHs cations isolated in neon matrix. 

Comparison of the positions of their electronic 

absorption bands with the DIBs. 
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 Carbon chains (bare and terminated with H or other atoms) and their ions were also 

extensively examined in Ne and Ar matrices [17]. The overview of their relevance to DIBs 

was reported by Maier et al. [18]. It is remarkable that in contrast to PAHs the electronic 

spectra of carbon chains have several simple regularities. For the homologous series of 

carbon chains the wavelength of a given electronic transition increases proportionally to the 

chain length (Fig. 1.7). (The number of C atoms should be changed by two to keep the same 

electronic configuration.) This behavior can be explained by the simple quantum particle in a 

box model.a Isoelectronic carbon chains absorb roughly in the same spectral region. E.g. the 

effect of the addition of one or two protons to the Cn
- chain is illustrated in Figure 1.7. One 

more regularity is that the oscillator strength of a given electronic transition increases with 

the length of a carbon chain. The 0 0
0 bands are always the strongest in the electronic spectra. 

If the length of a chain increases, vibronic bands become weaker with respect to the 0 0
0 band. 

In other words, the geometry configuration change from ground to excited state (see 

discussion in chapter 1.5) is more pronounced in small molecules. Only the fully symmetric 

modes can lead to the appearance of vibronic components (selection rules, chapter 1.5). The 

chain stretching vibrations lie typically in the 1800 – 2200 cm-1 range. One more interesting 

fully symmetric stretching vibration can be always detected. Its energy is inverse proportional 

to the length of a carbon chain (discussion in chapter 3). 

All these discussed regularities allow one to draw some conclusions about the 

relevance of these species to the DIBs [18]. The lowest energy electronic transitions of the 

carbon chains with less than 10 atoms have too small oscillator strengths, although they can 

be detected in space by their absorptions in visible and infrared, they can not be the carriers 

of the strongest DIBs (assuming reasonable concentrations of these species in the ISM). Their 

second lowest energy electronic transitions have typically much larger oscillator strengths but 

                                                 
a As is known from quantum mechanics, only the quantum states of a particle in a one dimensional 

box, which satisfy the equality n·λ/2 = L, are allowed. Here n is the integer number, λ – the 

wavelength of a sinus-shaped quantum function, L – size of the box. A given number n defines the 

stationary state with the energy En = h·c·n/(2L), where h is the Planck's constant, c – speed of light. 

Energy of the transition between the levels with numbers n and m will be Enm = h·c·(n-m)/(2L) 

assuming n > m, which gives us the wavelength of transition λnm = 2L/(n-m). The wavelength is 

proportional to the size of a box. 
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lie normally in the UV region. Hence, the carbon chain length must be considerably increased 

to shift this absorption to the DIBs region (λ increases with the chain length). It was 

estimated that the closed shell systems like C2n+1, C2n+1H+, C2nO, etc. must contain 15 – 31 

atoms to be the possible carriers of the strong DIBs, while open shell systems like HCnH, C2n, 

CnH must be even longer, > 20 atoms. 

Although some gas phase measurements for these species were published (e.g. CnH 

radicals [19]), they are still behind the studies in rare gas matrices. But only gas phase spectra 

can be directly compared with the known DIBs. Further matrix measurements of both bare 

and terminated with abundant in space atoms carbon chains and their ions are vital. The 

oscillator strength of a given electronic transition can be small to explain the strongest DIBs. 

But the corresponding molecule can be nevertheless detected in the ISM and some useful 

conclusions can be drawn about the molecular structure of interstellar clouds. 

 

 

Figure 1.7. Dependence of the origin bands 

wavelengths for three isoelectronic homologous series 

of carbon chains on number of C atoms. Matrix 

isolation experiments [14]. 
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1.4. Matrix isolation technique  

Matrix isolation is a powerful spectroscopic tool for studying unstable and reactive 

compounds (e.g. radicals and ions) [20-22]. The species of interest (guest) are frozen in very 

small concentrations in a chemically inert environment (host). The ratio between the 

quantities of host and guest species is called the matrix ratio. A schematic view of C8H3
+ 

molecules frozen in a neon matrix is presented in Fig. 1.8. (The concentration of guest 

molecules in Fig 1.8 is strongly exaggerated in comparison with typical experimental 

concentrations that were obtained in our lab; at least one million neon atoms corresponded to 

one guest molecule, see chapter 2.4). The guest-guest interactions can be completely 

neglected at a proper matrix ratio (two neighbour guest species do not “see” each other). The 

host-guest interactions are typically small, thus one can assume that the matrix conditions are 

similar to gas phase conditions, when each molecule is free and does not experience any 

interactions with its neighbours (in contrast to the solid and liquid state). 

The method was introduced in the 1930s, when ether isopentan alcohol glass was used 

as a host environment to freeze reactive species [23]. Different organic glasses, polymers and 

mixed crystals were used later [20]. In the year 1954 the idea to use noble gases was 

proposed [24]. In comparison with all other hosts noble gases are of a great advantage and 

universality. They are completely inert and transparent in the broad spectral region. The 

lowest allowed electronic transition lies at 106.67 nm for Ar and at 73.6 nm for Ne. The neon 

crystal lattice vibrations appear at energies less than 100 cm-1. It is well known that the 

lighter noble gas atoms represent more stable systems than the heavier ones. Ionisation 

energies decrease and polarizability increases with a mass in the following order He, Ne, Ar, 

Kr, Xe. (In a smaller atom outer electrons stay closer to the nucleus and hence are bound to it 

stronger.) Polarizability of host atoms indicates how strong the electronic configuration of a 

guest will be distorted in the matrix. From this point of view He seems to be the best host 

material, however its melting temperature of 0.95 K makes its application quite unpractical. 

Consequently neon, with its 24.6 K melting point, is the most proper host for the matrix. 

Neon matrix isolation became popular after the invention of closed-cycle helium cryostats, 

which are routinely able to reach temperatures down to 6 K. The neon vapour pressure at 6 K 

is still around 10-8 mbar. Solid neon has a crystalline structure with the cubic closed-packed 

(ccp) lattice, in which guest molecules form defects.   
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Matrix isolated species are usually investigated using UV, visible and infrared 

absorption spectroscopy as well as the electron spin resonance, laser induced emission and 

Raman spectroscopy. Application of nuclear magnetic resonance is limited due to 

complications with the apparatus design. Host and guest can be prepared separately and then 

simultaneously deposited onto the matrix substrate. Otherwise one can prepare a mixture of 

host and guest before the deposition. In this case initial guest will be a stable substance, but 

some unstable species of interest can be produced after the deposition using different 

methods, e.g. irradiating the matrix with energetic UV photons. 

In summarizing the advantages of rare gas matrix isolation spectroscopy one should 

mention the following aspects. This technique makes it possible to investigate unstable 

species, which in principle can not be obtained as a single substance (solid, liquid or gas). 

The host environment is chemically inert and transparent in a very wide spectral region. Due 

to very low temperatures, guest species occupy only the zero vibrational level in the ground 

electronic state. Rotations of large molecules are completely suppressed in matrices; only in 

the case of small OH and OD molecules was it possible to detect rotational structure [21]. 

The absence of hot bands and rotational lines makes the interpretation of the electronic 

spectra in a cold matrix easy. One can also accumulate species in a matrix and reach 

sufficient concentrations to use conventional spectroscopic instruments, which is not always 

possible using gas phase methods. 

Although the host-guest interactions are typically small, they are not negligible. The 

first consequence is that the matrix electronic and vibrational absorptions are shifted in 

comparison with gas phase observations. (Neon matrix shifts are normally less than 1% of the 

transition energy [21].) Electronic absorptions in matrices are usually very wide, up to several 

nanometers, and have smooth or complex contours (so called site structure). The transition 

energy of a guest molecule varies if it occupies cages, made from host atoms, of different 

shapes. (E.g. the two molecules in Fig. 1.8 are situated in cages with slightly different form 

and hence have slightly different energies of the same transition.) The result is the broadening 

or even some complex structure of spectral lines. Due to shifts and broadening it is 

impossible to make direct comparisons between the absorptions measured in matrix and the 

DIBs. Nevertheless, matrix isolation experiments provide vital information for the 

consequent gas phase investigations about the absorptions of yet unexplored species (e.g. if 

gas phase measurements are conducted without mass selection, matrix spectra can be used for 

assignments). Ideally, electronic absorptions of a molecule or ion of interest must be 
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investigated first in matrices, then in a gas phase, and then direct comparisons with 

astronomical observations can be made. 

   

 

Figure 1.8. Schematic picture of two C8H3 molecules frozen in a neon matrix.  

 

 

1.5. Spectroscopy selection rules/matrix experiment  

As already mentioned, at 6 K temperature the species trapped in a matrix occupy only 

the zero vibrational level in the ground electronic state. Since rotations are not possible we 

can restrict our attention on the vibronic quantum function ψeν, which describes electronic 

and nuclear vibrational motion. Let us assume that ψe'ν' and ψe''ν'' are the functions of the 

higher and lower vibronic levels, correspondingly. The intensity of electronic transition 

between these two vibronic states is proportional to R
2
e'ν'e''ν'', where Re'ν'e''ν'' = ∫ψ*e'ν'µψe''ν''dΩ is 

the transition moment [25]. The transition moment Re'ν'e''ν'' and the dipole moment of the 

molecule µ are vectors, integration is made over all electronic and vibrational coordinates. In 

a most general situation one can treat the electron (fast) and nuclear (slow) motions 

separately (Born-Oppenheimer approximation) due to the fact that every nucleus is three 

orders of magnitude heavier than its electrons. Then the vibronic function can be factorized 
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into the electronic and vibrational components ψeν =  ψeψν. The transition moment can now 

be approximately given as a product of two integrals: Re'ν'e''ν'' = ∫ψ*e'µψe''dΩe · ∫ψν'ψν''dΩν. 

Using group theory one can immediately determine which moments will be zero (forbidden 

transitions) and which not (allowed transitions). If a function at least under one of the two 

integrals is not totally symmetric (or contains no totally symmetric part; in the case of 

degenerate functions) in the given molecular symmetry group, then the transition is forbidden 

(R e'ν' e''ν'' = 0). In this case several symmetrical in the configurational space parts of one of the 

integrals must cancel each other. Using the group theory terminology; the following two 

direct products Γ(ψe')×Γ(ψe'')×Γ(µ) and Γ(ψν')×Γ(ψν'') must be totally symmetric or contain 

the totally symmetric component. Γ symbol labels irreducible representations (in simple 

words, a type of symmetry of a quantum function under a given symmetry group).  

Let us assume that some electronic transition is allowed (Γ(ψe')×Γ(ψe'')×Γ(µ) is totally 

symmetric or contains the totally symmetric component). In a cold neon matrix ψν'' is always 

fully symmetric because it corresponds to the zero vibrational level. Therefore, only 

transitions to the totally symmetric levels ψν' of the upper electronic state are allowed and can 

be detected in neon matrices, Γ(ψν')×Γ(ψν'') = Γ(ψν'). Which of them will be more and which 

less intense? The answer lies in the second part of the transition moment, ∫ψν'ψν''dΩν. (The 

square of this overlap integral is known as the Frank-Condon factor). Fig. 1.9 illustrates how 

the geometry change between the ground and excited electronic states influences the Frank-

Condon integral and consequently intensity distribution of the vibronic components. 

Vibrational potential energy curves are shown for both electronic states along with the 

vibrational quantum functions. Geometry change can be small (insignificant shift between the 

two potential energy curves). Then the initial vibrational function (zero vib. level in the 

ground electronic state) will overlap with the function of the zero vibrational level in the 

excited state better then with functions of other levels. Thus, the 0-0 vibronic line will be the 

most intense one; other 0-N vibronic components will diminish in intensity with an increase 

of N, N = 1, 2, 3… (Here the first and the second numbers correspond to the vibrational 

levels in the lower and upper electronic states.) In the case of the considerable geometry 

change between the two electronic states, the initial vibrational function will overlap in the 

best way with the function of some higher vibrational level in the excited state. In Fig. 1.9 the 

best overlap occurs with the function of the 4th vibrational level, hence the 0-4 transition is 

dominant in the cold matrix absorption spectrum. 
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It is important to mention that if both electron and vibrational state are degenerate 

then the vibronic coupling occurs (Jahn-Teller and Renner-Teller effects); nuclear and 

electronic motions can not be separated and the symmetry of the ψeν function as a whole must 

be considered. 

The dipole moment of a molecule µ is the function of the electronic and vibrational 

coordinates. Consequently non-polar molecules (µ = 0) can be investigated using electronic 

and vibrational absorption spectroscopy (it can be that Re'ν'e''ν'' = ∫ψ*e'ν'µψe''ν''dΩ ≠ 0). 

However, if µ = 0 transitions between any two rotational levels always have zero moment 

∫ψ*rot'µψrot''dΩ = µ·∫ψ*rot'ψrot''dΩ = 0; µ does not depend on the rotational coordinates and can 

be treated here as an equal to zero constant. Any pure rotational transitions for non-polar 

molecules are forbidden. Hence these molecules have no rotational spectra and can not be 

detected in the ISM using radio-telescopes. 

 

28



 

Figure 1.9. Illustration of the Frank-Condon principle 
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Chapter 2. Experiment 
 

 

 

 

 

 

Photo of the experimental matrix isolation set-up. 
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2.1. Set-up overview 

The general scheme of the experimental apparatus is shown in Fig. 2.1. One can 

distinguish three main building blocks: ion source, ion guidance/selection system and cold 

matrix section. Positive or negative ions of interest were produced inside the corresponding 

ion source, and then extracted, focused and guided along the set-up using electrostatic lenses. 

In order to get rid of neutral molecules the first quadrupole was utilized. Static potentials 

were applied to its poles in order to bend the ions flight trajectory by 90°. The second 

quadrupole was used to mass select ions of interest (HF potentials on the rods). Mass selected 

ions were codeposited with neon (or argon) onto the matrix substrate, held at 6 K during 

several hours.  
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Figure 2.1. General scheme of the experimental set-up. 

     

2.2. Ion sources  

2.2.1. Electron impact ion source 

The electron impact ion source was used to produce positive ions (Fig. 2.2). Precursor 

gas mixed with helium in a typical ratio of 1:3 is introduced into the metal, grounded 
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cylinder, 5 cm in diameter. Helium reduces the speed of the soot formation, increasing the 

continuous working time of the source. The smaller inner cylinder (anode) is kept at a ~ 50 V 

potential, while a tungsten filament is heated by current ~ 9 A to emit electrons (one end of 

tungsten is grounded the other kept at the potential ~ 5 V). An electrical gas discharge 

between the anode and ground, stimulated by electron emission, ionizes gas inside the source. 

Positive ions are extracted through the small (1 mm) orifice by an electrostatic lens. The 

typical gas pressure inside the source was estimated to be ~ 0.1 mbar; the corresponding 

molecular mean free path is 3 mm for N2 and considerably smaller for larger molecules 

(chapter 2.6). Thus, each ion experiences many collisions before it will drift toward the 

proximity of the exit orifice and will be extracted by the field of the first electrostatic lens. 

(This field penetrates inside the cylinder only at the distance of the orifice diameter.) The first 

advantage of this is that it is possible to produce ions larger than the parent precursor 

molecule due to collisional reactions. E.g. it is possible to produce the CnHk
+, n = 4 – 8, k = 

1 –3 ions from diacetylene (C4H2), Fig. 2.3. The second advantage is that ions collisionally 

relax and thus posses little kinetic energy (determined by the gas temperature ~ 0.01 eV at 

1000° K) before extraction. If the electric potential of (and accordingly inside) the cylindrical 

anode is 50 V, all ions gain exactly 50 eV energy after extraction. This small energy 

distribution of ions makes unity mass resolution in the quadrupole mass filter possible 

(chapter 2.3). The electron impact source is situated inside an electromagnetic coil. A 

variable magnetic field inside the coil controls the ionization efficiency by varying the mean 

free path of the emitted electrons. 
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Figure 2.2. Electron impact positive ion source. 
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Figure 2.3. Unity resolution mass spectrum of the cations produced from diacetylene 

(C4H2) in the electron impact source. Due to collisional reactions it is possible to 

produce larger species as the parent precursor molecule.  
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2.2.2. Cesium sputter ion source 

The cesium sputter ion source was used to produce negative ions (Fig. 2.4). Metallic 

cesium is heated in an external container up to 300° C. The Cs vapor is introduced through 

the heated metal tube inside the source, where it is ionized by electron impact in a similar 

manner as inside the previously described source. The ionizer is actually a hot filament kept 

at a positive potential of several kilovolts; coaxial tantalum wire makes this possible. The 

sample (probe) is kept at the negative potential of -50 V. Heavy Cs+ ions with energies of 

several keV bombard the surface of the sample (e.g. boron or boron carbide rod, chapter 4) 

ejecting different species into the gas phase, in the so-called sputtering process. Negative ions 

are extracted from the source by an electrostatic lens. They have a narrow energy distribution 

around 50 eV due to the relaxation in the buffer cesium vapor gas just after being ejected 

from the probe. There is a possibility to introduce a gas inside the source in order to obtain 

chemical reactions products between the precursor gas molecules and the sputtered species.     
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Figure 2.4. Cs sputter negative ion source. 

 

2.3. Ion guidance/selection system 

If ions would have been left on their own after extraction from the source, they would 

scatter due to their velocity distribution and electric repulsion. Electrostatic lenses solve this 

problem, focusing the ion beam. The technical drawing of the ion guidance/selection system 

with all relevant sizes is given at the end of the experimental chapter. Most lenses are metal 

 

35



cylinders with 20 mm inner diameters. The disk-shaped lenses with smaller holes are also 

used in the set-up to guide ions through the small apertures between the chambers with 

differential vacuum. Cylindrical lenses in the source chamber are made from a metal grid. 

Grid walls provide the same electric potential inside the cylinder as the solid ones but allow 

the buffer gas to dissipate from the ion beam trajectory into the whole chamber and being 

pumped out. Inside the cylindrical lens the ions fly free in a constant potential, while focusing 

occurs between two lenses. The principles of ion focusing are discussed below and supported 

by simple examples, drawings and corresponding ion flight simulations made using Simion 

7.0 software.  

Let us consider the system with cylindrical symmetry and draw the electric potential 

surface as the Z coordinate (height) depending on the (X,Y) axial section coordinate. This 

surface would look like a rubber sheet stretched on the electrodes (objects with constant 

potential). The movement of ions would be similar to the movement of golf balls on the real 

surface [26]. In both cases the gravity or electric field force which is applied to the ball or ion 

is proportional and directed opposite to the surface gradient. Figure 2.5 represents some 

examples of the potential surfaces with ion trajectories for 6 single ions. Trajectories do not 

depend on the direction of ion movement due to the reversibility of all electro-dynamical 

laws, exactly like the light beams in geometrical optics do. A simple disc-shaped lens can 

focus (Fig. 2.5.a) or scatter (Fig. 2.5.b) an ion beam if it is at higher or lower potential as the 

adjacent electrodes. The electric potential surface is concave or convex correspondingly. In 

the chain of disc-shaped lenses, the ones at lower potential scatter and the ones at higher 

potential focus ions (Fig. 2.5.c). The net effect is nevertheless focusing because ions travel 

faster through the lower potential lenses thus are less sensitive to surface curvature. The 

potential surface between any two cylindrical lenses (Fig. 2.5.d) is concave at one lens and 

convex at another lens. Again, ions have higher velocity at the convex part than at the 

concave; consequently they are always focused between two cylindrical lenses. 
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Figure 2.5. Several examples of electrostatic lenses. Electric potential surfaces are drawn for the 

corresponding axial sections; flight trajectories of six ions are shown. a and b – simple disk-

shaped lens can focus or defocus ion beam, c – the chain of several disk-shaped lenses has the 

focusing net effect, d – two cylindrical lenses have focusing effect. 

 

 The quadrupole bender was used to discriminate ions from neutral species. It consists 

of four quarters of a long (200 mm) 39 mm in diameter metal cylinder positioned so that their 

outer surfaces look inside to the symmetry axis (Fig. 2.6). The opposite electrodes are 

electrically connected with each other. The electric potential surface (section is made 

perpendicular to the quadrupole symmetry axis) is helpful to visualize ion trajectories, which 

are bent by 90° remaining equidistant.  
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Figure 2.6. 90° bending quadrupole. Electric potential surface 

with 6 ions trajectories is shown. 

 

The second quadrupole (QMS – Quadrupole Mass Selector, commercial model from 

Extrell, was used to mass select the ions of interest. It consists of four 211 mm long 18.8 mm 

in diameter metal cylindrical rods (Fig. 2.7). In theory an ideal quadrupole has hyperbolic-

shape electrodes, but if the radius of cylindrical rods is 1.145 times the inscribed circle radius, 

the electric field near the axis closely approximates an ideal one. The working range is 10 – 

200 m/z (mass in atomic units/charge). It was possible to separate each mass at high 

resolution. The electric potentials of each pair of the connected together diagonally opposite 

electrodes are: 

Φ = B±(U + V·cos(2π·f·t)), 

where B is the reference potential, U – DC voltage, V – radio frequency amplitude, f = 

1.5 MHz, t – time. The ions of a certain mass have stable trajectories, oscillating along the 

quadrupole axis at the given U/V ratio. Other ions have unstable trajectories and end up on 

the rods or outside on the vacuum chamber walls. It is clear that ions must be “slow” enough 

to be mass selected and not to fly through the quadrupole without any effect. The theoretical 

criterium is given by the inequality: 

Eion < 0.04· f 2 L2∆m, 

where Eion is the energy of an ion along the quadrupole axis in eV, L – length of the rods in 

cm,  ∆m – mass separation, f – frequency in MHz. For the unity resolution ∆m = 1 one 

obtains Eion < 40 eV. In practice ions produced by both sources have a narrow energy 

distribution around 50 eV. To obtain unity resolution it was practical to slow ions down to 
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≈ 10 eV energy inside the quadrupole by applying reference potential B ≈ 40 V. The narrow 

energy distribution is thus of importance. Unity mass selection would not be possible if our 

source would have produced ions with a wide energy distribution from say 0 to 50 eV. 

 

 

Figure 2.7. Quadrupole mass filter. The HF 

potentials are applied on to the two pairs of the 

diagonally opposite electrodes connected 

together.  

 

2.4. Ions storage system (cold matrix) 

The mass selected ion beam is guided by several cylindrical lenses onto the matrix 

substrate (Fig. 2.8). The simulation shows that after the QMS ions have wide space and 

velocity direction distributions and can not be focused into the small spot by reasonable 

potentials (chapter 2.9). Instead, after the best possible focusing, they are uniformly 

distributed on the matrix substrate by arrival. Nevertheless one should consider this as an 

advantage for absorption spectroscopy, because in a matrix with a non-uniformly distributed 

ions, ionic absorptions would not be detectable over the background of light which comes 

from the regions with no ions. Ions arrive on to the substrate (electrically grounded through a 

picoampermeter) with ~ 50 eV energy which leads to their partial fragmentation. To avoid it, 

one can increase the substrate or decrease the anode potential, however both lead to ion 

current loss. Sometimes fragmentation can be even helpful in making assignments, if the 

absorption spectra of all fragments are known. The substrate itself is attached to the last stage 

(temperature is adjustable down to 4 K) of the closed cycle helium cryostat and has 

dimensions of 3x3 cm. It consists of a copper base, a 2 mm thick sapphire plate, and two 

copper slits. Copper is used due to its high thermal conductance. The sapphire plate is coated 
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by rhodium, which has a good reflectivity in the UV region down to 200 nm. (Freshly 

deposited aluminum coating has even better reflectivity in UV, but it oxidizes fast in air).  

Theoretically, the deposition process is quite complicated. A picoampermeter 

measures the electric current (electrons) between the substrate and ground which equals the 

current of the incident ion beam. It is remarkable that the matrix surface remains neutral 

during deposition. If one would suppose that the matrix surface accumulates charge, the 

substrate should accumulate an opposite charge in this case. The simple capacitor model 

allows estimating the potential of the matrix surface as:  

U = Q/C,  C = εε0A/d, 

where Q is the surface charge, C – capacity,  ε – relative neon permittivity, ε0 – vacuum 

permittivity, A – plate area, d – distance between the capacitor plates. One can assume that 

ε ≈ 1, A ≈ 4·10-4 m2 d ≈ 2·10-4 m (size of the matrix after deposition, or slit width), thus the 

capacity C is ≈ 17.7 pF. In this model a charge of 1 nQ (1 nA deposition current during 1 

second) produces the voltage U ≈ 56 V, exactly enough to prevent other ions from arriving at 

the matrix surface. Typical experimental ion currents were several to tens nanoampere and 

accumulated during several hours. Therefore in reality the matrix remains neutral due to 

formation of the opposite charge ions. Impurity molecules are always deposited with neon 

and produce charged species like N2
+, C2

+, C2
-, OH- accepting or giving electrons during ion 

bombardment of the matrix surface. Hence, impurities are necessary for a successful matrix 

deposition. 

One can estimate the matrix ratio (Rmatrix = #host molecules / #guest molecules) in the 

following way. The volume of the matrix is 2·2·0.02 = 0.08 cm3. Solid neon has a ccp (cubic 

close-packed) crystal structure with the distance between atoms of 4.4 A
o
 [27]. Thus, the box 

of the (4.4·10-8 cm)3 ≈ 8.52·10-23 cm3 volume contains exactly one Ne atom. 

#host molecules = 0.08/8.52·10-23 ≈ 0.94·1021, 

The typical amount of ions accumulated during deposition (expressed in units of charge) 

varied from 1 to 100 µC. Dividing this charge by the elementary one e = 1.6·10-19 C we 

obtain: 

#guest molecules ≈ 6.25·1012 … 6.25·1014 
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The matrix ratio can consequently vary from 1.5·108 to 1.5·106. This ratio shows that every 

trapped guest molecule is surrounded by at least several million neon molecules. Thus one 

can neglect any possible interactions between the trapped species. 

Copper

Sapphire plate coated with rhodium  

Figure 2.8. Matrix substrate.  

 

2.5. Optical scheme 

Electronic absorption spectra of the trapped matrix species were measured in the 

following way (Fig. 2.9). Xenon arc and halogen lamps were used as light sources for the 

spectral regions of 220 – 360 nm and 350 – 1100 nm, respectively. The xenon lamp produces 

more light but it has a line emission spectrum at wavelengths higher than 360 nm. After 

monochromatization light is focused onto the first slit of the matrix substrate by two quartz 

lenses. The light beam propagates through a 0.2 mm thin and 20 mm long neon matrix in a 

wave-guide manner. Since the light path is long it is possible to obtain electronic absorption 

spectra even for low concentrations of trapped species. The windows of the matrix substrate 

vacuum chamber are made of CaF2, transparent in the wide region of 130 – 12000 nm. The 

light leaves the matrix through the second slit and is collected on the detector. A 

photomultiplier and a silicon diode were used to measure the absorption spectra in the 220 – 

650 nm and 640 – 1100 nm regions, respectively. The monochromator was calibrated using 

the line emission spectrum of a medium pressure mercury lamp and the positions of already 

known matrix absorptions. After calibration the wavelength accuracy was ± 0.2 nm. The low 

transmittance of the argon matrix does not allow absorption measurements in a wave-guide 

style, so in this case a matrix substrate (with a small transparent slit in the center) can be 
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installed perpendicular to the light beam. But sensitivity is then considerably lower as for the 

wave-guide method.   
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Figure 2.9. Optical scheme of the set-up. 

 

IR absorption spectra were measured using a Fourier-transform spectrometer 

(commercial model, Bruker IFS66v/S) in the 1100 – 12000 cm-1 range. A double reflection 

technique has been applied (Fig. 2.10). An additional concave mirror allows the light beam to 

pass through the matrix two times at an oblique angle; thus one obtains several times better 

sensitivity than with a single reflection scheme. (It was technically not possible to introduce 

the wave-guide method for the IR measurements). The Fourier-transform spectrometer was 

calibrated using the 632.8 nm helium-neon laser line and is accurate to ± 0.2 cm-1. 
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Figure 2.10. Optical scheme to measure the IR spectra by 

a Fourier-transform spectrometer using a double 

reflection method. 

  

2.6. Vacuum scheme 

The flexible pumping scheme provided the necessary vacuum in the system 

(Fig. 2.11). Diffusion pumps were employed to pump the source chamber, while turbo 

molecular pumps (low oil vapor pressure) were used to reach high vacuum in the clean 

matrix chamber. Two tanks were used to supply neon and the precursor mixture. Several 

Pirani and Penning gauges monitored pressure. 
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Figure 2.11. Vacuum scheme of the set-up. 

 

A differential pumping scheme is important to suppress the penetration of a precursor 

mixture into the matrix chamber (Fig. 2.12). S, P, D are the pumping speed, pressure in the 

chamber and the orifice diameter between chambers. In the molecular flow regime (when the 

mean free path of molecules far exceeds the dimensions of the container) the conductance of 

a circular aperture is A
M
T7.3=C  liter/sec, where T is the temperature in K, M – molecular 

weight, A – area in cm2. The conductance of the first orifice is C01 ≈ 9.5 liter/sec for nitrogen 

at room temperature. Q01 = C01P0 is the throughput from the source chamber to the next one. 

P1 = C01P0/S1 ≈ 0.7·10-6 mbar, assuming that the pressure in the source chamber during an 

experiment is P0 = 5·10-5 mbar and using the pumping speed S1 = 700 l/sec. The next orifice 

with diameter D12 = 0.4 cm has a conductance of C12 ≈ 1.5 liter/sec. Hence the pressure of the 

buffer/precursor gas in the matrix chamber is only P2 = C12P1/S2 ≈ 2·10-9 mbar (S2 = 

526 l/sec). In reality P2 was normally more than 1·10-7 mbar due to leaks and degassing of 

chamber walls. The neon pressure in the matrix chamber during deposition was measured to 
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be ~ 1·10-5 mbar. (It must have been considerably greater in the proximity of the matrix 

substrate, because neon is sprayed exactly in its direction, allowing most of it to freeze 

immediately on the surface, thus not contributing to the pressure in the chamber). Therefore, 

one can see that a differential pumping scheme dramatically reduces penetration of a 

precursor gas into the matrix chamber. 

 

Chamber 0
Source

P =5*100
-5

S =700 l/s1

P1 S =526 l/s2
P =1*102

-7

D =0.4cm12

D = 1 cm01

Chamber 1
Chamber 2
Matrix

S =300 l/s0

 

Figure 2.12. Differential vacuum scheme.  

 

The pressure inside the electron impact ion source can be estimated in a similar 

manner, although the conditions correspond to the intermediate regime between molecular 

and viscous gas flow. The extraction hole diameter is 0.1 cm, which gives a conductance of 

Csource ≈ 0.1 liter/sec. Psource = S0P0/Csource ≈ 0.15 mbar (S0 = 300 l/sec). One can estimate the 

mean free path by the formula: 
PNπd2

RT

a
2

=λ  ≈ 2 mm, where R = 8.31 J/(mol·K) is the gas 

constant, T = 700 K – (reasonable) temperature in the source, d = 3·10-8 cm – effective 

diameter of the N2 molecule, Na = 6.022·1023 mol-1 – Avogadro constant, P = 0.15 mbar – 

pressure. The mean free path is inversely proportional to the effective collision area of a 

molecule, so it is much smaller for larger species like C8H3
+. Consequently, each ion 

experiences many collisions before being extracted out of the source. 
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2.7. Methods to identify and assign spectral lines 

According to experimental experience, most of the deposited ions are neutralized 

upon impact with the matrix surface. A small portion of them keep their charge. Deposited 

ions can sometimes even gain an opposite charge if a corresponding neutral molecule accepts 

or donates an electron easily. E.g. after the C6
+ mass selected deposition one detects 

electronic absorptions of C6
+, C6

 (intensity is quite strong) and C6
- [28]. Also, smaller 

fragments of the deposited molecules are typically present in the matrix due to fragmentation 

by impact. E.g. C6
+ deposition reveals absorption of C3. One can also observe several 

electronic transitions of one molecule or ion, each of which has vibrational structure. All of 

the details mentioned above can lead to quite complex absorption spectra. Here some 

experimental methods are discussed which can significantly help with the spectral line 

assignment. 

The 30 minutes irradiation of the matrix with a medium pressure mercury lamp was a 

standard charge determination procedure. This lamp produces a line spectrum, in particular 

strong UV band at 253.6 nm (4.9 eV). Energetic UV photons release free electrons from 

metal surfaces or anions, which in turn recombine with cations present in the matrix. Thus the 

process of irradiation leads to neutralization of any charged species. As an option the xenon 

arc lamp was used to produce even more energetic photons, since it has a continuous 

spectrum down to 220 nm (5.6 eV). A quartz cuvette with water was always placed after the 

lamp to absorb its IR radiation and prevent heating of the matrix. Absorption spectra were 

measured before and after irradiation, thus one can distinguish the peaks of charged and 

neutral species. Sometimes irradiation was performed in several gradual steps, increasing the 

energy of photons by means of different cut-off filters. (This procedure is useful in 

distinguishing of spectral bands in a more complex situation. E.g. C6
+ deposition leads to the 

appearance of C6
- anion absorptions, which even gain intensity after soft UV irradiation and 

loose it again after irradiation by more energetic photons. In this case it is due to the high 

electron affinity (4.18 eV, determined by laser photoelectron spectroscopy [29]) of C6 which 

captures free electrons released by soft UV photons from other species.) 

The admixture of an electron scavenger to neon before deposition of cations can 

considerably help with the assignment. The scavenger molecules easily accept free electrons 

preventing their recombination with ions. Therefore a matrix with a scavenger would contain 

significantly more cations of interest (which were deposited) in comparison with the pure 

neon matrix prepared under the same conditions. One can draw necessary conclusions 
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comparing the spectral peaks intensities from the two above mentioned experiments. Carbon 

tetrachloride (CCl4) or nitrous oxide (N2O) was mixed for this purpose with neon in typical 

concentrations of 1:300. CCl4 has a higher electron affinity (2.0 eV, neutral beam ionization 

potentials method [30]) than N2O (0.22 eV, collision induced dissociation threshold method 

[31]), and thus the former substance has a stronger scavenging effect. Neutralization by UV 

irradiation is less efficient if a scavenger is present in a matrix. An electron scavenger 

captures the free electrons produced by UV light, preventing them from recombination with 

cations. In the case of N2O, cationic absorptions decrease in intensity after UV irradiation, 

but not as dramatic as in a pure neon matrix, while C4Cl makes the irradiation completely 

inefficient. 

One more useful procedure is to anneal the matrix, i.e. increasing the matrix 

temperature (for 30 minutes) nearly up to the point where it starts to evaporate (~ 9 and 

~ 25 K for neon and argon correspondingly). During matrix annealing, the mobility of the 

trapped species increases, which can give rise to two effects. First, the site structure 

distribution of the spectral lines can change in favor of the lowest energy orientation of a 

guest molecule inside a cage made of host molecules. Second, guest molecules can migrate 

through the matrix and react with each other, producing larger species through an aggregation 

process. It is obvious that the first effect is more probable, because it concerns only a change 

in orientation of the trapped molecules, while the second one occurs when the guest 

molecules completely leave their cages.  

The identical site structure of different spectral lines indicates that they are vibrational 

components of the same electronic transition of the same molecule. Vice versa, lines with a 

different site structure pattern belong to different species or different transitions. 

The most reliable way to reveal which spectral lines are due to fragments of the 

deposited ion is to study all possible fragments in the matrix separately. It is reassuring that 

the absorptions of fragments are usually weak (most of deposited ions survive the impact at 

the experimental conditions, described above). 

 

2.8. Data acquisition 

In the context of the present work all necessary data acquisition programs were 

written in Labview 5.1 (PC version) to replace outdated instable working software. The four 
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graphs in Fig. 2.13 explain the functioning of the programs, using a C6
+ test deposition (C6Cl6 

is the precursor). 

The example of a mass spectrum of the cations produced in the source is shown in 

Fig. 2.13.a. A mass spectrum is acquired in the following way. A voltage of 0 to 10 V 

(increased in small steps) is applied to the analog input of the QMS power supply. This 

interval corresponds to the mass range fixed by the power supply controls. The current on the 

matrix substrate is recorded versus the applied voltage, i.e. mass. The calibration can be done 

using the noble gases mass peaks or some known peaks from specific precursors, e.g. 

diacetylene. In the best case one can completely separate every mass (it is a so-called unity 

resolution). 

The transmition and current curves are collected simultaneously during matrix 

deposition (Fig. 2.13.b and 2.13.c). The light signal on the detector (PM – Photo Multiplier) 

with wavelength λ = 500 nm decreases as the matrix is being filled by neon, revealing the 

transmition curve. At the very beginning of a deposition the curve shows several regular 

oscillations due to the light interference on the thin (~ λ) film of neon. At a certain moment 

the curve reaches a minimum and starts to grow again. This indicates that the matrix is 

completely filled (one can finish deposition). The small increase can be explained by the 

wave-guide effect. The ion current amplitude is saved during deposition and integrated, so 

that one knows the exact amount of deposited ions in units of charge (typically it was 1 – 

100 µC).  

The last procedure is to save the electronic absorption spectra (Fig. 2.13.d). A pulsed 

TTL signal is applied to the spectrometer step motor, and after a certain number of pulses one 

experimental point is acquired (signal on the detector). In such a way one obtains sharp 

electronic absorptions over a wide background. The background is determined by the lamp 

emission spectrum, the transparency of neon, detector spectral sensitivity, etc. and can be 

subtracted later. 
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Figure 2.13. Demonstration of the data acquisition functioning by the example of C6
+ deposition 

test experiment. a – mass spectrum of the ions produced from the C6Cl6 precursor, b – matrix 

transmition curve, c – current curve, d – electronic absorption spectrum of the produced 

matrix.  

 

2.9. Simion simulation 

In the context of the present work the complete flight of ions from source to matrix 

was simulated using Simion 7.0 software. (The ion focusing system was built by the 

laboratory staff in the past, according to the general principles of a charged particle motion in 
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electric fields, but an exact simulation has not been done.) Nevertheless, the simulation has 

shown that the set-up works effectively and that at low resolution a considerable number of 

ions extracted from the source reach the matrix substrate (Fig. 2.14) (at unity resolution a 

much smaller amount of ions pass through the QMS due to the very strict entrance angle and 

position conditions). Ions are deposited on the substrate surface uniformly. The accumulated 

Simion modeling experience was used to design the laser ablation ion source.       

 

Figure 2.14. Picture of the simulated ion flight (Simion 7.0) in the present experimental set-up 

from source to the matrix. 

 

2.10. Laser vaporization 

Laser ablation is an effective tool to produce molecular and ionic species from a solid 

precursor. It is a quite complicated process, the simplified scheme of which is the following. 

A short (several nanoseconds) laser pulse interacts with the surface of the ablation target, 

producing a local heating to a very high temperature and consequent material evaporation. 

The physical properties and the composition of the resulting plume evolve with time and 

depend on the collisional interaction inside the plume, with an ambient gas and also with the 

laser radiation. Many factors can have an influence on the ablation process, such as: buffer 

gas presence, quality of the vacuum, parameters of the laser radiation (wavelength, energy, 

duration, fluence), properties of the ablated material etc. The laser ablation of a boron rod in 
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close proximity to the matrix has been done (chapter 4). However it was not possible to make 

spectral assignments without additional mass-selection experiments. The integration of a 

laser ablation ion source into the existing mass-selected matrix experiment is a very 

promising experimental solution. The first steps to create this set-up were made as a part of 

this PhD. 

2.10.1. Laser ablation in vacuum 

The fundamental harmonic (λ = 1064 nm) of a YAG laser (commercial model from 

Spectron) was used for ablation. The radiation parameters were: pulse duration 15 ns, 

frequency 20 Hz, beam diameter 8 mm, beam divergence 0.5 mrad, variable pulse energy up 

to 200 mJ/pulse. The design shown in Fig. 2.15 (Simion model, half cut for viewing 

convenience) was constructed in order to estimate the physical properties of the ablation 

process at given conditions. Positive ions are guided by electrostatic lenses of a special form 

perpendicular to the laser beam direction. This design was incorporated into the existing 

experimental set-up at the normal for an ion source location. The sample carbon rod, 5 mm in 

diameter, was slowly rotated and translated (screw motion) by the picomotor (commercial 

product of New Focus, driven by piezocrystal, utilizing the principle of difference between 

dynamic and static friction). The laser beam was focused by a glass (BK7) plano-convex lens 

with a 200 mm focal length. The presence of the second (532 nm) harmonic in the laser beam 

in a very small extent was nevertheless sufficient for the necessary visual adjustments. A 

metal plate was installed instead of one of the disc-shaped lenses or after the long cylinder 

lens shown in Fig. 2.15. The current between this plate and ground equals the incident ion 

current and was measured by a picoampermeter.  
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Figure 2.15. Experimental design used for the laser ablation in vacuum. The 

picture (half cut) and ion flight simulation are made in Simion 7.0. 

      

The cation yield dependence on the pulse 

energy had a threshold behavior, schematically 

shown in Figure 2.16. No cations were present at 

less than 15 mJ/pulse energies, although neutral 

products were produced in a considerable amount 

which could have been seen by the spiral groove on 

the rod surface due to the ablation (photo in 

Fig. 2.17). Saturation occurs after 30 mJ/pulse 

energy. Slight defocusing of the laser spot along 

with a power increase brings no current increase as well. Therefore the useful laser power 

range is around 20 mJ/pulse, when the radiation is powerful enough to ionize the plume but 

still produces minimal amount of soot. This energy value is quite high, especially if in 

purpose to increase ion current one considers a fast kHz range laser which pulse energy is 

typically much lower (< 3 mJ/pulse). That is why it was important to estimate how good the 

laser beam can be focused. 
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Figure 2.16. Schematic dependence of 

the cation yield from the laser pulse 

energy. 
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Figure 2.17. The spiral grooves produced by laser on the 

surface of 5 mm in diameter carbon rods. 

 

The diffraction diameter of the focused laser beam can be estimated by the formula: 

Ddiff ~ 2·λF/d ≈ 53 µm, where λ = 1064 nm is the wavelength, F = 200 mm – focal length, 

d = 8 mm – diameter of the beam. 

For the spherical aberration of a planar-convex lens one can approximately calculate the 

circle of least confusion diameter by this formula: 

Daberr ≈ 0.067·F / (F/d)3 ≈ 0.86 µm  

The focal spot size due to the beam divergence one can estimate as: 

Ddiv ~ αF ≈ 100 µm, α = 0.5 mrad is the beam divergence. 

Hence we can neglect the spherical aberration and consider only the diffraction and beam 

divergence effects: Daberr << Ddiff < Ddiv 

The focal spot size was also measured experimentally, drilling holes in a 0.015 mm 

thick aluminum foil by the fundamental (1064 nm) and the second (532 nm) laser harmonics. 

The diameters of the produced holes were measured under the microscope and varied from 50 

to 300 µm proportionally to the pulse energy (from 0.1 to 30 mJ). Assuming a Gaussian beam 

profile one can explain the increase of the hole size along with the laser power increase. At 

higher energies the hole can be larger than the focused beam diameter due to the high thermal 

conductivity of the foil. The hole size was independent from the wavelength indicating 
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negligible diffraction influence. Summarizing, one can achieve higher laser fluence (probably 

smaller pulse energy will then be sufficient to produce ions) by decreasing the beam 

divergence. If one considers the focal spot diameter to be 100 µm and the laser energy to be 

20 mJ/pulse, the fluence can be estimated as 250 J/cm2.  

The optimal rotation speed of the carbon rod 

which corresponds to the optimal depth of the burned 

groove on its surface was found experimentally and is 

shown schematically in Fig. 2.18. If the rod is not 

rotating at all (deep groove or crater in this case) the ion 

production efficiency is very low, while fast rotation 

(shallow groove) makes the ion yield somewhat worse. 

The optimal value was found to be roughly at 

50 pulses/s. If the speed changes abruptly, it takes the 

ion current around 20 seconds to equilibrate, which 

shows that crater burning is a slow process. The 

effective translation length is 1 inch (25.4 mm) or 81 

motor screw spiral turns, it takes roughly 2 hours (7200 seconds) for one complete translation 

at the optimal speed. It means that one turn of the rod (or groove length ~ 5·π mm) takes 

around 89 seconds. Therefore at the 20 Hz laser frequency the surface of the rod shifts 

~ 10 µm between two successive laser pulses. In other words, at the optimal rotation speed 

every successive laser shot is shifted by 10% of the focal spot diameter (estimated to be 

100 µm) along the rod surface. 
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Figure 2.18. Schematic dependence

of the cation yield from the speed

of the carbon rod rotation. 

With the design shown in Fig. 2.15 it was possible to obtain quite a high cation 

current, up to 1000 nA. A current of around 3000 nA was detected on the lens closest to the 

carbon rod (negative potential was applied). So we have to assume the cation yield to be 

around 3000 nA. Many of ions are lost because of the 90° turn (Fig. 2.15). In spite of the high 

initial current it was not possible to guide ions to the matrix. Actually, ions are being lost 

very quickly along the way; less than 100 nA reaches the 90° bend quadrupole (even with use 

of the high guiding potentials). This indicates that ions gain a wide energy distribution due to 

the space charge effect; thus it is impossible to guide them by reasonable potentials and 

especially mass select them (see discussion in chapter 2.3). The Simion model in Fig. 2.15 

does not take space charge into account, and consequently shows that even small ~ 100 V 
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potentials are sufficient to guide ions, which is not the case. The problem lies in the very 

short time of the plume evaporation during the ablation process. The laser pulse duration is 

only 15 ns, expansion of the produced plume is surely a longer process, but still short enough 

to produce very high ion currents just after a laser pulse, which yield an average of only 

3000 nA. The time interval between pulses is comparatively very long, 1/20 s = 50000 µs. 

E.g. in the experiment of Sasaki et al. [32] the plume expands under vacuum on the timescale 

of 1 µs. Although their laser fluence was two orders of magnitude smaller than in our case, 

one microsecond can be taken as a rough estimate for the time of the complete plume 

evaporation process. According to this estimate the current during evaporation will be 

3000·(50000/1) = 150 mA and zero until the next laser shot. Even for longer evaporation 

times, the milliampere current will be responsible for the significant space charge effect or 

repulsion between extracted cations, leading to an unpredictable energy distribution.  

Thus the properties of laser ablation were studied with the help of the design in 

Fig. 2.15, but to guide and mass select ions successfully one still needs to give them a “good” 

energy distribution. The buffer gas is a promising solution to relax ions. Sasaki at al. have 

shown that even small, several millibars buffer gas pressures lead to the significant extension 

of the evaporation time. Apart from improving the ions energy distribution it has one more 

positive consequence. In a slowly moving plume larger carbon clusters are produced in 

collisional reactions [32], which is exactly demanded from the new source. 

2.10.2. Laser ablation at constant buffer gas pressure 

The two similar designs shown schematically in Fig. 2.19 were used to try laser 

ablation in the presence of the buffer gas at small constant pressure. The principle difference 

between the two designs is the density of ablation products in the extraction hole vicinity. In 

the first design the ablation spot is ~ 20 mm away from the extraction orifice and the ablation 

products propagation direction is perpendicular to the extraction direction. (Most of the 

plume evaporates in the normal or close to normal to the rod surface direction.) In the second 

design the ablation spot is ~ 3 mm away from the extraction hole and its vertical position is 

lower as the rod center (i.e. ~ 45° between extraction and ablation directions). A carbon rod 

was rotated and translated inside the 30 mm in diameter cylinder filled with helium.  

The pressure inside the cylinder can be estimated in the same way as for the electron 

impact source (chapter 2.6). Conductance of the 2 mm extraction orifice for helium is 

~ 1 liter/sec, conductance of the 0.8 mm laser beam input hole is ~ 0.16 liter/sec and can be 
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neglected as well as the conductance of the one or two cylindrical holes (5 mm long and 

0.1 mm tight) through which the carbon rod is inserted. If the pressure in the source chamber 

is around 3·10-3 mbar (which is maximum if one wants to keep the matrix free of buffer gas), 

pressure in the cylinder will be Psource = S0P0/Csource = 300·3·10-3/1 ≈ 1 mbar. According to 

Sasaki at al. [32] this should be enough to considerably slow down the evaporation process. 

As in the case of the electron impact source, ions experience many collisions before being 

extracted. The cylinder and the carbon rod are kept at the 50 V potential which provides a 

narrow ion energy distribution around 50 eV.   

Indeed, it was possible to guide and mass select ions in the case of the current design. 

The mass-spectrum in Fig. 2.20 was obtained at 3·10-4 mbar helium pressure in the source 

chamber with the design 1 Fig. 2.19. One can clearly see that the most intensive peak belongs 

to C+ (maximum at 0.75 nA), however other bare carbon cations are produced as well, up to 

C8
+ in smaller quantities. C2

+ production is suppressed, but adjusting experimental conditions 

(laser pulse energy, helium pressure, potentials on the electrostatic lenses) one can increase it 

up to ~ 0.2 nA. Using neon as a buffer gas brings no improvement; on the contrary, one 

obtains a lot of Ne+ ions and less carbon cations. In the case of argon it was even worse, the 

source produced mostly Ar+ ions. This is consistent with the fact that the noble gas ionization 

potential decreases with its atomic weight. With the second design the C+ production was 

several times enhanced, C2
+ and C3

+ mass peaks had the same intensity, while all larger 

carbon cations were almost absent. Therefore at such a small ~ 1 mbar pressure one needs 

quite a long path ~ 20 mm to have enough collisions to produce larger cations. The currents 

of Cn
+ ions are much less than would be sufficient for a successful matrix deposition. The 

main problem of this design is its efficiency. All the ions produced by ablation (3000 nA, see 

chapter 2.10.1.) are dispersed in the whole cylinder volume, while only a tiny fraction of 

them (~ 15 nA, measured experimentally) are extracted from the orifice. The electric field of 

the first extraction electrostatic lens penetrates only ~ 2 mm (orifice diameter) inside the 

cylinder, i.e. only the ions from the close proximity of the orifice are being extracted. The 

second problem is that the pressure is too low to produce larger Cn
+ ions at short distances. 
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Figure 2.19. The two experimental designs used for laser ablation in the presence of a 

buffer gas at a small constant pressure. The difference lies in the density of the 

ablated products in the proximity of the extraction orifice. 
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Figure 2.20. The carbon cations mass spectrum produced by laser ablation using 

design 1 from Fig. 2.19. 

 

2.10.3. Promising pulsed valve design solution  

The following conclusions can now be drawn. The ablation spot must be close to the 

extraction orifice, therefore a compact design is important. In this case one would be able to 

extract a considerable part of the ions produced by ablation (~ 3000 nA). Consequently, 

significantly higher buffer gas pressure is needed to relax and produce larger ions at small 

distances. With the existing vacuum pumps the use of a pulsed valve seems to be an excellent 

solution. Using it synchronously with the laser pulses one would be able reach high buffer 

gas pressures just after the laser pulse keeping the mean pressure small and tolerable for the 

diffusion pumps. The Smalley type design [33] can be a possible solution. Some additional 

methods can be used as well, e.g. additional ionization of the neutral ablation products in a 

gas discharge. 
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Technical draft of the ion guidance/selection system 
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Chapter 3. Protonated polyacetylene 

cations 
 

 

 

 

 

Scematic view of several stable isomers of the C4H3
+ cation. 
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3.1. Abstract 

Electronic absorption spectra of the protonated polyacetylenic chains H2CnH+ n = 4, 

6, 8, and the neutral H2C8H, have been observed in 6 K neon matrices after mass selection. 

The wavelength of the H2CnH+ electronic transitions depends quasi-linearly on n, typical of 

carbon chains. The origin band is at 286.0, 378.6 and 467.6 nm for n = 4, 6, 8 respectively. 

Two ground state vibrations of H2C4H+ in the IR absorption spectrum were also detected. On 

the basis of the spectroscopic trends, the assignment of the vibrational frequencies in the 

ground and excited electronic states, it is concluded that the H2CnH+ species are the C2v linear 

carbon chains with one H atom on one end and two on the other.  

 

Key words: electronic spectra, carbon chains, cations, infrared, matrix spectroscopy 
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3.2. Introduction 

Unsaturated hydrocarbons with a linear carbon backbone are important constituents of 

the interstellar medium (ISM) [34]. Highly polar carbon chain radicals [35-37] CnH (n = 2 –

8) and cumulenes [38,39] H2Cn (n = 3, 4, 6) have been detected in dark molecular clouds and 

circumstellar shells of carbon reach stars by means of radio astronomy. One can expect that 

the non-polar isomers of cumulenes-polyacetylenes (HC2nH) should also be abundant in such 

environments though they can not be observed via microwave spectroscopy.  

Acetylene and diacetylene were detected a long ago in hydrocarbon-rich planetary 

atmospheres in the solar system [40]. Diacetylene is formed from simple hydrocarbons in the 

upper atmospheres as a result of chemical reactions driven by the solar UV photons. It plays a 

similar role as ozone on Earth shielding the lower atmospheric layers against UV photons. 

Larger polyacetylenes were predicted to be present in this environment [41], however they 

have not yet been observed. Recently, diacetylene and triacetylene were detected with the 

Infrared Space Observatory in the circumstellar medium [42].  

According to current models most chemical reactions in the ISM are between ions and 

molecules. Important intermediates in the hydrocarbon reaction network leading to 

production of linear carbon chain radicals CnH and cumulenes H2Cn are polyacetylene cations 

and protonated polyacetylenes H2C2nH+ [43]. Therefore the spectroscopic study of these 

species is also of interest related to astrochemistry. Among them only the polyacetylene 

cations have been extensively studied so far in noble gas matrices [44,45] and the gas phase 

[46,47] by means of electronic and vibrational spectroscopy. The protonated counterparts are 

still elusive with the exception of H2C3H+, the electronic absorption spectrum of which has 

been measured in a neon matrix [48]. The next member H2C4H+ of this homologous series 

has been studied only by mass spectrometry [49-51] and quantum mechanical methods [51-

54]. In this paper the electronic absorption spectra of protonated diacetylene (H2C4H+), 

triacetylene (H2C6H+) and tetraacetylene (H2C8H+) cations isolated in neon matrices are 

reported. 
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3.3. Experimental 

The experimental setup has been described [17]. The CnH3
+ (n = 4, 6, 8) cations were 

produced in an electron impact ion source from diacetylene, C4H3
+ also from benzene and 

dimethylacetylene. The precursor molecules were mixed with helium in an 1:3 ratio. The exit 

aperture of the ion source was reduced in order to increase the inner pressure and enhance 

production of larger CnHk
+, n > 4 cations. Experimental conditions (e.g. pressure in the 

source, temperature of filament, extraction potential) were optimized for the ion of interest.  

After extraction from the source, ions were guided by means of electrostatic lenses to an 90° 

bender to get rid of neutral molecules, and then to a quadrupole mass filter. Mass selected 

ions with near unity resolution were codeposited with neon during 1 – 2 hours onto a rhodium 

coated sapphire matrix substrate held at 6 K. The energy of the ions arriving at the surface 

was ~ 50 eV which led to their partial fragmentation. An electron scavenger (N2O) was 

occasionally mixed with neon in concentrations of 1:300 to suppress ion neutralization during 

deposition. N2O molecules readily accept electrons, preventing their recombination with 

cations. Typical integrated ion currents on the substrate for the C4H3
+, C6H3

+, C8H3
+ ions 

were 50, 10 and 8 µC, respectively. Irradiation of the matrix (30 min) with a medium 

pressure mercury lamp was used to neutralize the trapped cations. UV photons release 

electrons from weakly bonded anions which in turn recombine with the cations. Thus 

photobleaching helps to distinguish charged and neutral species. Electronic absorption 

spectra have been measured in the 220 – 1100 nm spectral range by using a wave-guide 

technique [55]. Infrared spectra have been measured in the 1100 – 12000 cm-1 region by a 

Fourier-transform spectrometer applying a double reflection method [56].   

 

3.4. Observations 

3.4.1. C4H3
+ 

Mass selected deposition of C4H3
+ (m/z = 51) revealed two electronic absorption band 

systems. The first one with origin at 507.4 nm is known and belongs to the A 2Πu←X 2Πg 

transition of the HC4H+ cation [57] which is produced by detachment of a hydrogen atom 

from C4H3
+ (fragmentation during deposition). A new system with origin at 286.0 nm is also 

detected (Fig. 3.1). Its absorption pattern was independent of the selected precursor. Intensity 

of this system decreases after UV irradiation of the matrix (compare traces a and b) which 
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indicates its ionic origin. In the presence of the electron scavenger N2O (trace a) the intensity 

of the new bands was stronger than in a pure neon matrix (trace c), although the deposited 

charges (integral currents) of C4H3
+ ions were practically the same in both cases. This leads 

to the conclusion that the carrier of the new absorption is positively charged. An electron 

scavenger reduces the number of free electrons in a matrix. One can consequently see an 

intensity increase of cationic and decrease of neutral and anionic absorptions. Mass selected 

deposition of C4H2
+ (m/z = 50) (trace d) did not show a similar pattern, neither did C4H+ 

deposition. Therefore, the new system of bands with the onset at 286.0 nm can be assigned to 

the C4H3
+ cation and not to one of its fragments like C4H2

+ or smaller. Positions of the origin 

band and vibronic components of the new transition are given in Tab. 3.1. Absorptions of 

smaller fragments (C4H, C4, C3) of the deposited ion were also detected, but only very 

weakly. This shows that the fragmentation, except for one H atom loss, is quite negligible 

supporting the proposed assignment. 

The infrared vibrational spectrum of C4H3
+ reveals two new absorptions located at 

2086 and 2949 cm-1 (Table 3.1) which are not present in the case of C4H2
+ deposition and 

behave in a similar manner to the UV bands of C4H3
+. Hence they can be assigned to the 

latter cation. Matrix site effect is responsible for the doublet structure of both peaks. 

Molecules or ions of interest can occupy different positions in a neon cage having slightly 

different stabilization energies which leads to a complex structure of the spectral lines.  
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Figure 3.1. Electronic absorption spectra of the C4H3
+ cation in 6 K neon matrices 

obtained after mass-selected deposition with a mixture of neon and electron 

scavenger (N2O) in a proportion of 300:1 (trace a), after UV irradiation of the 

same matrix (trace b), after C4H3
+ deposition without electronic scavenger (trace 

c) and after deposition of C4H2
+ (trace d). 

 

3.4.2. C6H3
+   

After C6H3
+ (m/z = 75) deposition one known and one new electronic absorption were 

observed. The system with origin band at 604.6 nm is the A 2Πg←X  2Πu transition of the 

HC6H+ ion [44], produced by H atom loss during the impact on the matrix substrate. The new 

system with the onset at 378.6 nm together with the absorption band of N2
+, a common 

matrix impurity, is seen in Fig. 3.2. UV irradiation of the matrix (compare traces a and b) led 

nearly to the extinction of the new absorptions indicating their ionic origin. Mass selected 

deposition of C6H2
+ (m/z = 74) (traces c and d) did not reveal the same system of bands. 

Traces c and d were normalized to have the same intensity of the HC6H+ A 2Πg  ← X 2Πu 

absorption system as in the case of C6H3
+ deposition (traces a and b). C6H+ has recently been 

studied in a neon matrix but its absorptions fall in the visible spectral range [58]. Therefore, 

the new system of bands with the origin at 378.6 nm has been assigned to the C6H3
+ cation. 
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Positions of vibronic components are given in Tab. 3.1. Very weak known bands of the 

smaller fragments (C6H+, C6H, C3) were also detected. 
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Figure 3.2. Electronic absorption spectra of the C6H3
+ cation in a 6 K neon matrix 

obtained after mass-selected deposition (trace a), after UV irradiation of the same 

matrix (trace b), after deposition of C6H2
+ (trace c) and after UV irradiation of 

that matrix (trace d). Spectra in traces c and d are normalized to have equal 

intensity of the C6H2
+ A 2Πg  ← X 2Πu absorption (origin at 604.6 nm, not shown 

on figure) after C6H3
+ and C6H2

+ depositions (traces a and c) and also after 

irradiation (traces b and d). The band marked with a star corresponds to the 

absorption of the N2
+ ion. 

 

3.4.3. C8H3
+ and C8H3  

Deposition of C8H3
+ (m/z = 99) revealed the known A 2Πu ← X 2Πg band system of 

HC8H+ with origin at 713.2 nm [44], a result of fragmentation. A new electronic absorption 

with the onset at 467.6 nm was observed (Fig. 3.3 traces a and b). Spectra after deposition of 

C8H2
+ (traces c and d) were normalized to have the same intensity of the HC8H+ 

A 2Πu ← X 2Πg transition as in the case of C8H3
+ deposition. Two medium intensity bands 
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marked with stars can be assigned to other absorptions of HC8H+. Their intensity was 

proportional to that of the HC8H+ transition at 713.2 nm, before and after UV irradiation of 

the matrix, independent of the experiment or exact mass selection.  Somewhat better spectral 

resolution was used to obtain traces c and d. The new system of bands (marked with arrows) 

with the onset at 467.6 nm (Tab. 3.1) disappears after UV irradiation and is not present in the 

case of C8H2
+ and C8H+ [58] deposition, hence can be assigned to the C8H3

+ cation. The peak 

at 442.6 nm (trace a) appears to be a superposition of the HC8H+ band (trace c) and the C8H3
+ 

vibronic component, as can be seen from the relative intensities of the lines marked with star. 

Very weak absorptions of C8H were also detected. 
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Figure 3.3. Electronic absorption spectra of the C8H3
+ cation in a 6 K neon matrix 

after mass-selected deposition (trace a), after UV irradiation of the same matrix 

(trace b), after deposition of C8H2
+ (trace c) and after UV irradiation of that 

matrix (trace d). Spectra in traces c and d are normalized to have equal intensity 

of the C8H2
+ A 2Πu  ← X 2Πg absorption (origin at 713.2 nm, not shown on figure) 

after C8H3
+ and C8H2

+ depositions (traces a and c) and also after irradiation 

(traces b and d). The bands marked with a star correspond to the absorptions of 

C8H2
+. 
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Other new absorptions in the UV spectral range were also observed after C8H3
+ mass 

selected deposition (Fig. 3.4). These bands increase in intensity after UV exposure (compare 

traces a and b) and thus they must originate from a neutral molecule. They were not detected 

after C8H2
+ or C8H+ depositions and are assigned to the absorption of neutral C8H3 (Tab. 3.1). 
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Figure 3.4. Electronic absorption spectra of the C8H3 molecule in a 6 K neon 

matrix after mass-selected deposition (trace a) and after UV irradiation of the 

same matrix (trace b). 

 

3.5. Discussion 

The wavelengths of the origin bands in the electronic transitions of the CnH3
+ (n = 4, 

6, 8) ions are plotted versus n in Fig. 3.5. A near-linear behavior typical for carbon chains is 

evident [17]. The corresponding data for the HCnH+ linear chains [44] (A 2Π ← X 2Π 

transitions) are shown for comparison. The slopes of the linear fits for the CnH3
+ and HCnH+ 

chains are almost equal, suggesting similar structures.  
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Figure 3.5. Wavelengths of the origin bands observed for the protonated 

polyacetylenic chains H2CnH+ (circles) and for the known A 2Π ← X 2Π 

transitions of the HCnH+ chains [44] (triangles) in neon matrices versus number 

of C atoms. Solid lines are linear fits. 

 

Ground state geometry optimizations of C4H3
+ by different ab initio methods have been 

carried out [52-54,59,60], the most extensive work took six different structural isomers into 

consideration [51]. Although there are some contradictions between the reported relative total 

energies of C4H3
+ isomers, the linear C2v H2C4H+ structure is invariably considered to be the 

most stable one, with a second lowest structure lying ~ 0.7 – 1.5 eV higher. Thus, the isomer 

H2C4H+, and the longer ones H2C6H+, H2C8H+ with C2v symmetry are considered as the most 

plausible structures for the observed electronic absorptions in Fig. 3.1 – 3.3. Presumably the 

structure of C8H3 is the same as of C8H3
+ because it is formed during neutralization of the 

cation in the matrix (C8H3 absorptions increase after UV irradiation).  

Electronic absorption spectra in 6 K neon matrices reveal only the exited state 

vibrational energy levels of the investigated molecule. This is because at 6 K only the zero 

vibrational level in the ground state is populated. In contrast, IR absorption spectra probe the 
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ground state. The vibrational frequencies inferred from the spectra in the ground and excited 

states are listed in Tab. 3.1. 

The C-H stretching vibration in the CH2 group was detected for all the CnH3
+ (n = 4, 

6, 8) ions. The frequencies of this mode in the excited electronic state of the cations are 3043, 

3112, 2986 cm-1 for n = 4, 6, 8 respectively. In the IR spectra of C4H3
+ this vibration is 

observed at 2949 cm-1. These values are close to the frequencies of this mode at 3026 and 

3015 cm-1 for the structurally-relevant neutral molecules ethylene and allene [61]. The band 

that corresponds to the stretching of the C-C bonds is also seen in the electronic spectra of 

CnH3
+ (i.e. in the excited states) at 1916 and 1984 cm-1 for n = 6 and 8. The C-C stretch in the 

ground state of C4H3
+ is observed at 2086 cm-1. The frequency of this mode was predicted by 

CEPA-1 calculations at 2010 ±10 cm-1 [54]. 

A strong vibronic band in the CnH3
+ electronic absorption spectra lies 1505, 1575 and 

1513 cm-1 to higher energy of the origin band for n = 4, 6 and 8. Its intensity indicates 

considerable excited state geometry change along this mode. Such a vibrational frequency is 

seldom observed in the electronic spectra of carbon chains. The frequency of this mode is 

higher than of the CH2 scissoring vibration in the ground state of many structurally-relevant 

molecules (e.g. in ethylene it is at 1342 cm-1, in allene at 1443 cm-1) [61]. Ground state 

normal mode analysis (B3LYP/6-311G* ab initio calculations) [62] shows that closest totally 

symmetric vibrations are the CH2 scissoring at 1321 cm-1 and the carbon chain stretch at 

1855 cm-1. Excited state vibrations are usually lower in frequency than in the ground state, 

and thus the strong vibronic lines at ~ 1500 cm-1 correspond presumably not to the scissoring 

mode but to the carbon chain stretching.  

The lowest frequency totally symmetric vibration of a linear carbon skeleton is 

inversely proportional to the size of a considered molecule. This vibration is detected in the 

excited state of CnH3
+ at 877, 621 and 472 cm-1 for n = 4, 6, 8 (Tab. 3.1). This regularity can 

be seen if one plots the wavelengths of the C2n
 (n = 2 – 10) carbon chains lowest energy 

vibrations [62] versus number of C atoms (Fig. 3.6). Other carbon chains (e.g. C2nH, C2n, 

HC2nH+) [44,62] behave in the same way. The wavelengths of the CnH3
+ vibrations (open 

circles in Fig. 3.6) lie on the same line as the ones of the C2n
 chains.  

Therefore, the vibrational frequencies obtained from the CnH3
+ spectra confirm the 

presence of the CH2 group and the linear carbon skeleton supporting the assignment to the 

protonated polyacetylene structure H2CnH+ with C2v symmetry. The observation of the 

electronic transitions of this class of ions, CnH3
+, opens the way to gas phase studies and 

direct comparisons with astronomical data. 
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Figure 3.6. Wavelengths of the lowest energy totally symmetric vibrations of the 

C2n
 (n = 2 – 10) carbon chains (filled triangles) and the H2CnH+ (n = 4, 6, 8) 

chains (open circles) in neon matrices versus number of C atoms. 
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Table 3.1. Observed electronic and vibrational absorption bands of the CnH3
+ (n = 4, 6, 8) and 

C8H3 species in 6 K neon matrices. 

 

Species λ / nm ν / cm-1 ∆ν / cm-1 Assignment 

C4H3
+ 286.0 34965 0 0

00  

 279.0 35842 877 CC str 

 274.2 36470 1505 CC str 

 267.9 37327 2362 1505+877 

 263.1 38008 3043 CH str 

 257.6 38820 3855 2*1505+877 

 253.0 39526 4561 1505+3043 

 248.0 40323 5358 877+1505+3043 

C6H3
+ 378.6 26413 0 0

00  

 369.9 27034 621 CC str 

 357.3 27988 1575 CC str 

 353.0 28329 1916 CC str 

 349.7 28596 2183 621+1575 

 338.7 29525 3112 CH str 

 334.6 29886 3473 1575+1916 

C8H3
+ 467.6 21386 0 0

00  

 457.5 21858 472 CC str 

 442.6 22594 1208  

 436.7 22899 1513 CC str 
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 433.4 23073 1687  

 427.9 23370 1984 CC str 

 419.4 23844 2458 1984+472 

 410.3 24372 2986 CH str 

 402.3 24857 3471 2986+472 

C8H3 358.5 27894 0 0
00  

 334.4 29904 2010 CC str 

 318.4 31407 3513  

     

 

IR:  

 ν / cm-1  Assignment 

C4H3
+ 2086 

 2093 
} CC str  

 2949 

 2953 
} CH str 
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Chapter 4. B3 molecule 
 

 

 

 

 

 

Natural abundances of bare boron molecules (calculated from the isotope ratio 10B/11B ≈  1/4) 
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4.1. Abstract 

The 1 2A2" ← X 2A1' electronic transition of the B3 molecule with origin band at 

5990 cm-1 has been observed in a 6 K neon matrix. A vibrational progression in the spectrum 

corresponds to the excitation of the ν1 (a1') vibrational mode in the 1 2A2" state with a 

frequency of ~ 1092 cm-1. The band system was detected after laser ablation of a boron rod 

and the origin band also after mass-selected deposition of B3ֿ anions with subsequent 

neutralization. 
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4.2. Introduction 

Structure and properties of boron clusters are interesting for fundamental science. 

Boron is the only element except carbon that can build molecules of any size by covalent 

bonds, and there are a number of applications [63,64]. Nevertheless, even molecules as small 

as B3 are spectroscopically not thoroughly investigated. The first study of B3 was by 

ESR [65] followed by IR spectroscopy [66] both in rare gas matrices. A previous publication 

reported the 1 2E' ← X 2A1' and 2 2E' ← X 2A1' electronic transitions of B3 in a 6 K neon 

matrix [67]. The rotationally resolved origin band of the 2 2E' ← X 2A1' transition has been 

measured since then in absorption in the gas phase and analyzed [68]. Ab initio calculations 

on the ground and excited electronic states of B3 are available [67,69]. In the present work the 

1 2A2" ← X 2A1' electronic transition of B3 has been observed for the first time in a 6 K neon 

matrix.  

 

4.3. Experimental 

The main features of the experimental set up have been described [17]. Two 

approaches were used to produce boron clusters: one with a cesium sputter ion source and the 

other by laser ablation. Boron rod (99.6% purity) with a natural isotopic composition was 

used as a target for the laser vaporization. B4C, LaB6 and BN rods were used as well. 

A slowly rotating sample rod was installed ~ 10 cm from the matrix substrate. A 

532 nm pulsed Yag laser beam, ~ 20 mJ, 20 Hz, was focused on the rod. A mixture of ionic 

and neutral ablation products was codeposited with excess of neon (or argon) onto a sapphire 

substrate coated with rhodium and cooled to a temperature of 6 K. Spectra in the 12000 – 

1100 cm-1 range were recorded after sampling the neon matrix by a Fourier transform 

spectrometer applying a double reflection technique. The light beam reflects from the metal 

surface of the substrate on which the neon matrix sits, then from a mirror into the matrix 

again and back from the substrate. Absorption spectra in the 220 – 1100 nm region have been 

measured by passing monochromatic light through the matrix in a wave-guide manner [55].  

In order to assign the observed band system, experiments with mass selected boron 

anions, produced in a cesium sputter source [70] have been carried out. The anions produced 

in the source were guided by means of electrostatic lenses into the quadrupole mass filter and 

were separated from neutral molecules by deflecting the beam through 90°. The B3ֿ ions were 
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mass selected and codeposited with excess of neon to form a matrix at ~ 6 K. A typical 

current of B3ֿ impinging on the matrix was ~ 5 nA. This technique allowed the deposition of 

B3ֿ exclusively but it was not possible to obtain a high concentration of neutral B3 in the 

matrix.   

Neutral B3 was produced by irradiation of the matrix with a mercury medium pressure 

lamp during ~ 30 minutes. An important procedure was annealing up to 8.5 K making the 

neon matrix softer and thus allowing relaxation of the trapped molecules to their energetic 

minima (and even some reactions to proceed).  

 

4.4. Observations 

Several new bands were seen after laser vaporization of the boron rod in the infrared 

(Fig. 4.1), in addition to the previously reported 1 2E' ← X 2A1' and 2 2E' ← X 2A1' absorption 

systems of the B3 molecule [67,68] and those of the B and B2 species [71-73] in the visible 

and UV. The new system comprises three peaks, separated by ~ 1092 cm-1, with origin band 

at 5990 cm-1 (Table 4.1). This was seen after vaporization of B4C and LaB6 rods as well. The 

intensity of the bands increases after irradiation of the matrix with UV photons indicating a 

neutralization process. Thus one can conclude that the carrier is a neutral boron molecule. 

The band system is not likely due to a boron and hydrogen (common impurity) containing 

species. When 1% of hydrogen was introduced into the matrix (Ne/H2 ratio of 100/1) the 

intensity of bands remained the same. The absorption band at 6268 cm-1 (marked with *) is 

due to an unknown impurity. Its intensity depended on the rod used.  

 Fine structure of the bands is due to matrix site effects. The trapped molecules have 

different orientations in the neon lattice. One can see that the three bands of the new system 

possess the same structure. After annealing to 8.5 K intensity redistribution is observed. The 

site-pattern is different when argon is used as the matrix.  

Mass selected deposition of B3ֿ followed by neutralization led also to the appearance 

of the 5990 cm-1 absorption band (Fig. 4.2). The wavelength of the band and the site structure 

are exactly the same as in the laser vaporization spectrum. However the intensity is about 50 

times lower for the mass selected case. The bands at 7085 and 8169 cm-1 corresponding to 

vibrational excitation in the upper electronic state were not observed in the mass selected 

experiment due to a low signal to noise ratio. It is concluded that the observed system with 

the origin band at 5990 cm-1 is an electronic transition of B3. 
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Figure 4.1. The 1 2A2" ← X 2A1' electronic absorption spectrum of B3 in a 6 K neon matrix after 

laser vaporization of a pure boron rod. The band marked with * is due to an unknown 

impurity. 
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Figure 4.2. The origin band of the 1 2A2" ← X 2A1' electronic absorption of B3 in a 6 K neon 

matrix after laser vaporization of a pure boron rod (lower trace), and after mass selected 

deposition of B3ֿ with subsequent neutralization by UV irradiation (upper trace – multiplied by 

a factor of 50 and smoothed). 
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4.5. Discussion 

It is theoretically established that B3 has an equilateral triangle structure (D3h group) 

with 2A1' symmetry in the ground state with electronic configuration 

(1a1')2(1e')4(1a2")2(2a1')1 [67,69,74]. The only excited states accessible from the ground state 

by electric dipole transitions are 2A2" and 2E'. The electronic transitions 1 2E' ← X 2A1' and 

2 2E' ← X 2A1' of B3 in a neon matrix have been studied earlier [67]. The ab initio 

calculations predict that the transition to the lowest excited state with 2A2" symmetry lies at 

~ 6300 cm-1; in an earlier calculation 7000 cm-1 was obtained [69]. These are energetically in 

good agreement with the observed origin band (Fig. 4.1). Consequently the new absorption 

system is assigned to the 1 2A2" ← X 2A1' dipole-allowed electronic transition of B3.  

B3ֿ has been studied by photoelectron spectroscopy [74] giving the vertical 

detachment energies of 2.82 eV and 3.56 eV to the B3 final states X 2A1' and 1 2A2". The 

0.74 eV (~ 6000 cm-1) difference between these is also in agreement with the present 

observations. 

Equilateral triangular B3 molecule has two normal vibrations: a1' and e'. Only 

transitions to the totally symmetric vibrational levels of the upper state (1 2A2") are allowed 

from the X 2A1' ground state, the solely populated level at 6 K. Hence the bands at 7085 cm-1 

and 8169 cm-1 (Table 4.1) are assigned as the first two members of the progression structure 

associated with the a1' normal mode excitation in the upper 1 2A2" state. The ν1 (a1') 

frequency is thus inferred to be 1092 ± 3 cm-1, in agreement with the analysis of the 

photoelectron spectrum [74] of B3ֿ which yielded the value 1130 ± 30 cm-1. 

 

85



Table 4.1.   Positions of the band maxima (± 0.2 cm-1) in the 1 2A2" ← X 2A1' electronic 

transition of B3 in a 6 K neon matrix. 

 
ν (cm-1) ∆ν (cm-1) Vibrational transition  

5990 0 
0
00    

7085 1095 
1
01    

8169 2179 
2
01  
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Chapter 5. Carbon chains terminated 

with a chlorine atom.  
 

 

 

 

 

Chlorinated hydrocarbons that were used as precursors in the electron 

impact cation source. 
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5.1. C5Cl and C6Cl molecules and their cations. 
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5.2. C3Cl and C4Cl molecules and their cations. 
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Chapter 6. Appendix 
 

1) Electronic absorption spectra of B3 and B3
–
 in neon matrices and ab initio 

analysis of the vibronic structure. 

 

2) High-resolution electronic spectroscopy of a nonlinear carbon chain radical 

C6H4
+. 

3) Electronic and infrared absorption spectra of linear and cyclic C6
+ in a neon 

matrix. 

4) Electronic absorption spectra of linear and cyclic Cn
+ n = 7 – 9 in a neon 

matrix. 

5) 3Σ
–
 – X 3Σ

–
 electronic transition of linear C6H+ and C8H+ in neon matrixes. 
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6.1. B3 and B3
–
 species 
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6.2. C6H4
+ chain radical  
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6.3. C6
+ cation 
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6.4. Cn
+ cations, n = 7 – 9  
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6.5. C6H+ and C8H+ cations 
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Overview 
Matrix isolation spectroscopy is an important experimental technique used to 

characterize spectroscopically unstable species like ions and radicals. Species of interest can 

be frozen in a matrix for a long time and investigated using different spectroscopic methods 

in a wide range of wavelengths. Electronic and vibrational absorption spectroscopy provides 

information about the location and strength of transitions for the interrogated species, which 

is essential for subsequent gas phase studies. It is an important link in the following research 

sequence: ab initio calculations → matrix isolation studies → gas phase studies → 

comparison with astrophysical data. One should emphasize the “symbiosis” between matrix 

and gas phase research. Due to matrix effects like shifts and broadening, direct comparison of 

matrix spectra with those of ISM is not possible (gas phase measurements are needed); on the 

other hand, gas phase techniques are usually very restricted in their spectral range, and hence 

the need for matrix data as the basis for searching for transitions and their assignments. 

Several species which contain atoms that are abundant in cosmos were investigated in 

cold matrices as a part of this PhD. Using an electron impact cation source and diacetylene as 

a precursor it was possible to produce positively charged carbon chains terminated by one or 

several H atoms (C6H+, C8H+, C6H4
+, C4H3

+, C6H3
+, C8H3

+). However, one can not obtain 

bare carbon cations in this way (the probability that a carbon chain will not capture at least 

one H atom is very small at the given experimental conditions). Thus, different chlorinated 

hydrocarbons were used as precursors to produce such species as Cn
+ (n = 6 – 9) and chlorine 

terminated carbon chains CnCl+ (n = 3 – 6). The disadvantage here is the need to always find 

a proper precursor for each ion. (Every single precursor has its own physical properties, e.g. 

melting temperature, and requires some modification in the experimental set-up.) 

It was also possible to spectroscopically characterize the B3 molecule in neon 

matrices. Either Cs sputter anion source or a laser ablation source without mass-selection 

were used for production. However, larger boron compounds were elusive in the case of the 

anion source, and laser vaporization alone proved difficult since one can not make any proper 

assignments without mass-selection.     

Therefore, one part of this work was devoted to the development of a laser ablation 

source, suitable to be coupled with the existing mass-selection experimental set-up. Such a 
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source can provide a breakthrough in matrix isolation spectroscopy of species like larger 

boron molecules (> B3) and bare carbon cations. This source promises to be quite a universal 

tool, which can produce many species from one precursor; in contrast to the chlorinated 

hydrocarbons example. With this source, one will also be able to obtain efficient matrix 

concentrations of small species like C3
+; this cation did not reveal any electronic absorptions 

in matrices, most likely due to its insufficient production in the cation source. Some progress 

in construction of this source has already been achieved. Bare carbon cations Cn
+ (n = 1 – 8) 

were produced, however their yield must be significantly increased (e.g. the application of a 

pulsed valve is a promising solution).  
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