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Matrix Isolation of Ions and Ion Pairs
Using Pulsed Laser Deposition of Non-Volatile Halides and Pseudohalides

Frenio A. Redeker

Abstract: The vaporization of high melting compounds for matrix-isolation spectroscopic
investigations has always been a challenging experimental endeavor. Here, pulsed laser
deposition is used to vaporize non-volatile halides and pseudohalides for subsequent co-
deposition of the ablation products with an excess of matrix gases. This method is shown
to yield good results in a fraction of the time compared to Knudsen effusion and, more
importantly, allows for the isolation of free anions. Pulsed laser deposition of alkali fluorides
and chlorides (MF and MCI, M = Li-Cs) and their co-deposition with dihalogen (F, and Cl,)
led to the observation of new vibrational bands of free F5 and some alkali ion pairs (MF5 and
MCl,) in solid neon and the first observation of free Cl;. Matrix isolation of laser ablation
products of the pseudohalide KCN yielded, among a variety of polycarbon and polynitrogen
compounds, the novel ion pairs KC;3 and KN3. Molecular potassium azide (KN3) was shown
to exist as a side-on and an end-on isomer. As a further developement of the plain salt
ablation, it was possible to investigate molecular alkali ion pairs of the tetrafluorido aurate
(AuFj) by co-deposition of laser-ablated MF / AuF; mixtures in solid neon matrices. All results
were validated by high-level quantum-chemical calculations and are here presented in the

context of the present state of research.

Zusammenfassung: Das Verdampfen schwerfliichtiger Substanzen fiir matrix-isolations-
spektroskopische Untersuchungen war und ist eine Herausforderung fiir Experimentatoren.
Im Rahmen der vorliegenden Arbeit wurde die Methode der Laser-Ablation fiir die Verdamp-
fung von schwerfliichtigen Halogeniden und Pseudohalogeniden fiir die Anwendung in der
Matrixisolationsspektroskopie untersucht. Diese Methode der Verdampfung liefert nicht
nur gute Ergebnisse in einem Bruchteil der Zeit verglichen mit herkémmlichen Hochtemper-
aturmethoden, sondern fiihrt auch zur Ionisation der verdampften Salze. So konnten durch
Abscheidung laser-ablatierter Alkalifluoride und -chloride (MF und MCI, M = Li-Cs) mit den
Dihalogenen F, und Cl, neue Schwingungsbanden fiir freies F5 und einige Alkali-lonenpaare
(MF3; und MCls) in Neon-Matritzen erhalten und freies Cls erstmals IR-spektroskopisch
beschrieben werden. Durch Isolation der Ablationsprodukte des Pseudohalogenids KCN
war es auflerdem moglich, neben einigen Polykohlenstoff- und Polystickstoffverbindungen,
die neuartigen Ionenpaare KC5 und KNj zu isolieren. Molekulares Kaliumazid (KN3) konnte
dabei sowohl als end-on-, als auch als side-on-Komplex nachgewiesen werden. Durch
Weiterentwicklung der reinen Salzablation konnten Alkali-lonenpaare des Tetrafluoridoau-
rats (AuF,) durch Abscheidung laser-ablatierter MF / AuFs-Mischungen in Neon-Matritzen
erzeugt und charakterisiert werden. Alle Ergebnisse sind mithilfe quantenchemischer Rech-

nungen abgesichert worden und werden hier im Kontext fritherer Arbeiten prasentiert.
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1 Introduction

Gaining insight into bond properties, reactivities and structures of chemical compounds
is the mission of modern chemistry. Ideally it is possible to use such insight to investigate
and develop new materials and chemical processes in a straightforward fashion and thereby
establish a basis for technical progress. Knowledge of the ability of molecules to form
chemical bonds and the characteristics of such bonds is the key requirement for making
predictions about the formation and reactivity of new materials.

An important example of a chemical bond that is currently under intensive investigation
is the halogen bond, which promises high importance for applications in the fields of
electrochemistry, organic synthesis and ionic liquids, to name just a few.!"?] Polyhalogen
anions are especially promising candidates for the optimization of industrial processes, e. g.
for the storage and purification of dihalogens,! since polyhalogen anions can consume or
release dihalogen molecules depending on the conditions. Ionic liquids with polychlorine
anions, have recently been shown to serve as efficient oxidants to selectively dissolve UO,
from a mixture with lanthanides!*! and might therefore find applications for the purification
of rare earth metals.

In order to study the nature of a certain chemical bond it is important to reduce competing
interactions to a minimum, which can be achieved by either studying the molecules involved
in the gas phase or by isolation of the system in a weakly interacting medium, e. g. a rare
gas matrix. The latter approach was used in this thesis work and will be discussed in more

detail in the following section.

1.1 The Matrix-Isolation Technique

A powerful method to investigate molecules in a weakly interacting medium is the matrix-
isolation technique developed by George C. Pimentel in the 1950s. In combination with
various spectroscopic methods and quantum-chemical calculations matrix isolation allows
for the thorough characterization of molecules and can yield valuable information about the
bonding properties and the reaction behavior of the isolated molecules. Results obtained by
matrix-isolation spectroscopy also serve as important benchmarks for the evaluation of the
methods used in theoretical chemistry as the molecules are studied under pseudo gas-phase
conditions at very low temperatures where only electronic and vibrational ground states
are populated (an exception might be UO, in solid argonl®l) and rotational transitions are

suppressed (except for a few small molecules like H,0[°) which makes the spectra obtained



1. Introduction

from matrix isolated species easy to interpret in the ideal case.

Compounds in the liquid or solid phase are involved in intermolecular interactions which
influence and potentially change the properties of the intramolecular bonds. The structure
of a trichlorine anion (Cly) in a crystal, for example, will depend on interactions with the
surrounding counter cations. Thus, the bond lengths of the anion will change with different
cations. There are two possibilities to study an isolated trichlorine anion: either in the gas
phase or by matrix-isolation. The low temperatures at close to absolute zero (3-20 K) used for
matrix isolation also strongly reduce reaction rates, e. g. for monomolecular rearrangement
reactions, and thereby allow for the investigation of highly reactive intermediates.

In a typical matrix-isolation experiment precursors of the reactive species that are to be
investigated are co-deposited on a matrix support with an excess of an inert gas at 3-20K,
depending on the host gas. The rare gases Ne and Ar are most commonly used as host gases,
but Kr, Xe, Ny, CO,, H,, CH4, adamantane, alkanes and perfluorinated alkanes can also be
used. Even pure F, can be used as a reactive matrix host”! in order to stabilize elements in
high oxidation states. Neon is the most suitable host gas as measured by its low interaction
with guest molecules and the transparency of the matrix. The main disadvantage of neon is
that its matrices cannot be annealed above a maximum of 13 K at which sublimation occurs.
For comparison, argon matrices can be annealed to above 30K, krypton matrices to above
40K, xenon matrices even higher. However, interactions with the guest material increase in
the same direction so that some elusive molecules are only observed in solid neon.

Aim of the matrix-isolation method is to isolate single molecules of the guest compound
and to reduce di-, tri- and oligomerization to a minimum. In the combination of matrix
isolation and pulsed laser deposition the occurrence of one molecule or atom of the laser
ablated material with one molecule of the reactive gas in the same cavity is desired. Probably
the most common spectroscopic method used in combination with the matrix isolation tech-
nique is infrared (IR) spectroscopy. However, Raman,[®! ultraviolet and visible (UV/Vis),!
and electron paramagnetic resonance (EPR) spectroscopy! %!l are commonly used as well.
Ideally the isolation conditions lead to sharp bands in the IR spectra obtained after ma-
trix isolation. Site bands, however, which occur from isolated guest molecules in different
orientations, are a common phenomenon.

Any molecule that is volatile enough to be vaporized without decomposition can be used
as a matrix guest. If the guest substance is a gas, it can be mixed with the host gas in an
arbitrary concentration prior to the deposition. If the guest is a volatile liquid or solid, it can
be filled into a u-tube with a bypass. The host gas is then guided through both the bypass
and the u-tube during deposition. The concentration of the guest in the deposit can be
controlled by adjusting the vapor pressure of the guest substance through heating or cooling
depending on the experimental demands. Solids with low volatility can be vaporized in a
Knudsen cell, consisting of a quartz (or other) tube and a heating filament, through which
the matrix gas is guided to carry the guest molecules in the gas phase to the matrix support.

Thermal decomposition products of precursor molecules can be studied in a controlled
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way by mounting a heated quartz tube in front of the matrix chamber through which the
host/precursor-mixture is directed prior to deposition. Radicals and charged species of
gaseous precursors can be produced by co-deposition of host/precursor-mixtures with host
atoms from a microwave discharge. A powerful method for the vaporization of high-melting

compounds, the laser-ablation technique, is discussed in detail in the following section.

‘ N ‘

(a) Formation of KF. (b) Formation of KN.

Figure 1.1: (a) A reaction that is enabled by diffusion of molecules during annealing, (b) a

photochemical reaction that is triggered by irradiation.

Figure 1.1 shows an illustration of an annealing and an irradiation experiment, which are
two important methods to gather information about matrix-isolated molecules. The word
annealing describes the heating of the matrix to a certain temperature. After that temperature
has been reached, the matrix is usually cooled to the deposition temperature before the next
spectrum is measured. Figure 1.1a shows the formation of potassium trifluoride (KF3) in a
neon matrix by diffusion fluorine atoms triggered by annealing. First, KF and two F atoms
are isolated in separated cavities. Annealing allows for the diffusion of fluorine atoms and a
reorientation of KF. Once KF and the F atoms are in the same cavity they react to yield KFj.
In contrast to atoms, molecules cannot travel within the matrix during annealing. Figure 1.1b
shows the formation of potassium azide (KN3) by the reaction of potassium nitrene (KN) with
dinitrogen (N,). Although KN and N, are isolated in the same cavity, it is not possible for
them to react. Photo excitation of the KN molecule is necessary to enable the reaction with N,
to form KNj3. Based on their annealing and irradiation behavior it may sometimes be possible
to assign a group of IR bands to the same molecular species, since some species are only
formed by annealing or irradiation while others decompose and some remain unaffected.

Varying the concentration of the reactive gas is a suitable method to examine how many
molecules of the reactive gas are involved in the formation of an isolated species. If the
concentration of the reactive gas is decreased, bands belonging to product species that
contain more molecules of the reactive gas should decrease in intensity compared to bands
belonging to product species that contain fewer molecules of the reactive gas. For example,
if F~ reacts with F, in a matrix isolation experiment to yield F5 and F5, the ratio of the band
intensities of F5:F5 should increase, if the F, concentration is decreased and vice versa.

Another very important tool for the assignment of IR bands obtained from matrix-isolation
experiments is isotopic labeling. Mixed isotope experiments can provide valuable informa-
tion about the number and type of atoms in a molecular species and about its molecular

structure.
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() (b)

Figure 1.2: (a) Matrix-isolation setup illustrating the co-deposition of a laser ablated target
material with a host gas at cryogenic conditions, (b) the same setup during measurement of
an IR spectrum. 1 Helium cooled bolometer, 2 Fourier transform infrared (FTIR) vacuum
spectrometer, 3 mercury cadmium telluride (MCT) detector, 4 neodynium-doped yttrium
aluminum garnet (Nd:YAG) laser, 5 IR mirror, 6 laser pulse, 7 lense, 8 matrix chamber, 9
matrix support, 10 plasma plume, 11 target, 12 gas inlet, 13 target motor, 14 quartz window,

15 transfer optic, 16 IR beam.

A drawing of the matrix-isolation setup that was used in the course of this thesis is depicted
in Figure 1.2. It shows a matrix chamber (8) that is kept at a vacuum of about 10~ mbar
by a rotary-vane pump followed by an oil diffusion pump. Turbo molecular pumps are
more commonly used, but they are far more susceptible to corrosion than oil diffusion
pumps. Therefore, an oil diffusion pump needs to be used when working with elemental
fluorine and chlorine or other corrosive reactive gases. In the center of the chamber sits the
rotatable matrix support (9). The matrix support, a gold plated copper block, can be cooled
to 5-20 K using a cold head with a closed-cycle helium compressor unit. A heating cartridge
near the matrix support allows for annealing of the matrix. It is also possible to use an IR
transparent window, e. g. Csl as a matrix support for measurements in transmission. This
would require the matrix chamber to be placed inside the spectrometer. For matrix-isolation
EPR spectroscopy a thin copper rod could be used as a matrix support.'?! The target for laser
ablation (11) is mounted on a rotatable target holder which is magnetically coupled to the
target motor (13). IR and far infrared (FIR) spectra can be measured in reflection by rotating
the matrix support about 90° via a transfer optic (15) using a vacuum FTIR spectrometer
(2) equipped with a liquid helium cooled bolometer (1, 700-60 cm™) or a liquid nitrogen
cooled MCT detector (3, 4000-350 cm™). Laser ablation is facilitated using a pulsed Nd:YAG
laser (4) with a pulse length of 7ns and a pulse energy of up to 50 mJ at a rate of 1-10 Hz.
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The focused laser pulses reach the target through a hole in the matrix support. The matrix
chamber has five windows (14). One Csl window that separates the matrix chamber from the
spectrometer, a second window for IR laser pulses from the ablation laser and three further
windows for irradiaion experiments and for the inspection of the matrix and the plasma
plume during deposition. Two of the windows can be replaced by collimators with optical

tibers in order to perform UV /Vis experiments.

1.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD), also laser ablation'3], pulsed laser sputtering!!?! or pulsed
laser vaporization'! can be used in combination with the matrix-isolation technique to
vaporize high-melting compounds for subsequent co-deposition with a mixture of reactive
and matrix gases. Figure 1.3 illustrates the series of events that occur during laser ablation
using a pulsed nanosecond laser. Within femtoseconds, electrons are expelled from the target
material leaving cationic material behind which is subsequently also expelled in a Coulomb
explosion due to Coulomb repulsion. As the laser pulse further heats the target, thermal
vaporization of target material occurs. At a certain temperature, a plasma is formed which
completely absorbs the remaining pulse energy heating the plasma even further. A plasma
that absorbs all light is called a black plasma. The scheme in Figure 1.3 is based on a personal
communication by Prof. Jiirgen Reif of the department of experimental physics and material
science at the BTU Cottbus.

()
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Figure 1.3: Qualitative depiction of the events happening during laser ablation when a
laser pulse hits the target on a logarithmic time scale, CE (Coulomb explosion), PH (plasma

heating).
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Early papers that describe the use of laser ablation for matrix-isolation experiments state
the difficulties associated with the vaporization of boron using conventional high temper-
ature methods (Knudsen cell) as a reason to use an alternative method. The high melting
point of boron, the high reactivity of molten boron and the resulting contaminants that are in-
troduced from the vacuum system into the matrix due to the extreme heat are brought up as
the main problems related to the conventional thermal vaporization techniques.'>13 High-

(12131 and carbon!!®! were in fact among the first compounds

melting non-metals like boron
to be studied using pulsed laser deposition in combination with matrix isolation. The use of
pulsed and focused laser radiation to vaporize such compounds made it possible to avoid
the problems related to conventional high temperature methods and had a useful side effect:
since laser ablation leads to ionization of atoms in a plasma plume it is capable of producing
charged species in addition to the neutral reaction products formed by thermal vaporization.
Laser-ablation studies by Vladimir E. Bondybay showed that substantial amounts of atoms
in metal vapors obtained from laser ablation are ionized.#16-18] In previous matrix-isolation
studies, laser ablation has been most commonly used for the vaporization of pure non-metal
and metal targets. There are also examples for the laser ablation of transition metal oxides!™”!
and high-melting main group compounds like boron nitride.[’l Matrix-isolation studies
using laser ablation of element mixtures have been reported as well, but are rather excep-
tional, e. g. the CP radical has been reported in an EPR matrix-isolation study in 1988 and
was produced by laser ablation of a mixed graphite and red phosphorus target.['] Laser
ablation of non-volatile alkali salts, however, can be considered a novelty to the field of
matrix-isolation spectroscopy.

Considering that alkali halides are used as window materials for IR spectroscopy, it is
not obvious or even counter intuitive that focused IR laser pulses can be used to vaporize
such IR transparent materials. Table 1.1 shows the band gaps of the alkali fluorides and the
number of photons needed for the multiphoton excitation of an electron to the conduction
band using an Nd:YAG laser (A = 1064nm). The Nd:YAG laser used for laser ablation
is operated at a pulse energy of about 50 mJ which amounts to 0.007 ] mm~2 for a pulse
diameter of 3mm. The surface of a single CsF ion pair can be estimated using the ionic
radii of 6-coordinate octahedral Cs* and F~ and is 0.14 nm?. Using the unfocused laser beam,
about 5250 photons would strike the area of one CsF ion pair during a 5ns laser pulse.
Assuming that a lens focuses the laser pulse by a factor of about 10* to a beam diameter
of 0.03 mm, it can be estimated that the ion pair is encountered by about 10 photons per
femtosecond. This example calculation suggests that in principle multiphoton excitation can
occur but is probably too rare to be the main driving force behind the laser ablation. Indeed,
an experiment with a sodium fluoride single crystal showed little to no ablation of NaF and
instead the aluminum target holder was damaged. Only targets of compressed powdery
alkali halides are efficiently vaporized by IR laser ablation.

Crystal defects at the domain borders of the crystallites in the compressed pellet could

play an important role in the laser ablation process since crystallographic imperfections
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Table 1.1: Band gap energies of alkali fluorides and the number of photons (A = 1064 nm =

1.165 eV) necessary for a multiphoton excitation.

Material Band Gap (eV) Number of Photons Reference

LiF 13.6 12 [21,22]
NaF 115 10 [21,22]
KF 109 10 [23, 24]
RbF 104 9 [23]
CsF 10.0 9 [23]

lead to localized electronic states within the band gap and thereby enhance absorption of
radiation.[! It is further known that focused long-wavelength laser irradiation (A = 800 nm)
can induce color centers in sodium chloride.[?®l According to the book "Laser Ablation
Mechanisms and Applications" by John C. Miller and Richard F. Haglund Jr. the process
of laser ablation of alkali halides with an intense laser pulse of sub-bandgap energy can be
described as follows: At the beginning of the laser pulse most photons penetrate through the
bulk except for those involved in multi-photon band-to-band transitions. In the course of the
laser pulse the top layers of the target become enriched with alkali metal while self trapped
excitons (STEs) and color centers accumulate in the underlying regions. In the following,
the underlying regions get also enriched with alkali metal and defects further improving
absorption and leading to increasingly effective laser heating of the material at the later

stages of a nanosecond laser pulse.l”]

(a) (b)

Figure 1.4: (a) Plasma plume during laser ablation of sodium fluoride, (b) caesium chloride

target after laser ablation.

When compressed powder targets are used, the defect density at the domain borders
between the crystallites is considered to be fairly high which should improve the absorption
of focused IR laser radiation efficiently enough to explain the observed absorption behavior.
Figure 1.4a shows the plasma plume during laser ablation of sodium fluoride (NaF). The
color of the plasma resembles the characteristic flame color of sodium. Figure 1.4b shows

the surface of a caesium chloride (CsCl) target after laser ablation. The deep grooves indicate
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efficient ablation of material whereas the blue coloration is indicative for the formation of

radiation induced color centers during laser ablation.

1.3 The Role of Computational Chemistry

Quantum-chemical methods are further important tools to validate assignments based on
the results of matrix-isolation spectroscopic experiments. Most importantly, theoretical
analysis of harmonic frequencies is used to facilitate interpretation of IR and Raman spectra
of small molecules. Of the many programs available the TURBOMOLE?®! program package
is especially useful for density functional theory (DFT) calculations. The MOLPRO!! stack
is well suited for all kinds of ab-initio calculations, while ORCAB?3! is a solid program
for DFT, second-order Mgller Plesset perturbation theory (MP2), and coupled cluster (CC)
calculations and emphasizes on the usability in combination with all kinds of spectroscopic
methods.

DFT methods like Becke 3-parameter Lee-Yang-Parr (B3LYP)32%! and Becke 1988 and
Perdew 1986 (BP86)[3037] are usually used to validate vague guesses as these methods
are computationally cheap and yield reasonable results for simple small molecules within
minutes. If a higher accuracy is needed, the MP2 method can provide good results for small
molecules in less than an hour. The MP2 method is commonly used with spin-component
scaling (SCS) to improve the description of molecular ground state energies by separately
scaling parallel- and antiparallel-spin components.[38! The coupled cluster singles, doubles
and pertubational triples (CCSD(T)) procedure is the method that usually yields the most
accurate results and the best agreement with experiments, however, it is also one of the most
costly methods and only makes sense in combination with a basis set of triple zeta quality
or higher. The calculation of a molecule consisting of four atoms with Cs symmetry at the
CCSD(T)/triple-C level, for example, will run for about a day on 8 parallel processors. The
duration of a CCSD(T) calculation can quickly exceed weeks and months depending on the
number of atoms and the symmetry of the molecule.

Where possible, IR spectroscopic results are validated using isotopically labeled exper-
iments which usually allows for a clear structural assignment. However, some chemical
elements have only one stable isotope such as the neat elements '°F or '%’Au. For matrix-
isolation investigations of compounds that contain only mononuclidic elements like the
polyfluorine anions (F,) or gold fluorides (Au,F.,), quantum-chemical calculations become

especially important.

1.4 Trihalogen Anions and their Alkali lon Pairs

The first evidence for the tendency of halogens to react with halides to form polyhalogen
anions was reported in 1819 by Pierre-Joseph Pelletier and Joseph B. Caventou who pro-

duced strychnine triiodide by addition of iodine to strychnine.?®! Sophus M. Jergensen is



1.4. Trihalogen Anions and their Alkali Ion Pairs

considered the first author who published a systematic study on polyiodides by the reaction
of metal iodides with I, (1870).1401 The first complete crystal structure determination of a
triiodine salt (NH,4l5) has been reported in 1935 by Rose C. L. Mooney.*!l Today more than
500 crystal structures containing triiodine anions (l3’) and higher polyiodine anions up to
IQ%' are known.[#243l The first tribromide (Br;) and trichloride (Cl3) and triinterhalide (Cl,Br~,
Br,CI7, BrICI7, I,Br, Br,l7, I,CI7, etc.) compounds were described by Frederick D. Chattaway
and George Hoyle in 1923.14! For all heavier halogens (X=Cl, Br, 1), higher polyhalogen
monoanions and interhalogen monoanions are known. The largest and most recent examples
are |;5,1451 Br;7,1461 CI3, 171 and CI(BrCl)g[#81 The developments in polyhalogen chemistry and
halogen bonding have been summarized in several recent reviews.[24243491 The following
sections will focus on previous investigations of trihalogen anions and ion pairs. Alkali
ion pairs of X3 anions will be written as MX; in the following. The notation M*X3 will

occasionally be used if it serves clarity.

The Trifluorine Anion

In the 1950s Hans Bode and Ernst Klesper postulated the synthesis of alkali trifluorides by
reaction of alkali halides MX (M=K, Rb, Cs; X=Cl, Br, |) with a flow of elemental fluorine
at 140-220 °C which they characterized via powder diffracton, density, and gravimetric
measurements, claiming the formation of MF; either with the alkali metals in higher oxidation
states or as ion pairs with a trifluorine monoanion (M*F3). They considered the latter
possibility unlikely because extrapolation of the dissociation temperatures of Csl; (250 °C),
Rbl; (192 °C), CsBr; (148 °C), and RbBr; (106 °C) to the unknown salts MCl; and MF5 led them
to conclude that M*F5 could not be stable under their experimental conditions.®*>!! Later it
became clear that the fluorine rich compounds Bode and Klesper had synthesized were in
fact alkali tetrafluorido halates (MXF,).[5253]

The first undoubtful alkali trifluoride ion pairs MF5 (M = Cs, Rb, K) were reported in 1976
by Bruce S. Ault and Lester Andrews who co-deposited thermally vaporized alkali fluorides
(Knudsen cell) with difluorine (F,) in solid argon under cryogenic conditions.5*%% Ault
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