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PREFACE

Spectroscopy is one of the most powerful tools for gaining insight into
molecules and ions. Absorption and emission spectra can be used for molecular
identification and structure determination, while information concerning intramolecular
dynamics can be inferred to understand and predict the behavior of chemical reactions.
Today, rotational, vibrational and electronic spectra of chemical intermediates and
radicals (energetically unstable and therefore nonexistent under normal laboratory
conditions) can be measured. This information is not only of fundamental interest but is
valuable in many branches of chemistry, particularly in astrochemistry where molecules
exist under harsh interstellar conditions.

Spectroscopic data allowed the detection of diatomic radicals, such as CN, CH
and CH" ion in the interstellar medium more then a century ago [1, 2]. Since then many
unknown molecular species have become relevant in the field of interstellar chemistry,
including various diatomic and polyatomic species, such as CO, HNO, bare carbon
chains, carbon chain molecules containing an oxygen (C,0O) or sulfur atom (CsS),
carbon chains containing one or more hydrogen atoms, and cyanopolyynes. To date, the
largest molecule detected in space is HC;N [3-8], observed in molecular clouds using
microwave spectroscopy. In total, more than 140 molecules have been detected in the
interstellar medium (ISM) or circumstellar shells (Table 1.1), most of them unsaturated
carbon containing molecules [9]. Long carbon chains, fullerenes, carbon nanoparticles
and polycyclic aromatic hydrocarbons (PAHs) are also predicted to be interstellar.
Current theory assumes that the latter and carbon chains are the most probable carriers
of the diffuse interstellar bands (DIBs).

Carbon and hydrocarbon clusters are of interest not only due to their detection in
space, but also from a fundamental point of view. Carbon clusters are also found in
hydrocarbon flames and other soot-forming systems [10-13], and the study of these
species is necessary for acquiring a thorough understanding of these complex chemical
environments. Carbon clusters are proposed intermediates in the gas-phase chemistry

taking place in chemical vapor deposition systems for production of thin diamond and

Chapter 1 Introduction
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silicon carbide films [14-16]. Clearly, a detailed knowledge of the physical and
chemical properties of carbon clusters is important for understanding a large variety of
chemical systems. In addition, carbon clusters are fascinating examples of the richness
and variety of carbon chemistry in itself. Due to carbon’s enormous bonding flexibility,
namely its unique ability to form stable single, double, or triple bonds, carbon clusters
appear in a wide range of structural forms that are synthesized spontaneously in hot
carbon plasmas. While great progress has been made, many unanswered questions still
remain [17]. The fairly incomplete knowledge of the neutral and ionic analogues of
carbon chain molecules is a strong impulse for the laboratory investigation of their
spectral fingerprints.

The goal of this work was to contribute new experimental data concerning
astrophysically relevant molecules using an approach that combines mass-selection with
matrix isolation spectroscopy. The bare carbon chain cations C," (n=6—9) and singly
protonated carbon chains C,H" (n=6,8) were spectroscopically characterized for the first
time. The identification of the electronic spectra of these astrophysically important
species in neon matrices allows a good starting point for undertaking gas-phase studies,
from which a direct comparison with astronomical data can be made.

Sulfur S, (n=2-3) anions were also investigated within this work. Of the 140
different varieties of molecules detected in interstellar medium, 15 contain sulfur (Table
1.1) [18]. S and S, have also been observed by the Hubble Space Telescope in the
volcanically driven atmosphere of Jupiter's moon Io [19, 20]. Sulfur is also expected to
be contained in many molecules, which still remain undetected. It has more allotropes
than any other element. All this makes sulfur containing compounds to be fascinating

targets for further investigations.

Chapter 1 Introduction



Preface

_14-

TABLE 1.1 The 150 reported interstellar and circumstellar molecules. All molecules have
been detected (also) by rotational spectroscopy in the radiofrequency to far-infrared
regions unless indicated otherwise. * indicates molecules that have been detected by
their rotation-vibration spectrum, ** those detected by electronic spectroscopy only.

Two Three Four Five Six Seven Eight Nine
Atoms Atoms Atoms Atoms Atoms Atoms Atoms Atoms
H2 C3 * C-C3H C5 * C5H C6H CH3C3N CH3C4H
AlF C,H 1-C;H C,H 1-H,C4 CH,CHCN |CH;COOH CH;CH,CN
2007
AlCl G0 C3N C,Si C,H, * CH;C,H HC(O)OCH; [(CH;),0
C, ** C,S C;0 1-C;H, CH;CN HCsN C,H CH;CH,OH
CH CH2 C3S C-C3H2 CH3NC CH3CHO H2C6 HC7N
CH' HCN C,H, * |H,CCN |CH;0H CH;NH, CH,OHCHO |CH;C(O)NH,
2006 2006 2006
CN HCO CH; * CH, * CH;SH c-C,H,0 CH,CHCHO ([CgH
CO HCO" HCCN |HC3N HC;NH" H,CCHOH |1-HC4H * C;Hg
2007
CcO" HCS' HCNH® |HC,NC |H,CNNH? |C.H™ CH,CCHCN |[CgH™
2006 2006 2006 2007
CP HOC" HNCO |HCOOH |NH,CHO
SiC HNC HNCS H,CHN |CsN
HCl H,S HOCO" |H,C,0 HC,N
KCl1 HQO H2CO C4H_ C-H2C3O
2007 2007 2006
NH HNO H,CN HNGC; HC,CHO
NO MgCN H,CS SiH, * I-HC,H? *
NS MgNC H;0" H,COH"
NaCl N,H" NH; H,NCN
OH Nzo C-SiC3
PN NaCN
SO OCS
SO" SO,
SiN ¢-SiC,
SiO CO, *
SiS NH,
CS H," *
HF SiCN
SH * AINC Ten Eleven Twelve Thirteen
Atoms Atoms Atoms Atoms
FeO? SiNC CH;CH,CHO HCyN C,H;OCH3? |HC;;N
O, HCP CH;CsN CH;C¢H Ce¢He? *
2007 2007 2006 2006
SiH? H,D" (CH,0OH),
HD HD," (CH;),CO
CF’
2006
PO
2007
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INTERSTELLAR MEDIUM

How DID IT ALL START?

By the end of 18" century scientists were investigating the composition of the
interstellar medium. Astronomers and scientists believed that the space between stars
and planets was not empty, but rather filled with matter which absorbs star light. The
advent of deep photographic imaging allowed Edward Barnard to produce the first
images of dark nebulae silhouetted against the background star field of the galaxy, while
the first actual detection of cold diffuse matter in interstellar space was made by
Johannes Hartmann in 1904 through the use of absorption line spectroscopy [21, 22]. In
this historic study of the spectrum and orbit of d-Orionis, Hartmann observed the light
coming from this star and realized that some of this light was being absorbed before it
reached the Earth. Hartmann reported that absorption from the K line of calcium
appeared “extraordinarily weak, but almost perfectly sharp” and also reported a “quite
surprising result that the calcium line at 393.4 nm does not share in the periodic
displacements of the lines caused by the orbital motion of the spectroscopic binary
star.” The stationary nature of the line led Hartmann to conclude that the gas responsible
for the absorption was not present in the atmosphere of 6-Orionis but was instead
located within an isolated cloud of matter residing somewhere along the line-of-sight’ to
this star. This discovery launched the study of the ISM.

Following the identification of interstellar calcium absorption by Hartmann,
observations of the H and K lines of calcium by Beals revealed double and asymmetric
profiles in the spectra of €- and C-Orionis [23]. These were the first steps in the study of
the very complex interstellar sightline toward Orion. Asymmetric absorption line
profiles are the result of the superposition of multiple absorption lines, each

corresponding to the same atomic transition (for example the K line of calcium) but

! line-of-sight: an imaginary straight line between the Earth and a star. The light emitted by this star is

studied after it has been absorbed by the interstellar matter.
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occurring in interstellar clouds with different radial velocities. Each cloud has a
different velocity, either toward or away from the observer/Earth, the absorption lines
occurring within each cloud is either blueshifted or redshifted, respectively, from the
lines rest wavelength through the Doppler Effect [24]. These observations highlight that
matter is not distributed homogeneously and were the first evidence for the presence of
multiple discrete clouds within the ISM.

The growing evidence for interstellar material led William Henry Pickering to

comment in 1912 that

while the interstellar absorbing medium may be simply the ether, yet the character of its selective
absorption, as indicated by Kapteyn, is characteristic of a gas, and free gaseous molecules are
certainly there, since they are probably constantly being expelled by the Sun and stars, and
certainly in a smaller way by the planets and comets. This is further indicated by the fact that the

younger stars seem to be more massive than the older ones [25].

The same year Victor Hess’s discovery of cosmic rays, highly energetic charged
particles that rain down on the Earth from space, led others to speculate whether they
also pervaded interstellar space. The following year the Norwegian explorer and

physicist Kristian Birkeland wrote:
It seems to be a natural consequence of our points of view to assume that the whole of space is
filled with electrons and flying electric ions of all kinds. We have assumed that each stellar
system in evolutions throws off electric corpuscles into space. It does not seem unreasonable
therefore to think that the greater part of the material masses in the universe is found, not in the
solar systems or nebulae, but in “empty” space [26].

In 1930 Samuel L. Thorndike notes that

it could scarcely have been believed that the enormous gaps between the stars are completely
void. Terrestrial aurorae are not improbably excited by charged particles emitted by the Sun. If
the millions of other stars are also ejecting ions, as is undoubtedly true, no absolute vacuum can

exist within the galaxy [27].
Today, the interstellar medium is one of the most interesting and fascinating topics.
Scientists and astronomers all over the world attempt to understand those subjects

which still remain unclear.
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There are many reasons why people are interested in the interstellar medium:

> The neighboring interstellar gas is the only sample of space not from our solar
system that we can study directly;

> The interstellar gas is what our sun, the planets and all the stars are made of;

> The interstellar gas is an important component of the Milky Way” and other
galaxies;

> The composition of the interstellar gas contains information about the evolution

of the universe and our galaxy.

UP THERE

Many of us might think that the outer space is a complete vacuum, void of any
material. The stars, being the heaviest bodies of our universe, occupy only 107" of its
volume. The vast space between them, called among astronomers as interstellar
medium, is not entirely empty and contains interstellar gas (99%) and dust (1%) [28].
The interstellar gas consists partly of neutral atoms and molecules, as well as charged
particles, such as ions and electrons [29]. This gas, with an average density of about 1
particle/cm’, is extremely dilute compare with the air we breathe, which contains about
3x10" molecules/cm’. The total mass of the gas and dust in the ISM is about 15% of
the total mass of the visible matter in the Milky Way [30]. In spite of the fact that ISM
is a better vacuum, by several orders of magnitude, than any physicists can create in the
laboratory there is still about of 5-10 billion M, (mass of the Sun) of gas and dust. The

primordial matter produced in the Big Bang® was almost entirely hydrogen and helium

2 Milky Way: The band of light that encircles the sky, caused by the bending of light from many stars

lying near the plane of the galaxy; also sometimes used to refer to the galaxy in which the sun belongs.

3 Big Bang model: A theory of the evolution of the universe that postulates its origin, in an event called

Big Bang, from a hot, dense state that rapidly expanded to cooler, less-dense states.
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with trace amount of lithium, beryllium and boron. Most of the interstellar medium

today is still made up of these elements but there are also other heavy elements as it is

shown in Figure 1.1.
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FIGURE 1.1 Relative abundance of elements in the interstellar medium. An interesting

point is that lithium, beryllium and boron are 10° times less abundant than that of

carbon.

The interstellar gas is typically found in two forms:
> Cold clouds of atomic or molecular hydrogen;

> Hot ionized hydrogen near hot young stars.
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MOLECULAR CLOUDS

The interstellar clouds, referred to as nebulae (nebula=singular), can be divided

into three types:
a) dark clouds, which are essentially made of very cold (T~10-20 K)
molecular gas and block of light from background stars,
b) diffuse clouds, which consist of cold (T~100 K) atomic gas and are
almost transparent to the background starlight, and
c) translucent clouds, which contain molecular and atomic gases and have
intermediate visual extinction.”
The rest of the interstellar matter, spread out between the clouds, exists in three different
forms: warm (mostly neutral) atomic, warm ionized, and hot ionized, where warm refers
to a temperature of ~10* K and hot to a temperature of ~10° K (Table 1.2) [29]. The
dense cold clouds, also known as dark clouds, are the birthplaces of stars. They are built
of large amounts (1000 molecules/cm’) of hydrogen having a temperature of around
10-20 K. Molecular hydrogen is difficult to detect through infrared and radio
observations because it possess no permanent electric dipole moment of inertia, so all
its permitted transitions lie outside the radio domain [31]. In this connection, the
molecule most often used to determine the presence of H, is CO (carbon monoxide),
which has a J=1—0 rotational transition at a radio wavelength of 2.6 mm; the
corresponding emission line has become the primary tracer of molecular interstellar gas
[32].

There are several types of nebulae, three of them (emission, absorption and
reflection nebulae) are shown in Figure 1.2, all of which differ in their temperature and
concentration of hydrogen. One of most famous and photographed nebulae is emission
nebula, which contains mostly atoms and atomic ions. Its characteristic red color being

due to light released by hydrogen atoms around 10 000 K. Absorption nebulae, a

4 Extinction: the dimming of light when it passes through some medium, such as the earth’s atmosphere
or interstellar material, by both absorption & scattering processes. Assume light from a star passes
through a dusty cloud. If the cloud removes a fraction k per meter of the light, then I=I, e’kl:Io e where t
is the so-called optical depth of the cloud, I, is the light intensity entering the cloud and I is the remaining
fraction of light continuing along the line of travel.
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The Pleiades
Star cluster

QOrion Nebula Horsehead Nebula

FIGURE 1.2 Three types of nebulae: emission (Orion), absorption (Horsehead), and
reflection (Pleiades).

different type of gas-dust cloud, are also found in the interstellar medium. They appear
dark, indicating their low temperatures, sometimes as low as 10 K. At such
temperatures, atoms can bond together to form molecules like water (H,O), CO and
methane (CHy4). In turn, these molecules can absorb to the cold dust grains in an
absorption nebula and be altered by high-energy light to form still other, different
molecules. The third type, reflection nebulae, normally display a blue color due to light
scattered by their dust grains, the light originating in nearby stars. Sometimes all these
types of nebulae can be found on a single photograph as is shown in the case of
Horsehead Nebula (Fig. 1.2) A comprehensive review of the interstellar environment of
our galaxy can be found elsewhere [29].

The clouds are surrounded by warm neutral intercloud gas and hot ionized

coronal gases that fill most of the space (Table 1.2).

Chapter 1 Introduction
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TABLE 1.2 Interstellar medium phases [33].
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Component Fractional | Temperature Density State
Volume K (atoms/cm?)

Molecular clouds <1% 20-50 10°~10° hydrogen molecules

Cold Neutral Medium 1-5% 50-100 1-10° neutral hydrogen
atoms

Warm Neutral Medium 10-20% 1000-5000 10"'-10 neutral hydrogen
atoms

Warm Ionized Medium 20-50% 10°-10* 10~ ionized hydrogen

H 11 regions ~10% 10* 10>-10* ionized hydrogen

Coronal gas 30-70% 10°-107 107*-107 highly ionized

Hot Ionized Medium (both hydrogen and

(HIM) trace metals)

IONIZED HYDROGEN REGIONS

Normally, atoms and molecules are electronically neutral. Most of the matter
that surrounds us is in this form; however, when there are energy sources available
electrons can be gained or lost. The loss of electrons (ionization), which is the more
common process in astrophysical environments, converts an atom into a positively
charged ion. Conversely, gaining electrons creates negatively charged ions.

Photoionization of hydrogen occurs when UV photons from massive stars emit
radiation greater than 13.6 eV or in wavelengths less than 91.2 nm [34, 35]. Such
regions of ionized hydrogen are called H 11 regions, while cold unionized hydrogen
clouds are termed H 1 regions [36]. All H 11 regions differ noticeably in their physical
properties. They vary in size from ultra-compact regions [37] which are around a light-
year’ across to giant H 1I regions several hundred light-years across [38]. Their size
depends on the intensity of the source of ionizing photons and the density of the region.
The latter range from ~ a million particles/cm?® to only a few particles/cm? in the largest

and most extended regions [39-41]. This implies total masses between perhaps 10% and

> light-year: the distance light travels in one year, about 30.9x10'? kilometers.
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10° solar masses.® Depending on the size of an H 11 region there may be up to several
thousand of hot (~10* K) bright stars within it. These stars are many times more massive
than the sun and are the shortest-lived stars, with total lifetimes of only a few million
years (for comparison the sun lives for several billion years). Therefore, it was
presumed that H 11 regions must be regions in which new stars are forming. The H 11
regions are mostly ionized [36], and the ionized gas (plasma) can contain magnetic
fields which are produced by moving electric charges in the plasma [42, 43]; moreover,
some observations have suggested that H 11 regions also contain electric fields [44].
These regions consist of about 90% hydrogen. The strongest hydrogen emission line is
produced by visible light emitted at 656.3 nm when electrons recombine with the
ionized hydrogen in these regions [45, 46]. This emission line gives H I regions their
characteristic red color. The Orion Nebula is one of the best known among H 11 regions
(Fig. 1.2). Most of the rest of an H 11 region consists of helium, with trace amounts of
heavier elements. The complete details of massive star formation within H 11 regions are
not yet well known. Two major problems complicate research in this area:
> Considerable distances from the Earth to large H 11 regions with the nearest H 11
region being over 1000 light-years away; other H 1I regions are several times
that distance away from Earth;
> The formation of these stars is deeply obscured by dust and visible light
observations are impossible. Radio and infrared light can penetrate the dust but

the youngest stars may not emit much light at these wavelengths.

DIFFUSE INTERSTELLAR BANDS

One of the longest unsolved problem in astrophysical spectroscopy is that of
diffuse interstellar bands. Diffuse interstellar bands are absorption features seen in the

spectra of astronomical objects in our galaxy. They have been detected in different

6 . . .
Solar mass: The solar mass is a standard way to express mass in astronomy, used to describe the masses

of other stars and galaxies. It is equal to the mass of the sun, about two nonillion kilograms or about

332 950 times the mass of the Earth. Its conventional symbol and value are: MO=1.9891><1030 kg.
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regions of the interstellar medium indicating an ubiquitous presence of their carrier in
space.

Diffuse interstellar bands were first recorded on photographic plates in spectra of
distance stars by astronomer Mary Lea Heger during her doctorate research in 1922
[47]. Their interstellar nature was shown by the fact that the strength of the observed
absorption was roughly proportional to the extinction, and in objects with widely
differing radial velocities, the absorption bands were not affected by Doppler shifting
[24], implying that the absorption was not occurring in or around the object concerned.
The name diffuse interstellar band was coined to reflect the fact that the absorption
features are much broader than the normal absorption lines seen in stellar spectra. The
spectra are confined to the range between ~400 and ~1300 nm with the highest density
of bands found in the visible (540-690 nm) [48, 49], which is roughly equivalent to
photon energies in the 1-3 eV range (Fig. 1.3).

The Diffuse Interstellar Bands

sy P. Jenniskens, F.-X. Desert

FIGURE 1.3 The diffuse interstellar bands. The picture is taken from an article written
by P. Jenniskens and F.-X. Désert [50].
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Despite decades of intensive investigation, since Merrill (1934) [51, 52] first established
their origin in the ISM, the identity of the carrier or carriers of the DIBs has not been

established.

CHARACTERISTICS OF THE DIFFUSE INTERSTELLAR BANDS

Diffuse interstellar bands have their origin in the diffuse ISM, one of the various
phases present (Table 1.2). The diffuse ISM is characterized by low density (25-30
particles/cm’), low temperature (<100 K) clouds of dust, composed primarily of
carbonaceous and/or silicate materials and gas separated by vast regions of vacuum
[53]. The gaseous fraction of the diffuse clouds is made up of atoms, as well as
molecules. The most abundant elements in the diffuse interstellar space, as well as in
the whole universe, are H, C, O and N. To date, over 300 diffuse interstellar bands have
been documented, almost a hundred times more than in 1975 [54].

The most remarkable characteristic of the diffuse interstellar bands is that their
positions are closely reproducible when measured from various molecular clouds [55],
their widths, which range between ~2 and ~100 cm™, is broad compared to atomic
bands [48]. The diffuseness is most commonly attributed to short lifetimes of the
excited states of the transitions [56]. These characteristics of DIBs make no doubts that
they have a molecular origin as was first suggested by Herzberg in 1967. The existence
of sub-structure in DIBs supports this idea [57]. In a molecule containing, say, three
carbon atoms, some of the carbon will be in the form of the carbon-13 ("*C) isotope, so
that while most molecules will contain three carbon-12 (**C) atoms, some will contain
two '*C atoms and one "*C atom, even fewer will contain one 2C and two Cs, and a
very small fraction will contain three >C molecules. Each of these isotopomers will
result in slightly shifted absorption lines. Higher resolution spectra of some DIBs have
been measured and reproducible profiles have been obtained [58-60]. Such spectra
could provide more insight into understanding the nature of the carriers.

Although the positions of the DIBs remain the same, the relative intensities of

them vary from cloud to cloud. That proves that their origin comes from not only one
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carrier but from many. As soon as the exact correspondence between several lines is
found irrespective of the cloud they were observed in, one can separate them into

“families of bands” [61], which can be helpful in assignment.

PROPOSALS FOR THE ORIGIN OF THE DIFFUSE BANDS

Plenty of the candidates were considered as DIB carriers, including: the
electronic transitions between excited states of H, [62], porphyrins [63], dust grains
[64], fullerenes [65], carbon chains [66] and PAHs [67]. The full history of these
considerations in the time period from 1975 till 2006 is reviewed in a number of papers
[48, 54, 68-70]. Despite a wide variety of suggested species, they all tend to include
carbon. The abundance of carbon in the universe [71-74], the readiness of carbon atoms
to form stable compounds with themselves and with atoms of other elements (H, N, O)
and the radioastronomical observation of many interstellar molecules with a carbon
skeleton point to carbon as the basic building material of the DIB carriers.

Dust grains resemble the ions embedded in neon matrices. In the experimental
section of this work gas-matrix shifts in Ne environments and band broadenings are
discussed. With this thought in mind, one can conclude with some confidence that dust
grains can not be responsible for the DIB bands.

The discovery of Cgy was made in experiments partly motivated by the search
for DIBs. These experiments have shown that this system composed of 60 carbon atoms
is exceptionally stable. The hypothesis that Cep is a carrier was disproved when the
strongest absorption of Cey appeared to fall within the UV region [75, 76] that says that
it would barely survive the harsh interstellar conditions. In the case of Ceo', the
spectrum of this ion in a neon matrix (Fig. 1.4) measured by Fulara et al. [77] is in a
good correlation with the DIBs observed by Foing and Ehrenfreund in 1994 [78]. The

definite answer as to whether fullerene cations are responsible for some DIBs will be
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Intensity

\Wavelength

FIGURE 1.4 Comparison of the electronic absorption spectrum of Cs' isolated in a
neon matrix (the lower trace; Fulara et al. [77]) with the DIB spectrum recorded on the

background of BD +40° 4220 star.

conclusive once the absorption spectrum of gas-phase Cgo' is known. The current
situation concerning Ceo and its cation is discussed in recent comprehensive work by
Herbig [79].

Among the remaining possible carriers, polycyclic aromatic hydrocarbons and

carbon chains including their derivatives seem to be the most promising candidates [80].

PoLycycCLIC AROMATIC HYDROCARBONS

Polycyclic aromatic hydrocarbons have been proposed as potential DIB carriers
based on their expected abundance in the ISM and their stability against ultraviolet
photodissociation [81-83]. While neutral PAHs of medium size have their strongest
absorptions in the UV (DIBs are present in 440 nm — NIR region) their cation
derivatives are more promising candidates [82, 84]. These are open-shell systems with
electronic absorptions in the visible and NIR, exactly where DIBs are located.
Moreover, large size PAH cations are believed to be more abundant in ISM and

resistant to its conditions.
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CARBON CHAINS

The suggestion that carbon chains should be considered as possible carriers of
the DIBs was postulated by Douglas in 1977 [66]. Their presence in the diffuse clouds
is suspected due to the fact that carbon chains absorb in the DIB wavelength range and,
furthermore, they have been previously identified by radio astronomy in the dense
clouds [85]. Several overviews on carbon chains and their relevance to astrophysics
were recently reported [86]. Carbon chains are characterized by several interesting
peculiarities. For a homologous series carbon-chain species (i.e. C,, is a constant
fragment where n=1,2...) the strongest absorption bands shift from the blue toward the
red with increasing chain length as it is shown in Figure 1.5. Oscillator strength of a

given electronic transitions increases with the wavelength of carbon atoms [87].
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FIGURE 1.5 The shift of the strongest absorption bands from the blue toward the red
with increasing chain length is shown by the example of three different homologues
series of carbon species. Spectra are taken from the studies on carbon chain species
embedded in Ne matrices [88-90]. Trace d shows that the oscillator strength (f)

increases with the wavelength of carbon atoms.
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The neon matrices experiments on mass-selected highly unsaturated hydrocarbon anions
(C,H,, , where n=6-16, m<3), revealed a possible correspondence in band positions
with 17 DIBs lying at wavelengths of 600 nm and higher [91, 92].

In contrast to the Douglas’s hypothesis, recent studies of Boguslavskiy et al.
show that carbon chains comprising of up to 15 carbon atoms can not be the carriers,
while larger carbon chains still remain viable candidates. Moreover, this statement
applies not only to the bare carbon chains but also to their derivatives such as those
containing hydrogen, C,H, comprising up to around a dozen atoms [93]. It was shown
that the abundance of open-shell (HC,H, C,,, C,H) carbon-chain systems (up to 10
atoms) are too small to account for DIBs. It was also shown that the lowest energy
electronic transitions of these molecules do not possess a large enough oscillator
strength, whereas higher energy ones in the UV do; therefore, chains would have to be
longer than 20 atoms for these absorptions to shift into the DIB’s 400-900 nm
wavelength region. The exceptions are the odd-numbered bare carbon chains with their
closed-shell systems (Cz,+7, Cons/H'): these chains (15-31 carbon atoms) have very
strong electronic transitions in the proper region.

At the present time, none of the laboratory gas-phase bands of carbon-chain
radicals can be assigned with confidence to any interstellar feature. At the current time,
the largest carbon molecule identified optically in diffuse clouds is C; [94, 95].
However, identifying the molecules responsible for each DIB is still very much a work
in progress, and as Theodore Snow concluded in a recent paper: ““...we should keep in
mind the rich diversity of chemistry, and consider the likelihood that we have simply

not yet thought of the best candidates for the DIB carriers” [96].
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MATRIX ISOLATION TECHNIQUE

The technique of matrix isolation was originally invented as a means of trapping
reactive species and studying them spectroscopically. These species would readily react
in the gas-phase, whereas in frozen solvent mixtures they could be stabilized for several
hours. This makes matrix isolation a very interesting and fascinating tool for
investigation intermediates and other short-lived molecules. A mixture of ether,
isopentane and alcohol turned out to be the best host material in the 1930s [1] due to its
limited reactivity, however, it displayed poor transparency over large regions of the IR.

It was Eric Whittle, David Dows and George Pimentel who first used noble
gases as host material in 1954 [2]. The experimental advances reported in their single-
page paper were modest. The lowest temperature initially available in Pimentel’s
laboratory was just 66 K — cold enough to form xenon matrices, but too warm for neon,
argon or krypton. Furthermore, at this temperature even xenon formed rather “soft”
matrices, which failed to isolate some of the species. Nevertheless, the great idea to use
noble gases as a host material has been put in action and its potential was already
appreciated; therefore, 1954 is always regarded as the “Anno Domini” of matrix
isolation [3].

Solid rare gases are all optically transparent across the spectrum, from vacuum
ultraviolet (VUV) to the far infrared (FIR). High ionization energies and low
polarizability (Table 2.1) cause limited interactions between embedded molecules. After
comparing the physical properties of noble gases one can conclude that He would be the
best host material. It gathers around guest species in a more compact manner, hence
better preventing interactions. It also has the lowest polarizability and the highest
ionization energy, making its matrix lattice more stable. However, helium’s low melting
point (0.95 K) makes it less attractive. It is not a problem to reach such a temperature,
but to run an experiment on a daily basis would be an expensive pleasure. All this

makes Ne as an ideal host material for matrix isolation.
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TABLE 2.1 Thermal and physical properties of noble matrix hosts [3-5].

Host T./K* T /K Ty /K a/10° nm’ IE /eV E /nm
He <0.95 0.95 42 0.14 [6] 24.58 58.43
Ne 10 24.5 27.1 0.39 21.56 73.59
Ar 35 83.9 874 1.63 15.8 104.82
Kr 50 116.6 120.8 2.46 14.0 116.49
Xe 65 161.2 166 4.02 12.1 129.56

? The temperature at which diffusion of trapped guests first become appreciable. In the last column are
shown the lowest allowed electronic transitions for solid noble gases.

Today, matrix isolation is challenged by a variety of laser-based techniques
which have demonstrated their ability to obtain high-resolution vibrational and
electronic spectra of transient molecules in the gas phase, free of possible perturbation
by the matrix environment. Despite this challenge, there are important reasons why
matrix studies of transient molecules are, in fact, complementary to lasers studies and
should continue to yield valuable contributions to the study of chemical reaction
intermediates. While lasers are tuneable over limited spectral ranges, observations in
rare-gas matrices provide a broad spectral survey, extending from the FIR to the VUV.’
Thus, all of the products can be detected. A shift of matrix bands from the gas-phase
band center are typically small enough to provide a guide for the choice and tuning of
lasers for more detailed gas-phase studies. While isotopic substitution is crucial to
positively identify a particular system, these studies are more readily conducted in
matrices. Matrix absorption observations may also be helpful in spectral assignments,

because spectral contributions from hot bands® are eliminated; at cryogenic

7 vacuum ultraviolet (10 nm — 200 nm): is named because it is absorbed strongly by air and is used in
vacuums.
¥ hot band: a transition between two states of a single normal mode of vibration, neither of which is the

ground state.
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temperatures all absorptions originate from the molecular ground state [7].

MATRIX FEATURES

The interpretation of spectroscopic data for reactive species in a frozen matrix
requires care. In spite of the fact that host-guest interactions in solidified noble gases are
weak, the host does exert a substantial influence on the rotational and diffusion motion
of the guest species; even the most inert host will interact electronically with trapped

species if they are sufficiently reactive. The most obvious effect of the matrix host is to

R-branch

+ + P-branch

16538 16540 16542 16544 16546 16548 16550 cm™

16170 16380 16590 16800 17010 cm™

FIGURE 2.1 Electronic absorption spectra of CsHy' (traces (a) and (b)) and CsDy"
(trace (c)). Trace (a) and (c) were measured in 6 K matrices after co-deposition of
mass-selected cations with an excess of neon. The band at 16420 cm™ (trace (a))
corresponds to the gas-phase band at 16545 cm™ (trace (b)). The latter was observed
using CRD spectroscopy through a planar supersonic plasma expansion [8]; lines

marked with % are due to another molecule.

Chapter 2 Experimental



Matrix isolation technique -4] -

prevent rotation of the guest [9], which can be easily seen in the figure above.

Figure 2.1 shows electronic absorption spectra measured using two different
techniques. Trace (a) and (c) represent matrix isolation experiments on C¢H;" and C4D,"
respectively, whereas trace (b) was measured using CRD spectroscopy through a planar
supersonic plasma [8]. While the gas-phase absorption (trace (b)) has P and R branches
with rotationally resolved structure, the matrix absorption is a broad band with all
rotational fine structure eliminated. By comparing traces (a) and (b) one sees that the
positions of the origin bands are not the same. This is a common feature for matrix
spectra to have so-called matrix shifts. These shifts are due to interactions between the

excited and ground states of the guest molecules with the host.
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FIGURE 2.2 Variation of the gas-neon matrix shift of the n-m electronic transitions of
carbon chains. The positive values imply that the gas-phase frequencies are at higher

energies [10].
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Comparisons between observed values in rare-gas matrices and in the gas phase have
been made in the case of electronic and vibrational transitions of diatomic molecules
[11-13]. Commonly, the shifts are to lower energies on passing from the gas-phase to
neon; moreover, the shift increases with the size of the species (Fig. 2.2). The
exceptions are the smaller carbon anions where the shift is to the blue (e.g., C4), but it
goes over to a redshift for the longer ones (e.g., C¢ ), similarly to the other chains.
Cations and neutrals with the same number of carbon atoms demonstrate comparable
displacements, e.g., HC¢H'~135 cm, C¢H~131 cm™'. The isoelectronic
cyanopolyacetylene cations have smaller shifts (Fig. 2.2). The significant trend is that
the shift increases with longer species, and becomes larger on going from neon to xenon
matrices. In view of this data, gas-phase energies can be predicted to within 50 cm™ on
the basis of the values observed in a neon matrix. This is sufficient for searches in the
laboratory to be undertaken, but on the other hand, the uncertainty is still too large for
direct comparisons to be made with astronomical data [10].

Going back to Figure 2.1, the sub-bands in traces (a) and (c) are due to matrix
splittings or so-called site effects, which are very common for matrix isolation
experiments [14]. The main cause of the band splitting is a host-guest interactions,
which arise when the guest can occupy more than one type of vacancy in the host
lattice. Host-guest interactions can usually be identified by obtaining spectra of the
species of interest in more than one matrix host. The cavity sizes in Ne, Ar, Kr and Xe
matrixes, for example, vary considerably, and band splittings due to host-guest
interactions will also vary as consequence. Aggregation of the guest molecules in lattice
vacancies can result in various forms of guest-guest interactions and band splittings
caused by these interactions can usually be identified by varying the host to guest ratio.
At sufficiently high dilution, the trapped molecules will be well isolated and guest-guest
interactions minimized [3].

A small gas-phase molecule excited into a bound electronic state cannot relax
nonradiatively, and will, in the absence of collisions, emit from the originally populated
rotational and vibrational level. The situation is different in a solid matrix. One of the

important strengths of matrix-isolation technique is that one can take advantage of the

Chapter 2 Experimental



Matrix isolation technique -43-

relaxation phenomena and nonradiative cascade processes to access electronic states
which, due to spectroscopic selection rules, can not be directly excited from the ground
state in a gas-phase experiment. Moreover, the lattice may also carry away some or all
of the excess vibrational energy. In many instances this simplifies the spectra and
facilitates the assignment [15].

The rotational structure of spectra embedded in a solid matrix usually consists of
a single sharp line, the so-called zero-phonon line, and a side-band [16]. When the host

matrix contains many molecules, each will contribute a zero-phonon line and a phonon

og‘L(a)—a)'

(1-a)f (0~ —2)

v

FIGURE 2.3 Schematic representation of the line shape of an electronic excitation. The
narrow component at the frequency o’is the zero-phonon line and the broader feature

is the phonon side-band.
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side-band to the absorption spectra. Figure 2.3 shows the typical line shape for
electronic transitions of individual molecules in a solid matrix. The zero-phonon line is
located at a frequency o' determined by the intrinsic difference in energy levels
between ground and excited state, as well as by the local environment. The phonon
side-band is shifted to higher frequency. The frequency gap A between the zero-phonon
line and the peak of the phonon side-band is determined by Franck-Condon principles.
The distribution of intensity between the zero-phonon line and the phonon side-band is
strongly dependent on temperature. At room temperature there is enough thermal energy
to excite many phonons and the probability of a zero-phonon transition is close to zero.

Sometimes during matrix deposition experiment, several species (for instance
cation, anion and neutral) may have been deposited at the same time rather than just
one. To distinguish which bands belong to a single molecular species, one can use a
basic rule of matrix isolation: bands which grow together at the same rate and diminish
together at the same rate belong to the same species. Ideally, species of interest are
generated by as many different methods as possible. One tries to find several ways of
destroying it in the matrix, for example, by annealing, bimolecular reaction, or
photolysis. With careful work, one can have reasonable confidence that a set of bands
belongs to a single species [3]. Another trick in matrix isolation spectroscopy is the
isotopic substitution of the species of interest [17]. The resulting isotope shift can be of
decisive help in identifying reactive species and assigning bands to particular vibrations.
It is seen that the absorption spectrum of C¢H4" in Figure 2.1 (trace (a)) is redshifted in
comparison to the spectrum of its deuterated analogue, C¢D4", (trace (c)) recorded in an
experiment with the same conditions.

In concluding, there are several advantages and disadvantages of matrix isolation

spectroscopy some of which are listed below:
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ADVANTAGES

> The possibility to work with free radicals and other unstable or transient species.

> The species of interest can be accumulated and stored over long periods of time,
and in this way the detection sensitivity can be enhanced.

> For optical detection, large spectral areas can be explored in a relatively short
time, which makes the initial search for unknown transitions much less tedious
than in the gas phase.

> Low temperature of matrix deposition experiments implies that the absorption
bands will always originate from the ground electronic and vibrational states,
simplifying the spectral assignments because contributions of hot bands to the
spectrum are eliminated.

> The ability to study electronic transitions which may be forbidden under normal

selection rules.

DISADVANTAGES

> The interaction between the embedded species and the host lattice results in
some matrix effects, such as broadening of the bands (site structure) and shifts
of the observed transition in comparison with the gas-phase values.

> The host lattice prevents rotational motion of the guest, eliminating many

spectral features essential for structural identification.

The survey of the literature shows that in spite of the fact that more than 50 years have
elapsed since Pimentel has coined its name, matrix isolation remains a very viable and

useful technique [18].
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APPARATUS

The general experimental arrangement is shown in Figure 2.4. Mass-selected
beams of interest are embedded in frozen noble gas environments and spectroscopically
investigated. Thanks to the continuous labor of former graduate students [19-21] and
invaluable help of various research collaborators this machine is a well-functioning and
fascinating tool. The experimental setup consists of five main sections: ion source, with

its system of electrostatic lenses for ion guidance; quadrupole bender with following

Gas inlet

lon source

Electrostatic lenses

FIGURE 2.4 Scheme of the experimental setup. One can distinguish five main sections:

ion source, quadrupole bender, quadrupole mass filter, matrix and cryostat system

(shown in Fig. 2.5).
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electrostatic lenses; quadrupole mass selector; matrix section and the cryo-system,
which keeps the matrix cold. The whole apparatus is kept under vacuum through the use

of several types of vacuum pumps.

FROM A BREATH DOWN TO 10" MBAR

To start generating the species of interest, optimal conditions for production
must first be found. Because it is impossible to work with free radicals and other
unstable species under atmospheric pressure, the system is kept under as deep of a
vacuum as possible. In the present setup, it is achieved by means of a set of vacuum
pumps. All parts of the machine are kept under different vacuum stages. The pressure in
the source chamber (10~ mbar) is supported by two oil diffusion pumps with the
pumping speed (for air) of 280 and 650 Is'. The quadrupole chamber is pumped by a
turbo molecular pump with a 56 Is”' pumping speed, whereas two additional pumps
(170 and 300 [s™") are responsible for the matrix chamber, normally kept at ~1x10”
mbar. All three turbo pumps, as well as the diffusion pumps, are backed by rotary fore-
pumps (Fig. 2.5). One diffusion and rotary pump are responsible for the vacuum in the
precursor chamber. The vacuum in the Fourier-Transform (FT) spectrometer section is
supported by a rotary pump. For monitoring the pressure two kinds of gauges are used.
Perani gauges measure the pressure starting from atmospheric to 10~ mbar, whereas
Penning gauges are used at <10~ mbar.

A differential pumping scheme, employed in the apparatus, is necessary due to
the need in suppressing possible penetration of a precursor into the matrix chamber. To
reach a desirable vacuum, firstly open the rotary pumps and then, after a vacuum of
102-10"° is reached, open the diffusion pumps. The turbo pumps can be switched on
directly after the rotary pumps. It takes ~2 hours to reach a workable vacuum. A valve
which is introduced between the quadrupole and diffusion pump separates the latter
from the rest of the system, that makes it possible to reach the fore-vacuum using the
rotary pumps. A valve introduced between the source and deflector chambers helps

keeping a hot source separate from the system after a deposition is finished,
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FIGURE 2.5 Vacuum scheme of the apparatus.
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eliminating the possibility of influencing the latter on the grown matrix. An
electromagnetic coil, which is used in the experiments with positive ions, is helpful in
guiding ions. Its variable magnetic field, which surrounds the source, controls the
ionization efficiency by varying the mean free path of free electrons inside the source; it
allows one to increase the ion current sufficiently. A cylindrical liquid nitrogen trap,
located directly after the source around the first electrostatic system, is used to collect
all dust particles. Liquid nitrogen is used through an experiment keeping the trap and
collected impurities cold. By introducing a valve (Fig. 2.5) between the source and
deflector, it became possible to isolate the hot source and trap from the rest of the
system, thus eliminating the need for liquid nitrogen after a deposition. By closing the

valve, system is secured from a pressure increase which can cause matrix melting.

A DEPOSITION

The temperature of the matrix substrate is provided by a closed-cycle three-stage
helium cryostat (HS-4 UHV), which can attain 3.6 K. To reach the deposition
temperature (6 K for neon) starting from the room temperature (~300 K) usually takes
3.5-4 hours; therefore, the compressor is programmed the evening before. The
temperature is measured and controlled with a silicon diode sensor and a 25 W heater.
To begin an experiment one chooses a precursor, which is specific for each ion of
interest. Depending on the nature of the latter, there are two different ways to proceed
further. The present apparatus allows the use of gaseous, liquid and solid precursors. In
the case of gaseous and liquid samples, mixtures with He (in different ratios) are
prepared in the precursor chamber (Fig. 2.5). Using a pure precursor is possible but
shortens the source stability time because the source becomes squalid faster and the
filament gets thinner. All these cause less stable work conditions for the source and, as a
consequence, the current drops. As soon as a mixture is ready, it is placed to a sample
tank (Fig. 2.5) and then introduced into the source. Solid samples, on the other hand, are
heated first to obtain sufficient sample vapor, and only afterwards it can be introduced
into the source. A resistively heatable oven is used to sustain adequate vapor in- and

outside the source. The latter one is the best solution because the temperature of the
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heating can be easily controlled. When an oven is located inside the source, an
additional heat comes from a filament and a temperature (~700 K) is higher than it
needs for being evaporated, which causes the source to become squalid and wastes the
sample.

In Figure 2.6 a resistively heatable oven is depicted. It is made of stainless steel
and has two teflon tubes inside. Helium comes from one of the tubes, and after mixing
with evaporated sample, exits the oven through the second tube. A generated gaseous
mixture of He and precursor is further introduced into the source by means of a fine
dose valve. The generated ions of interest are extracted by a set of electrostatic lenses
and guided further to the deflector where the ion beam is bent by 90°. The purpose of
bending the ions is to extract all neutrals from the ion beam thus, presumably,
experiments can take place with charged particles which are then guided by electrostatic

lenses into the quadrupole mass selector. Mass selection is used to filter the ions of
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FIGURE 2.6 4 typical oven used in experiments with solid samples.
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interest. It consists of four 211 mm long 18.8 mm in diameter metal cylindrical rods and
has a working range of 10-200 m/z. At high resolution it is possible to separate each
mass. The rods are electrically connected in pairs with the following electrical

potentials:

O=B+H(U+Vcos(2xft)),

where /=1.5 MHz, B the reference potential, ' radio frequency amplitude, U DC
voltage, ¢ time. At the given U/V ratio the ions of certain mass have stable oscillating
trajectories along the quadrupole axis, while the other ones have unstable trajectories,
and therefore can not pass the quadrupole dissipating inside its chamber. Subsequently,
the beam, consisting only of ions of a certain mass, is directed onto the surface of the
matrix substrate where it is quenched with matrix gas (Ne or Ar), introduced via a
special inlet (Fig. 2.5), which allows depositing the ions uniformly on the matrix
surface. There are at least three major problems. First, in order to be able to detect the
isolated species, one needs either an extremely sensitive detection technique, or a very
intense ion beam. The generation of sufficiently intense mass-selected beams is one
serious obstacle. The second problem involves decelerating the beam and “soft landing”
the species of interest in the matrix. To accomplish effective mass selection, one
typically has to accelerate the ions to appreciable energies exceeding 50 eV. On the
other hand, the binding energy of two rare gas atoms is of the order of 10 meV. Unless
the ions impinging on the matrix are sufficiently slowed down, they can fragment on
impact at the surface. Even if strongly bound ions fragmentation can be avoided, the ion
kinetic energy can result in surface melting and vaporization of a number of matrix
atoms. The guest ion can then penetrate deep into the matrix and recombine or react
with some of the other guests or impurity molecules already present, and the selectivity
can thus be lost. A third elusive problem is maintaining the overall neutrality of the
matrix, opposing the goal of accumulating a high number density of a specific ion. The
neutrality of the matrix is achieved by impurity molecules which are always present in

the apparatus. Since traces of water or other atmospheric components are difficult to
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eliminate completely, undesired products (C,", N," efc.) due to reactions with these
impurities can appear deposited together with the ions of interest. If the absorption
spectra of these products are known, they can be even of help in the following
assignment.

The temperature of the matrix substrate (ca. 6 K) is achieved by the last stage of
the closed cycle helium cryostat when the Joule-Thomson (shown in Fig. 2.5) valve is
opened. The matrix substrate (Fig. 2.7) is made of sapphire coated with rthodium and
has a dimension of 3x3 c¢m. The typical amount of deposited ions varies from 10 to
10" molecules [22] and depends on the achieved current which is measured by a
picoamperemeter. All deposited molecules are separated from each other by a huge

amount of guest molecules, that excludes a possibility of their interaction.

Copper

Sapphire Plate Coated with Rhodium

FIGURE 2.7 Matrix substrate.

SOME HELPFUL FEATURES

One might think that the deposition process is a simple procedure, but it is far
from the case. It has to be mentioned that the matrix substrate remains neutral during
deposition contrary to the fact that one deposits ions. After several minutes of
deposition, the positive charge (while depositing cations) is built on the matrix and

further arriving cations are repelled from its surface to the surrounding chamber walls.
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The free electrons released on hitting the metal walls are attracted by the matrix and
penetrate into it neutralizing some of the cations. If the electron affinity of the formed
neutrals is sufficient, they can even accept one more electron, thereby forming anions.
This explains why sometimes it is possible to see all three types of particles in one
matrix: positive, neutral and negative. In the third and fourth parts of this thesis, it is
shown that during the depositions of C," (n=6-9) [23, 24] and C¢H" [25] cations the
neutrals species (C,, C¢H) are also seen; moreover, in the experiments on C¢" and C;"
one can even see their negative analogues. If the kinetic energy of the deposited ions
upon reaching the matrix is high (ca. 50 eV), fragmentation may take place leading to
the appearance of smaller fragments in the matrix. Several procedures are used in the
matrix experiments to help with spectral assignments, including: photoneutralization,

the use of an electronic scavenger and annealing the matrix.

PHOTONEUTRALIZATION

One of the most instrumented procedures to distinguish between ions and
neutrals is irradiating the matrix. Two kinds of lamps are used to irradiate the matrix:
medium pressure mercury lamp with its UV band at 4.9 eV and a more powerful xenon
arc lamp with UV band around 5.6 eV. If necessary, cut-off filters can be applied to
restrict the energy range. To prevent heating the matrix, a quartz cuvette filled with bi-
distilled water is placed between the matrix window and the lamp. The UV photons
emitted by the lamp release free electrons from the metal walls which then recombine
with the deposited cations neutralizing them. In the case of anions, the neutralization
goes directly through electron photodetachment. Firstly, all spectra are measured after
deposition and only after this the matrix is irradiated (30—40 minutes) and the whole
spectral range measured again. After irradiation all peaks due to charged species
decrease in intensities while those from neutrals grow. lons and neutrals can be easily
distinguished comparing the spectra measured before and after irradiation. If irradiation
is not sufficient to neutralize the ions, the matrix is irradiated again. Sometimes the
procedure may need several steps or a more energetic light source. The reason for this is

that, for example, neutral analogues of anions might have a high electron affinity and

Chapter 2 Experimental



aratus -54 -
Apparatus

after gaining an electron they convert to the anions resulting in the increasing of their

intensities.

A SCAVENGER

Molecules which can easily accept electrons, so-called electron scavengers, can
be very helpful during matrix deposition. Instead of using pure Ne, a scavenger can be
mixed in and used as a host material for deposition. Deposition in such mixtures makes
it possible to collect more cations of interest. The scavengers prevent the cations from
neutralizing. Two types of scavengers, N,O and CCly, were used during the present
work. They were mixed with neon and introduced during deposition through the same
inlet as in the case of Ne (Fig. 2.5). An optimal ratio of Ne to scavenger was calculated
to be 300:1 but if necessary it could be increased. The electron affinity of N,O (0.22 V)
[26] is much less than for CCl4 (2.0 V) [27], resulting in inefficiency of the irradiation

in experiments with CCly.

ANNEALING

Another procedure which is used to help assign spectra is increasing the
temperature of the matrix. The procedure is called annealing; one increases the
temperature up to 8—9 K and keeps it there for ca. 30 minutes. At these temperatures
species start to diffuse due to their enhanced mobility, and if the concentration of
species is sufficient, they might even interact with each other producing larger species.
Another effect of the annealing process is a redistribution of the site structure. The
lower energy orientation of the molecules becomes more favorable.

In an ideal situation, as was already mentioned, species of interest are generated
by as many different techniques as possible to study all possible fragments. By
performing a careful analysis, a reasonable assignment of the band systems can be made

with a degree of confidence.
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IONS SOURCES

ELECTRON IMPACT ION SOURCES

Two kinds of electron impact ion sources are used to produce positive and
negative ions. An advantage of an electron impact source is that it produces a
continuous ion beam. The one depicted in Figure 2.8 is aimed for production of positive
ions. All kinds of samples: gaseous, liquid and solid can be used as a precursor.
Normally, the gaseous (vapor in the case of solids and liquids) precursor is mixed with
He (Ar) in a 1:3 ratio. As was previously mentioned, a pure sample can be used but it
shortens the lifetime of the filament. The mixture is held in a special reservoir from
which it is then introduced into the source by means of a needle valve. The source

consists of two hollow cylinders of 6 and 5 cm in diameter. The first cylinder represents
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FIGURE 2.8 Electron impact ion source for production of positive species of interest.
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a frame of the source and a second, connected by two isolators to the first, which works
as an anode with ~50 eV potential on it. A cathode, represented by a filament, is made
of tungsten and located inside the anode. The filament is 0.35 mm in diameter and has a
length of ~4-5 cm; it is normally heated by 9—10 A current which is enough to emit
electrons. The precursor gas is first introduced into the source and then ionized by an
electrical discharge between the ground and anode, stimulated by the emitted electrons.
Electron bombardment destroys the sample, forming ions and radicals which react with
each other, leaving the source by extraction with the first electrostatic lens. The
molecular free path was estimated to be ~3 mm for nitrogen and hence much smaller for
larger ions [22]. As experience shows, the production of species longer than the
precursor is possible. A good example of this is an experiment of C¢H' using
diacetylene as a precursor (discussed in the fourth chapter).

Another electron impact ion source which is used for the production of negative
ions is shown in Figure 2.9. This source is a modified version of a Branscomb-type ion
source [28]. It consists of the same type of filament which is mounted on a cathode
floated at a negative potential of about 300-500 V. As in the case of the previous
source, the filament emits free electrons by heating it up to 9-10 A current. By
monitoring the discharge between the cathode and the extraction plate, which is under
about —100 V, one regulates the degree of ionization inside the source. A sample
(graphite, aluminium etc.) together with the ceramic cylinder (or metal) and the
extraction plate build a small volume where the collision processes with ions formation
happen. Created in this volume species are extracted through a small orifice by the field
of the first electrostatic lens. This field penetrates inside the source at the distance of the
orifice diameter.

With both sources it is possible to obtain unity mass resolution, but after several
hours of deposition, the source becomes too hot and dirty due to the coating of soot and
the fact that the filament becomes thinner. All this reduce the resolution abilities, as

well as to malfunctions in the source.
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FIGURE 2.9 Electron impact ion source for production of negative species of interest.

As experience shows, some samples are not pure enough (especially the solid
ones) and the first mass spectra consist of many other species apart from the precursor.
For example, while working with sulfur powder and using the impact source for
positive ion production, preliminary mass spectra display many additional non-sulfur
species, however, after heating the sample for a couple of minutes, an elegant and

cleaner mass spectrum is obtained, consisting only of sulfur species (Fig. 2.10).

CESIUM SPUTTER SOURCE

A cesium sputter source is used for producing negative ions. It is built based on
models designed to produce intense atomic molecular beams in tandem accelerators
[29]. It is shown in Figure 2.11 and consists of an ionizer, a sample, an extractor and a

cesium tube. The tube is heated up to ~300° C which is enough to evaporate the cesium,
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FIGURE 2.10 Mass spectrum of sulfur species produced from sulfur powder using the
electron impact ion source. Impurities which are present in trace (a) disappear after

several minutes of heating the sample (trace (b)).

introducing small portions into the source. The vapor of cesium is ionized on the surface
of a coaxial tantalum wire resistively heated to 1000° C. Cs" ions are repelled from the
ionizer by its 1000 V potential and bombard the sample rod (carbon, boron efc.) ejecting
different species in the so-called sputter manner. The sample target, located above the
ionizer, has a negative potential of ~50 V. The produced ions are extracted from the
source in the same way as in the case of two previous sources. After several
experiments, the cesium is covered with an oxide layer that decreases its sputtering
efficiency. To produce different forms of sample species, gas mixtures can be
introduced through a hole drilled in the sample rod. Firstly, the idea of the present

source was to produce negatively charged carbon chains from graphite as well as
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carbon-boron derivatives. Using this source plenty of anions have been investigated,

including:
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FIGURE 2.11 Cesium sputter source.

C, (n —even and odd) [30, 31], Si, [32], SiC [33], BC, [34] as well as their neutral

analogues.

MEASUREMENTS

UV-VIs

After the deposition procedure is completed, absorption spectra can be
measured. Normally, a measurement starts from the visible region because it is easier to
calibrate the system for a better signal from a detector due to the opportunity to observe
the light coming from a light source. Two different lamps are used in the UV and visible
regions: a halogen lamp for 350—1100 nm, and a xenon arc lamp for UV light. The latter

has a line emission spectrum in the region higher than 360 nm that excludes its
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possibility to be used in this region in spite of the fact that it produces more light than
the halogen lamp. From the light source, light goes through a SPEX monochromator

(Fig. 2.12) and then it is focused by two adjustable quartz lenses and enters the matrix

Light Source

i

CaF, Window

==

Detector \/ Monochromator

Quartz Lenses

Grating

Copper

—

Sapphire

hv

Matrix
FIGURE 2.12 Optical scheme of the set-up for measuring UV/Vis spectra in a waveguide

manner.

chamber via the first CaF, window. Due to the ability to adjust the lenses one can point
the light directly to the first matrix slit. On travelling through the grown matrix in so-
called waveguide manner [35], the light via another slit leaves the matrix chamber
through the second CaF, window and gets detected by a detector. A photomultiplier is
used in the 220—-650 nm spectral region, whereas going up to NIR (640-1100 nm) it is a
silicon diode. Due to the high sensitivity of the detectors, one has to isolate them from
the external stimulus (light etc.). For calibration of the monochromator, the emission
spectrum of a medium pressure mercury pencil lamp is used [36]. After the calibration
by a mercury lamp, as well as by the positions of already known species (impurities,

fragments), an accuracy of £0.2 nm can be obtained.
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IR REGION

When the measurements in the UV/Vis region are finished, the matrix substrate
is rotated by ~135° and the infrared region is scanned. An FT spectrometer (Bruker IFS
66v/S) is employed to measure spectra in the 120001100 cm™' (834-9090 nm) region.
The Bruker instrument is evacuated to ~1 mbar by a rotary pump to obtain a semi-H,O
and CO,-free environment. In Figure 2.13, a general scheme for IR measurements is

shown. The IR radiation coming from the light source is focused by a set of parabolic

Light source

A

Aperture settings

Beam splitter

Interferometer Matrix Chamber

/I CaF, window

Matrix

Detectors

FIGURE 2.13 Double reflection method for measuring IR spectra using FT

Spectrometer.
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mirrors onto the matrix surface, enters the matrix chamber via a CaF, window, and then
reflects from the matrix surface to a concave mirror and goes back to the former. After
reflecting off of the matrix surface, the light beam is guided to the detector by a set of
parabolic mirrors. In this way the sensitivity is several times better than in a single
reflection scheme is obtained. Two kinds of detectors are used: mercury cadmium
telluride (MCT) (11004000 cm ") and indium antimonide (InSb) (4000—12000 cm ™).
Both of them are cooled by liquid nitrogen before the measurements. An accuracy of
+0.2 cm™! is reached by internal calibration of the Bruker FT spectrometer with a HeNe

laser line at 632.8 nm.

Chapter 2 Experimental



Bibliography _63-

BIBLIOGRAPHY

[1]

[3]

[4]

[7]

[10]

[11]

[12]

G.N. LEWIS and D. LIPKIN. Reversible photochemical processes in rigid media:
the dissociation of organic molecules into radicals and ions. Journal of the
American Chemical Society, 64: 2801-2808, 1942

E. WHITTLE, D.A. Dows, and G.C. PIMENTEL. Matrix isolation method for the

experimental study of unstable species. The Journal of Chemical Physics, 22:
1943-1943, 1954

I.R. DUNKIN, Matrix-isolation techniques, ed. L.M. Harwood and C.J. Moody.
1998, Glasgow: Oxford University Press.

B. MEYER, Low temperature spectroscopy. 1971, New York: Elsevier.

H.J. JoDL, Solid-state aspects of matrices, in: Chemistry and Physics of Matrix-
Isolated Species, L. Andrews and M. Moskovits, Editors. 1989, Elsevier Science
Publishers: Amsterdam. p. 343-415.

M. MASILI. Static and dynamic dipole polarizability of the helium atom using
wave functions involving logarithmic terms. Physical Review A, 68: 012508(1-
11), 2003

M.E. JACOX, The stabilization and spectroscopy of free radicals and reactive
molecules in inert matrices, in: Chemistry and Physics of Matrix-Isolated
Species, L. Andrews and M. Moskovits, Editors. 1989, Elsevier Science
Publishers. p. 75-105.

M. ARAKI, H. LINNARTZ, P. CiaS, A. DENISOV, J. FULARA, A. BATALOV, L
SHNITKO, and J.P. MAIER. High-resolution electronic spectroscopy of a
nonlinear carbon chain radical C¢Hy". The Journal of Chemical Physics, 118:
10561-10565, 2003

H.E. HALLAM, Vibrational Spectroscopy of Trapped Species, ed. H.E. Hallam.
1973, London: Wiley.

J.P. MAIER. Electronic spectroscopy of carbon chains. Journal of Physical
Chemistry A, 102: 3462-3469, 1998

M.E. JACOX. Ground-state vibrational energy levels of polyatomic transient
molecules. Journal of Physical and Chemical Reference Data, 13: 945-1068,
1984

M.E. JAcoX. Comparison of the ground state vibrational fundamentals of
diatomic molecules in the gas-phase and in inert solid matrices. Journal of
Molecular Spectroscopy, 113: 286-301, 1985

Chapter 2 Experimental



Bibliography -64-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

M.E. JAcoX. Comparison of the electronic energy levels of diatomic molecules
in the gas phase and in inert solid matrices. Journal of Molecular Spectroscopy,
157: 43-59, 1987

S. JAGANNATHAN, J.R. COOPER, and C.L. WILKINS. Matrix effects in matrix
isolation infrared spectroscopy. Applied Spectroscopy, 43: 781-786, 1989

V.E. BONDYBEY, Time-resolved laser-induced fluorescence studies of the
spectroscopy and dynamics of matrix isolated molecules, in: Chemistry and
Physics of Matrix-Isolated Species, L. Andrews and M. Moskovits, Editors.
1989, Elsevier Science Publishers: Amsterdam. p. 107-137.

K. REBANE, Elementary theory of vibrational structure, in: Impurity Spectra of
Solids. 1970, Plenum Press: New York. p. 253.

P. KLAEBOE AND C.J. NIELSEN. Recent advances in infrared matrix isolation
spectroscopy. The Analyst, 117: 335-341, 1992

V.E. BONDYBEY, A.M. SMITH, and J. AGREITER. New developments in matrix
isolation spectroscopy. Chemical Reviews, 96: 2113-2134, 1996

P. FREIVOGEL, Spektroskopie an Massenselektierten Kohlenstoffketten in
Neonmatrizen, in Institute of Physical Chemistry. 1997, University of Basel.

M. GRUTTER, Spectroscopy of mass selected carbon chains in neon matrices, in
Institute of Physical Chemisty. 1999, University of Basel.

E. RIAPLOV, Spectroscopy of mass selected carbon and boron species in solid
neon, in Institute of Physical Chemistry. 2002, University of Basel.

A. BATALOV, Absorption spectroscopy of mass-selected hydrocarbon and boron
species in 6 K neon matrices, in Institute of Physical Chemistry. 2006,
University of Basel.

J. FULARA, E. RIAPLOV, A. BATALOV, 1. SHNITKO, and J.P. MAIER. Electronic
and infrared absorption spectra of linear and cyclic C¢' in a neon matrix. The
Journal of Chemical Physics, 120: 7520-7525, 2004

J. FULARA, 1. SHNITKO, A. BATALOV, and J.P. MAIER. Electronic absorption
spectra of linear and cyclic C,” n=7-9 in a neon matrix. The Journal of
Chemical Physics, 123: 044305-044311, 2005

I. SHNITKO, J. FULARA, A. BATALOV, C. GILLERY, H. MASSO, P. Rosmus, and
J.P. MAIER. Y - X°Y Electronic transition of linear CeH" and CgH' in neon
matrices. Journal of Physical Chemistry A, 110: 2885-2889, 2006

T.O. TIERNAN and R.L. Wu. Journal of Mass spectrometry, TA: 136, 1978

Chapter 2 Experimental



Bibliography _65-

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

K. LACMANN, M.J.P. MANEIRA, A.M.C. MOUTINHO, and U. WEIGMANN. Total
and double differential cross sections of ion-pair formation in collisions of K
atoms with S,Cly and CCly. The Journal of Chemical Physics, 78: 1767-1776,
1983

H.B. ELLIS JR. and G.B. ELLISON. Photoelectron spectroscopy of HNO™ and
DNO'. The Journal of Chemical Physics, 78: 6541-6558, 1983

R. MIDDLETON. Versatile high intensity negative ion source. Nuclear
instruments and methods in physics research, 214: 139-150, 1983

D. FORNEY, M. GRUTTER, P. FREIVOGEL, and J.P. MAIER. Electronic absorption

spectra of carbon chain anions C,,:; (n =2-5) in neon matrices. Journal of
Physical Chemistry A, 101: 5292-5295, 1997

P. FREIVOGEL, M. GRUTTER, D. FORNEY, and J.P. MAIER. Infrared bands of

mass-selected carbon chains C, (n=8-12) and C,” (n=5-10,12) in neon matrices.
Chemical Physics, 216: 401-406, 1997

J. FULARA, P. FREIVOGEL, M. GRUTTER, and J.P. MAIER. Electronic absorption

spectra of Si, and Si,,” (n = 2-4) in neon matrices. Journal of Physical Chemistry,
100: 18042-18047, 1996

M. GRUTTER, P. FREIVOGEL, and J.P. MAIER. Electronic absorption spectra of
SiC" and SiC in neon matrices. Journal of Physical Chemistry A, 101: 275-277,
1997

M. Wyss, M. GRUTTER, and J.P. MAIER. Electronic absorption spectra of BC,
BC’, BC, and BC; in neon matrices. Journal of Physical Chemistry A, 102:
9106-9108, 1998

R. ROSSETTI and L.E. BRUS. Waveguide propagation in frozen gas matrices.
Review of Scientific Instruments, 51: 467-470, 1980

C.J. SANSONETTI, M.L. SALIT, and J. READER. Wavelengths of spectral lines in
mercury pencil lamps. Applied Optics, 35: 74-77, 1996

Chapter 2 Experimental



- 66 -



_67 -

CHAPTER 3. CARBON CHAIN CATIONS

L.
b B
Eelec I+
2
\—/ 1 2 Y AEatomic
v=0 A
— T+1
T, 0-0
Dy
/
0 3
o
i i -
roory r

This chapter is a slightly modified form of the articles published in:
Fulara et. al., The Journal of Chemical Physics, 120: 7520-7525, 2004 and
Fulara et. al., The Journal of Chemical Physics, 123: 0443056, 2005



Linear and cyclic Cs* _68 -

LINEAR AND cYCLIC Cg"

INTRODUCTION

The bare carbon cations C," are of interest in terrestrial and space environments
as well as from a fundamental point of view. They are reactive intermediates in flames
and discharges through organic vapors and also play a role in astrochemical processes in
circumstellar shells around carbon stars and interstellar clouds [1, 2].

Experimentally they have been mainly generated by laser ablation of graphite
and studied by mass spectrometry [3-6] regarding their structure, energetics, stability [7-
12], and reactivity with simple molecules [13-19]. These have revealed that the small
C," cations (n<6) have a linear structure, larger (#>10) a cyclic one, and those of the
intermediate size (7<n<10) adopt both forms. Such cations have been also extensively
studied by theoretical methods [20-24], the results lead to the same conclusion as the
experiments concerning the structures. The small linear and cyclic C,” isomers have
similar energies but their relative stability changes depending on the theoretical method
used.

However, the carbon cations remain exotic objects in term of spectroscopy in
contrast to their neutral and anionic counterparts [1, 2]. The reports are limited to the
simplest (C,") [25] and large fullerene cations (Ceo', C7o') [26-28]. The present
contribution enlarges this very short list and reports the observation of the electronic

and infrared transitions of mass-selected C¢ ions isolated in 6 K neon matrices.

EXPERIMENTAL

The experimental setup has been described previously [29]. The Cs cations
were generated in a hot cathode-discharge ion source (Fig. 2.8) from perchloro- or
perbromobenzene. Cs' was selected from a mixture of ions formed in the source by

means of a quadrupole mass filter. In order to get a sufficient ion current for the matrix
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production, the resolution of the mass filter was reduced, whereby ions differing by £2
amu from C¢" were not separated.

Beams of Cs with 10-30 nA current and kinetic energy of about 50 eV were
codeposited with an excess of neon onto a rhodium coated sapphire substrate held at 6
K. Absorption spectra were subsequently measured in the 230—-1100 nm range. The
effective optical path of the light through the matrix using a waveguide technique was
about 2 cm. The infrared spectra were measured by doubly reflecting light from a
Fourier-Transform infrared spectrometer through the matrix achieving a path length of

~] mm.

RESULTS AND DISCUSSION

Figure 3.1 shows various recordings of electronic absorption spectra of mass-
selected species (7212 amu) in neon matrices. Trace (a) is from a previous study using a
cesium sputter source (Fig. 2.11) and the absorption bands marked are due to the
(I)ZHg<—X ’I1,, electronic transition of linear C¢~ [30]. Traces (b) and (d) are the present
measurements. Using hexachlorobenzene as precursor and Cs' selection trace (b) is
observed. Trace (c) is the %, «X 3Zg_ absorption system of linear Cs identified in a
previous study [30]. Cg is already present in trace (b) as a result of neutralization of the
cations with electrons. The matrix remains electrically neutral during the deposition
because the positive charge is compensated by anions formed in electron attachment
processes with impurity molecules (e.g., HO, CO;). After the first few seconds of
deposition, positive charge builds up which repels further cations arriving. Those with
about 50 eV kinetic energy hit metal surfaces and release free electrons. These are
attracted to the matrix and lead to a partial neutralization of the cations. Some electrons
are captured by neutral molecules and form anions, the reason that C¢ is also present in
the matrix (trace (b)). Such processes take place continuously during the whole matrix
growth. In addition to the /-Cs bands and the neutral /-Cs system several new
absorption peaks at 646, 632, 570, and 520 nm are seen. Because these absorptions are
absent in traces (a) and (c), and due to the mass-selection of C¢', they are attributed to

ions.
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a)

b)

Absorbance

C)

d)

FIGURE 3.1 Electronic absorption spectra of mass-selected species (722 a.m.u.) in 6 K
neon matrices. Trace (a) is the ZHg<—X2Hu transition of linear Cs obtained previously
using a cesium sputter ion source [30]. Trace (b) is observed afier deposition of Cs'
generated from CgCls in the hot cathode ion source. Trace (c) shows the 32[<—X 3Zg7
system of linear Cs obtained after UV irradiation of the matrix containing Cs. Trace (d)
is the absorption of CsCI™ produced from C3Cls. The bands of Cs, marked with ¢ in
trace (a) and those of linear neutral Cs, marked with & in trace (c) were normalized in

such a way that their intensities are the same as in trace (b); * is the band of cyclic Cs .

In order to exclude the possibility that the selected ions with 7242 a.m.u. are not Cs but
C5CI', trace (d) was recorded. For this C;Clg was introduced into the ion source and
C;C1" mass selected. No absorptions are seen at the positions of the four new peaks of

trace (b). In order to exclude the possibility that the bands seen in Figure 3.1(b)
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originate from fragments of Cs (C,” n=4, 5, p==1), C4" and Cs  generated from C4Cl¢
and CsClg as precursors were mass selected and deposited. None of the bands seen in
Figure 3.1(b) (except C3) were observed in the spectra. The results of these experiments
indicate that the bands at 646, 570, and 520 nm originate from a species with six carbon
atoms. The disappearance of these bands under ultraviolet (UV) irradiation (A<305 nm)
and the simultaneous growth in intensity of the Cs bands (Fig. 3.2(b)) indicates that

these three absorption peaks are due to Cs or Cg ions.

Cs was also generated from CyBrs. Figure 3.2 compares the spectra obtained
from C¢Clp (traces (a) and (b)) and C¢Brg (traces (c) and (d)) as precursors. The bands of
Cs , linear Cq, and the origin band of C; dominate. In addition, a moderately intense
band at 570 nm is present, whereas the 646 and 520 nm ones are absent. No other bands
were detected in the 650—1100 nm range, and only the absorption peaks of /-Cs and C;
between 230 and 400 nm were observed [31] as when using the C¢Clg precursor. The
peak at 570 nm vanishes and the bands of /-Cs~ diminish substantially after irradiation
of the matrix with UV photons, whereas those of /-Cs grow in intensity (Fig. 3.2(d)).
From this it is concluded that the bands seen at 520, 570, and 646 nm in Figure 3.1(b)

originate from at least two different C¢” (p=%1) ions.

The sign of the charge of carbon ions responsible for these three absorption
bands was determined by deposition of mass-selected Cs  in a neon matrix in the
presence of CCly (CCl4—Ne ratio of 1:2000), which acts as an electron scavenger. The
absorption spectrum observed is shown in Figure 3.3(a). In spite of 50% larger Cs"
current in comparison with the experimental conditions without the electron scavenger
(Fig. 3.2(a)), the bands of Cs are two times weaker, the band at 520 nm is absent and
the ones at 646 and 570 nm are much stronger than expected. After irradiation of the
matrix with UV photons the bands of /-Cs™ and the systems with the onsets at 646 and
570 nm decrease drastically (Fig. 3.3(b)). Due to the absence of the band at 520 nm in
the experiment with CCly it is concluded that this absorption is most likely due to a non-

linear isomer of Cq . CCly competes with other molecules present in a matrix in the
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capture of free electrons. As a result the bands of /-Cs become weaker in the presence
of a scavenger, whereas the 520 nm absorption of the other isomer of Cq is absent due

to its low electron affinity.

0.8 —

¢« O

0.6 —

a)

0.4 — b)

Absorbance

SH

0.2 4

<)

0.0 — d)

500 550 600 nm

FIRURE 3.2 Absorption bands observed after deposition of mass-selected Cs' produced
from CsCls (trace (a)) and CsBrs (trace (c)). Traces (b) and (d) are the spectra of the
same matrices obtained after irradiation with UV photons (2>305 nm). The bands of
cyclic Cs' are identified with m, those of linear Cs" with v, the ones of Cs by ¢ and ¢

for Cs; #is the band of cyclic Cs .

The band systems with the onsets at 570 and 646 nm originate from two
different isomers of Cy (cyclic and a linear one). This conclusion is based on the
behavior of these bands under UV irradiation and the presence of the electron scavenger

(compare traces (a) and (c) in Fig. 3.2). The bands at 570 and 646 nm have a similar
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bleaching behavior with respect to UV photons as is typical for cations. The bands of
Cs' are stronger in the matrix doped with CCl, because it captures electrons and thus

reduces their recombination with Cs". The 570 and 646 nm bands are present in the

2.4 - *

204 a)

b)

c)

Absorbance

d)

e)

400 450 500 550 600 nm

FIGURE 3.3 Influence of doping neon matrices with electron scavengers (CCly, N>O) on
the intensity of Cs and Cs~ electronic absorption bands. Trace (a) is observed after
deposition of mass-selected Cs' produced from CsCls in a neon matrix containing
0.05% CCly. Trace (b) is observed after subsequent irradiation of the same matrix with
UV photons (A>305 nm). Traces (c) and (f) show the spectra recorded after deposition
of mass-selected Cs' in neon matrices including 1% of N,O. Traces (d) and (e) were
obtained after irradiation. The cations were generated from CsCls (traces (c) and (d))
and from CsBrg (traces (e) and (f)). w indicates the bands of linear Cs", m the ones of
cyclic Cs', whereas # shows the bands of the reaction product of linear Cs" with NO.

The other symbols have the same meaning as in Figure 3.2.
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spectrum recorded after deposition of Cs" with C¢Clg as a precursor (Fig. 3.2(a)), but

with C¢Brg only the 570 nm band is observed (Fig. 3.2(c)).

Though the intensity of the band at 570 nm in the spectrum of C¢' (Fig. 3.2(a)) is
much weaker than at 646 nm, the isomer that is responsible predominates in the matrix.
The UV light-induced decay of the 570 nm absorption gives rise to the concurrent
intensity increase of the bands of /-Cs. The absorbance of the origin band of /-Cg
increases by a factor of 3 relative to the initial absorbance of the peak at 570 nm. Linear
Cs is also produced in the matrix as a result of photodetachment of electrons from Cg
anions. However, the decay of the bands of /-C¢ can only account for a very small
fraction of the increase in the absorbance of /-C¢ because the oscillator strength for the

origin band of /-C¢~ is an order of magnitude larger than for /-Cs [32, 33].

It is difficult to conclude exclusively from the spectroscopic data which isomer
of Cs¢" absorbs at which wavelength. However, an indication comes from the ion
mobility and bimolecular reactivity studies on C, ions [11, 13, 14, 19]. These show that
the predominant form of Cs is the linear one irrespective how Cs is produced. Thus,
the reaction of C¢~ with N,O in a neon matrix was studied.

Mass-selected Cg' cations generated form C¢Clg or C¢Brg were deposited in a
neon matrix containing 1 % of N»O. The resulting electronic absorption spectra are
shown in Figures 3.3(c) and 3.3(f) with C¢Cls as precursor. Apart from the Cs" bands at
570 and 646 nm a strong system (marked with % in Fig. 3.3(c)) with the onset at 558 nm
is clearly discernible. This band system vanishes upon UV irradiation, which suggests
that it originates from the CsO", or C4N", cation according to the gas-phase reaction
Cs +N,0 [18]. The bands of Cs" also diminish substantially (Fig. 3.3(d)) whereas the
ones of neutral linear C¢ and Cs grow in intensity. The appearance of the new bands in
the spectrum of Cg' in the presence of N,O (Fig. 3.3(c)) as well as the comparison of the
intensity ratio of the 570 and 646 nm peaks shown in Figure 3.3(a), leads to the
conclusion that the isomer of Cs" which absorbs at 646 nm reacts with N,O in a 6 K

matrix.
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In contrast to the situation with C¢Clg as precursor, the Cs" isomer generated
from C¢Brg does not react with N,O in a neon matrix (Fig. 3.3(f)). This is composed of
the strong band system of Cs" with the origin at 570 nm. The bands of neutral linear Cs
are barely seen. Thus, N,O acts as an electron scavenger and the trapping efficiency of
Cs' in the matrix is close to unity (the recombination of cations with electrons is
negligible in this case). No other bands were observed in this spectrum except those at
604 and 516 nm, which are due to hydrogenated Cs cations (e.g., HC¢H"), and are
present in the matrix as a result of contamination of the C¢Brs sample used for
generation of Cs" with C¢H,Br4 because the mass selection was +2 amu. Irradiation with
UV photons leads to a significant decrease of the Cs  bands relative to those of the

linear C¢ (Fig. 3.3(e)).

The reaction of C¢" with N,O reveals that the 646 nm isomer of C¢' is reactive,
whereas the 570 nm one is not. Gas-phase reactivity studies indicate that the linear
isomer of C' is reactive. Therefore, the band system with the onset at 646 nm originates
from linear Cq', whereas that at 570 nm belongs to cyclic Cs". In our hot-cathode ion
source (Fig. 2.8), contrary to the experiments reported in the literature [19], the ¢-C¢' is

produced in a major quantity from CsClg as well as Cg¢Brg precursors.

Harmonic frequencies have been calculated at the B3LYP/cc-pVDZ level for
linear C¢ and cyclic (C,,) C¢ in their ground electronic states [34]. By comparison
with these values (given in the footnote to Table 3.1) vibrational assignments in the
excited electronic states have been made using the same numbering of modes. For the
[-Cs" there are 3 totally symmetric modes (o, ) which can be excited in transitions from
the lowest vibrational level of the ground electronic state where the total population is
concentrated at 6 K. The electronic spectrum of -Cs" shows the single excitation of the

v; and v; modes, as well as v;(7,) in double quanta. In case of cyclic Ce' (Cyy) there
are five totally symmetric modes (a;) and the spectrum shows the excitation of three of
these fundamentals. The highest frequency is presumably the v;(a;) mode and the other
two are vy(a;) or w(a;) and vy(a;) or vs(a;). The calculations predict these pairs to

have similar frequencies.
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TABLE 3.1 Observed vibronic transitions of linear, ZIYg—X 2]71,, and cyclic (2) 2Bg—X 24 7

Cs' in 6 K neon matrices with suggested assignment. The wavelengths correspond to

the most prominent site in the absorption spectrum: A=+ 0.2 nm, V #5 cm™.

A (nm) v (cm™) AV (em™)  Assignment®

645.8 15484 0 0! XTI, 1-Cs"
632.5 15811 327 7;

619.5 16143 659 30, 74

567.2 17630 2146 1

547.1 18277 2793 1 72

569.6 17558 0 0! (2) B—X A ¢-Cq"
549.8 18188 630 4} or 5)

530.4 18855 1297 2} or 3}

508.9 19650 2092 1

493.9 20248 2690 1, 4} or 1} 5), 22

467.0 21414 3856 1520 30, 12

& Using numbering of the calculated frequencies (cm™) for the ground state from Ref. [34].

IG5 vi(0,)=2200,  vy(0)=1584, 13(0,)=662, v4(0,)=2068, vs(c)=1171,  vy(7,)=689/607,
Vi(my)=205/172,  vs(m)=397/362, vo(m)=99/91; c-Cs": wvi(a)=1778, ws(a;)=1236, vs(a;)=1195,
Vy(a)=661, vs(a))=563, vs(a)=459, vi(b;))=476, vs(b;)=364, vo(b;)=2076, v;o(b;)=1561, v;;(by)=1307,
Via(by)=641.

Irradiation of ¢-Cs" with UV photons leads to the appearance of /-Cg in the
matrix. Apart from the bands of /-C¢ no new absorptions grew in intensity upon UV
irradiation and which could be assigned to ¢-C¢. The electronic absorption spectrum of
c-Cg 1s unknown, but theory predicts an electronic transition at 2.96 eV [35]. The
absence of the c-C¢ bands in our experiments can be due to a small oscillator strength of
this transition and/or its photo-instability leading to ring opening and formation of /-Cg.
The formation of /-Cs can also proceed during recombination of c-C¢" with electrons.

The close to unity conversion yield of ¢-Cs' to [-Cg allows an estimation of the
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oscillator strength of the electronic transition of c-C¢" with reference to that of /-Cg; the

former is comparable or almost two times weaker.

In the case of /-Cs" we cannot separate the contribution of the cyclic form to the
increase of the intensity of the band system of /-Cs upon UV irradiation, because /-Cg"
coexists in a large excess of ¢-Cs. Apart from the direct UV photodissociation, /-Cs"
also undergoes dissociative recombination with free electrons, leading to the C;
fragment. This latter reaction supports the proposed assignment because the
fragmentation of /-Cs" to Cs is energetically more favorable than from c-C¢" where two

C-C bonds must be broken.

Ab initio multireference configuration interaction (MRCI) calculations predict
that the lowest exited state of linear C¢" has 2Hu symmetry and two electronic transitions
at 2.57 and 2.94 eV are expected, whereas the strongest vertical electronic transition (2)
By« X *A, for the ¢-Cs" is calculated at 3.08 eV [23]. These theoretical results support
the assignment of the 646 nm band to the 2Hg(—)( 2Hu electronic transition of I-C¢". The
calculations overestimate the excitation energy to the 2Hg electronic state by 0.65 eV,
the discrepancy is larger than the likely error quoted [23]. However, the results of
extensive MRCI ab initio calculations agree better, predicting the energy of the allowed

electronic transition at 1.88 eV [36] close to the experimental value of 2.18 eV.

The band system originating at 570 nm is assigned to the (2) By<X *A,
electronic transition of ¢-Cg'. The difference between calculated vertical and the
experimental transition energy is much larger (0.9 eV) in this case [23]. The reason for
this large difference appears to lie with geometry change in the two electronic states and
the new multiconfigurational complete active space self-consistent (CASSCF) method

leads to a value of 2.39 eV for this transition [36].
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In order to corroborate the above assignment of the electronic absorption bands to a
specific form of Cg', infrared spectra were also recorded. The section of the infrared
spectrum around 2000 cm™' of mass-selected Ce" generated from CgBrg is shown in
Figure 3.4(a) (solid line). The dotted line represents the IR spectrum observed after UV

irradiation of the matrix. Three bands at 1972, 1962, and 1959 ¢cm ™' are clearly seen
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FIGURE 3.4 IR bands of cyclic Cs" (solid line in (a)), linear Cs and linear Cs* (solid line
(c)) observed after deposition of mass-selected Cs' produced from Ce¢Brs and CsCls,
respectively. Dotted lines show the same bands recorded after subsequent irradiation
with UV photons (2.<305 nm). The photochemical behavior of the electronic absorption
bands of linear Cg, cyclic Cs", and linear Cs' is shown in traces (b) and (d). They were
measured with the same matrices as the IR bands. Solid lines show the spectra recorded

after deposition of mass-selected Cs', dotted ones after UV irradiation.
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(Fig. 3.4(a)). The band at 1972 cm™' decreases upon UV irradiation whereas the ones at
1959 and 1962 cm™ grow in intensity. The behavior of these bands closely mimics the
electronic absorption of the ¢-Cs" cation (at 570 nm) and of /-C¢ (at 511 nm) upon UV
radiation (Fig. 3.4(b)).

The band at 1959 cm ™' was observed previously in a neon matrix [37] and
assigned to the v, antisymmetric mode of /-Cs. The band at 1962 cm™ most likely
originates from the occupation of another site in the matrix. The earlier results indicate
that the 570 nm electronic system and the IR band at 1972 cm™' originate from the same
molecule, namely ¢-Cs". Photoconversion of ¢-Cg¢' in the matrix leads to I-Cs. We did
not observe the IR band at 1700 cm™' which was assigned [38] to a neutral cyclic Cq.
This is consistent with the failure to detect the visible spectrum, as discussed earlier.

Another part of the IR spectrum of C¢" trapped in a neon matrix containing CCly
as electron scavenger is seen in Figure 3.4(c) (solid line), and after UV irradiation
(dotted line). The spectra were recorded with the same matrix as for the electronic
spectra of Figures 3.3(a), 3.3(b). Apart from the bands at 1972, 1962, and 1959 cm™
observed with C¢Brg as the precursor, an additional band with a doublet structure (at
2087.3 and 2092.1 cm™") is apparent. One component of this doublet (2087.3 cm™")
vanishes entirely, whereas the second diminishes substantially upon irradiation with UV
photons. In addition, after irradiation the 2043 cm™ band of Cs appears in the IR
spectrum (not shown in Fig. 3.4(c)). From comparison of the traces in Figures 3.4(c),
3.4(d) we can see that the origin band of the electronic transition of /-Cs at 646 nm
behaves exactly as the 2087.3 and 2092.1 cm™' IR doublet. This indicates that the
electronic system with the onset at 646 nm and this IR transition originate from /-Cg' .
Moreover, I-C¢" recombines dissociatively with an electron and forms neutral C; in the

matrix upon absorption of an UV photon.

The fundamental modes in the ground and excited electronic states of /-Cs" and
c-C¢' inferred from the IR and electronic absorption spectra are given in Table 3.2. The

experimental and theoretical electronic transition energies of these cations are also
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TABLE 3.2 Experimental and calculated electronic transition energies and vibrational
frequencies of linear and cyclic Cs".

Cation Electronic T, /eV v Jem™! Mode
state Exp. Calc. Exp. Calc.
I-Cs" X1, 0 2092 20687 Vvi(G3)
(2) °I1, 1.92 257 164 V(1)
1.88°
659 V3(0y)
2146 vi(oy)
XA, 0 1972 2076 vo(b>)
c-Ce"
(2)’B, 2.18 3.08" 630  vy(ay) or vs(ay)
2.39°
1297 vi(a;) or vi(a;)
2092 vi(ay)

*Reference [23], "Reference [36], “Reference [22].

collected there. The normal modes of linear and cyclic Cs' have been calculated by a
discrete Fourier transform [22]. These calculations predict the antisymmetric v4(o;)
mode of I-C¢" and vo(b,) vibrations of c-C¢" at 2068 and 2076 cm_l, respectively. The
calculated vibrational frequencies of the Ce isomers are similar and associated with a

large error.

CONCLUSIONS

Cyclic Cs" is solely formed in the hot cathode ion source with CyBrs as the

precursor, whereas from C¢Cls the cyclic and linear Cs" isomers are produced. The
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linear isomer of C¢  has the 2Hg(—)( ’[1, electronic transition with origin band at 646
nm. Cyclic Cs also absorbs in the visible with origin band at 570 nm for the
(2) 2B2<—X 2A1 transition.

Irradiation of c-C¢" with UV photons leads to the appearance of /-C¢ in a matrix,
whereas [-Cg" fragments to C; as a result of dissociative recombination with electrons
liberated from weakly bonded anions. Linear Cs" reacts with N,O in the neon matrix
whereas the cyclic one is unreactive. The observation and identification of the electronic
transition of /-C¢ and ¢-C¢' in 6 K matrices opens the way for spectroscopic studies of

these astrophysically important ions in the gas phase.
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LINEAR AND CycLIc C," (N=7-9)

INTRODUCTION

Bare carbon molecules and ions have been the focus of numerous experimental
and theoretical studies [1, 2]. They have not only attracted attention as intermediates in
combustion, as building units for fullerenes and nanotubes, but also in astrophysics.
Spectroscopic laboratory data are a requisite for the detection of these molecules in such
environments. C; and Cs have been detected in the envelopes of carbon-rich stars in the
infrared [39, 40] and C; has also been observed in diffuse interstellar clouds by its
electronic transition at 405 nm [41].

Carbon chains of the size C, 5<n<15 were proposed as carriers of diffuse
interstellar bands long ago [42]. However, as the unsuccessful attempt to detect C4 and
Cs [43] shows, the smaller chains cannot be responsible [44]. Because the diffuse
interstellar medium is permeated by a strong radiation field capable of ionizing any
polyatomic species, carbon cations should also be investigated.

Carbon cations have been extensively studied by mass spectrometry with respect
to their structure [11, 45, 46], stability [5-7, 9], and reactivity with small molecules [13,
15-19]. These results led to the conclusion that medium size C,” 5<n<10 species coexist
in the linear and cyclic forms. Theoretical calculations on the structure and energetics of
C," corroborate the experimental results [20-23, 47]. On the other hand, spectroscopic
data are scarce and limited to C," in the gas phase [25, 48] and Cg¢~ and C7o in neon
matrices [26-28]. Recently the electronic absorption spectra of linear and cyclic Cs' in a
6 K neon matrix have been identified [49] (discussed above). The study of the

corresponding spectra of C,” n=7-9 is the purpose of the present work.

EXPERIMENTAL

The experimental approach combines mass selection with matrix isolation
spectroscopy [29]. Bare carbon cations were generated in a hot cathode discharge ion
source (Fig. 2.8) from perchloronaphthalene in a helium buffer gas. The cations were

extracted from the source and guided through a quadrupole mass filter to the matrix.
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The mass resolution was degraded to +2 amu to yield a larger current. The mass-
selected ions were codeposited with an excess of neon onto a rhodium-coated sapphire
substrate held at 6 K. Typical integrated ion charge of C,” deposited was 48, 30, and 17
uC for n=7,8, and 9, respectively. A matrix of ~150 um thickness was grown over a
period of 3 hours. The 220-1100 nm region was then scanned using a waveguide
technique resulting in a 2 cm light path through the matrix. After irradiation with a
medium-pressure mercury lamp (A>305 nm), a common procedure used to eliminate

cations, the spectra were recorded anew.

RESULTS AND DISCUSSIONS

ELECTRONIC ABSORPTION SPECTRA OF C7Jr

C;" was produced from the C;(oClg precursor in the ion source. The electronic
absorption spectrum measured in a neon matrix after deposition of mass-selected C;" is
shown in trace (a) in Figures 3.5-3.7. The 480—-530 and 340—-400 nm ranges do not
show absorptions relevant to C;". In the red part of the spectrum (Fig. 3.5) several new
bands are present. In the visible (Fig. 3.6), apart from the known bands of HC4CI" and
recently identified ones of C4Cl1", a new intense peak at 448.5 nm is discernible. The
strongest absorptions, which likely form four band systems, are observed in the UV
range (Fig. 3.7(a)). There one can recognize two band systems of neutral linear C;. The
two remaining band systems are unique for the C;~ experiment. Neutral C7 is present in
the matrix as a result of the charge neutralization of deposited cations. The bands of
C4Cl" and HC4CI" appear due to the low mass resolution used and because C;(Clg is
contaminated with not fully chlorinated naphthalene.

To distinguish the bands of cations from those of neutrals photobleaching was
carried out. The matrix was irradiated with a medium-pressure mercury lamp with
A>305 nm causing electron detachment from weakly bound anions. The electrons
migrate in the matrix and on meeting cations form neutrals. The spectrum recorded after

UV irradiation is shown in trace (b) in Figures 3.5-3.7, and the systems show different
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b)

Absorbance

a)

550 600 650 700 750 nm

FIGURE 3.5 The electronic transitions of I-C;" (@) and c-C;" (@) observed in a 6 K neon
matrix after codeposition of C;* (produced from C;yCls) with an excess of neon (trace
(a)) and subsequent UV irradiation (trace (b)). The electronic absorption bands of I-C;
(¢) and I-C;~ (v) are also present as a result of the neutralization and capture of

electrons by C;.

behavior: some appear or grow in intensity and others which diminish or vanish.

The bands of linear neutral C; (marked with & in Fig. 3.5) grow in intensity
after photobleaching. The UV section of the electronic absorption spectrum of /-C;
measured previously [50] is shown in trace (c) in Figure 3.7 for reference. The bands
which appear in the matrix upon UV irradiation belong to /-C; (marked with V in Figs.
3.5 and 3.6). This occurs because /-C; captures electrons detached from weakly bound
anions and forms /-C; . The same effect was also observed for Cs [49]. For a better
comparison the spectrum of /-C; obtained when anions were generated from graphite

and deposited in a neon matrix [50], is shown in trace (c) of Figure 3.6.
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Absorbance

400 420 440 460 nm 480

FIGURE 3.6 The electronic transition of c-C;' (@) observed in the visible region after
deposition of mass-selected C;" in a 6 K neon matrix (trace (a)). Trace (b) shows the
spectrum recorded after UV irradiation; the bands which grow in intensity originate
from I-C;". To facilitate the identification of these bands in trace (b), the spectrum of
C;~ (v) obtained previously [50], where anions were produced from graphite in a Cs*
sputter source (Fig. 2.11) is shown in trace (c). Apart from c-C;  the electronic
absorption bands of C,CI", HC,CI" are also present in trace (a) due to the low mass
resolution (£2 amu) used. The spectrum of HC,CI" generated from CsHCls is shown in

trace (d) for comparison.

The bands that decrease or disappear upon UV irradiation originate from cations.
The section of the electronic absorption spectrum of HC4CI" in a neon matrix, produced

from CsClsH, is shown in trace (d) of Figure 3.6 for comparison with trace (a). The
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electronic spectrum of C4Cl1" has recently been studied in a neon matrix and the band at
405 nm in trace (a) (Fig. 3.6) originates from it [51]. Neither C4CI" nor HC,C1™ have
absorptions in the 530-800 nm range and therefore the bands in this spectral region

which diminish or vanish upon UV irradiation originate from c,"

Absorbance

250 275 300 325 nm

FIGURE 3.7 The UV electronic transitions of I-C;' (@) observed after deposition of
mass-selected C;" in a neon matrix (trace (a)). The bands of neutral I-C; are also
present. The bands of I-C; grow in intensity after UV irradiation (trace (b)). Trace (c)
shows the bands of I-C7 obtained earlier [50].

The system with the origin band at 770.1 nm decreases in intensity after

photobleaching. Two other band systems in the spectrum of C;" which lie in the UV

Chapter 3 Carbon chain cations



Linear and cyclic C,* (n=7-9) -97-

range (trace (a) in Fig. 3.7) behave in a similar way, while the systems with the onset at
676.3 and 448.5 nm vanish. One can conclude that the bands which differ in the
photobleaching behavior originate from two structural isomers of C;': the linear and
cyclic one. Such two isomers of Cs" were spectroscopically identified in a neon matrix

[49] (discussed earlier).

890.8 nm

Absorbance

11160 11340 11520 11700 11880 cm’

FIGURE 3.8 The lowest-energy electronic transitions of I-C,” (n=6-8) observed in a 6 K
neon matrix. The spectra are plotted with the origin bands shifted to the same

wavenumber for a better comparison of the shape and vibrational spacing.

The attribution of the observed absorption systems to /-C;" or c-C;' is made on
the following grounds. In the case of the Cs theoretical calculations as well as the

reactivity of the two isomers in neon matrices enabled the I-C¢" and ¢-Cg" systems to be
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identified [28] (discussed above). The bands of these two isomers show differing site
structure and shape, as do the 770 and 676 nm bands of C;'. Specifically the 770 nm
band has a more complex pattern, similar to the one of 1-Cs". This is shown in Figure
3.8, where the corresponding origin band for /-Cg" is included. Furthermore, when the
wavelengths of these three origin bands are plotted versus the number of carbon atoms,
a linear dependence is obtained. This is not the case if the c-C;" origin band at 676 nm,

with a different band shape, is used instead.

Such a linear dependence on the length of the chain is reasonable in view of the

m-electron excitations involved in these transitions. These are dominated by the

configurations ...7°7° «— ...x°7’ X °II for C¢'and Cs' and ... 7’ — ... 2’7’ X I for
C,". In both cases the excitation is between the penultimate-filled 7 molecular orbital
(MO) and the partly filled highest occupied molecular orbital (HOMO). It is not
surprising that the usual particle in a box-type arguments lead to a quasilinear
dependence between A and the number of carbon atoms.

The strongest absorption of /-C;  has an onset at 308.7 nm (Fig. 3.7(a)). Two
other weaker electronic transitions lie at 770.1 and 332.3 nm (1.61 and 3.73 eV). The
two systems with onset at 676.3 and 448.5 nm (1.83 and 2.78 eV) are of the cyclic C;"
isomer.

The assignment to specific electronic transitions will require theoretical

predictions. These are underway [52] but preliminary results show that both for the

linear isomer with X II, ground state, and the cyclic one (X °B, in C,, symmetry)
mixing of the excited states is significant and will require considerable computational
effort. The suggested vibrational assignment of the /-C;" and ¢-C;" systems in Table 3.3
is made by reference to the ab initio calculations of the normal-mode frequencies in the

ground electronic state of C;~ and/or C; [22, 47, 53].

ELECTRONIC ABSORPTION SPECTRUM OF Cg+

The Co" cations were also generated from the C;¢Clg precursor. The absorption

spectrum corresponding to this mass selection is shown in trace (a) of Figure 3.9, and
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trace (b) is observed after photobleaching. Only the strongest electronic transition of Co"
lying in the 350-380 nm region was detected. In the visible range the bands of known
carbon chlorinated species (CsCl, CsCl™ and HCC1") [54] are present and in the UV
those of C4Cl and C¢Cl™ [54] interfere. For this reason the absorption spectra of these
species generated from C¢Clg are also included in traces (¢) and (d) of Figure 3.9
recorded after deposition and after photobleaching, respectively.

A new band system with onset at 371.5 nm, unique for Cy" deposition, is

Absorbance

280 315 350 385 nm

FIGURE 3.9 The UV electronic transition of I-Co' (©) observed in a 6 K neon matrix
after deposition of Co* generated from C;oCls (trace (a)). The known absorption bands
of neutral I-Cy are also seen in the spectrum and these become stronger after UV
irradiation (trace (b)). The spectra of CsCI™ and CsCI (which may also be present) are

shown in trace (c) and (d), respectively; CsCI" was generated from CsCly in this case.
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apparent in the spectrum shown in trace (a) of Figure 3.9. This diminishes after UV
irradiation, and simultaneously the systems of /-Cy in the 275—-340 nm range grow in
intensity. Therefore, the new band system is assigned to an electronic transition of Cy"

(Table 3.3). No theoretical calculations exist on the excited electronic states of this

cation. It is assigned to an allowed transition from the X ZH; state ground state of /-Cy"
based on the behavior of this system with photobleaching, resembling /-C;" more than
c-C;". The bands of ¢-C;" vanish under such conditions. Moreover, /-C;" has the

strongest absorption bands in the UV range.

ELECTRONIC ABSORPTION SPECTRA OF Cg+

Cs" was also produced by dissociative electron-impact ionization of C;oClg. The
absorption spectrum in neon shows a more complicated band structure than for C;" and
extends from 900 nm to the UV (Figs. 3.10-3.12 trace (a)). Two strong bands at 890.8
and 308.1 nm dominate, and numerous weaker bands are apparent.

The spectrum recorded after irradiation with UV photons is shown in trace (b) of
Figures 3.10-3.12. Three band sets can be distinguished. The strongest at 890.8, 308.1
nm, and several weaker ones in the visible and red spectral range diminish. The weak
bands at 639.8 and 564.8 nm and the strong one at 277.2 nm increase in intensity. They
were previously assigned to neutral linear Cg [31, 55]. The well-pronounced band at
791.7 nm, the strong system in the 330-380 nm, and several weaker peaks in the visible

to red region vanish.

Two band systems, which decrease or disappear after photobleaching, are due to
two structural isomers of Cg'. The results of theoretical calculations [22, 56] indicate
that linear and cyclic Cg" have comparable thermodynamic stability. It was presumed
that the band systems which vanish upon UV irradiation originate from a cyclic Cg"
while the ones which diminish from linear Cs". To confirm this mass-selected Cg' ions
were trapped in a neon matrix containing 0.25% of N,O. It is known from gas-phase
[18] and matrix experiments [49] that N,O is less reactive with the cyclic isomer of C,,"

than its linear one.
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FIGURE 3.10 The electronic absorption spectra recorded in a 6 K neon matrix: (a) after
deposition of mass-selected Cs" cations produced from C;yCls; (b) after subsequent UV
irradiation; (c) after deposition of Cs' in a matrix containing 0.25% of N,O; (d) after
subsequent UV irradiation. Peaks assigned to c-Cs" and I-Cs" are labelled with J in
traces (a) and (b). Letters Ao By, Cy indicate the positions of the origin band of the
respective electronic transition of Cs'. The origin band of HCsH' (present as a result of
contamination of C;gCls with not fully chlorinated naphthalene) is marked with # in

trace (a) and * in trace (d) indicates the bands of the reaction product of Cs" with N,O.

The electronic absorption spectrum of Cg™ in the presence of N,O is shown in
trace (c) in Figures 3.10-3.12, and after photobleaching in (d). The matrix was not
transparent below 320 nm due to scattering of the UV light. A large difference is

apparent in the relative intensity of the band systems exhibiting varied photobleaching
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behavior (traces (a) and (c)). This is illustrated in Figure 3.10 for the bands at 890.8 and
791.7 nm being members of two different systems. The intensity of the band at 791.7
nm remains nearly the same as in the experiment without N>O, while the peak at §90.8
nm (and the others that belong to the same system) becomes much weaker. Cg" ions
were generated from the same precursor (C;oClg) and the ion current in both

experiments was similar.

The results of this indicate that the system with the onset at 791.7 nm originates
from the less reactive isomer of Cs', the cyclic one. The transition with the origin at
890.8 nm belongs to linear Cg' (/-Cg'). The results of the photobleaching experiment
(trace (d) in Figs. 3.10—3.12) substantiate this conclusion. The absorption system with
the onset at 791.7 nm vanishes and simultaneously the second one with origin at 890.8

nm increases in intensity after irradiation with UV photons.

N,O plays a dual role in the matrix: as a reactant with Cg" and as an electron
scavenger. In the presence of N,O the neutralization of the cations is suppressed
because the electrons liberated from weakly bound anions are captured by other N,O
molecules and the process repeats after absorption of the next UV photon. Therefore
cyclic Cs' (c-Cg+) decays in a different way after UV irradiation. The growth in
intensity of the /-Cg" bands suggests that this cation is formed as a result of
photoinduced ring opening reaction of c¢-Cg™ in the matrix doped with N,O. This
reaction is also responsible for a more efficient decay of ¢-Cg" than [-Cg" in the

photobleaching experiment in a pure neon matrix (trace (b) in Figs. 3.10-3.12).

Apart from the bands which can be assigned to c-Cs' or I-Cg" in the 550—670 nm
region a medium intensity system with a well-resolved vibronic structure is also seen in
traces (c) and (d) in Figures 3.10 and 3.11. These absorptions are due to the reaction
product of Cg” with O and/or N because it is barely seen in the spectra of Cg" isolated in

a pure neon matrix (traces (a) and (b) in Figs. 3.10 and 3.11).
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FIGURE 3.11 The visible section of the electronic absorption spectra recorded in a 6 K
neon matrix: (a) after deposition of mass-selected Cs'; (b) after subsequent UV
irradiation; (c) in a neon matrix containing also 0.25% of N>O; (d) after subsequent UV
irradiation. The bands assigned to c-Cs" and I-Cs" are labeled with arrows in traces (a)

and (b). The origin bands of the electronic transitions of Cs" are identified by the letters

C 0 D 0,... The bands of the reaction product of Cs" with N,O are marked with ».

To exclude the possibility that the band systems assigned to Cg" originate from
CsCl", cations of mass 96 were produced from C4¢Cls and codeposited with neon. The
UV section of the spectrum relevant to the Cg™ absorption is seen in trace (e) and after
irradiation of the matrix in trace (f) in Figure 3.12. Several bands originate from
chlorinated species (CsCl, CsC1"), whose electronic spectra have been identified in neon

matrices [54].
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The results of the above experiments permit an assignment of the bands in
Figures 3.10-3.12 to the two isomers of Cg'. A more difficult task is to designate the
observed bands to specific transitions. Distinct ones of /-Cg~ with origin bands at 890.8
and 308.1 nm and three of ¢-Cs' 791.7, 382.2 and 336.5 nm can be located. In the
visible range the absorptions of Cg" are particularly complicated (Fig. 3.11). Three band
systems of /-Cg" and two of c-Cg" are found by taking into account the vibrational
spacing and the intensity distribution. The assignment in this spectral region is tentative
due to overlap of the electronic transitions and apparent strong vibronic coupling. The

capital letters with the subscripts mark the bands that belong to the same electronic

transition (e.g. Co being the origin to the C state). Five band systems of /-Cg" and five
of ¢-Cg" have thus been identified (Table 3.3). The numbering and symmetry of the
modes are made by reference to the calculated frequencies of Cg' and/or Cg in the

ground electronic state [22, 53].

[-Cg" and ¢-Cg" (Cy, the optimized geometry) have been studied by the MRD-CI

method [56]. The two isomers have comparable energies with c-Cg" being marginally

more stable. The ground electronic states are X 2Hg for I-Cg" and X 2Bu for ¢-Cg". The
theory shows that considerable state mixing takes place, leading to many electronic
transitions with nonzero oscillator strength. This situation has already been encountered
in the analysis of the electronic absorption spectra of C¢' and there even the highest-
level calculations could not lead to an unambiguous interpretation [36]. It appears that

the situation for Cg' is just as complex.

The lowest energy dipole-allowed transition of /-Cg™ (A« X 2Hg) is predicted
at 1.69 eV with oscillator strength f ~107, with two further systems to the “IT, and *%,”
states with comparable excitation energies. The experiment shows the origin of the first
system at 1.39 eV and four other ones are observed between 1.8 and 4.0 eV. There the
theory predicts 18 electronic transitions of non-zero intensity. Thus there is no point in

trying to make specific symmetry assignment to the identified band systems in the

experiment. The most intense transition, “IT,« X 2Hg, with oscillator strength (f~0.3)
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predicted at 5.45 eV is two orders of magnitude larger than for the systems observed.
Because such a strong band system is not apparent in the measured spectra, it must be
located at wavelengths below 250 nm (i.e., >5 eV), a region not accessible in our

measurements.

a)

b)

Absorbance

240 270 300 330 360 390 nm

FIGURE 3.12 The UV section of the absorption spectra recorded in a 6 K neon matrix:
(a) after deposition of mass-selected Cs'; (b) after subsequent UV irradiation; (c) in a
neon matrix containing also 0.25% of N>O, (d) after subsequent UV irradiation. The
matrix was not transparent below 320 nm due to enhanced UV light scattering. The
bands assigned to c-Cs' and I-Cs' are labeled with @ and ¢ in traces (a) and (b).
Absorptions of CsCl and CsCI" are also present due to the low mass resolution (+2
amu) used. In trace (e) was measured CsCI" produced from CsCls and in (f) after UV

irradiation.
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In the case of ¢-Cg", the lowest energy transition (f ~107) is expected at 0.77 eV, in the
NIR where the waveguide method could not be used. In the region where observations
were made, theory predicts two stronger transitions, 2 ZBg<—5§ ’B, at 1.8 eV and
2Eg<—)~( ’B, at 4.2 eV both with f~107%. The first corresponds to the absorption band

system with origin at 1.57 eV and the second presumably the one at 3.69 eV. However

three further transitions are observed experimentally between these.

TABLE 3.3 Observed bands (£0.2 nm, A in air, v in vacuum) in the electronic absorption
spectra of linear and cyclic C," (n=7-9) in a 6 K neon matrix and the suggested
assignments. The letters given in the last column, refer to the excited electronic states as
shown in Figures 3.5-312.

A [nm] v [em™] A[em™] Assignment
770.1 12985 0 -C;" A-X I, 0)
754.0 13263 278 2vs(my)

332.3 30093 0 B-X 00  (By)
329.7 30331 238 2vs(y)

326.9 30590 497 V(o)

321.6 31095 1002 2v3

318.8 31368 1275 2v5+2vs

308.7 32395 0 C-X 00 (Co)
303.3 32971 576 V(o)

298.5 33503 1108 2v3

294.6 33944 1549 V(o)

290.4 34431 2036 Vi(o,)

286.1 34952 2557 vty

281.6 35509 3114 Vit2v;

676.3 14786 0 c-C;" A-X"B, 0
597.5 16736 1950 vi(a)

593.7 16844 2058

587.5 17020 2234

535.1 18687 3901 2vi(a’)

448.5 22297 0 B-X 0!
429.3 23292 995 va(ay)
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371.5 26918 0 -Co" A-X M, 0

365.5 27360 442 vi(Gy)

360.0 27778 860 2vy

354.7 28193 1275 v3(oy)

347.0 28818 1900 Va(0,)

344.6 29019 2101 Vi(oy)

890.8 11226 0 -Gy A-X7, 0 (A
872.1 11467 241 2v0(my)

852.2 11735 509 V(o)

746.0 13405 2179 vi(o,)

684.8 14603 0 B-X I, 0 (B
601.5 16624 2021 Va(oy) (B))
597.8 16729 0 C-XM, 0 (Cy
532.9 18764 2035 Va(0,) (C))
526.3 19000 2271 (C»)
483.1 20699 3970 2v; (C»)
441.5 22651 5922 3v, (C4)
519.0 19268 0 D-X’, 05 (D)
470.6 21248 1980 V(o) (D))
4293 23295 4027 2v, (D»)
308.1 32453 0 E-X, 0 (Eo
306.0 32675 222 2vi0(mg)

301.9 33127 674 Vi(Gy)

299.9 33350 897 V2V

297.2 33647 1194 2vy

791.7 12630 0 c-Cs+ A-X?B, 0° (Ay)
687.1 14554 1924 vi(ay)

582.6 17164 0 B-X B, 05 (By)
530.0 18763 1599 V)

465.3 21490 0 C-X?B, 02 (Cy
4335 23068 1578 V)

382.2 26163 0 D-X’B, 0. (D)
379.3 26367 204 2v(by)

375.7 26617 454 2v11(by)

3723 26863 700 v3(ag)

368.9 27111 948 va(ay)

360.3 27752 1589 votvs
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356.8
345.9

336.5

333.9
331.1
325.8

28023
28912

29718

29945
30202
30691

1860
2749

227
484
973

-98 -

vi(ag)

\an’)

E-X’B, 0 (Eo
2v(by)

2V11(bu)

va(ag)

The results of the spectroscopic studies on C,” n=7-9 reported here and for n=6

in a section before [49] locate the wavelength range and the relative intensities of their

electronic absorptions.

Additionally the photobleaching experiments permit a

comparison with the transition intensities of their neutral counterparts. Thus gas phase

spectra of these neutral and cation carbon chains are now required.
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LINEAR C¢H" AND CgH"*

INTRODUCTION

C,H are the second longest carbon chains after cyanopolyynes detected in the
interstellar medium [1]. These radicals were observed both in dark molecular clouds [2]
and in the envelopes of carbon rich stars [3]. Despite the higher reactivity of the open
shell C,H species, their abundance in these environments is only slightly lower than the
same sized closed shell H(CC),CN molecules.

The C,H radicals have been extensively studied in the microwave and visible
spectral ranges. Chains up to n<14 were generated in an electrical discharge through a
mixture of diacetylene with neon and identified using rotational spectroscopy [4, 5].
Electronic absorption spectra of C,,H, 3<n<8, have been measured in neon matrices [6]
and in the gas phase up to n=6 using cavity ring down methods [7-9]. The medium size
chains n=2—4 have also been studied using theoretical methods [10-13]. These reveal
two close lying °% and “II electronic states, the latter being the lowest for n>3.

In contrast to the C,H neutral radicals, little is known about their molecular ions.
The reaction of medium size C,H  (n=2-6) with CO was studied using mass
spectrometry [14]. However, only the smallest member of this group CH' has been
characterized spectroscopically [15], which was also detected long ago in diffuse
interstellar clouds by its A 'TI-X 'S" electronic transition [16]. In view of the significant
abundance of the neutral counterparts in the interstellar medium one would also expect
that C,H" should be present. Therefore their spectroscopic characterization is a
prerequisite. This thesis is the first experimental report on the electronic spectra of
linear CcH" and CgH' that have been observed in 6 K neon matrices. No theoretical

study on the electronically excited states for these two cations has been reported.

EXPERIMENTAL
The measurements were carried out using mass selection combined with matrix
absorption spectroscopy [17]. The ions were produced in a hot cathode discharge source

(Fig. 2.8) and accelerated to about 50 eV. The C,H" ions were mass selected with a
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quadrupole and deposited with an excess of neon on a rhodium-coated sapphire plate at
6 K. The resolution of the mass filter was 1 amu to obtain a sufficient current. The
matrix was grown for 2 hours, after which the absorption spectrum was measured in the
220-1100 nm region using a waveguide technique [18] with a xenon arc or halogen
lamp light source, a monochromator, and a photomultiplier or silicon diode detector. To
neutralize charged molecules, the surface of the matrix was irradiated with a medium

pressure-mercury lamp after deposition.

THEORY

The influence of atomic orbital basis sets, active orbitals in CASSCF approach,
and reference wave functions for internally contracted MRCI calculations on the
precision for electronic excitation energy and transition moment was previously
investigated in an extensive theoretical study on Cs [19] (discussed in the previous
chapter). Because most of the excited states have strongly multiconfigurational
character, accurate calculations of these properties in cumulenic carbon chains remain a
difficult problem.

On the basis of the experience with Cq', the following computational scheme
was adapted for C¢H™. The geometry optimizations of several states were performed
with the aug-cc-pVTZ basis set of Dunning [20, 21] and the CASSCF [22] method. The
5-80, 1-4 r orbitals were active for the linear structure and 5—11a;, 2—4b;, 4—7b,, 1-2a,
for the cyclic one. Excitations from lower orbitals were not considered. The following
equilibrium geometries were calculated for the linear structure of C¢H™ (all distances in
A for R; i=1,6, Figure 4.1): X L 1.299, 1.280, 1.263, 1.297, 1.212, and 1.082; 2°%"
1.309, 1.290, 1.267, 1.259, 1.283, and 1.083; 1°TI 1.234, 1.314, 1.223, 1.339, 1.192, and
1.079. In the case of the C,, cyclic structure (R; i=1,4 and angles in degree for a; i =1,3,
cf. Figure 4.1): X'A; 1.067, 1.371, 1.287, 1.313, 131.8, 142.7, and 94.4; 1'B; 1.071,
1.446, 1.292, 1.307, 123.2, 122.4, and 115.0; 1'B, 1.068, 1.358, 1.301, 1.358, 135.5,
142.2, and 118.8. The ground-state geometries of the linear and cyclic ground state of
CeH" from an earlier study [22] are in overall agreement with the present results, though

some bond distances differ by up to 0.048 A.
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FIGURE 4.1 Definition of the coordinates for linear and cyclic CsH'. The calculated

distances and angles for the ground and excited states are given in the text.

The vertical and adiabatic excitation energies were all calculated in the C,, point
group. Four states in each irreducible representation were averaged together in the
CASSCF calculations comprising about 4.3x10° CSF's (triplets) or 2.3x10° CSF's
(singlets) with an active space 5-9¢, 1-57 molecular orbitals for the linear structure. An
active space consisting of 5—11a,, 1-4b;, 4-7b, and 1-2a, molecular orbitals was used
in the case of the cyclic structure. In the calculations of the adiabatic excitation energies
for I-C¢H", the lowest o orbital from the space defined above was closed; for c-CsH" the
active space remained unchanged. All calculations were performed with the MOLPRO

code [23]. More comprehensive information can be found in ref [24].
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RESULTS AND DISCUSSION

ELECTRONIC SPECTRUM OF C6H+

The electronic absorption spectrum recorded after deposition of mass-selected
C¢H™ in a 6 K neon matrix is shown in trace (a) of Figure 4.2. The cations were
generated in the source from pentachlorobenzene, C¢ClsH, as the precursor. A
photobleaching procedure was used to distinguish the absorption bands of cations from
those of neutral species. In this the matrix was irradiated with UV photons (A>305 nm)
and the spectrum was recorded anew, leading to trace (b). Most of the bands seen in
trace (a) increase in intensity after irradiation except for the peaks at 515.8 nm and that
of HC¢H" at 604 nm which both diminish. The bands which increase originate from
known species, namely, linear C¢, CcH and C¢ [25]. To facilitate the identification of
these bands, the previously obtained electronic spectra of /-Cs and /-Cs are shown in
traces (c) and (d).

The origin band of the A 2Hg—X °T1, band system of triacetylene cation, HCsH",
is seen weakly in trace (a) as a result of the limited mass resolution (+1 amu) and the
contamination of the C¢ClsH sample with chlorobenzenes containing more than one
hydrogen atom. /-Cs and C; (at 405 nm) are present in the matrix as a result of
collisionally induced fragmentation of the C4H' cations during deposition. Another
reason for the presence of /-C¢ can be the charge neutralization of Cs', which is co-
deposited with C¢H™ due to the restricted mass resolution. However, the known
absorption [26] of C¢" was not detected.

After irradiation of the matrix, the origin band of HC¢H" and the new distinct
band at 515.8 nm diminish while the /-C¢H bands grow in intensity (trace (b) of Fig.
4.2). The absorptions of /-C¢ increase only slightly and those of /-Cs appear. The
electrons that are detached from weakly bound anions by UV photons migrate in the
matrix and, on meeting cations, neutralize them. This is the reason the /-C¢H bands
become stronger. The neutralization of I-C¢H™ with electrons is an exoenergetic process
and some excited /-C¢H molecules undergo a fragmentation, being responsible for the

slight growth in intensity of the /-C¢ bands upon irradiation. /-Cg does not appear to be
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FIGURE 4.2 The electronic transition of I-CsH' (@) observed in a 6 K neon matrix after
deposition of CsH' produced from CsCIsH (trace (a)) and subsequent UV irradiation
(trace (b)). The electronic absorption bands of I-CsH () are also present as a result of
the neutralization and capture of electrons by CsH'. To facilitate the identification of
the bands in trace (b), the previously obtained electronic spectra of I-Cs and I-Cs~ are

shown in traces (c) and (d).

produced by neutralization of Cs" because its absorption was not detected. Some of the
liberated electrons are captured by molecules with a high electron affinity, e.g., /-Ce.
This process leads to the appearance of the Cq¢” bands (trace (b)).

A small amount of N>,O (0.25%) was added to neon to improve the trapping
efficiency of the C4H™ cations during deposition. The resulting spectrum is shown in
trace (a) of Figure 4.3. A large difference in the intensity of the bands is evident on
comparing traces (a) of Figures 4.2 and 4.3, though the C¢H" deposition ion current was
comparable. The absorptions of neutral species are nearly absent in trace (a) of Figure
4.3 whereas the 515.8 nm peak and the origin of HC4H' become much stronger. These

differences point to a cationic carrier of the 515.8 nm band. The strengthening of the
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cationic absorptions and the weakening of the neutrals’ ones was previously observed in
the study of the electronic absorption spectra of C,” (n=6-9) trapped in a neon matrix

containing N>O [26, 27]. The latter is a scavenger for electrons which are released from

l-CH' HC H’

0.16 | ° / .

Absorbance

0.00 d)

400 450 500 550 600 nm

FIGURE 4.3 The electronic transition of I-CsH' (@) observed in the visible region after
deposition of mass-selected CsH' in a matrix containing 0.25% NO (trace (a)). Trace
(b) shows the spectrum recorded after UV irradiation; the bands which grow in
intensity originate from I-CsH (©). Apart from I-CsH', the electronic absorption bands
of CsH," (%) are also present in trace (a) due to the low mass resolution (1 amu) used.
CsD" was produced from dideuterodiacetylene. The spectrum recorded after deposition

is shown in trace (c) and after subsequent UV irradiation in trace (d).
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metal surfaces by collisions with cations being deposited. As a result the density of free
electrons in the matrix is reduced and the neutralization efficiency of deposited cations
suppressed. Therefore neutral species (/-CsH) are nearly absent in the matrix containing
N,O.

The matrix was then irradiated with A>305 nm photons leading to trace (b) of
Figure 4.3. The bands of HC4H" and the system with the onset at 515.8 nm diminish,
while the absorption of neutral /-C¢H appears. One can therefore conclude that the 515.8
nm band system originates from C¢H'. The oscillator strength of this electronic
transition of C¢H' is estimated to be comparable to that of the 2 [1-X°I1 electronic
transition of /-C¢H, calculated to be ~0.02 [12, 13].

Further experiments have been carried out in which linear and cyclic Ce" were
generated from perchlorobenzene, mass selected, and trapped in a neon matrix
containing 1% of H,. The 515.8 nm absorption band was detectable. It is known from
gas-phase [28, 29] and matrix experiments [26] that -Cs" is more reactive than its cyclic
isomer. Therefore one can expect that linear C¢H'™ was formed in the matrix by the
reaction of [-C¢" with Hy. The above studies on C¢  show that the structure of the
cations depends on the precursor used for their generation. The linear and cyclic isomers
of Cs" were formed from perchlorobenzene, whereas solely the cyclic one from
perbromobenzene [26].

In the next experiment cations of mass 74 were generated from
dideuterodiacetylene precursor. The spectrum recorded after deposition is shown in
trace (c) and after subsequent UV irradiation in trace (d) of Figure 4.3. The A 2l'[g—le'Iu
system of HC¢H" and the band of C¢D" around 515 nm are observed, both having the
same mass. Trace (c) is scaled by factor of 0.2 to obtain the same intensity of the origin
band of HC¢H" (5 in traces (a),(c)) for a better visual comparison.

After A>305 nm irradiation the bands of the cations diminish and the /-C¢D
system grows in intensity (trace (d) of Fig. 4.3). Trace (d) was normalized to the
intensity of the origin band of /-C¢D for comparison with plot (b). The origin bands of
I-C¢D and C¢D" are shifted to the blue by 1.6 and 1 nm with respect to the I-C¢H and
C¢H' species, respectively. The I-C¢D/ I-C¢H gas-phase shift is 1.424 nm [8].
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These results indicate that only one isomer of CsH(D)" with the band origin
around 515 nm was observed in a neon matrix irrespective of the precursor (C¢CIsH or
DC4D) or of the production method (electron impact ionization or the reaction of I-C¢"
with H,). This suggests that it is the linear C¢H(D)". The electronic absorption spectrum
of this cation is simple and comprises the 515 nm origin and three weaker vibronic
bands. Their assignment in Table 4.1 is made by comparison to the calculated
vibrational frequencies of /-C¢H [13].

[-C¢H" is isoelectronic with I-Cg. The ground-state electronic configuration of
I-Cgis ... 17, 66,2 70'g2 lﬁg4 272, which leads to a X 3Zg_ electronic ground state [30].
I-C¢H™ has a lower symmetry with configuration ...17' 120 27 13¢* 3. The
hydrogen atom in this cation will mostly affect the energy of the ¢ orbitals. The main
difference in the electronic spectra of /-Cg and /-CsH" will be caused by a promotion of
electron from the 12¢* and 130” orbital. The strongest (1) ¥« X 32gf electronic
transition of /-Cs with the onset at 511 nm [25] results from the 17,27, excitation.
One can also expect that the corresponding 27—3 7 promotion will be responsible for
the electronic transition of I-C¢H" in the similar spectral range. Indeed, the origin band
of the /-C¢H" (515.8 nm) absorption system lies close to the (1) *Z, «X 3ng electronic

transition of /-C¢ (origin at 511nm).

THEORETICAL PREDICTION FOR C(,H+

Previously it was shown that for the linear structures there is a low lying °II state
close to X °" in Cg or X" (130—37) in C¢H [13]. This state has been detected
experimentally for C¢H 0.18 eV above the X “IT state [31]. In the present CASSCF
calculations on C¢H" the two states lie even closer (Fig. 4.4); at equilibrium geometries
the *I1 state is predict to lie lower than *X~ by 0.04 V. It is calculated that due to strong
changes of the m orbital system the transition 2°II «— 1°TI with 7,=2.36 eV has a large
transition moment of 3.2 debye. To obtain a more reliable estimate on the relative
positions of the ground state, RCCSD(T)/cc-pVQZ calculations were performed at the

optimized geometries of the lowest *II, *X", and 'A, states, in which all 24 valence
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electrons were correlated. The cyclic X1A1 state is found to be 0.51 eV more stable than
the linear X %, and 0.84 eV more stable than the °II state. The electronic ground state
has *Y~ symmetry in the linear geometry. At higher energies the multidimensional

potential energy surfaces of both triplets can exhibit avoided crossings and vibronic

couplings.
3
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FIGURE 4.4 CASSCEF vertical electronic excitation energies for linear and cyclic CsH'
relative to the RCCSD(T) energy of the X *X~ (linear) state at its equilibrium geometry.
The strengths of allowed transition are indicated by vw=very weak, w=weak, s=strong,

and vs=very strong.

The pattern of CASSCF vertical excitation energies for the triplets and singlets
of the linear and cyclic structure of C¢H' is shown in Figure 4.4. These are plotted

relative to the RCCSD(T) energies for equilibrium geometries of the X *X~ or X'A,
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states. The strongest transition in the linear triplets is *X <X *% calculated at 2.92 eV
(adiabatic 2.77 eV) with a moment of 1.48 debye. This energy difference is higher than
the experimental value of 2.4 eV due to the missing electron correlation contribution in
the present ansatz. The *TI«—X L~ transition at 2.39 eV vertical excitation (adiabatic
2.24 eV) has only a small moment of 0.02 debye and thus cannot be responsible for the
rather intense feature detected experimentally. Similarly, the 1'B;«—X'A; transition at
2.39 eV (adiabatic 1.82 eV) has a smaller moment of 0.43 debye. Hence the pattern of
allowed transitions advocates the assignment of the band at 515.8 nm to the linear
isomer. The schemes of the electronic states of linear C¢ and its protonated form CeH'
are analogous, although the ordering differs for higher energy states. The largest change
in the ground states is the strong distortion of the C¢H™ cyclic form relative to the

neutral Cg ring.

ELECTRONIC SPECTRUM OF CgH"

CsH' was produced in the ion source from a mixture of diacetylene with helium
(1:3). The known absorptions of linear CsH with the onset at 631 nm [6] and a weak
band system of tetraacetylene cation, HCgH', with the origin at 714 nm [17] are present
in trace (a) (Fig. 4.5). The I-CgH bands grow in intensity while the peaks of the HCgH"
diminish substantially upon UV irradiation (trace (b)).

Apart from /-CgH and HCgH", a new band system with the origin at 628.4 nm is
discernible in trace (a). This absorption diminishes upon UV irradiation similarly as the
ones of HCgH'" (trace (b)). The new band system partially overlaps with the absorption
of 1-CgH. Trace (c) shows the spectrum obtained after subtraction bands of /-CsH. Two
absorptions with origin at 628.4 nm and one at 564.5 nm (i.e., 1802 cm™' to higher
energy) dominate in this spectrum. These bands have a peculiar intensity distribution
because they are equally strong but no overtone transition around 512 nm (2x1802
cm™") could be detected.

To check whether these bands belong to one or two isomers of CsH', an
additional experiment was carried out. CsH" was trapped in a neon matrix containing

N,O (0.25%) as the electron scavenger and reactant of CgH'. Trace (d) (Fig. 4.5) shows
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the absorptions after deposition and trace (e) after irradiation. No absorptions of /-CsH
are present in trace (d), which indicate that the neutralization of CgH" was completely
suppressed. The bands at 628.4 and 564.5 nm are clearly seen in trace (d) and they
diminish upon irradiation (trace (e)). Although these peaks are weaker than in trace (a),
their relative intensity remains the same as in the experiment without scavenger. These
results suggest that the 628.4 and 564.5 nm bands originate from the same isomer of

CsH". Apart from the bands of CgH", a strong absorption of HCgH is also observed in

0.30

0.24

b)

HC H*
v
DN/
v
T T

0.18

Absorbance

0.06

d)

0.00 e)

T T T T
495 540 585 630 nm 700 720

FIGURE 4.5 The electronic transition of I-CsH' () observed after deposition of mass-
selected CsH' in a 6 K neon matrix from diacetylene (trace (a)). Trace (b) shows the
spectrum recorded after UV irradiation; the bands which grow in intensity originate
from [-CsH (©). Trace (c) shows the spectrum obtained after subtracting bands of I-CsH.
Trace (d) shows the absorptions after deposition of CsH' in a neon matrix containing
N>0 (0.25%), and trace (e) was obtained after irradiation. v indicates the bands of
I-CsH,".
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trace (d). The intensity of the HCgH" absorption is much higher than in trace (a), due to
a lower mass resolution used in this experiment and/or consumption of CsH' in the
reaction with N,O in the matrix. The linear isomer of CgH' is expected to be more
reactive than the cyclic one.

The origin band of CgH™ (at 628.4 nm) lies very close to that of the (1)°L, —X
3Zg_ electronic transition of the isoelectronic /-Cg, at 639.8 nm[6]. Because CgH'™ was
produced from the linear precursor (HC4H) one can expect that the linear geometry will
be preserved in the CsH' cation. Thus it is concluded that the new band system with the
onset at 628.4 nm is due to the Y —X *Y~ electronic transition of I-CsH". The oscillator
strength of this transition is about two times smaller than for /-CgH with the onset at 631
nm [6].

The wavelengths of the observed absorption bands in the electronic spectrum of
I-CgH" are given in Table 4.1. The vibrational assignment is based on the theoretical
calculations for /-Cg [32]. The calculated ground state frequencies of /-Cg and those
observed in the excited electronic state of I-CgH' are in reasonable accord. The
numbering of the modes differs: I-CgH" has three more vibrations than /-Cg (one of o
symmetry (v1) around 3000 cm™' and two doubly degenerate 7 modes). The band at
564.5 nm corresponds to the vs vibrational excitation in the 3~ electronic state of
I-CsH'. Two weaker bands (trace (c)) correspond to the g vibration and the
combination with the vs mode.

Traces (a) of Figures 4.5 and 4.6 were recorded in the same experiment. Trace
(b) represents another experiment in which the ion current was lower, and the bands are
therefore weaker. They vanish after UV irradiation (trace (c)). Trace (d) was recorded
after deposition of CgH" with an admixture of N,O. The bands seen in trace (d) are very
weak similar to those of I-CsH" shown in visible part (Fig. 4.5). None of the absorption
peaks in trace (d) of Figure 4.6 originate from HCgH" because the visible bands of this
cation are much stronger than in trace (a). Thus the rich absorption system seen in trace
(a) of Figure 4.6 is due to -CgH".

One can distinguish four electronic transitions of /-CgH™ in the UV spectral

range (trace (a) of Fig. 4.6). The clear origin bands of these are at 379.3, 327.8, 314.1,

Chapter 4 Carbon chains terminated with a hydrogen atom



Linear CeH*and CsH* -118-

and 267.1 nm. and they are marked with capital letters B—E in Figure 4.6. The strongest
E-X °% [-CgH" lies close to the (2) =, -X 3Zg_ transition of the isoelectronic /-Cg
molecule (at 277.2 nm) [30]. A weaker °I1,—X 3ng system of /-Cg lies at 303.6 nm.
I-CgH" has one, or two, partially overlapping electronic transitions (C and D) in this

spectral region.

Absorbance

A b)

0.04 —
c)
0.00 - M'/\/\‘WM\/M\NVJ\AAM d)

T T T T T T T T T T T T T T T
240 260 280 300 320 340 360 380 nm

FIGURE 4.6 UV electronic transition of I-CsH ' observed in 6 K neon matrices generated
from diacetylene. Traces (a) was recorded in the same experiment as trace (a) of Figure
4.3. Trace (b) represents another experiment in which the ion current was lower. Trace
(c) shows the spectrum recorded after UV irradiation. The spectrum recorded after
deposition of CsH" with an admixture of N;O is shown in trace (d). Letters A, B, D, C, E
indicate the positions of the origin band of the respective electronic transition of

I-CsH™.
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TABLE 4.1 Observed bands (0.2 nm) in the electronic absorption spectra of I-CsH',
I-CsD" and I-CsH' in 6 K neon matrices and the suggested assignments®.

Species A [nm] vem™] Alem™] Assignment
I-CeH™ 515.8 19387 0 0! (1)*2 =X %"
500.0 20000 613 Ve
489.8 20416 1029 Vs
469.7 21290 1903 vy
I-C¢D" 514.8 19425 0 0y (1)’ -X’s"
499 .4 20024 599 Vs
469.7 21290 1865 Vs
I-CgH™ 628.4 15913 0 0! (1)’ =X’%"
610.2 16388 475 Vs
564.5 17715 1802 Vs
549.1 18212 2299 vstvs
379.3 26364 0 09 B-X %"
372.2 26867 503 Vs
357.9 27941 1577 Vs
355.1 28161 1797 Vs
351.9 28417 2053 vy
349.2 28637 2273 Vstvg
346.5 28860 2496 Vvatvs
327.8 30506 0 0y C-X"%"
323.0 30960 454 Vg
318.0 31447 941 Vs
314.1 31837 0 0} D-X’z"
309.2 32342 505 Vg
304.7 32819 982 Vs
299.9 33344 1507 Vs
296.7 33704 1867 Vs
292.6 34176 2339 Vstvg
289.1 34590 2753 vs+vs
285.3 35051 3214
281.7 35499 3662 2vs
267.1 37439 0 0! E-X %"
263.6 37936 497 Vs
253.7 39417 1978 vy
250.4 39936 2497 Vvatvs
242.7 41203 3764 2vy
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* The letters in the last column refer to the excited electronic states indicated in Figures 5 and 6. I-C4H:
(o) v;=3457, v,=2137, v;=2105, v,=1895, vs=1224, vs~650 crn_l; (7) vg=567, v¢=570, v;;=397, v;;=210,
v;,=93 cm™' [13]. [-CsH: (o) 2168 (u), 2144 (g), 2032 (g), 1770 (u), 1404 (g), 979 (u), 516 (g) cm™"; ()
706 (g), 584 (u), 413 (g), 264 (u), 160 (g), 65 (u) [26]. *-tentative.

CONCLUSIONS

The >3 =X ¥~ electronic transitions of linear C¢H" and CsH' in the visible spectral
region are close to those of the isoelectronic C,, n=6,8, carbon chains with oscillator
strength similar to ones of /-C,H, n=6,8. Several electronic transitions in the UV range
of I-CgH" are also observed, and the strongest at 267.1 nm has a counterpart in the /-Cg
spectrum. The identification of the electronic spectra of these astrophysically important

species in neon matrices is a good starting point for gas-phase studies.
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CHAPTER 5. SULFUR SPECIES

X V'=0

This chapter is a slightly modified form of the article published in:
Shnitko et. al., Chemical Physics
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ELECTRONIC TRANSITIONS OF S,” AND S5~

INTRODUCTION

Sulfur and its compounds are of interest from a fundamental point of view as
well as in terrestrial and space environments. S and S, have been observed by the
Hubble Space Telescope in the volcanically driven atmosphere of Jupiter's moon Io [1,
2]. Photochemical models predict that the vapor of the Pele-type volcanoes may contain
sulfur clusters up to Sio [3]. These are also thought to play a role in the photochemistry
of Venus lower atmosphere [4, 5] and in the circumstellar shells of carbon-rich evolved
stars [6].

Sulfur has more allotropes than any other element [7, 8]. The smallest S, n=2-8
neutral species were studied by Raman [9-12], infrared [13], microwave [14, 15] and
optical spectroscopy [16-21] in the gas-phase and noble gas matrixes. The S, anions
have also been the goal of numerous experimental [22-36] and theoretical studies [35-
40]; however most of the works concern S, and S;™. These species isolated in alkali
halide or silicate matrices have been characterized by means of electron spin resonance
[22-24], Raman [25-29], and optical spectroscopy [25, 27-32]. In addition to the matrix
experiments, photodetachment processes of gaseous S, and S;™ have been investigated
[33, 34]. The photoelectron studies of S,” n=4—11 have revealed that the most stable
isomers are ring-like up to Ss™, chain-like for Sg~ and So~ whereas S¢~ and S;~ can occur
in both forms [35, 36].

The spectroscopic data which are the most relevant to the present work come

from the emission and absorption of S, embedded in alkali halide crystals [27, 28, 30,

31] and absorption of S; in such crystals and basic solvents [25, 41]. S, is

characterized by a distinct band system with the onset at ~500 nm [31]. S3™ has a strong
broad absorption with a maximum around 620 nm [25, 41], and is responsible for the
blue colour of the mineral lapis lazuli and synthetic ultramarine [32].

In this chapter the electronic absorption spectra of S, (n=2,3) isolated in neon

matrixes are reported. Though these spectra agree with the reported ones in crystals,
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they reveal a rich vibrational structure and are more suitable for comparison with

theoretical calculations due to the less interacting nature of the neon environment.

EXPERIMENTAL

The absorption spectra were recorded following mass-selective deposition in
neon matrices using the described instrument [42]. Sulfur anions S, n=2,3 were
produced from a mixture of CS; with argon in a hot cathode discharge source (Fig. 2.9).
Ions were then extracted, deflected by 90°, and selected with a quadrupole mass filter.
They were codeposited on a 6 K cold surface with an excess of neon over a period of ~3
hours. The substrate was a rhodium coated sapphire plate that was cooled by a closed
cycle helium cryostat. The temperature was measured and controlled with a silicon
diode sensor and a 25 W heater.

Absorption spectra of the species embedded in solid neon were recorded in the
220-1100 nm range using a single beam spectrometer which consists of a xenon or
halogen light source, monochromator, and detector (photomultiplier or silicon diode).
The light was passed parallel to the substrate surface in a waveguide mode [43]. The
matrix samples were then exposed to filtered radiation (A>305 nm) from a medium
pressure mercury lamp and the spectrum was recorded again to distinguish transitions of

neutral species and ions.
RESULTS AND DISCUSSION

LINEAR S,

The electronic absorption spectrum in a neon matrix recorded after mass-
selective deposition of S, is shown in Figure 5.1. This band system vanishes after
irradiation of the matrix with a medium pressure mercury lamp (A>305 nm) which

indicates its ionic origin, while a strong band system of the S, molecule appears in the
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FIGURE 5.1 The A “IT,—X 217g electronic absorption spectrum of S,” in a 6 K neon
matrix. Vertical bars indicate zero phonon lines (discussed in the second chapter of this

thesis) of the vibrational mode excited in the upper state.

UV part of the spectrum. Figure 5.2 shows this known [17] B *Z, «X 32g_ transition of
S,. Thus the new band system seen in Figure 5.1 is ascribed to the S, anion.

The spectrum of S, comprises a number of alternately distributed narrow and
broad bands. The narrow ones lying to low energy are the zero-phonon lines (ZPL), as
already noted [44]. The broad ones are the phonon side-bands. Each ZPL has a shoulder
~33 c¢m™! to higher energy. The first narrow structure in the phonon side-bands lies ~82
cm' above ZPL and the following peaks are spaced by 30—40 cm™' from each other.

This pattern is quite regular and is seen in almost all the vibrational bands of S, except
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FIGURE 5.2 The B *3, X 32g_ electronic absorption spectrum of S, in a 6 K neon

matrix produced from S;” upon UV irradiation.

l'is due to N,", formed

for the three highest energy ones. The band around 25000 cm™
during the matrix growth by the collision-induced ionization of residual N, in the
system.

ZPLs and the narrow structures on the phonon side-bands are regularly spaced in
the spectrum of S,". The positions of these bands fit well a second order polynomial as a
function of the vibrational quantum number v. The first weak broad band at 21487+5
cm ' is genuine, though ZPL is not seen in this case, because it lies exactly in the
position predicted (21491 cm™) from the parabolic fit for the phonon side-bands. This
weak broad band is the origin of the electronic transition. The ZPL of the origin band of
S,” is not seen in the spectrum and is likely buried in the noise of the spectrum. The

position of ZPL of the origin band at 21407 cm™' is estimated from the fit for all

Chapter 5 Sulfur species



Electronic transitions of Sy and Sy -130-

observed ZPLs. The spectroscopic constants 0'=328.4+1 and w'xo'=2.4+0.1 cm™' in
the excited electronic state of S,~ were also determined from this. Positions of the

observed ZPLs with their suggested assignment are given in Table 5.1.

TABLE 5.1 Positions of the zero-phonon lines (ZPL) (#0.2 nm) observed for the
MTe—X 217g transition of S, in a 6 K neon matrix.

Species A/nm viem™ Av/em™ Assignment

S, 467.1 21407* 0 0-0
460.2 21730 323 1-0
453.4 22056 649 2-0
447.0 22371 964 3-0
440.9 22681 1274 4-0
435.0 22989 1582 5-0
429 .4 23288 1881 6—0
4239 23590 2183 7-0
418.8 23878 2471 8-0
413.9 24160 2753 9-0
409.0 24450 3043 10-0
404.5 24722 3315 11-0
400.0 25000 3593 12-0

* 0'=328.4%1, m¢'xg'=2.410.1, ©.,/=331%1.2, m.x.=2.43+0.08 crn"l, V.o were determined from the
parabolic fit ( v= v0_0+m0'*v—mo'x0’*v2) of the observed ZPLs.

Disulfur anion was extensively investigated by its emission spectrum in alkali
halide crystals held at cryogenic temperatures [27, 28, 30]. The emission is composed of
numerous bands in the 500-900 nm region reflecting the vibrational excitation in the
ground state. Two series of sharp ZPLs are seen in the spectra of S, and they result
from the crystal field splitting [27, 28]. The energy of the 0—0 transition as well as "
and ®o"x¢" spectroscopic constants for both sublevels were determined from the

position of these ZPLs. The 0-0 band of the lower energy series lies in the
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19455-20468 cm™ range in KI, Rbl, Nal, KBr KCl crystals [27, 28]. The ground state
vibrational frequency ®," increases from 599 to 623 cm™' among this series. The ®"
value (600 cm™), determined from Raman studies, is close to the one inferred from the
emission spectrum (599 cm™) for KI [28].

S, dissolved in a KI crystal held at 2 K was also studied by absorption
spectroscopy [31]. Numerous weak structured bands were observed. The sharp peaks
occurred in pairs separated by ~80 cm™, and by 320-360 cm™ to the next ones. The
spacing decreases to higher excitation energy. The pairs of sharp bands were interpreted
as two series of ZPLs reflecting the crystal field splitting in the excited state electronic
levels of the anion. The derived 0—0 transition is 20027 cm™ and is in a good agreement
with the value obtained from the emission studies (20028 cm™) [27, 28]. The upper
ground state sublevel of S, located at 575 cm’! above the lower one in a KI crystal was
not populated at 2 K and, therefore, the lower energy 0—-0 transition derived from the
emission spectrum (19455 cm™) and associated with this sublevel could not be
observed. The my' and we'x¢' spectroscopic constants in the excited electronic state of S,
in the K1 crystal were determined as 362 and 2.0 cm™ respectively [31].

The w0, ®¢' and m¢'x' spectroscopic constants of S,” in alkali halide crystals can
be compared with the results of the present studies. The 21407 cm™ origin band of S, in
a neon matrix is 1380 cm™ blue shifted [31]. In the halide crystals the environments
interact more strongly than a neon matrix; it is particularly true for ionic guest species
which are more stabilized in the crystal field than neutral molecules. The series of
higher energy bands, ~80 cm™' spaced from ZPLs in the absorption spectrum of S, in
K1, is also seen in the spectrum of S, in a neon matrix. These are the phonon side-
bands on which the sharp features are imposed. The ionic crystal environment has a
smaller effect on the energy of the vibrational levels than for the electronic transitions.
The o' frequency in the excited electronic state of S,” changes from 362 to 329 cm™' on
passing from KI to a neon environment.

The wo'=362 cm™' value in the excited electronic state of S,™ in KI [31] differs
considerably from m("=599 cm™" in the ground state. The wo" frequency of S~ in a neon

matrix is yet unknown. However, it will not differ much from the value in a KI crystal.
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A large difference in the frequency of the vibrational mode in the ground and the
excited electronic states of S, reflects the change of the SS bond length upon the
excitation, becoming longer. This has also an influence on the appearance of the
electronic spectrum and explains the weak origin band and a long progression. The
electronic spectrum of S, (Fig. 5.1) resembles the spectrum of neutral S, (Fig. 5.2), and
the vibrational frequency of S; in the X 32g_ ground (wo"=723 cm_l) and B 3Zu_excited
state (wo'=431 cm™") differs considerably to the anion values [45].

The ground and several lower lying excited electronic states of S,” have been
investigated by a multireference configuration interaction method [38]. The strongest
electronic transition from the X 2Hg ground state was predicted to the A °I1T, state. The
potential energy curves of these electronic states are shifted considerably. The
calculated equilibrium bond length in the X 2Hg state is 0.2019 nm and it increases to
0.2365 nm in the A “II, state. Therefore the weak origin band and a long vibrational
progression are expected in the absorption spectrum of S,". The strongest vibrational
band will correspond to the vertical transition from the equilibrium geometry of the
ground state of this anion. The predicted vertical transition is 3.12 eV (25172 cm™) [38].
The maximum intensity in the spectrum of S, in a neon matrix is not well defined but
lies in the 23100—24100 cm™ range. Hence the calculations overestimate the energy of
the vertical transition of S, by 0.13—0.26 eV. The 0—0 transition of S, in a neon matrix
lies at 21407 cm™. This value is ~ 0.27 eV smaller than the calculated one (19232 cm™)
[38]. The correction for the zero point energy difference between the ground and excited
state is +0.02 eV and the expected shift from a neon matrix to the gas phase is ~ £0.03
eV. The calculations predict well the frequency of the vibration [38] ®w.'=340 cm™ in the

A 2Hu state of S,” compared to the experimental value w.'=331 cm’™.

LINEAR S3~

S;” was produced from CS; in the hot cathode discharge source. The spectrum
shown in Figure 5.3 was recorded after a 3 hour deposition of mass-selected Ss’,
resulting in a total current of 60 uC. A medium intensity band system observed in

550-700 nm region consists of many peaks which decrease in intensity after UV
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FIGURE 5.3 Electronic absorption spectrum of S;” in a 6 K neon matrix recorded after

mass-selective co-deposition with neon. A bimodal intensity distribution results from the

overlapping C’4,¢ X’B; and (D or E) « X B, systems of S~ (see text).

irradiation of the matrix with a medium-pressure Hg lamp with a cut-off filter (A>305

nm). A new band system then appears in the 360-420 nm range (Fig. 5.4). This is

similar in appearance to the known electronic transition of neutral S; in an argon matrix

[18]. The 550770 nm band system is attributed to the S;~ anion because neutral S;

appears after UV irradiation of the matrix.

In the past, S;~ anion was studied in solutions and melted salts. The blue color

which develops after heating sulfur with water and basic salts is due to S;~ [41]. Blue
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FIGURE 5.4 The A 'B,«X'A; electronic absorption spectrum of S; in a 6 K neon

matrix produced from S3 upon UV irradiation.

solutions are also formed after dissolving sulfur and alkali polysulfides in solvents like
dimethylformamide and dimethyl sulfoxide. The color of ultramarine and lapis lazuli
minerals also originates from S;~ [24, 29, 32], and have been investigated by visible,
UV, infrared, Raman, and electron spin resonance spectra [41]. The spectrum of such
solutions exhibits of relatively strong but structureless band in the 500—750 nm region
with a maximum around 610-620 nm [25, 41]. This falls in the spectral region where
the new absorption system is observed in this work, but revealing a well resolved
vibrational structure (Fig. 5.3) due to the more inert neon environment.

A bimodal intensity distribution of the absorption bands is seen in the spectrum
of S5~ (Fig. 5.3). The maxima of these two distributions are spaced by ~960 cm™'. The

701.3 nm band of the lowest energy in the spectrum of S5~ (Fig. 5.3) is the origin of this
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transition. The bands to higher energy correspond to vibrational excitation in the upper
state and are associated with the totally symmetric fundamental modes of S; .
Theoretical calculations on S;~ confirm its C,, nature in the ground electronic state [39],
S;~ ion possesses two fundamentals of a; (529 and 216 cm™") and one of b; (557 cm™)
symmetry. Excitation of these modes is responsible for the rich vibronic structure of
Figure 5.3.

A long progression with a 460 cm™' spacing is observed. Another progression
~180 ¢cm™! is also seen. These correspond to the two fundamentals v; and v, of S3. The
energy of the v; mode in the excited electronic state of S;~ differs from the calculated
one for the ground electronic state (529 cm™') and from the experimental frequency of
S;” in alkali halide crystals determined from the Raman studies (531 cm™) [26].
Nevertheless, the energy of the v; mode (450 cm™) in the 'B, excited electronic state of
S; in an argon matrix [18] is close to v; of S5

A congestion of the vibronic bands in Figure 5.3 results from the combinations of
the v; and v, modes. However, not all of the bands in this spectrum are due to these,
which can explain only the lower energy part. The maxima of the bimodal intensity
distribution of the vibrational bands in the spectrum of S;~ are spaced by 960 cm™'. The
higher energy part of the spectrum is associated with the next electronic transition of
S;”. Analysis of the vibrational pattern in this region reveals two totally symmetric
fundamental modes of 177 and 446 cm™' energy, which form overtone and combination
bands. The 619.1 nm peak (Fig. 5.3) is the origin of this second electronic transition.
The suggested assignment is given in Table 5.2.

Theoretical calculations using coupled-clusters and multireference CI methods
have been carried out for the low-lying electronic states of S;~ in C,, and D3,
symmetries [40, 46]. The ground state is predicted to be *B;. The energies of the three
low-lying electronic states ( Ksz, §2A1, (szAz) are calculated to be 1.66, 1.75 and

2.09 eV above the ground state, respectively. The dipole allowed excitations from the

)~(2B1 ground state to the ]§2A1 and EZAZ states are characterized by differing
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TABLE 5.2 Positions of the Band Maxima (0.2 nm) Observed for the C ZAge X 2B1 and

(D or E )« X ’B, Electronic Transitions of S; in a 6 K Neon Matrix.

Species A/nm v/em™ Av/em™ Assignment

S; 701.3 14259 0 00 C’A,« X’B,
692.4 14443 184 Vs
684.1 14618 359 2v
679.1 14725 466 Vi
670.6 14912 653 Vt+w
663.3 15076 817 V+2w
660.2 15147 888 2v;
658.7 15181 922 2w
652.4 15328 1069 w2y
651.1 15359 1100 2vitvy,
643.8 15533 1274 2vit2 v
641.4 15591 1332 nt2v;
639.8 15630 1371 3
636.4 15713 1454 2v+3w
634.2 15768 1509 ntwt2y
632.5 15810 1551 3vitwy
627.5 15936 1677 nt2vnt2y
625.6 15985 1726 3v+2w
624.2 16021 1762 2nt2v;
622.0 16077 1818 4w
620.8 16108 1849 n+t3nt2y;
617.6 16192 1933 2vitwnt2w

615.3 16252 1993 4vitv,
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614.0 16287 2028 Vit 2 1
608.9 16423 2164 4v+2 vy
604.6 16540 2281 51

598.4 16711 2452 5vtw
619.1 16152 0 00 (D or E)«X"B
612.4 16329 177 v

605.7 16510 358 2vy

602.5 16598 446 v

599.9 16669 517 31

596.3 16770 618 v+ s
590.7 16929 777 V2 v,
586.9 17039 887 2

580.8 17218 1066 2v+w
571.9 17486 1334 3n

566.3 17658 1506 vt
555.5 18002 1850 3131
550.2 18175 2023 3vt+4 v
542.6 18430 2278 4v+3 vy
537.4 18608 2456 4vi+4 vy

transition moments, the former being by about a factor of 40 smaller than the latter [40,
46].

Therefore, the band system with the energy of the 0) band (1.77 €V) observed
in the present work (Fig. 5.3) is assigned to the C %A, « X ?B; transitions of this anion.
The calculations [46] predict also next two A, and ’B, electronic states which are

accessible from the X B, state by an optical excitation and they lie above the C2A,
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state. Therefore the next band system with the origin band at 619.1 nm could be

transition of ones of these (IN) or E) states. The complexity of the structure above

16000 cm™' can also be the result of state mixing.
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A high-resolution gas-phase spectrum of a molecular absorption band around 604 nm is assigned as
due to an electronic transition of a nonlinear CgH, " planar species starting from its *4" electronic
ground state. The spectrum is observed in direct absorption by cavity ringdown spectroscopy
through a supersomc planar discharge through a mixture of acetylene in helium. The spectrum has
a clear rotational and K-type structure. This allows an accurate determination of the B and C
rotational constants and an estimate for the 4 rotational constant in ground and electronically excited
states. The resolved spectrum of the fully deuterated species CgD, ™ has been obtained as well. The
results are compared both to the outcome of ab initio geometry optimizations and low-resolution

absorption spectra in 6 K neon matrices obtained after mass-selective deposition.

© 2003

American Institute of Physics. [DOI: 10.1063/1.1575736]

I. INTRODUCTION

In recent yvears many experimental studies have been re-
ported presenting high-resolution spectra of pure and highly
unsaturated carbon chain radicals. Microwave,! infrared.®
and UV-VIS spectra™® are available both from matrix and
gas-phase studies, all of them having in common that the
major part of the observed geometries is linear. Even for very
long chains, such as HC,,H (Ref. 5) and HC ;N (Ref. 6),
linear structures have been found. Theoretical studies, how-
ever, predict for longer chains cyclic structures as well.” In
the case of Cp3, for example, theory® predicts a cyclic
ground-state structure, but the experimentally observed IR
spectrum is clearly that of a linear chain® A reason for this
discrepancy might be simply that the experimental
techniques—supersonic jet expansions or matrix deposition
experiments—{avor the production of linear species, because
large-amplitude bending motions (that are necessary to close
the ring) are frozen in the production process. A similar situ-
ation might apply to the interstellar medium, where many
linear carbon chain species already have been identified and
the number of cyclic structures is still rather limited.!”

In this work the electromic spectrum of a member of a
so-far-unstudied class of carbon chain radicals is presented: a
nonlinear and noncyclic species. The spectrum was observed
more or less accidentally around 604 nm when scanning for
coincidences with diffuse interstellar band features in a hy-
drocarbon plasma. The observed spectrum has a clear rota-
tional and K-type structure. Simulation of the spectrum al-
lows an accurate determination of the molecular constants of
the carrier. Study of the partially and completely deuterated
species gives information on the number of (equivalent) hy-
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drogen atoms. Final identification becomes possible follow-
ing semiempirical and ab initio geometry optimizations for a
number of species. These indicate that the band at 604 nm is
due to the carbon chain cation CgH," with a nonlinear
H-C=C-C=C-CH=CH," planar molecular geometry.
This is confirmed by the observation of their transition in the
absorption spectrum obtained after mass-selective deposition
of (_‘.Sll‘,J' ions generated in a hydrocarbon plasma ina 6 K
neon matrix.

Spectroscopic data for species of the form Cslld[ “ are so
far missing. Only a photodissociation study has been re-
ported i which CgH, ™ was generated following a ring open-
ing reaction in cyanobenzene "' Tn the latter study geometry
optimizations are reported using MNDO calculations, which
result in a series of equilibrium structures for the cation in
which the heat formation of the possible acyclic structures is
about 150 kImol ' lower than that of benzene-type struc-
tures. Among these is a geometry that is confirmed in the
present study, a linear noncyelic structure that is very close
to the geometry proposed for the neutral species:
l-ht:xcl'u:-fi,S-diynt:.”"3

Il. EXPERIMENT

The experimental method has been described and uses
cavity ringdown (CRD) spectrometer samphing a supersonic
planar plasma.!® The plasma is generated by a discharge
through a gas pulse (—300 V., 30 Hz repetition rate) of a
0.5% C,H, (and/or C,D,) in He mixture with a backing pres-
sure of 10 bars in the throat of a 3 em =100 pm multilayer
slit nozzle geometry. Rotational temperatures of the order of
20-40 K are routinely achieved. The nozzle is mounted in an
optical cavity where the expansion is intersected approxi-
mately 2 mm downstream by the pulsed light of a tunable
dye laser (resolution 0.15 cm ™). The light leaking out of the
cavity is detected with a photodiode, and the resulting ring-
down event is used as input for a standard ringdown

© 2003 American Institute of Physics
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FIG. 1. Band observed at 604 nm using CRD spectroscopy through a su-
personic planar plasma expansion. The rotational and K-type structure that is
observed experimentally (top trace) can be simulated with a rotational tem-
perature of 40 K. using constants derived from geometry optimizations for
the nonlinear planar and noncyelic CgH," carbon chain cation (second
trace). The assignment is indicated in the figure and further illustrated by
stick diagrams of each individual £,. Lines marked with X are due to
another carrier.

analysis.'® A spectrum is recorded by determining an aver-
aged ringdown time as a function of the laser frequency and
calibrated by simultancously recording an iodine spectrum.

Ill. RESULTS AND DISCUSSION

The CRD gas-phase spectrum of the band around 604
nm is shown in Fig. 1. A series of overlapping rotational
transitions is observed as well as a K-type structure (K

0-=7). typical for a nonlinear species. Using C,D; instead
of C,H, yields a 67 cm ™' blueshifted spectrum with nearly
identical spectral features. as shown in Fig. 2. This indicates
that the carrier is of the form C,H,, or C,H,, "% In order
to determine the values for » and m. a C,H,/C,D, mixture
has been used. A low-resolution scan. in which mainly the
strong peaks for K =0 and 1 will be visible. gives five broad-
bands including bands originating from fully H- (16 546
cm ') and fully D- (16 613 cm ') substituted species. Three
remaining bands located at 16 500 cm™" (a). 16 560 cm ™'
(b), and 16 595 cm ' (c) are due to partially deuterated spe-
cies. From this it can be concluded that m = 4: the a, b, and
¢ bands correspond to species with one, two. and three D
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R-branch K,=01234 5 6 7 8

Q-branch K, =1234 5

16616 cm™”

16608 16610 16612 16614

FIG. 2. Spectrum for the fully deuterated CgD," species, blueshifted by
approximately 67 cm ™" with respect to the CgH, ™ cation. Lines marked with
X are due to another carrier.

atoms, respectively. The one-, two-, and threefold-deuterated
species should have four. six. and four peaks by statistical
arguments, but three, four, and three peaks are observed.
This indicates that two of the four hydrogen atoms are rather
similar.

The rotational analysis of the spectra with C.H, and
C,D, as precursors allows the determination of the number
of carbon atoms () in the chain. The stick diagrams (Fig. 1)
show how the observed spectrum can be dissected into rota-
tional transitions belonging to individual K values. The P
branch consists of a series of transitions that are closely over-
lapping. causing some fluctuations in overall intensity. but
which give a good indication for the value of B" (C"). The
change in rotational constants upon electronic excitation is
reflected by a change of line distances. particularly for higher
J levels on the P branch and gives values for B (C'). The
R-branch region consists of a series of unresolved bands with
clear bandheads corresponding to K=0-7 as indicated in
Fig. 1. The distance between the bandheads is a good indi-
cation for the value Ad—AB=(A"—A")—(B"—B"). and
the intensity ratio can be used to estimate A", The O-branch
bands are rather weak and cannot be assigned directly. The
overall pattern indicates a rotational temperature of the order
of 40(5) K.

The spectra of C,H," (C,D,"") can now be rather well
reproduced with rotational 5 and ' constants of the order of
0.045 cm ' (0.040 cm™') and an A constant of approxi-
mately 1.2 cm™' (0.9 cm™') using waNG."” In view of the
available constants for different kinds of carbon chain radi-
cals determined in previous studies'* " this makes it very
likely that » =6 or 7. Therefore possible equilibrium struc-
tures have been calculated for isomers of C,H,'"’ and
C;H4{_} (and fully deuterated isotopes) using MOPAC
(Ref. 21) (PM3/UHF). The structure that gets closest to
the observations is that of the nonlinear chain
H-C=C-C=C-CH=CH, (Fig. 3) for which 4" = 1.230
em ', B"=0.0465 cm ™', and C"=0.0448 cm ™. This struc-
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FIG. 3. Optimized molecular structure of C,H, " using ab initio calculations.
The bond lengths are given in A

turc corresponds to one of the geometrics calculated in
Ref. 11 and is close to the previously proposed geometry
of the neutral C;H,. Other isomeric structures vield sets of
substantially  different constants, particularly for the
fully deuterated species. whereas the corresponding
D-C=C-C=C-CD=CD," gives A4"=0.889 cm ', B"

0.0414 cm ', and C"=0.0395 cm ', close to the simu-
lated values for the spectrum observed here.

In order to improve the geometry optimization ab initio
calculations have been performed using GAMEss.* In previ-
ous work ROHF/6-31G** calculations have been reported
on the isomerization of C;H, radical cations.” An identical
method is applied here to C;H, . Rotational constants of
CeH," were determined using the ab initio optimized struc-
ture with bond lengths and angles as indicated in Fig. 3. The
resulting constants are summarized in Table I and are close
to the MoprAC results. as may be expected. The simulated
spectrum, using the ab initio results. is plotted in Fig. 1 both
as stick diagrams for individual K values and as an overall
spectrum with an assumed resolution of 0.05 cm™'. The cal-
culated and observed spectra match very well apart from
minor intensity deviations and a few lines that may belong to
another carrier.

At this stage. however. two points remain unclear. First,
it is not possible to discriminate between the neutral and
cationic species from the rotational analysis alone. However.
the neutral C H, is a closed-shell system and as a conse-
quence it is unlikely that a strong electronic band is found at

TABLE I Observed and calculated lecul of CgH," and
CeDy "
CH,” D"

Obs,” Ab initic® Obs.® Ab initie®
A" 1.24 1.217 0.89 0.889
B" 0.0467  0.0471 0.0416  0.0420
il 0.0449  0.0453 0.0400  0.0401
A -4 0.0767 0.0450
B’ 0.0452 0.0403
c! 0.0434 0.0387
(A'-A")—(B'-B")" 0.0782 0.0463
Ton 16 544.980 16611.91

"Expected errors of the rotational constants are 0.1 em ' in A4 and 0.001
em ' in B and C, whereas 0.0006 em ' and 0.001 em ™' for B—C and
(A'~A")~(B'~B"). Expected erors of Ty are 0.01 em ™' for C;H, and
0.1 em™! for C;D; .

"Equilibrium values,

“Assuming 8'-B"=C"'-C".
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a rather low energy of 604 nm. In this case electronic tran-
sitions are expected in the UV. Indeed. the experimental con-
ditions are in favor of a charged species. Second, it is not
clear whether the band observed here is the origin band or a
band that involves excitation of a vibrational mode in the
upper electronic state—even though such bands are generally
rather weak:” i.e.. the origin band may be redshifted by a few
thousands cm . The change in rotational constants upon
clectronic excitation is minor and reflects a small clongation
of the molecule in the upper electronic state. It is hard to
conclude from these values that no vibrational excitation is
involved. However. the present band is close to the well-
studied and closely related A :Ilg—_\' 211, electronic origin
band transition of the linear triacetylene cation (C;H, ') that
has been located at 600 nm.** In analogy with the latter
system. which is due to a transition from a ar:frz to a
COLE, 17:: configuration. it is very likely that the upper state of
the observed band of the nonlinear C;H,” will have 24"
symmetry. In this case the origin band of C;H; " is expected
to be rather close to that of C;H, ", as is observed.

Proof comes from a mass-sclective matrix study that was
performed following the gas phase analysis. This experiment
combines mass selection and matrix isolation spectroscopy
and has been described.” The C.H . (CyD,") cations were
produced from a  phenylacetylene—deuterated-2.4-
hexadiyne—) helium mixture in a hot cathode discharge
source. A 90° deflector and a quadrupole mass spectrometer
are used to steer the ion beam onto the matrix. where the
mass-sclected ions are codeposited with excess of ncon at 6
K. The absorption spectra are recorded by guiding mono-
chromatized light (0.1 nm bandpass) through the matrix onto
a photomultiplier. The resulting spectra for matrices prepared
with mass of C;H, or C;D,  are shown in Fig. 4. Two
strong bands arc observed. one around 609 nm and one
around 585 nm, for C;H, . No strong bands are observed to
lower energy: i.e.. the band at 609 nm corresponds to the
origin band. The main structures to the blue of the dominant
peaks (609 nm for C;H, " and 606 nm for C,D, ) are matrix
artifacts. site structure. The 114 cm ™' blueshift of the gas-
phase spectrum with respect to the matrix band at 609 nm is
typical for a chain of this size and in this frequency regime.’
The band at 585 nm is due to another isomer of C;H, . since
the relative intensity of the two bands varies strongly with
different precursors. Upon deuteration the band at 609 nm
shifts by 62(3) cm ' to the blue—i.c.. close to the 67 cm !
shift observed in the gas phase upon deuteration. The band
observed at 585 nm in the matrix only shifis 17(3) cm 1
upon deuteration. Subsequent neutralization of the trapped
species by irradiation of the matrix with a medium-pressure
mercury lamp leads to the disappearance of both bands. This
confirms that the carrier of the 609 nm matrix and the 604
nm gas-phase carrier is a C;H,  cation. as was concluded
from the gas-phase spectrum,

IV. ASTROPHYSICAL RELEVANCE

All the spectroscopic information is in favor of the iden-
tification of the band observed at 604 nm as due to the
24"-X 4" electronic origin band transition of the nonlinear
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6|20 B‘IllJ 600 5?0 5?0 nrr]

C¢D,*

o

1
17200 cm’

T T T T

T T T T T
16200 16400 16600 16800 17000

FIG. 4. Electronic absorption spectra of C,H,” (upper trace) and C;D,”
(lower trace) measured in 6 K matrices after codeposition of mass-selected
cations with excess of neon. The bands at 609 nm 1::{‘{'_‘6H_|1 and at 606 nm
of C;D, " correspond to the gas-phase spectra shown in Figs. 1 and 2. The
weaker bands at 600 and 591 nm for CgH, " and 599 and 590 nm for C,D, "
(indicated by ) exhibit an identical chemical behavior as the 609 nm band
on CgH," and the 606 nm band on C;D," and are due to transitions to
vibrationally excited levels in the upper 24" state. The bands at 585.3 and
584.7 nm of CgH," and C,D," are due to another isomer.

planar H-C=C-C=C-CH=CH, " carbon chain cation.
The inferred rotational constants may guide a search for this
species by millimeter-wave spectroscopy to allow a more
accurate geometry determination. This is of interest as the
number of microwave studies of carbon chain cations is still
rather limited.”® It furthermore would make a radio-
astronomical search for this species in dense interstellar
clouds possible. The optical spectrum obtained here allows a
comparison with the available lists of diffuse interstellar

10K

_‘-‘-'ALU-LU‘AA_ISOK

T T T T

T T T
16520 16540 16560 cm’
FIG. 5. Artificial DIB spectrum (Ref. 27) in the 604 nm range (lowest trace)

and the simulated CgH," spectra for 10, 40, and 150 K (upper three traces).
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band (DIB) pcfsilions_:?':3 A comparison with the hitherto
reporied DIBs shows that there exists an overlap between the
band observed around 16 545 cm ' and a broad DIB [full
width at half maximum (FWHM) ~14 c¢cm '] reported at
16 537.3 cm ™. In order to check whether this discrepancy of
8 cm ' might be due to a temperature effect. a comparison
has been made between an artificial DIB spectrum in the 604
nm range and the C;H, ™ spectrum for low (10 K). interme-
diate (40 K), and high (150 K) temperatures (Fig. 5). Al-
though it is clear that for higher temperatures the spectrum of
the nonlinear C;H,  might start filling up the broadband
around 16 545 cm ™', it is hard to account for the difference
in intensity of the P and R branches. This is not reflected in
the DIB spectrum,
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Abstract

The 12A% — XA electronic tansition of the B, molecule with orgin band at 5990 cm™" has been observed in a 6 K neon
matri. A vibrational progresion in the spectrum coresponds to the excitation of the vif4) ) vibmationsl mode in the 17 AL state
with a frequency of ~1092 cin™". The band system was detected after laser ablation of a boron rod and the orign band also after
massseloctad deposition of BY agions with subsequent neutralization.

@ 2005 Elsevier BV, All dghts maerved.

1. Introduction

Structure and properties of boron dusters are inter-
esting for fundamental science. Boron 1s the only ele-
ment except carbon that can bwild maolecules of any
size by covalent bonds, and there are a mumber of appli-
cations [1,2], Mevertheless, even molacules as small as B,
are spectroscopically not thoroughly investigated. The
first study of By was by ESR (3] followed by IR spectros-
copy [4] both in rare gas matrices. A previous publica-
tion reported the 1°E' «— XAl and 27E' — X34
electronic transitions of B; in a 6 K neon matrix 5]
The rotatiomally resolved origin band  of  the
2 XPAL transition has been measured since then
in absorption in the gas phase and analyzed [6]. Ab ini-
tio calculations on the ground and excited electronic
states of Ba are avalable [57]. In the present work the
12AY «— XA electromic transition of Ba has been ob-
served for the first time m a6 K neon matrix.

" Comespanching authar. Fax +41 61 267 38 55,
Ematl address | p masen@um bes ch (1P Mae).
! Permanem address: Institute of Physics, Polish Academy aof
Sciences, Al Lotnikow 3286, P1ODGAE Wamaw, Poland.

OOR2A] 45 - s fromt matier & 2005 Ekevier BV, ATl rights reserved.
dotli 1016 oplen. 200501081

2. Experimental

The main features of the experimental set up have
been described (). Two approaches were used to pro-
duce boron clusters: one with a cesium sputter ion
source and the other by laser ablation. Horon rod
{99.6% purity) with a natural isotopic composition was
used as a target for the laser vaporzation, B0, LaB,
and BN rods were used as well.

A slowly rotating sample rod was installed ~10cm
from the matrix substrate. A 53Z-nm pulsed Yag laser
heam, -3 ml, 20 Hz, was focused on the rod. A mx-
ture of ionic and neutral ablition products was co-
deposited with excess of neon {or argon) onto a
sapphire substrate coated with rhodium and cooled
to o bcmp:raturc of 6K. Spectra m the 1100-
12000 em™" range were recorded after sampling the
neon matrix by a Fourier transform spectrometer
applying a double reflection technigue. The light beam
reflects from the metal surface of the substrate on
which the ncon matrix sits, then from a mirror into
the matrix agam and back from the substrate
Acbsorption spectra in the 201100 nm region have
heen  measured by passing monochromatic  light
through the matrix in a wave-guide manner [
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In order to assign the observed band system, experi-
ments with mass-selected boron anions, produced in a
cesium sputter source [10] 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 rom neutral molecules by deflecting
the beam through 90°. The B; ions were mass selected
and co-deposited with excess of neon to form a matrix
at ~6 K. A typical current of B; impinging on the ma-
trix was ~3 nA. This technique allowed the deposition
of B; exclusively but it was not possible to obtain a high
concentration of neutral B; in the matrix.

Neutral B; was produced by irradiation of the matnx
with a mercury medium pressure lamp during ~30 min.
An important procedure was annealing up to 8.5 K
making the neon matrix softer and thus allowing relax-
ation of the trapped molecules to their energetic minima
{and even some reactions to proceed).

3. Observations

Several new bands were seen after laser vaporization
of the boron rod in the infrared (Fig. 1), in addition to
the previously reported 1°E — X?Al and 2°E' —
X*A| absorption systems of the B; molecule [5,6] and
those of the B and B, species [11-13] in the visible and
UV. The new system comprises three peaks, separated
by ~1092 cm ! with origin band at 5990 cm ' (Table
1). This was seen after vaporization of B4C and LaBg
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
1s not likely due to a boron and hydrogen (common

Absorbance
e
8

0.02-

0.01- z
1 o

0.00 M

8500 8000 7500 7000 6500 cm’?
Fig. 1. The 17A] — X°A] electronic absorption spectrum of B; in a
6 K neon matrix after laser vaporization of a pure boron rod. The
band marked with = is due to an unknown impurity.

Table 1
Positions of the band maxima (+0.2em™") in the 1°A] — X?A]
electronic transition of By in a 6 K neon matrix

-1 1

v(cm™) Av (cm™) Vibrational transition
5990 0 0§
7085 1095 1}
§169 2179 1;
L L L} Ll L}
0.3 4 o; :
8 x50
S 0.2
2
Q
2
e
0.1 4 u: 4
0.0 __//‘/J\__ﬂ

T b4 T ) T T . T
6200 6100 6000 5900 cm’
Fig. 2. The origin band of the 1°A] — X?A] electronic absorption of
B: in a 6 K neon matrix after laser vaporization of a pure boron rod
{lower trace), and after mass-selected deposition of By with subsequent
neutralization by UV irradiation (upper trace  multiplied by a factor
of 50 and smoothed),

impurity) containing species. When 1% of hydrogen
was introduced into the matrix (Ne/H- ratio of 100/1)
the intensity of bands remained the same. The absorp-
tion band at 6268 cm ™' (marked with *) is due to an un-
known impurity. Its intensity depended on the rod used.

Fine structure of the bands is due to matrix site ef-
fects. 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 anneal-
ing to 8.5 K intensity redistribution is observed. The
site-pattern is different when argon is used as the matrix.

Mass selected deposition of B followed by neutral-
ization led also to the appearance of the 5990 ¢cm™
absorption band (Fig. 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 8169cm™" corresponding to vibrational
excitation in the upper electronic state were not ob-
served in the mass-selected experiment due to a low sig-
nal to noise ratio. It is concluded that the observed
system with the origin band at 5990 cm ! is an elec-
tronic transition of Bs.
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4. Discussion

It is theoretically established that Bs has an equilat-
eral triangle structure (Dyy, group) with *A| symmetry
in the ground state with electronic configuration
{1a))’(1e)* (1a7)*(2a})" [5,7.14]. The only excited states
accessible from the ground state by electric dipole tran-
sitions are %Ay and 2E’. The electronic transitions
1?E" — X2A] and 2?E' — X?A] of B; in a neon ma-
trix have been studied earlier [5]. The ab initio calcula-
tions predict that the transition to the lowest excited
state with A symmetry lies at ~6300 cm™'; in an ear-
lier calculation 7000 cm™" was obtained [7]. These are
energetically in good agreement with the observed origin
band (Fig. 1). Consequently the new absorption system
is assigned to the 1?A5 — X?A] dipole-allowed elec-
tronic transition of Bs.

B has been studied by photoelectron spectroscopy
[14] giving the vertical detachment energies of 2.82 and
3.56¢V to the B; final states X?A] and 1°A}. The
0.74 ¢V (~6000 cm~!) difference between these is also
in agreement with the present observations.

Equilateral triangular B; molecule has two normal
vibrations: a and e’. Only transitions to the totally sym-
metric vibrational levels of the upper state {12A%) are al-
lowed from the X*A| ground state, the solely populated
level at 6 K. Hence the bands at 7085 and 8169 cm !
{Table 1) are assigned as the first two members of the
progression structure associated with the al normal
maode excitation in the upper 1?A state. The v;{a!) fre-
quency is thus inferred to be 1092+ 3cm™?, in agree-

ment with the analysis of the photoelectron spectrum
[14] of B; which yielded the value 1130 £ 30 cm ™",
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Electronic absorption spectra of C4Cl, CgCl*, C5CL and CsCl™ have been recorded in 6 K neon matrices. The
bands observed are assigned to the B 21— X 21T electronic transition of CeCl, 327 — X 3% of C6Cl7, and
PET = XX of GCIF with band origing at 545.8, 527.4, and 226.1 nm, respectively. Two electronic band
systems are apparent for CsCl and these are tentatively assigned to a ?IT =— X 2T] transition with a band
origin at 247.1 nm and to 7 - X 2] at 332.3 nm. For each of the four molecules, several transitions due
to the excitation of vibrational modes in the excited electronic states are observed. The spectral assignments
in each case are based upon the observation of clear, vibronic progressions with sppropriate spacing for C—C
and C—Cl stretching modes and by comparison with the absarption spectra of the isoelectronic sulfur-terminated

carbon chains.

Introduction

A number of neutral and ionic carbon chain molecules have
been studied by expenmentalists and theoreticians due to thetr
proposed roles as intennediates in various temestrial chemical
reactions and their established presence in arcumstallar and
interstellar bodies.! Laboratory-based rotational spectra have
proved integral to the identification of these molecules and their
electronic spectra may finally lead to the assignment of the
carriers of the diffuse interstellar baods. In recent years, carbon
chaing terminated by second row elements, such ag 8i, P, and
3, have received increasing attention since several short chains
of this type have been positively identified in space.?

Chlorine-terminated carbon chains are also candidates for
astronomical detection, although to date, the only chlorine-
containing molecules to be observed are (HCIY and a small
number of metal chlorides (AICY, NaCl, and KCY in interstellar
and circumnstellar enviromments, respectively. The formation of
C-Cl bonds under interstellar conditions is thought to be
feasible by reaction of HC with C* or by reaction of HyCl*
with C to produce CC1T in both cases ™8 It has been proposed,
on the basis of an ab initio study,” that the product of the latter
reaction is actually HCCIT, which is a precursor of the CCl
dimer, More recently, ab initio calculations have predicted the
formation of the tnatomic chain C;Cl by dissociative recom-
bination of HS,CLT formed via the reaction of CHT and HCLE
As aresult of these studies, it is expected that these molaculas,
along with longer C,Cl chains and their comesponding ions,
are promising candidates for interstellar observation.

To date, the CCl radical is the most extensively studied of
these species in the laboratory and spectra have been reported
in the microwave,” infrared,’®™1% and ultraviolet regions 13712
Emission spectra of the CCI™ cation have also been reported!®
and rotationally analyzed.)” The triatomic radical C,Cl was
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recently investigated by using a combination of microwave
speciroscopy and ab inifio calculations *® The results of this
study support the presence of strong vibronic coupling between
the ground (P and first excited (*11) electronic states resulting
in a bent molecular geometry. Earlier ab initio caleulations
simitady predicted a simall energy separation for the two lowest
states but had their ordering reversed.1%2

Recently, ground-state electronic structres and vibrational
frequencies have been estimated for the C,Cl, C,ClY, and C.01~
{sr = 1-73 series, using DFT {B3LYP)22? For all but C3Cl,
the lowest energy structures are predicted to be linear or
quasilinear chains terminated on one end by the chlorine atom.
In the case of CCl, geometry optimization calculations suggest
that the ground-state structure is a cyelic triatomic carbon ring
with an exocyclic chlotine 2By} although quasilinear (A" and
linear (*11) structures lie approximately 12 ki/mol higher in
energy.? For the larger species, the caleulated C—C bond
distences suggest that the most important valence structures are
curnulenic although the observation of bond length alternation
suggests that polyynic ones also comtribute. For each of the
C,Cl neutral species, the ground state corresponds to a doublet
state electronic configuration and the lowest lying quartet state
is more than 150 kJ/mol higher in energy. The n-even C,Ci™
cations have triplet ground states while the n-odd clusters are
singlets. The C,C1™ anions are characterized by singlet ground
states for all vaiues of » (with the exception of CC1 which is
3%} although the r-odd species also possess low-lying triplet
states. Furthernmore, a pattern of alternating stability of the
molecules was reported depending on the parity of »# For the
C,C1 cations, the s-odd chains are predicted to be more stable
than the #-even ones, while for the neutral and anionic
counterparts, the trend is reversed. These results can be
rationalized in terms of the corresponding electronic configura-
fions (orbital occupancies). Spectroscopic investigations of
chlorine-terminated carbon molecules thus provide a useful test
of thesa theoretical predictions, and furtharmore, a comparison
with known spectra of carbon chains with other second row
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elements at the end may establish interesting periodic trends in
their molecular properties.

In this paper, we report the first spectroscopic study of CsCl
and C¢Cl and their cations, CsCI™ and C¢CI™, using mass-
selective neon matrix isolation spectroscopy. The band assign-
ments of each molecule are based upon the observation of clear
vibronic progressions of C—C and C—Cl excited state stretching
modes which are slightly smaller than those predicted for the
ground state from ab initio calculations as expected.?! The
spectral assignments are further verified through comparison
with the bands reported earlier for the isoelectronic C,S and
C,S™ species (n = 5, 6).2*

Experimental Section

The electronic absorption spectra of the C,Cl and C,CI* (n
=5, 6) species were recorded following mass-selective deposi-
tion in neon matrices.?> A gas mixture containing the appropriate
precursor was prepared by passing helium over a heated sample
of solid CsCly or liquid CsCle. From these respective mixtures,
a series of C4Cl,," and CsCl,," cations were produced, along
with the corresponding neutral and anionic species, using a hot
cathode discharge source, and the cation beam was focused and
directed into a quadrupole mass filter by using a series of
electrostatic lenses.2® The singly chlorinated carbon cations were
mass-selected and ion currents of 25 and 18 nA were obtained
for C4CI™ and CsCI™, respectively. The cations were deposited
simultaneously with neon on a rhodium-coated sapphire sub-
strate over a period of 3 h to produce a 6 K matrix. The sample
was irradiated with monochromatic light from halogen and
xenon arc lamps with beams running parallel to the substrate
surface. The absorption spectra of the trapped species were
recorded between 220 and 1100 nm, using photomultiplier and
silicon diode detectors. Following exposure to UV light (~5.4
eV) from a medium-pressure mercury lamp, the same spectral
region was rescanned to identify the absorptions of the corre-
sponding neutral species, C¢Cl and CsCl. During co-deposition
of neon and the mass-selected cations, positive charge is quickly
built up in the matrix and subsequent cations are repelled. These
cations collide with nearby metals surfaces and liberate electrons
which are electrostatically attracted toward the positively
charged neon matrix and recombine with the cations to form
neutral molecules. These electrons also form weakly bound
anions with impurity molecules in the matrix. After UV
irradiation, the electrons are photodetached from these weakly
bound anions and netralize the remaining cations.

Results and Discussion

(a) C4Cl and C¢CI™. After mass selection, C¢Cl™ was co-
deposited with an excess of neon to form a 6 K matrix and the
electronic absorption spectrum of this sample was subsequently
recorded. As shown in Figure 1, two clear vibronic band systems
are observed in the visible spectral range between 470 and 570
nm. The higher energy band system disappeared after irradiation
with UV light and is consequently attributed to the C¢CI™ cation.
The remaining band system is assigned to the C¢Cl neutral.

For linear C4¢Cl, the ground-state electronic configuration is
doublet X ?T1...57° and electronic excitation to the first excited
state involves promotion of an electron from a lower energy
orbital to the 5 orbital. In the case of the linear C4CI™ cation,
the ground state is described by a triplet X 3=~...572 electronic
configuration and the first excited state is likewise expected to
involve excitation to the 57 orbital. The electronic absorption
spectra corresponding to the lowest energy transitions of both
CoCl and CoCI™ are therefore expected to arise from electronic
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Figure 1. Electronic absorption spectra of the B IT — X *I1 electronic
transition of C¢Cl and the 3=~ < X 32~ electronic transition of CsCI™
recorded in a 6 K neon matrix. The upper trace shows the bands which
remain after UV irradiation of the sample which are assigned to the
C6Cl neutral radical. The middle trace is the spectrum of the same
sample before UV irradiation and contains absorptions due to both the
neutral and cationic species. The lower trace is the difference between
the first two traces multiplied by a factor of 2 for better visualization.
The peaks which point downward are those that vanish after UV
exposure and are thus attributed to CsCl™.

TABLE 1: Positions of the Band Maxima (+0.2 cm ™)
Observed for the B 2IT — X 2IT Electronic Transition of
C¢Cl in a 6 K Neon Matrix

A/nm P/em™! Av/em™! assignment
545.8 18322 0

533.7 18737 415 6(')

523.0 19120 798 6;

510.9 19573 1251 6,
499.7 20012 1690 3

489.0 20450 2128 1y

479.3 20864 2542 15 65
471.3 21218 2896 1, 6;

excitation within the bonding manifold and the band origins of
these two species are anticipated to be similar in energy. This
is supported by the observation of two band systems in Figure
1 within 18 nm of each other in the visible region, one of which
disappears after UV irradiation.

The band centered at 545.8 nm in Figure 1 corresponds to
the band origin of the B [T < X 2II electronic transition of
CsCl. The position of the observed band maximum of CeCl is
comparable to that attributed to the analogous transition of the
isoelectronic C¢S™ anion at 608 nm in a neon matrix.2* This
result is reasonable because these electronic transitions pre-
dominantly involve electronic excitation within the 7-bonding
systems of the carbon chains. The terminal chlorine and sulfur
atoms make small contributions to the s-systems via donation
of some electron density to the carbon chains, and thus it is not
surprising that the band origins differ by 62 nm. It is also
interesting to note that the position of the band origin of C¢Cl
is only 16 nm higher than that observed for the B 2IT — X 2I1
transition of C¢H in a neon matrix, which was reported at 530
nm.2’

Analysis of the vibrational structure of the B 2IT — X 2IT
electronic transition of C¢Cl reveals the excitation of three
vibrational modes as indicated by the list of the observed band
positions in Table 1. These modes essentially correspond to
stretching motions of the C—C bonds (v}, v3) and to the C—Cl
stretch (v6) in the excited electronic state of C4Cl as well as to
several overtone and combination bands. The experimentally
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TABLE 2: Positions of the Band Maxima (£0.2 cm™")
Observed for the X~ < X 3X~ Electronic Transition of
CeCI" in a 6 K Neon Matrix

A/mnm Plem™! Av/em™! assignment
5274 18961 0)

515.7 19391 430 6,

504.3 19829 868 6;

480.0 20833 1872 2}

476.1 21004 2043 1",

470.1 21272 2311 206,

determined vibrational frequencies are lower in energy than the
calculated values for the ground electronic state?! (v; = 2194,
v; = 1917, and v = 441 cm™!) as expected since the electronic
transition in question corresponds to promotion of an electron
to an orbital with a greater number of nodes.

The peak centered at 527.4 nm in Figure 1 is assigned to the
band origin of the 3£~ < X 3%~ electronic transition of the
linear C4Cl™ cation. For the isolectronic C¢S molecule, the
observed band origin in a neon matrix for the analogous
transition lies 47 nm to the red at 574.2 nm.>* The blue shift of
the chlorinated species relative to the isoelectronic sulfur-
containing species is slightly smaller for the C¢CI™ cation (47
nm) than for the CsCl neutral (62 nm), suggesting that the former
has more energetically similar electronic states to C¢S than the
latter has to C¢S™. Ab initio calculations involving population
analysis of the C,CI™ cations suggest that the positive charge
is mainly carried by the carbon chain in these species but that
a certain degree of & donation from chlorine to the chain
produces a small positive charge on the terminal chlorine atom.?!
In effect, the positive charge is, to some extent, spread over the
entire molecule resulting in electronic states with energies
comparable to those of the neutral CsS molecule.

The vibrational structure of the C¢Cl™ cation is similar to
that observed for the neutral molecule and the positions of the
band maxima of the assigned modes are listed in Table 2. As
with CeCl, the experimentally observed frequencies are lower
than the calculated ground-state values’! (v, = 2153, v, = 2139
and v = 488 cm™!) as expected for such a 77—z transition. A
comparison of the observed spectrum with the vibrational modes
reported for the isoelectronic C¢S species (v = 2081, v, =
1863, and v = 452 cm™')?* shows agreement within tens of
wavenumbers for each of the observed modes. Furthermore, the
vibrational frequencies of C¢Cl™ are similar to those of CsCl,
which suggests that there is little difference in their excited-
state geometries upon electronic excitation to these particular
states. Ab initio predictions suggest that for the ground electronic
states of these molecules, the v mode (essentially the C—Cl
stretch) is slightly larger for C¢Cl™ than for C¢Cl and the
optimized geometry of the ground state of the cation predicts a
shorter C—CI bond distance (1.583 A) compared to that of the
neutral (1.626 A).2! The vibrational frequencies extracted from
the present experiment seem to support a similar phenomenon
in the excited electronic state and the observed larger vs
vibrational frequency for C4Cl™ can be attributed to a greater
degree of electron donation from chlorine to the carbon 7
backbone in the cationic species.

(b) CsCl and CsCI™. An analogous experiment was per-
formed by co-depositing mass-selected CsCIl™ with neon to form
a 6 K matrix. The electronic absorption spectra of this sample
revealed one clear band system in the UV range between 240
and 270 nm and a second system in the visible region between
430 and 550 nm as shown in Figures 2 and 3, respectively.
The band system originating at 532.3 nm is assigned to the
CsCl neutral since the spectral lines became more intense after
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Figure 2. Electronic absorption spectra of the '=™ < X =" electronic
transition of CsCl™ recorded in a 6 K neon matrix. The traces show
the observed absorptions both (a) before and (b) after UV irradiation
of the sample. The bands marked by asterisks are tentatively assigned
to a higher excited electronic transition of CsCl (*IT — X 2II) as
described in the text.

0.08 .

Absorbance

450 500 550

Wavelength [nm]
Figure 3. Electronic absorption spectra of the £~ < X IT electronic
transition of CsCl recorded after mass selected deposition of CsCI™ in
a 6 K neon matrix. The traces show the observed absorptions in the
visible region both (a) before and (b) after UV irradiation of the sample.
The intensity increases after irradiation due to an increase in the
concentration of CsCl in the matrix upon neutralization of some CsCl™
cations.

UV irradiation. The band system in the UV range has its origin
at 266.1 nm and disappeared after irradiation with UV light.
These transitions are thus assigned to the CsCI™ cation.

For the linear CsCI™ cation, the ground state is described by
a singlet X '=*..47* electronic configuration and the lowest
excited electronic state involves promotion of an electron to
the Sz* antibonding orbital. The vibronic band system origi-
nating at 266.1 nm in Figure 2 is assigned to the 'S — X 1=+
electronic transition of CsCI™ and it is not surprising that this
is found at UV wavelengths because the ground state of the
cation is energetically stabilized as a consequence of its closed
shell electronic configuration. The band origin reported for the
I3+ < X 37 transition of the isoelectronic CsS molecule in a
neon matrix lies only 18 nm to the red at 284.3 nm.>*

The rich vibrational structure observed for CsCI* consists of
several bands which are approximately evenly spaced. These
are assigned to the vs vibrational mode (essentially the C—Cl
stretch) and to overtones of this mode and the positions of the
band maxima are listed in Table 3. The experimentally
determined vibrational frequency, 486 cm™, is in good agree-
ment with the calculated value for the '=% ground electronic
state, s = 514 cm™, and is greater than the C—ClI stretching
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TABLE }: Positions of the Band Maxima (0.2 em™)
Observed for the !Xt — X &1 Electronic Transition of
CCH ina 6 K Neon Matrix

Afnm Pem™ Aplem™! assignment
266.1 T80 05
262.7 18066 486 5
598 gl 9Ll 55
257.0 38911 1331 L
254.0 39370 1790 53
251.2 19809 2229 35
2445 40900 3320

TABLE 4: Positions of the Band Maxima (0.2 em™
Observed for Twe Electronic Transitions of CsClina 6 K
Nesn Matrix

Afin Plom™ Adfem™! assignment
")_:'} e §7 4 ] }
5323 18786 o
4859 20580 1794 2,
447.0 22331 3545 2
439.9 23732 3946 225,
Bl —XII
2471 40469 o
2353 12499 2030 15

frequencies of CgCl1 and CgC1™ as predicted for a shorter chain
Cn the basis of the assignment given in Table 3, the higher
order overtones corresponding to the excttation of two or three
quanta of the vs mode in the excited state of TsCL7 are the most
intense. This is anomalous in comparison to the vibromic
progressions observed for CsCl1 and CsClT in which the
predominant bands correspond to single excitation of the vs
mode. This difference may be atlributed to a comparatively
larger geometry change upon promotion of an electron to the
Sa* antibonding orbital in CsClIT.

The ground-state electronic configuration of linear CsCl
corresponds to a doublet X *[1.5x', and like CsCl™, one
possible electromc excitation invelves electron promaotion to a
¥ autibonding orbital as was suggested for the iscelectronic
357 apton. This transition was predicted to lie in the UV region
for Cs87 but could not be observed due to lack of an accessible
bound state.** For CsCl, this transition is also expected to fall
i the UV range and its origin should be similar to that of the
PE — X 18" glectronic fransition of CsClT. In Figure 2, the
weak bands marked by asterisks were observed to rernain after
UV irradiation and are therefore attributed to some neutral
specias in the matiix sample. If the sharp band observed at 247.1
nm is the band ongin of this ;w—x* transition, then the next
observed band is blue shifted by 2030 e ! This is areasonable
value for excitation of the vy mode m the excited electronic
state of CsCl as it is smaller than the value predicted for the
ground electronic state, 2108 em™.* Furthermore, the magni-
tude of the v mode is comparable to that observed for CgCl
(2128 em™) in this work, which was also slightly smaller than
the predicted ground-state vibrational frequency (2194 cm ™).
The assignment of this electronic transition, as shown in Table
offered only tentatively and would be more convincing if

bands increased in intensity after exposure to UV light.

Figure 3 shows the electronic absorption spectra recorded for
this same matrix sample o the visible range. Four bands are
obgerved and each increases in intensity after UV irradiation,
which suggests that these bands arise from electronic excitation
of the CsCl neutral. Since the promotion of an electron to a *
orbital i5 expected to lie in the UV region, the band centered at
532.3 nm must therefore correspond to the band origin of a

th
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lower energy transition involving electron promotion from a
fully occupied molecular crbital to the Ssr partially occupied
valence orbital. Strong transitions of this type have been reported
for other carbon chain molecules with X {1 ground electronic
states. In the case of the O.H (» = even) species, m—m
transitions have been observed in the visible region® whereas
for the C.H (n = odd) chains, o—or transitions have been
recorded in this range?” As there are no calculations available
for the excited-state configurations of Cst7l, it is not possible
to definitively assign the upper state involved in the transition
with origin at 532.3 nn. The low intensity of the band system
suggests that the transition is likely of the type &% — X 2[1
because its absorbance is an order of magnitude less than for
other sr—ot transitions (see Figures 1 and 3). In the case of C4O0 7,
for example, the A 22" = 3 2I] wansition was also observed
to have considerably lower intensity than the B 21T — X (T
band in a neon matrix.?®

The vibrational assignment of the bands chserved for CsCl
in Figure 3 is given in Table 4. The transition closest to the
origin band is blue shifted by 1794 cm ™, which is consistent
with the excitation of the v, vibrational mode in the excited
electronic state based on the ab initio calcujations of the ground

difference has heen observed for the vy modes of related
molecules when the expenmental excited-state vibrational
frequencies and the ground-state theorefical values are consid-
ered. For example in the case of CgCHY, g8, and Cs5, the
expertmentally determmined excited state vz stretching frequencies
are 1872, 1863, and 1734 cm ™!, while the predicted ground-
state values of these modes are 2139, 2025, and 2013 om™,
respectively. ¥ The transition appearing at 439.9 nm in Figure
3 1is blue shifted from the nearest band by only 401 cm ™. This
value is considerably smaller than the vy vibrationd frequency
predicied for the ground elecironic state, 501 em™,* and that
determined for the Y& excited state of CsClF, 486 om™, in
this work. The observed blue shift of this band in the spectrum
of CsCl 1s, however, comparable to the experimentally deter-
mined vs frequencies for the excited states of CCl and CsCL¥,
415 and 430 om™!, respectively. Consequently, the band
centered at 439.9 nm in Figure 3 may be tentatively assigned
to the excitation of a vibronic transition invelving the coupling
of the 2v; and v¢ vibrational modes in the excited electronic
state of (501 as listed in Table 4 although the band in question
may alternatively be due to excitation of a higher energy
electronic state.

Conclusion

In this work, electronic absorption spectra of the chlorine-
terminated carbon chains CeCl, T, CsCh Land CsC1T have
been recorded in ¢ K neon matrices. The transitions observed
are B 211 =~ X 21 for C4CL 327 = X 327 for CC17,
2 — X 2T and £ — X 2T for C5Cl, and 127 — X 1E* for
31" These studies provide the basis for gas-phase spectro-
scopie measutements which are necessary for deterrmning
whether these or related species play a role in the chermistry of
the interstellar medium via electronic spectroscopy.
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Electronic absorption spectra of C5CL CoCI, CxCl, CuCl, and C4Cl* have been recorded in 6 K neon matrices
following mass selection. Ab initio calculations were performed (CCSD{T) and CASSCE) to identify the
ground and accessible excited states of each molecule. The estimated excitation energies and transition moments
aid the assignment. The absorptions observed for (301 are the $2A7 - X247 and 32AY =~ X2A” transitions of
the bent isomer and the A < X2B; transttion of the cyclic form in the UV {336.1 nm), visible (4287 rm),
and near-IR (1047 nm) regions, respectively. The band systems for bent C3C17 (435.2 nin) and hnear G;C1
(413.2 nm) are both in the visible region and correspond to 21A” ~ A7 and T ~ X1EY type transitions.
The C4Cl and CoClF chains are linear, and the band origing of the 2211 <~ X2F and 2°T1 < X311 electronic
transitions are at 427.0 and 405.7 nm. The spectral assignments are supported by analysis of the vibrational

structure associated with each electronic fransition.

Introduction

A munber of carbon chaing terminated by the second row
clements—S1, P, and 5—have been experimentally and theoret-
cally investigated in recent years due to the detection of the
shorter chains in astrophysical environments.! The chlorine
containing analogues are likewise gaining interest and are
thought to be good candidates for astronomical detection, as it
is predicted that C— 1 bonds can be formed under interstellar
conditions.? Furthermore, spectroscopic studies of heteroatom-
terminated carbon chain molecules serve as tests of current
theoretical models through the identification of pertodic trends
n moleculay properties as a function of the end atom and chain
length.

The ground state electronic structures and vibrational fre-
guencies have been determined for the C,CL, C.C17, and
C.CLY (m = 1-7) molecules using DFT (B3LYP)3* For all
but C3CL, the lowest energy structures are thought to be linear
or quasilinear chaing terminated on one end by the chlorine
atom. In the case of C3Cl, geomelry optimization caleulations
suggest that the ground state structure is a cyclic triatomic carbon
rng with an exccyclic chlonne (*B;) Ci»; however, quasilinear
(2A") C, and linear (11} structures are estimated to lie only 12
kIfmol higher in energy.® For the larger species, the calculated
C--C bond distances suggest that the most mmportant valence
structures are cumulenic, although the observation of bond
length alternation suggests that polyynic ones also contribute,
particularly for the » = even chains. The ab initio results further
predict that the C,Cl and C,Cl" chains exhibit alternating
stability depending on whether » is even or odd. For the neutral

than the » = odd ones, but the trend is reversed for the
comresponding cations.
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Expermmentally, the CCl radical is the most extensively
studied of the C.Cl species and spectra have been reported in
the microwave.$ infrared,” ® and ultraviolet regions.!?12 High
resolution gas phase spectroscopic studies have been conducted
for other small molecules of this type such as the CC1™ cation®®
and the CpC1 radical,™ and recently, the absorption spectra of
the longer chains—CsCl, CsClT, C4Cl, and CgClt—were reported
in neon matrices.** Spectroscopic investigations of the inter-
mediate chlorine-terminated carbon chain molecules will bridge
the gap in the existing expertmental data and will further provide
a test of the curent theorefical results for this series of
molecules.?

In this paper, the first spectroscopic study of C3Cl and CyCl
and their ions, C3CL, G3C1T, and C4Cl', using mass-selective
neon matrix isolation spectroscopy is reported. The band
assignments of each molecule are based upon ab initio predic-
tions of the expected electronic transitions and ground state
vibrational frequencias. The spectral assignments are further
supported by comparisons with the previously reported spectra

isoelectronic species C,.8 and C.87, as appropriate. '

Experimental Method

spacies and their ions ware recorded following mass-selective
deposition in neon matrices using the described nstrument.t”
A gas mixture containing the appropriate precursor was prepared
by passing helium over a liquid sample of ¢-C3Cly or CyCls
From these respective mixtures, a number of CaCl,’ and
401, T cations were produced, along with the comresponding
neutral and amome species, using a hot cathode discharge
source. The cation beam was focused and directed inte a
quadrupole mass filter using a series of electrostatic optics.!®
The O or CyClY cations were selected with a mass resolution
of £2 amu for each experiment, and the typical ion currents
achieved were 44 and 75 n& for the two species, respectively.

The mass-selected cations were deposited sinmltaneously with
neon on a rhodivm-coated sapphire substrate over a period of
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Figure 1. Calculated structural parameters for the observed electronic
states of the C,Cl species at the CCSD(T)/cc-pVTZ level. Bond lengths
are given in angstroms and bond angles in degrees.

3 h to produce a 6 K matrix. Due to a high incidence of electron
recombination and molecular dissociation events in the matrix,
additional measures were necessary to suppress these processes
so that the desired species could be spectroscopically probed.
During the deposition of C;CI ions, a positive potential of 25
V was applied to the matrix to slow the approaching ions and
reduce fragmentation. To suppress the neutralization of C;CI*
and C,4CI™, small concentrations of N,O or CCl; were added to
the neon gas in ratios of approximately 1:250. These impurities
served as scavengers by removing free electrons that were
attracted to the positively charged matrix after liberation from
surrounding metal surfaces.

The samples were irradiated with monochromatic light from
halogen and xenon arc lamps with beams running parallel to
the substrate surface. Absorption spectra of the trapped species
were recorded between 220 and 1100 nm using photomultiplier
and silicon diode detectors. Spectra in the 12 000—1100 cm™!
range were recorded after sampling the neon matrix by a Fourier
transform spectrometer, whereby the light was passed twice
through the ~150 um thickness of the matrix being reflected
off the rhodium substrate. The matrix samples were then
exposed to filtered radiation (A > 305 nm) from a medium
pressure mercury lamp and later to the full radiation (including
A < 305 nm) of this lamp as a next step. After each irradiation
step, a spectrum was recorded to distinguish transitions of stable
species from those of ions and photounstable molecules.

Computational Method

An ab initio study of C5Cl, C5CI*, C5CI~, C4Cl, and C4CI™
was performed using the MOLPRO software package'® with
cc-pVTZ basis sets described in more detail elsewhere.2’ To
start, the ground state geometries were optimized using the
CASSCF and CCSD(T) methods for comparison. Once the
geometries were determined, vertical excitation energies and
transition moments were computed for several excited states
simultaneously using CASSCF with state-averaged orbitals.
Both quasilinear and cyclic structures were considered, as
previous theoretical work predicted that their ground state
energies were similar for C;CL.>

Results and Discussion

(a) C3CL. After mass selection, C;CI™ was co-deposited with
an excess of neon to form a 6 K matrix and the absorption
spectrum was recorded. This reveals three clear systems in the
UV, visible, and near-IR regions with band origins at 336.1,
428.7, and 1047 nm, respectively. These are attributed to the
C5Cl molecules formed by neutralization of the cationic
precursor in the matrix. The assignment is supported by the
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TABLE 1: Electronic Excitation Energies of C3Cl and C,Cl
and Their Ions Computed with CASSCF/cc PVTZ

excitation energy

excited experimetal CASSCF transition moment/D

state  (adiabatic) (vertical) a b c
b-C3Cl
X2AT 12N 2.60 0.051 0.631
2277 3.34 0.158 0.198
32A 4.02  —0.002 0.248
4277 430 —0.409 0.099
52A7 370 4.55 0.961 0.121
6’A 5.73 0.529 0.050
12A” 0.64 —-0.230
22A” 2.69 —-0.219
3’A” 2.89 3.06 —0.809
427" 3.79 0.003
52A” 4.03 0.180
6°A” 5.04 0.086
72A” 542 —0.185
8A” 5.67 —0.156
¢-C5Cl
X2B; 12A; 118 1.48 —1.789
12B; 3.64 forbidden
12A; 4.00 0.362
2?B, 429 forbidden
22A, 529 —0.857
22A,4 5.59 0.85
12B, 576  —1.22
b-C5CI-
XA 1A 411  —0.276 0.533
21A7 435 0.075  —0455
31A7 4.72 0.007 0.147
1'A” 2.03 —0.589
2'A” 2.85 3.23 1.203
31A” 3.96 —-0.078
1-C5CI™
Xz 1 3.00 3.29 —0.775 —0.775
1'A 3.78 forbidden
I-C4Cl1
a1 221 2.90 3.34 1.670
223+ 527 0.660 0.660
1-C4CI™
ST 1PA 2.54 0.136 0.136
233+ 2.60 0.129 0.129

2T (2.87),3.06 292 2.553

observation that the bands increased in intensity after UV
irradiation, as positively charged molecules are known to be
neutralized under these conditions.

The lowest energy C;Cl isomer is cyclic Cy, in the X?B,
electronic state, although a bent isomer lies only 17.4 kJ/mol
higher in energy at the CCSD(T) level (present work) and 12
kJ/mol higher according to DFT calculations.” The nonlinear
structure is similar to that reported earlier (DFT/B3LYP and
QCISD) but with a greater deviation from linearity in the
C—C—Cl angle (142.3°/144.0° from CCSD(T) and CASSCF).
Because the species in the matrix are produced via neutralization
of the linear C5CI™ precursor, it was expected that the chain
isomer of C;3Cl would be the primary neutral constituent of the
sample even though the cyclic form is lower in energy. The
excitation energies and transition moments of the allowed
electronic transitions less than 6 eV are listed in Table 1 for
both isomers, and the calculated ground state structures are
shown in Figure 1.

A rich vibrational structure is observed for the UV band of
C5Cl in Figure 2 and is attributed to the 52A” <— X?A” transition
of the bent isomer; the vibrational assignments are listed in Table
2. This is predicted to have a large transition moment, and the
observed band origin at 336.1 nm falls 0.86 eV below the ab
initio prediction. The discrepancy is partially explained by the
fact that the comparison is between vertical and adiabatic
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Electronic Absorption Spectra of C3Cl and C4Cl
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Figure 2. Electronic absorption spectra of the 52A” <— X?A’ transition
of bent C3Cl in the UV region. The spectra were recorded in a 6 K
neon matrix both (a) before and (b) after UV irradiation (A > 305 nm).

TABLE 2: Positions of the Band Maxima (+0.2 nm)
Observed for Electronic Transitions of C3Cl, C;Cl~, and
C;CI* in 6 K Neon Matrixes

species A/nm v/iem™! Av/em™! assignment
b-C5Cl
5IA'—X2A 336.1 29 753 0 0::
3342 29922 169 V6
3322 30102 349 2v6
3284 30451 698 V3
326.5 30628 875 v3+ v
3233 30931 1178 V)
3211 31143 1390 2v;3
319.2 31328 1575 2v3 + v
316.2 31626 1873 12
314.7 31776 2023 v+ v
311.5 32103 2350 21,
301.3 33190 3437 3,
32A”=X2A" 4287 23 326 0 0::
423.9 23590 264 Vs
c-CsCl
12A1=X?B, 1047 9552 0 03
987.5 10127 576 v
9585 10 433 882 206
951.5 10510 959 2vs
937.2 10 670 1119 V)
910.2 10 987 1436 2v3
896.2 11158 1607 vy
883.5 11319 1768 4
878.2 11387 1836 4vs
865.7 11551 2000 2vs vy
b-C5CI™
2IA”=XIA" 4352 22978 0 0::
418.0 23923 945 V)
1-C5CI*
1TI-X'T 4132 24201 0 oﬁ
IR: 1CCIF vy =2142.6em™!,  5-CsCl vy = 1859.1 cm™!

excitation energies which typically differ by ~0.2—0.3 eV. The
remaining error may be attributed to the limitations of the
CASSCF method which often produces unusually large cor-
relation energies for higher excited states.

The observed vibrational bands in Figure 2 correspond to
the excitation of four vibrational modes of C3Cl as well as to
their combinations and overtones. At 6 K, the molecules are
primarily in the lowest vibrational level of the ground state,
and thus, the observed progression is due to excitation of carbon
chain stretching and bending modes (v; = 1873, v, = 1178, v3
= 698, s = 169 cm™!) in the excited electronic state of C;CI.
The values compare favorably with the frequencies computed
via ab initio methods for the ground electronic state (B3LYP/
6-311G+(d): v = 1932, v, = 1338, v3 = 672, v = 176 cm™!).?
The IR spectrum of C3Cl was also measured in its ground
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Figure 3. Electronic absorption spectra in the visible region of the
32A” < X?A’ transition of bent C5Cl and the 2'A” — X'A” transition
of bent C3CI™ in 6 K neon matrixes. The traces show the observed
spectra (a) after deposition, (b) after exposure to UV wavelengths (4
> 305 nm), and (c) after irradiation with a broader spectrum (including
A < 305 nm). Both C; and N~ present in the matrix absorb in this
spectral region.

electronic state revealing only the v; band (1859.1 cm™") which
differs by 14 cm™! from the excited state vibrational frequency
extracted from the electronic spectrum (Figure 2).

A second band of the bent C;Cl radical is observed in the
visible region at 428.7 nm (Figure 3) and is assigned to the
origin of the 32A” < X2A” system in Table 2. This is predicted
to be the second strongest transition of this isomer and lies
within 0.17 eV of the theoretical prediction. A smaller band,
blue-shifted by 264 cm™', is assigned to the vs vibrational mode
in the excited electronic state based on the ab initio estimate of
ground state fundamental frequency (vs = 227 cm™!). Additional
vibrational bands may be present, but their assignment is
precluded by the strong C5 and N,™ absorptions in this spectral
region. The excitation of one quantum of v, stretch, for example,
would result in a band at 397 nm in Figure 3 which overlaps
with the N, absorption.

The third electronic transition of the C;Cl radical is consider-
ably weaker than the others and appears in the near-IR (NIR)
region. This absorption is attributed to a cyclic (5, isomer where
the chlorine atom is bonded to a triatomic carbon ring. The band
origin at 1047 nm in Figure 4 is assigned to the 2A; — X?B,
transition of ¢-C;Cl and is 0.28 eV lower in energy than the
theoretical estimate. The observed vibrational pattern supports
the assignment of this band to the cyclic isomer, as the
progression involves all six vibrational modes of ¢-C3Cl (Table
2). The experimentally observed frequencies for the 2A, state
(vi = 1607, v2 = 1119, v5 = 718, v4 = 576, vs = 480, v¢ =
441 ecm™") correlate well with the ab initio values determined
in this work at the DFT B3LYP level for the 2B, ground state
(v1 = 1650, v, = 1222, v3 = 772, v4 = 595, vs = 412, v =
350 cm™!). The largest discrepancies are for the low frequency
modes which correspond to the C—C—Cl bending (vs, v¢) and
C—ClI stretching modes (v4). The modes relating to ring
deformation (v,, v3) and stretching (v,) are in close agreement
with the experimental values which lends strong support for
the assignment of these bands to the cyclic isomer, ¢-C5Cl.

An additional experiment was performed in which a matrix
sample containing both structural isomers of C3Cl was exposed
to a broad spectrum of UV wavelengths and subsequently
exposed to filtered light containing only longer wavelengths
(A > 305 nm). The UV and visible bands of bent C;Cl were
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Figure 4. Near-IR band origin of the 2A; — X’B; electronic transition
of ¢-C3Cl recorded in a 6 K matrix. The bands marked by arrows are
assigned to this structural isomer. Trace a was recorded after the initial
deposition of C3C1™ and shows little ¢-C5Cl. Trace b demonstrates that
the spectrum becomes enriched in the cyclic isomer after stepwise UV
irradiation (A > 305 nm), as described in the text. The spectra also
reveal the presence of H,O vapor in the chamber and C, fragments.
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Figure 5. Comparison of the behavior of the origin bands of C; and
¢-C3Clupon UV irradiation. The traces drawn with dashed—dotted lines
show the bands immediately after the matrix is formed. After irradiation
including high energy photons (4 < 305 nm), the bands assigned to Cs
and ¢-CsCl increase in intensity (solid trace). Following a second
irradiation involving only lower energy photons (A > 305 nm), the C5
band decreases and that due to ¢-Cs;Cl increases (dotted trace) in
intensity, suggesting that the cyclic isomer of ¢-C;Cl is formed from
C}.

only affected by the first irradiation, while the NIR band of
¢-C3Cl grew in intensity after both exposures, as seen in Figure
5. This increase in intensity of the cyclic isomer was ac-
companied by a simultaneous decrease in the intensity of the
C; band at 407 nm. The ¢-C;Cl isomer therefore appears to be
formed from Cj;, and the additional UV exposure must provide
the energy for the transformation in the matrix.

(b) C3CI™. During the assignment of the neutral C;Cl species
in Figure 3, two additional bands were observed at 435.2 and
418.0 nm which could not be attributed to neutral or cationic
species. The transitions increased in intensity upon UV irradia-
tion with longer wavelengths (A > 305 nm) and then decreased
when exposed to higher energy photons (4 < 305 nm).
Absorption bands related to neutral molecules usually grow or
remain constant in intensity as a result of each irradiation step,
while those attributable to cations decrease. Exposure to UV
light, however, can increase the number of sample anions by
liberating electrons from weakly bound anions (e.g., OH™)
present in the matrix. When subsequently exposed to higher
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Figure 6. Band origin of the 1'I1 — X'Z" electronic transition of
C3CI™ recorded in a 6 K matrix. Traces a and b show the spectrum
recorded after deposition of C;CI" in a neon matrix containing 0.25%
CCly and N>O, respectively. Trace ¢ is the resulting spectrum after
UV irradiation of the matrix sample containing the N>O electron
scavenger. Trace d was observed after deposition of low kinetic energy
(~15 eV) cations (C5CI7).

energy, the observed signal will decrease if the photons are of
sufficient energy to detach electrons from the newly formed
anions (e.g., C3CI7) in the sample. This is precisely the behavior
that was observed for the two additional bands in Figure 3.
Evidence for the presence of anions in the matrix sample is the
observation that the bands at 4352 and 418.0 nm were
suppressed when electron scavengers (CCly or N>O) were
introduced into the matrix. These molecules have high electron
affinities and restrict the formation of other molecular anions.

The lowest energy structure of C;CI™ is predicted to be bent
(Figure 1), and the ground state electronic configuration
corresponds to a singlet 'A” state. The strongest electronic
transition is estimated to be of the type 2'A” < X'A’, with an
energy of 3.23 eV (Table 1). This correlates well with the
observed band at 435.2 nm (2.85 eV). The second band is blue-
shifted by 945 cm™' and is assigned to the excitation of the v,
vibrational mode in the 2'A” state of C5Cl~ in Table 2. The
ground state vibrational frequency is predicted to be considerably
higher (DFT, 1157 cm™"), but the corresponding mode was
similarly overestimated by ab initio calculations for the neutral
C5Cl counterpart (experiment, 1178 em™!; DFT, 1338 cm™!).
The electron affinity of C;Cl is estimated to be around 2.68 eV
(CCSD(T)/aug-cc-pVTZ), but the anion appears to be stabilized
in the matrix, as electron detachment is not observed until
photons with energies greater than 4 eV are used.

(¢) C3CI*. The first spectra recorded after mass-selected
deposition of C3CI™ ions with neon revealed no evidence of
the cation in the matrix. This is a consequence of an efficient
neutralization process whereby electrons liberated from nearby
metal surfaces are attracted to the positively charged matrix.
To observe the spectrum of C;CI™, it was necessary to mix the
neon gas with a small amount of N,O (250:1 ratio). Since N>O
is a good scavenger, the number of free electrons in the matrix
was reduced and the concentration of C;CI™ was sufficient for
a spectroscopic study. Subsequently, a broad transition was
observed at 413.2 nm (Figure 6) which disappeared upon UV
exposure. The same band was observed when the kinetic energy
of C;CI™ being deposited was decreased through the application
of a positive voltage to the matrix. The 413.2 nm band is
consequently attributed to the C;CI™ cation.

The ground state of linear C;CI™ (Figure 1) is described by
a singlet X'2 electronic configuration, and the lowest energy
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Electronic Absorption Spectra of C3Cl and C4Cl
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Figure 7. Electronic absorption spectra of the 2°IT <— X°I1T electronic
transition of C4Cl recorded in a 6 K neon matrix both (a) before and
(b) after UV irradiation. The transitions marked by arrows increased
in intensity after exposure to UV light and are assigned to linear C4Cl.
Additional bands are due to C4Cl™ and Cy. Trace ¢ shows the linear Cy4
absorptions after C4" mass-selected deposition and subsequent matrix
neutralization.
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Figure 8. Infrared absorption spectra of C4Cl and C4Cl™ in neon
matrixes. The solid traces (1a, 2a, and 3a) are the spectra recorded in
a pure neon matrix and in matrixes containing 0.25% of the electron
scavengers N,O and CCly, respectively. The dotted traces (1b, 2b, and
3b) show the same bands after UV irradiation (A > 305 nm).

transition involves electronic excitation to an antibonding orbital.
For the analogous w—x* type excitations in linear CsCl and
CsCI™, the band origins were observed in the UV region at 247.1
and 266.1 nm, respectively, in neon matrixes."> The
I'TT — X'Z7 transition of C5Cl™ is predicted to be of lower
energy, however, and the band at 413.2 nm is within 0.3 eV of
the calculated transition (3.29 eV).

On the basis of DFT calculations of the ground electronic
state of linear C3CIT, the most intense transition in the IR
spectrum is predicted to be the v; mode (2224 cm™!),? and this
is consistent with the IR absorption spectrum of this matrix
sample. A band is observed at 2142.6 cm™! which decreases in
intensity when irradiated with wavelengths longer than 305 nm
and disappears completely when exposed to shorter wavelengths,
as expected for a cationic species. The electronic absorption
spectrum of the related odd chain CsCI™ molecule was
dominated by a vibronic progression arising from the excitation
of the C—Cl stretch (486 cm™!) in the excited electronic state.'®
For C;CI™, this mode is predicted to have a higher frequency
(690 cm™!) and this vibronic band is expected to nearly coincide
with a known transition of Cj.
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TABLE 3: Positions of the Band Maxima (0.2 nm)
Observed for Electronic Transitions of C4Cl and C4CI* in 6
K Neon Matrixes

species A/nm v/iem™! Av/em™! assignment
1-C4Cl1
221-X211 427.0 23419 ()8
421.3 23736 317 Vs
418.8 23878 459 vy
412.3 24254 835 vyt vs
393.8 25394 1975 vy
1-C4CI™
2IM-X3IT 405.7 24 649 Og
397.1 25183 534 V4
388.4 25747 1098 2y
378.1 26 448 1799 V2
3744 26 709 2060 Vi
366.8 27263 2614 v+ vy
359.2 27 840 3191 v+ 2vy
355.0 28 169 3520 2v;
431.7 23 164 0‘(:
4206 23776 612 Vs
IR: 1-C4Cl vy =2022.1 cm™Y; [-CyClIT v =2034.4 cm™!,
vy =1678.0 cm™!

(d) C4Cl. An analogous experiment was carried out by co-
depositing mass-selected C4CI™ with neon to form a 6 K matrix,
and the resulting electronic absorption spectrum is shown in
Figure 7. The strong vibronic band system between 390 and
430 nm was observed to increase in intensity after UV irradiation
and is thus assigned to the neutral C4Cl molecule.

The 37 and 60 orbitals are close in energy, resulting in two
nearly degenerate states, 2IT and 2X*, for the linear form of
C4Cl. The ?IT state is lower in energy by only 7.5 kl/mol at the
CCSD(T) level of theory. The ground state of C4Cl is predicted
to be quasilinear (?A”) (correlating with the *I1 state), and the
barrier to linearity is extremely small (0.7 kJ/mol). The *IT state
has a permanent dipole moment of 4.5 D (CASSCF) which is
significantly larger than that of the 22 state (0.75 D), making
it the primary candidate for observation in the neon matrix. The
vertical excitation energies below 6 eV and transition moments
are listed in Table 1 for transitions originating in the 2I1 state
of C4Cl, and the corresponding structure is shown in Figure 1.
The appearance of alternating C—C bond lengths suggests that
the bonds have polyacetylenic character, as expected for a linear
carbon chain.

The band origin in Figure 7 appears at 427.0 nm and is
attributed to the 22I1 <— XZIT electronic transition of linear
C4Cl. The assignment is based upon the observation that the
band falls within 0.42 eV of the predicted excitation energy
and that this transition is expected to be strong. The associated
vibrational structure is given in Table 3 and reveals the excitation
of three vibrational modes. These modes correspond to the
excitation of stretching (v, = 1975 em™!) and bending (v4 =
459 cm™!) modes of the carbon chain and to the C—Cl stretch
(vs =317 cm™") in the upper electronic state of C4Cl. The C—Cl
stretching frequency of C4Cl is lower than that measured for
CoCl (415 em™"),'5 suggesting that the C—ClI bond is longer in
the excited state of the former. This is consistent with ground
state calculations which predict a slight shortening of the C—Cl
bond with increasing n among the n = even neutral chains.’?
The experimentally determined vibrational frequencies for the
excited state of C4Cl are lower than the calculated values for
the ground electronic state (DFT: vy = 2175, v4 = 555, and vs
=324 cm™"),3 as observed earlier for other C,ClI chains and as
expected for electronic promotion to an orbital with a greater
number of nodes. Only one mode was observed in the IR
spectrum (Figure 8) for the ground electronic state of C4Cl. This
transition is assigned to the C—C stretching mode (v, = 2022.1
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Figure 9. Electronic absorption spectra of the 2°IT < X*IT electronic
transition of C4C1™ recorded after deposition of the cation with neon
and CCl, to form a 6 K matrix. Traces a and b show the spectra obtained
both before and after UV exposure, respectively. Trace ¢ is a difference
spectrum of the other two traces scaled to remove the C4Cl band origin
at 427.0 nm.

cm™!), as it compares favorably with the theoretically deter-
mined frequency (2175 cm™!) and is slightly larger than the
value in the first excited electronic state (1975 em™").

The irregular line widths for the transitions in the vibrational
progression in Figure 7 are unusual in comparison to the spectra
recorded for other members of the C,Cl family.'> The observed
broadening may be a consequence of the interaction of the 2T
ground state with the nearby 2" state, although the strength of
the observed transition certainly suggests that the states involved
are predominantly of IT character. The irregular line shapes may
also be a result of Fermi resonance contributions.

(e) C4CI7. As observed for C;CI*, the spectrum recorded
after the deposition of mass-selected C4C1™ ions was dominated
by absorptions of neutral species. To observe a clear spectrum
of C4CI7, both N,O and CCly were added to the neon gas in
separate experiments to act as electron scavengers and suppress
the neutralization of deposited cations. The spectra of both
matrix samples revealed a strong band system between 360 and
410 nm. Figure 9 shows the absorption with CCl4 present, and
the bands assigned to the C4CI™ cation are those that disappear
or decrease in intensity after exposure to UV light. A similar
spectrum was seen when N>O was used, confirming that the
transitions were not dependent on the added impurity.

In the case of the linear C4CI™ cation, the ground state is
32~ and the nearest state, *I1, is predicted to be approximately
25 kJ/mol (CCSD(T)) and 19 kJ/mol (CCSD) higher in energy.
As in the neutral analogue, the IT state has a considerably larger
dipole moment and is expected to be stabilized relative to the
3%~ ground state in the matrix. Transition moments from the
33~ state of C4Cl™ are predicted to be an order of magnitude
smaller than those originating in the *IT state, and thus, only
the latter are included in Table 1. The calculated structure of
C4CI™ in the *I1T state is shown in Figure 1, and as observed for
the neutral counterpart, the carbon backbone of C4CI* appears
to have some polyacetylenic character.

The main band system in Figure 9 is assigned to the
2311 < X311 transition of linear C4C1*. The origin at 405.7 nm
falls within 0.14 eV of the strongest system predicted theoreti-
cally. The analogous transition of the isoelectronic C4S molecule
in a neon matrix falls 41 nm to the red of this.'® A similar red
shift (47 nm) was observed upon comparison of the absorption
spectra of the longer chains: CgS and C4Cl™.!3 A second, weaker
system, which overlaps with the 22I1 <— X?I1 transition of the
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neutral C4Cl chain, is apparent in Figure 9, with the origin band
at 431.7 nm. The similar energies observed for the band origins
of the neutral and cationic species in Figure 7 are not surprising,
given that both observed transitions involve electronic excita-
tions between their 60 and 3 orbitals. The assignment of the
431.7 nm system is not clear, but it could involve the 3= or
3A states calculated to lie nearby (Table 1), the transition gaining
intensity from the strong closely located 23IT — X3IT system
at 405.7 nm.

The vibrational structure observed for the 405.7 nm system
of C4CI* is comparable to that of C¢Cl™ in a neon matrix,"
and the positions of the band maxima are listed in Table 3. The
bands correspond to the excitation of stretching and bending
vibrations involving the carbon chain in the excited electronic
state of C4CI™ (v; = 2060, v, = 1799, and v4 = 534 cm™!) and
are in good agreement with the calculated ground state values
(DFT: vy = 2147, v, = 1769, and v4 = 583 cm ™). The C—C
stretching frequencies are similar to those reported for the
analogous excited state of C4CI™ (v = 2043, v, = 1872 cm™ )13
which suggests that the excited states of these two chains are
characterized by similar carbon backbones. The IR absorption
spectrum of C4Cl1™ (Figure 8) reveals two strong vibrational
bands at 2034.4 and 1678.0 cm™! which are assigned to the v,
and v, modes in the ground electronic state of C4Cl™ and are
similar to the values reported for the excited state in Table 3.

Conclusion

In this work, electronic absorption spectra of the chlorine-
terminated carbon chains C;Cl, C;CIT, C;Cl7, C4Cl, and
C4CIT in 6 K neon matrices are reported for the first time. The
transitions observed reveal that the neutral C;Cl radical exists
in both bent and cyclic forms in the matrix environment with
absorptions in the UV, visible, and NIR regions. The ions of
C;Cl have either bent (C3CI7) or linear (C3CI7) structures and
absorb near the visible transition of their neutral analogue. The
longer chains, C4Cl and C4ClI¥, appear linear. The spectra
presented here provide a more complete set of data to comple-
ment existing spectroscopic and theoretical studies of the C,Cl
family and serve as a basis for future gas phase spectroscopic
measurements which may be used to establish trends in the
structures and spectra of heteroatom-terminated carbon chains.

Acknowledgment. This research was supported by the Swiss
National Science Foundation (project 200020-100019) as well
as the EU project “Molecular Universe” (MRTN-CT-2004-
51302). J.v.W. thanks the Natural Science and Engineering
Research Council of Canada for postdoctoral support.

References and Notes

(1) McCarthy, M. C.; Gottlieb, C. A.; Thaddeus, P. Mol. Phys. 2003,
101, 697.
(2) Rayon, V. M.; Barrientos, C.; Largo, A. THEOCHEM 1998, 432,
75.
(3) Largo, A.; Cimas, A.; Redondo. P.; Barrientos, C. /nt. J. Quantum
Chem. 2001, 84, 127.
(4) Li, G.; Tang, Z. J. Phys. Chem. A 2003, 107, 5317.
(5) Redondo, P.; Redondo, J.; Barrientos, C.; Largo. A. Chem. Phys.
Lett. 1999, 315, 224.
(6) Endo, Y.; Saito, S.; Hirota, E. J. Mol. Spectrosc. 1982, 94, 199.
(7) Yamada, C.; Nagai, K.; Hirota, E. J. Mol. Spectrosc. 1981, 85,
416.
(8) Burkholder, J. B.; Sinha, A.; Hammer, P. D.; Howard, C. J. J. Mol.
Spectrosc. 1988, 127, 61.
(9) Jin, P.; Chang, B. C.; Fei, R.; Sears, T. J. J. Mol. Spectrosc. 1997,
182, 189.
(10) Venkateswarlu, P. Phys. Rev. 1950, 77, 79.
(11) Verma, R. D.; Mulliken, R. S. J. Mol. Spectrosc. 1961, 6, 419.
(12) Gordon, R. D.; King, G. W. Can. J. Phys. 1961, 39, 252.

Chapter 6 Appendix



CsCland CCl 163 -

Electrome Absorption Specira of CoCl and CyCl J. Phys. Chem. A, Vol 108, No. 25, 2005 5889
{133 Bredohl, H.; Dubois. L Mclen, F. J Aol Speciresc. 1983, 98, {173 Maicr, J. F. Chem. Soc. Rev. 1397, 26, 11.

495, (18} Freivogel, P Fulara, J; Lessen. D.: Fomey, D.; Maier. . P. Chen
{14} Sumiyohsi, Y., Ueno, T.; Endo, Y.J. Chem. Phys 2903, 119, 1426. Piys. 1994, 189, 335.
{15} van Wiingaarden, 1, Batalov, A.; Shritko, [; Fulara, I; Maler, J. {19y MOLPRO, version 20021, a package of ab initio programs designed

P S Chem. Phys. 4 2004, 108, 4219 by H.-J. Wemner and P. 1. Knowles, with contributions from others
{16 Riaplov, E.; Wyss, M.; Lakin, N. M.; Maier, J. P. J. Phys. Chem www .molpro.net.

A 2001, 105, 4894. {20y Kolel, P. Manuscript in preparation.

Chapter 6 Appendix



H* (n=4,6,8)

Ino
I
>

H,CyH" (N=4,6,8)

-164 -

10404 J. Phys. Chem. 4 2006, 1106, 10404—10408

Electronic Absorption Spectra of the Protonated Polyacetylenes HhC,HY (n = 4, 6, 8) in

Neon Matrixes

Anton Batalov, Jan Fulara,’ Ivan Shritko, and John P. Maier*

Department of Chemiswyy, University of Basel, Klingelbergstrasse 88, CH-4056 Basel, Switzerland

Received: May 1, 2006, In Final Form: June 28, 2006

H,CsH have been observed in 6 K neon matrixes after mass selection. The wavelength of the H,C.H™ electrome
transitions depends quasi-hnearly on s, typical of carbon chains. The origin band is at 286.0, 378.6, and
467.6 nm for » = 4, 6, and 8, respectively. Two ground-state vibrations of H;C/H™ in the IR absorption
spectrumn were also detected. On the basis of the spectroscopic trends and the assignment of the vibrational
frequencies in the ground and excited electronic states, it is concluded that the H,C,H* species are Cy,, linear
carbon chains with one H atom on one end and two on the other.

Entroduction

Unsaturated bydrocarbons with a linear carbon backbone are
important constituents of the interstellar medium (18M).! Highly
polar carbon chain radicals® ™ C,H (# = 2-8) and cumulenes®®
HyC, (=3, 4, 6) have been detected in dark molecular clouds,
and circumstellar shells of carbon reach stars by means of radio
astronomy. Cmne can expect that the nonpolar isomers of
cumulenes —polyacetylenes (1HC,,H) should also be abundant
in such environments, although they cannot be observed via
HUCIOWave spectroscopy.

Acetylene and diacetylene were detected a Jong time ago in
hydrocarbon-rich planetary atmospheres in the solar system.”
Diacetylene is formed from simple hydrocarbons in the upper
atmosphere as a result of chemical reactions driven by the solar
UV photons. It plays a similar role as ozone on Farth shielding
the lower atmospheric layers against UV photons. Larger
polyacetylenes were predicted to be present in this environment®
however, they have not yet been observed. Recently, diacetylene
and triacetylene were detected with the Infrared Space Observa-
tory in the circumstellar medium.®

According to current models, most chemical reactions in the
[3M are between 1ons and molecules. Important intermediates
in the hydrocarbon reaction network leading to production of
linear carbon chain radicals C,H and cumulenes H,C, are
polyacetylene cations and protonated polyacetylenes HpCp HT 1
Therefore, the spectroscopic study of these species i3 also of
interest related to astrochemistry. Among them, only the
polyacetylene cations have been extensively stadied so far in
noble gas matrixes'? and the gas phase!' by means of
electronic and vibrational spectroscopy. The protonated coun-
terparts are still elusive with the exception of HaCsHY, the
electronic absorption spectrum of which has been measured in
a neort matrix.!® The next member, HC4H™, of this homolo-
gous series has been studied only by mass spectrometry!6~1#
and quantum mechanical methods. 721 In this paper, the
electronic absorption spectra of protonated diacetylene (H,(4H ™),
triacetylene (HaCsH™), and tetraacetylene (HaCsH™) cations
isolated in neon matrixes are reported.

* To whom correspondence should be addressed. Fax +41-61-267-38-
35, Blectronic maik: j.pmaier@unibas.ch

T Also at Institute of Physics, Polish Academy of Sciences, Al Lotmikow
32-46, PI-02668 Warsaw, Poland.

10,102 14p062657y CCC: $33.50

Experimental Section

The experimental setup has been described. * The C.H* (n

source from diacetylena; CyHsT also from benzene and dim-
ethylacetylene. The precursor molecules were mixed with helium
in an 1:3 ratio. The exat aperture of the ion source was reduced
in order to increase the inner pressure and enthance production
of larger CH™ (7 > 4) cations. Fxperimantal conditions {e.g.,
pressiwe in the source, temperature of filament, extraction
potertialy were oplimmized for the ion of imterest. After extraction
from the source, ions were guided by means of electrostatic
lenses to a 90° bender to get rid of neuntral molecules, and then
to a quadrupole mass filter. Mass-selected 1ons with near-unity
resolution were co-deposited with neon during 1-2 h onto a
thodium-coated sapphire matrix substrate held at 6 K. The
enargy of the ions armving at the surface was ~-30 eV, which
led to their partial fragmentation. The newly detectad electronic
transition of CyHs;" has a low oscillator strength, and its
absorption bands were weak (Jlow signal-to-noise ratio). Because
of this, an electron scavenger (N,()) was occasionally mixad
with neon in concenfrations of 1:300 fo suppress ion neufraliza-
tion during deposition. N0 molecules readily accept electrons,
preventing their recombination with cations. Thus, using a
scavengar, one can significantly increase the intensity of cationic
absorptions. Typical integrated ion currents on the substrate for
the C4H3", CeHy™, and CgHy™ ions were 50, 10, and & HC,
respectively. Irradiation of the matrix (30 min) with a mediom
pressure mercury lamp was used to neutralize the trapped
cations. UV photons refease electrons from weakly bonded
anions, which in hun recombine with the cations. Thus,
photobleaching helps to distinguish charged and neutral species.
Elactronic absorption spectra have been measured in the 220
1100 nm spectral tange by using a waveguide techmique.®
Infrared spectra have been measured in the 1100— 12000 cm™
region by a Fourler transform spectrometer applying a double
reflection method. !

Observations

CaHz". Mass-selected deposition of Cylls™ (miz = 51)
revealed two electronic absorption band svstems. The first
one with origin at 507.4 nm is known and belongs to the

© 2006 American Chemical Society
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Figure 1. Electronic absorption spectra of the C4Hs™ cation in 6 K
neon matrixes obtained after mass-selected deposition with a mixture
of neon and electron scavenger (N,O) in a proportion of 300:1 (trace
a), after UV irradiation of the same matrix (trace b), after C4H;"
deposition without electronic scavenger (trace c), and after deposition
of C4Hy™ (trace d).

A1, — X?II, transition of the HC4H™ cation,® which is
produced by detachment of a hydrogen atom from Cy;H;™
(fragmentation during deposition). A new system with origin
at 286.0 nm is also detected (Figure 1). Its absorption pattern
was independent of the selected precursor. The intensity of this
system decreases after UV irradiation of the matrix (compare
traces a and b), which indicates its ionic origin. In the presence
of the electron scavenger N,O (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 C4Hs" ions were
practically the same in both cases. This leads to the conclusion
that the carrier of the new absorption is positively charged.
Mass-selected deposition of C4H,™ (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 C4Hs™ cation and not to one of its fragments
such as C4H,* or smaller. Positions of the origin band and
vibronic components of the new transition are given in
Table 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 C4H5™ reveals two new
absorptions located at 2086 and 2949 cm ™! (Figure 2, Table 1)
which are not present in the case of C4H,™ deposition and
behave in a manner similar to that of the UV bands of C4H5™.
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.

CgH3™. After CgHs™ (m/z = 75) deposition, one known and
one new electronic absorption were observed. The system with
origin band at 604.6 nm is the AT, < X?I1, transition of the
HCGH™ ion,'! 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 N,™, a common matrix
impurity, is seen in Figure 3. 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 deposi-
tion of C¢H,™ (m/z = 74) (traces ¢ and d) did not reveal the
same system of bands. Traces ¢ and d were normalized to have

- 165 -

J. Phys. Chem. A, Vol. 110, No. 35, 2006 10405

TABLE 1: Observed Electronic and Vibrational Absorption
Bands for C,H;" (n = 4, 6, 8) and CsHj in 6 K Neon
Matrixes

species  A/nm Plem™'  Av/em™! assignment
CiHy™ 2860 34965 0 o

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 x 1505 + 877
253.0 39526 4561 1505 + 3043

248.0 40323 5358 877 + 1505 + 3043

CHs™ 3786 26413 0 0
369.9 27034 621 CCstr
3573 27988 1575 CCstr
353.0 28329 1916  CCstr
3497 2859 2083 621+ 1575
3387 29525 3112 CHstr
3346 29886 3473 1575 + 1916

CHs™ 4676 21386 0 o
4575 21858 472 CCstr
4426 2259 1208
4367 22899 1513 CCstr
4334 23073 1687
4279 23370 1984  CCstr

419.4 23844 2458 1984 + 472

4103 24372 2986 CH str

4023 24857 3471 2986 + 472
CsHs 358.5 27894 0 0

3344 29904 2010 CC str

318.4 31407 3513

IR
lem™! assignment
[ 2086
2093 } CCstr
2949
2953 } L
0.0020 - - e 1
| CH,'
0.0016 A -
8 : |
S 0.0012 | -
©
=
& 0.0008 a
Q
<
0.0004 4 i
b
0.0000

T T T ' T T T
2025 2050 2075 2100 2900 2925 2950 cm’”

Figure 2. IR absorption spectra of the C4H;™ cation in a 6 K neon
matrix after mass-selected deposition (trace a) and after UV irradiation
of the same matrix (trace b).

the same intensity of the HCsH™ A’IT, < X°II, absorption
system, as in the case of C¢Hs™ deposition (traces a and b).
CgH™ has recently been studied in a neon matrix, but its
absorptions fall in the visible spectral range.’® Therefore, the
new system of bands with origin at 378.6 nm has been assigned
to the C¢Hs™ cation. Positions of vibronic components are given
in Table 1. Very weak known bands of the smaller fragments
(CgH™, CeH, C3) were also detected.

CsHs " and CgHj;. Deposition of CsHz™ (m/z = 99) revealed
the known A’IT, < XTI, band system of HCgH™ with origin
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Figure 3. Electronic absorption spectra of the CsHs™ 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
CgH,™ (trace ¢), and after UV irradiation of that matrix (trace d). Spectra
in traces ¢ and d are normalized to have equal intensity of the
CeHy™ A1, — X°I1, absorption (origin at 604.6 nm, not shown on
figure) after C¢Hs™ and C¢H," depositions (traces a and c¢) and also
after irradiation (traces b and d). The bands marked with a star
correspond to the absorption of the N,* ion.
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Figure 4. Electronic absorption spectra of the CsHs™ 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 CsH,™ (trace c), and
after UV irradiation of that matrix (trace d). Spectra in traces ¢ and d
are normalized to have equal intensity of the CsH,™ A’IT, — XTI,
absorption (origin at 713.2 nm, not shown on figure) after CsH;™ and
CsH,™ depositions (traces a and ¢) and also after irradiation (traces b
and d). The bands marked with stars correspond to the absorptions of
CsHy™.

at 713.2 nm,'" a result of fragmentation. A new electronic
absorption with onset at 467.6 nm was observed (Figure 4 traces
a and b). Spectra after deposition of CgH,™ (traces ¢ and d)
were normalized to have the same intensity as the HCsH™ AT,
-— XZHg transition, as in the case of CgHs™ deposition. Two
medium-intensity bands marked with stars can be assigned to
other absorptions of HCsH™. Their intensity was proportional
to that of the HCgH™ 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 ¢ and d. The new system of bands (marked
with arrows) with the onset at 467.6 nm (Table 1) disappears
after UV irradiation and is not present in the case of CgH,™*
and CsH™ 2 deposition and, hence, can be assigned to the CsH; "
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Figure 5. Electronic absorption spectra of the CsHz molecule in a 6 K
neon matrix after mass-selected deposition (trace a) and after UV
irradiation of the same matrix (trace b).

750 . - r . :

700+ HC H' 1
650 . ]
600 ]
550 ]
500 i
450 HCH' 4
400 ]
350 -
300 -

250 T T T T T
4 5 6 7 8

Number of C atoms

Wavelength, nm

Figure 6. Wavelengths of the origin bands observed for the protonated
polyacetylenic chains HyC,H™ (circles) and for the known AT — X211
transitions of the HC,H™ chains'' (triangles) in neon matrixes versus
number of C atoms. Solid lines are linear fits.

cation. The peak at 442.6 nm (trace a) appears to be a
superposition of the HCsH™ band (trace ¢) and the CgHi™
vibronic component, as can be seen from the relative intensities
of the lines marked with a star. Very weak absorptions of CgH
were also detected.

Other new absorptions in the UV spectral range were also
observed after CgH;™ mass-selected deposition (Figure 5). These
bands increase in intensity after UV exposure (compare traces
aand b), and thus, they must originate from a neutral molecule.
They were not detected after CsH,™ or CgH™ depositions and
are assigned to the absorption of neutral CgHs (Table 1).

Discussion

The wavelengths of the origin bands in the electronic
transitions of the C,H;" (n = 4, 6, 8) ions are plotted versus n
in Figure 6. A near-linear behavior typical for carbon chains is
evident.?? The corresponding data for the HC,H™ linear chains'!
(A1 — X211 transitions) are shown for comparison. The slopes
of the linear fits for the C,H;™ and HC,H™ chains are almost
equal, suggesting similar structures. Absorption bands are more
intense for larger C,Hs™ ions despite their smaller concentrations
in the matrix. Hence, the oscillator strength of the newly detected
C,H;™ transitions grows with n, as for other carbon chains.??
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Figure 7. Wavelengths of the lowest-energy totally symmetric
vibrations of the C,,~ (n = 2—10) carbon chains (filled triangles) and
the H,C,H™ (n = 4, 6, 8) chains (open circles) in neon matrixes versus
number of C atoms.

Ground-state geometry optimizations of C4H;™ by different
ab initio methods have been carried out;'9721:27.28 the most
extensive work took six different structural isomers into
consideration.'® Although there are some contradictions between
the reported relative total energies of C4H;™ isomers, the linear
(5, HoC4H™ 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 H,C4H™ and the longer ones HoCsH™
and HoCsH™ with C, symmetry are considered the most
plausible structures for the observed electronic absorptions in
Figures 1, 3, and 4. Presumably, the structure of CgHj is the
same as that of CgH;™, because it is formed during neutralization
of the cation in the matrix (CgHjz absorptions increase after UV
irradiation).

Electronic absorption spectra in 6 K neon matrixes 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 ground state. The vibrational frequencies
inferred from the spectra in the ground and excited states are
listed in Table 1.

The C—H stretching vibration in the CH, group was detected
for all the C,H;™ (n = 4, 6, 8) ions. The frequencies of this
mode in the excited electronic state of the cations are 3043,
3112, and 2986 cm~! for n = 4, 6, and 8, respectively. In the
IR spectra of C4H;™, this vibration is observed at 2949 cm™'.
These values are close to the frequencies of this mode at 3026
and 3015 cm™! for the structurally relevant neutral molecules
ethylene and allene.?® The band that corresponds to the stretching
of the C—C bonds is also seen in the electronic spectra of C,H;™
(i.e., in the excited states) at 1916 and 1984 cm~! for n = 6
and 8. The C—C stretch in the ground state of C4H;™ is observed
at 2086 cm™!. The frequency of this mode was predicted by
CEPA-1 calculations at 2010 £ 10 em~'.2!

A strong vibronic band in the C,H;™ electronic absorption
spectra lies 1505, 1575, and 1513 cm™! to higher energy of the
origin band for » = 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 that of the CH, scissoring vibration in the ground state of
many structurally relevant molecules (e.g., in ethylene, it is at
1342 cm™!; in allene, at 1443 ¢cm™!).2° Ground-state normal-

-167 -

J. Phys. Chem. A, Vol. 110, No. 35, 2006 10407

mode analysis (B3LYP/6-311G* ab initio calculations)*® shows
that the closest totally symmetric vibrations are the CH
scissoring at 1321 cm™' and the carbon chain stretch at
1855 cm™!. Excited-state vibrations are usually lower in
frequency than in the ground state, and thus, the strong vibronic
lines at ~1500 cm ™! presumably correspond 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 C,H;™ at 877, 621, and 472 cm™! for n = 4, 6, and 8
(Table 1). This regularity can be seen if one plots the
wavelengths of the C»,~ (n = 2—10) carbon chains lowest-
energy vibrations®' versus the number of C atoms (Figure 7).
Other carbon chains (e.g., Co,H, Ca,, HC,,H')!131 behave in
the same way. The wavelengths of the C,H;™ vibrations (open
circles in Figure 7) lie on the same line as the ones of the Cy,~
chains.

Therefore, the vibrational frequencies obtained from the
C,H;" spectra confirm the presence of the CH, group and the
linear carbon skeleton supporting the assignment to the proto-
nated polyacetylene structure H,C,H™ with C,, symmetry. The
observation of the electronic transitions of this class of ions,
C,H;™, opens the way to gas-phase studies and direct compari-
sons with astronomical data.
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OUTLOOK

Matrix isolation is challenged by a variety of laser-based techniques, which, in
the gas phase, have demonstrated their ability to obtain high-resolution vibrational and
electronic spectra of transient molecules, free of possible perturbation by the matrix
environment. Despite this challenge, there are important reasons why matrix studies of
transient molecules are, in fact, complementary to lasers studies and should continue to
yield valuable contributions to the study of chemically reactive intermediates. While
lasers are tuneable over limited spectral ranges, observations in rare-gas matrices
provide a broad spectral survey, extending from the FIR to the VUV. Thus, all of the
products can be detected. Matrix-shifts from the gas-phase band center are typically
small enough to provide a guide for the choice and tuning of lasers for more detailed
gas-phase studies. Also, while isotopic substitution is crucial to positively identify a
particular system, these studies are more readily conducted in matrices. Matrix
absorption observations are also helpful in spectral assignments, due to the fact that
spectral contributions from hot bands are eliminated; at cryogenic temperatures all
absorptions originate from the molecular ground state.

Unfortunately, a direct comparison of the spectra obtained from matrix isolation
measurements can not be conclusive; however, the localized electronic transitions and
vibrational patterns provide crucial information for gas phase investigations. Therefore,
matrix absorption observations, if complemented by appropriate gas phase studies, will
serve as a guide for investigation of astrophysically relevant molecules in the interstellar
medium.

The results of the spectroscopic studies on C," n=6—9, obtained during the
present PhD work, locate the wavelength range and the relative intensities of their
electronic absorptions. Additionally the photobleaching experiments permit a
comparison with the transition intensities of their neutral counterparts. Neutral /-C¢ and
[-Cg have an electronic transition with origin at 511 and 640 nm in a neon matrix but the

oscillator strength is an order of magnitude smaller than for the 646 nm band system of
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I-Cs" or 890 nm of /-Cs'. In view of this and the UV radiation field in the interstellar
medium, these linear cations may be more readily detected than their neutral chains in
the optical region where the diffuse absorption bands are observed. On the other hand,
in the UV both /-Cg (around 277 nm) and /-Cs" (308 nm) have strong electronic
transitions of comparable intensity. The neutral chains /-C; and /-Cy have much stronger
electronic transitions than /-C;~ and /-Cy" both in the UV and visible, and should
therefore be the easier ones to detect. Based on this work, one should search for the
strong absorption near 250 and 295 nm for /-C; and /-Cy, respectively; their calculated
oscillator strengths are very large. Thus gas phase spectra of these neutral and cation

carbon chains are now required.

Matrix isolation is not powerful in structure determination of the produced
species. For example, it is difficult to conclude exclusively from the matrix
spectroscopic data which isomer, linear or cyclic, is produced while using a cyclic
precursor, but, as experience shows, linear species are more readily generated when
linear precursors are used. A helpful technique includes introducing a Ne/N>O mixture
for deposition. N>O plays a dual role in the matrix: as a reactant and as an electron
scavenger. Gas-phase ion mobility and bimolecular reactivity studies indicate that the
linear isomers are more reactive. Comparing spectra obtained using pure Ne for
deposition with those using the Ne/N,O mixture, as was in the case of C, cations,
allows reasonable confidence as to which of the species (cyclic or linear) were

collected.

One of the beauties of the cesium sputter source is its use of pure rods,
specifically, rods which do not contain any hydrogen atoms. The absence of hydrogen
in a precursor simplifies the mass selection process. Thus, it was possible to obtain B;
molecule after mass-selected deposition of B;~ anion with subsequent irradiation. The
main problem which occurs with anions’ deposition is the ability to keep a stable
current. After a couple of minutes of deposition the latter drops. Irradiating the matrix
while depositing is help, but in this way only neutral species are obtained. The solution

comes with introducing a new source, which could eliminate the current dropping. This
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new source (for example Xe' source) has to be put in the matrix chamber and directed
onto the matrix substrate. In this way Xe cations are also collected in the matrix and

further arriving of anions should not be suppressed.

The electron impact ion sources are straightforward to operate. A stable
discharge, obtained with gaseous precursors, makes the deposition process easier. The
disadvantage here is in choosing a different precursor for each new species of interest
(preferentially without a hydrogen atom). That is why one should think about
introducing some new additional sources for ions production. One of the possible
candidates is a magnetron sputtering source, which gives not high but sufficient current.
A symbiosis of a stable current and mass selection is the heart of the matrix isolation.
The magnetron sputtering source has at least two electrically mutually isolated stationar
bar-shaped target arrangements mounted one alongside the other and separated by
respective slits. Each of the target arrangements includes a respective electric pad so
that each target arrangement may be operated electrically independently from the other
target arrangement. Each target arrangement also has a controlled magnet arrangement
for generating a time-varying magnetron field upon the respective target arrangement.
The magnet arrangements may be controlled independently from each others. The
source further has an anode arrangement with anodes alongside and between the target
arrangements and/or along smaller sides of the target arrangements. This will allow
studying of new species in the matrix, such as: C,., C,0%, C,N*, MeC,", S,,", B, as well

as their neutral analogues.
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