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basis set superposition error

counterpoise correction

direct inversion of iterative subspace
diatomics-in-molecules

deoxyribonucleic acid

bonding energy

interaction energy

effective core potential
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neodymium-doped yttrium aluminum garnet
noble gas

natural population analysis
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quantum mechanics/molecular mechanics
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transition state
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3. Introduction

The importance of intermolecular interactions to chemistry, physics, and biology is
difficult to overestimate. Without intermolecular forces, condensed phase matter could not
form. The simplest way to categorize different types of intermolecular interactions is to
describe them using van der Waals and hydrogen bonded (H-bonded) interactions. The
van der Waals complex is a general description of an intermolecular interaction including
all of the intermolecular force components and the H-bond is a special case of van der
Waals interactions. In the H-bond, the intermolecular interaction appears between a
positively charged hydrogen atom and electronegative fragments and it originates from
strong electrostatic interactions.* The intermolecular interactions in H-bonds are typically
stronger than those in van der Waals complexes but weaker than those in chemical bonds.
H-bonding is important when considering the properties of condensed phase water and in
many biological systems including the structure of DNA and proteins.’

Vibrational spectroscopy is a useful tool for studying complexes and the solvation of
molecules.*” Vibrational frequency shift has been used to characterize complex formation.
In an H-bonded system A--H-X (A and X are acceptor and donor species, respectively),
the vibrational frequency of the H-X stretching vibration usually decreases from its value
in free H-X (red-shift). This frequency shift has been used as evidence for H-bond
formation and the magnitude of the shift has been used as an indicator of the H-bonding
strength.® In contrast to this “normal” behavior are the blue-shifting H-bonds, in which the
H-X vibrational frequency increases upon complex formation. In the last decade, there has
been active discussion regarding these blue-shifting H-bonds.”™*

Possibly the first reports of blue-shifting H-bonds were made in the late 1950’s by
Pinchas, who demonstrated an intramolecular H-bond formation in various aldehydes.*?*°
Later, this unusual effect — especially in systems that contain halogen substitutes — was
described in a number of articles. As an example of these studies, the complexes of
trifluoromethane (fluoroform) and trichloromethane (chloroform) with various molecules
(e.g. triformylmethane and fluorobenzene) show blue shifts of the C-H stretching mode in
the complexed trihalogenomethane molecules.®*® The physical origins of the blue-
shifting H-bonds have been studied;?>* however, efforts to explain this phenomenon with
a universal model are ongoing.

Noble-gases have been considered “inert” due to their limited reactivity with other
elements. In the early 1930’s, Pauling predicted the stable noble-gas compounds XeFg and
KrFs.® It was not until three decades later Neil Bartlett synthesized the first noble-gas
compound, XePtFs, in 1962.%" Later, noble-gas chemistry was expanded to include
compounds of krypton and radon.”®?® A “renaissance” of noble-gas chemistry began in
1995 with the discovery of noble-gas hydride molecules at the University of Helsinki.*®*
The first hydrides were HXeCl, HXeBr, HXel, HKrCl, and HXeH. These molecules have
the general formula of HNgY, where H is a hydrogen atom, Ng is a noble-gas atom (A,
Kr, or Xe), and Y is an electronegative fragment. At present, this class of molecules
comprises 23 members including both inorganic and organic compounds.®**¢ The first and
only argon-containing neutral chemical compound HArF was synthesized in 2000 and its
properties have since been investigated in a number of studies.*”** Much computational
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works on noble-gas hydrides has also taken place, including studies of their life-times and
solid state dynamics.***° A helium-containing chemical compound, HHeF, was predicted
computationally, but its lifetime has been predicted to be severely limited by hydrogen
tunneling.>**® Helium and neon are the only elements in the periodic table that do not
form neutral, ground state molecules.

The HNgY molecules are chemically bound systems. They have a strong (HNg)"Y~
ion-pair character, which leads to a large dipole moment at the equilibrium geometry.3*3°
The H-Ng bond is mainly covalent and the Ng-Y bond is mainly ionic with some covalent
contribution.® The intense absorption of the H-Ng stretching modes makes these
molecules easy to detect with infra red (IR) spectroscopy. Most of the experiments on
HNgY molecules were performed in low-temperature noble-gas matrices, but recently
some HXeY species have been found in gas-phase xenon clusters.”’®® The HNgY
molecules have very strong interactions with their surroundings as demonstrated by the
large splitting of their vibrational bands between different solid state configurations
(matrix sites).?*®*%2 The formation mechanism of these molecules has been discussed and
these molecules most probably form from the neutral H + Ng + Y fragments upon thermal
hydrogen diffusion in matrices.***® An intriguing question is weather or not HNgY can
form as isolated molecules in the gas phase or in the crystalline form. Computations have
predicted the stable crystal formation of the HXeH and HXeCCH molecules.®*®*

A noble-gas matrix is a useful medium in which to study unstable and reactive species
including ions.*® A solvated proton forms a centrosymmetric NgHNg* (Ng = Ar, Kr, and
Xe) structure in a noble-gas matrix and this is probably the simplest example of a solvated
proton.®> " Interestingly, the hypothetical NeHNe* cation is isoelectronic with the water-
solvated proton HsO," (Zundel-ion).”*"® The NgHNg" species can be trapped by
depositing a mixture of hydrogen-containing precursor molecules and noble gas through a
discharge onto a cold substrate, or by photolyzing precursor molecules in noble-gas
solids.®>®® The infrared absorptions of these ions were first characterized in noble-gas
matrices in the early 1970’s but their exact molecular structure remained uncertain at that
time.®>®® It was later observed, that in solid noble gases a proton is solvated to form a
linear triatomic NgHNg" structure.®®” Due to strong anharmonicity, these ions exhibit a
very strong coupling between the symmetric (vi) and antisymmetric (vs) stretching
vibrations, leading to the characteristic vs+nv; combination bands. The NgHNg"
absorptions decay at low temperatures and the mechanism of this decay has been a puzzle
for many years.®>®” This cation decay has a noticeable H/D isotope effect. It has been
suggested that room-temperature black body radiation and tunneling-assisted proton
diffusion could explain the dark decay of the NgHNg"* bands.”""®

In addition to the NgHNg" cations, the isoelectronic YHY™ (Y = halogen atom or
pseudohalogen fragment) anions have been studied with the matrix-isolation
technique.”®* These species have been known to exist in alkali metal salts (YHY) M* (M
= alkali metal e.g. K or Na) for more than 80 years.*® Hydrated HF forms the FHF
structure in aqueous solutions, and these ions participate in several important chemical
processes.?® YHY™ anions have a centrosymmetric structure and they show vibrational
combination bands similar to those of the NgHNg" cations.®®° It was suggested that both
YHY™ and NgHNg" ions can be described in terms of a strong H-bond between the
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hydrogen and halogen atoms.®®*® In our opinion, these species are more likely to be true
chemically bound systems due to their fully delocalized electron density, equal bond
lengths, and large bond energies, typical for normal chemical bonds.?"®

In this thesis, studies of the intermolecular interactions of HNgY molecules and
centrosymmetric ions with various species are presented. The HNgY complexes show
unusual spectral features, e.g. large blue-shifts of the H-Ng stretching vibration upon
complexation. It is suggested that the blue-shift is a “normal” effect for these molecules,
and that originates from the enhanced (HNg)"Y~ ion-pair character upon complexation. It
is also found that the HNgY molecules are energetically stabilized in the complexed form,
and this effect is computationally demonstrated for the HHeF molecule.”> The NgHNg*
and YHY  ions also show blue-shifts in their asymmetric stretching vibration upon
complexation with nitrogen.

Additionally, the matrix site structure and hindered rotation (libration) of the HNgY
molecules were studied. The librational motion is a much-discussed solid state
phenomenon,”® and the HNgY molecules embedded in noble-gas matrices are good
model systems to study this effect. The formation mechanisms of the HNgY molecules
and the decay mechanism of NgHNg" cations are discussed. A new electron tunneling
model for the decay of NgHNg" absorptions in noble-gas matrices is proposed. Studies of
the NgHNg™--N, complexes support this electron tunneling mechanism.
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4. Methods

4.1. Experimental

Standard matrix-isolation techniques are used in the experiments (see Fig. 1).*° The
sample (S) and matrix (M) gases are mixed in a glass bulb at typical S/M ratios of
1:(2000-300). The gas mixtures are deposited onto a cold (8-60 K) Csl substrate in a
closed-cycle helium cryostat (APD, DE 202A) and the typical matrix thickness was ~100
um. A needle valve was used to control the gas flow rate. In the experiments with HF, the
matrix gas flushed a HF-pyridine polymer (Fluka) at room temperature. In some
experiments, impurity water was removed from the sample gas flow by depositing it over
drops of sulfuric acid. Deuteration of HF was achieved by passing the sample gases
through deuterated sulfuric acid.

Nd:YAG laser 1064 nm + 2",

3“, and 4" harmonic freq. — Valve

]
C—1— Connection
]
%) — Needle valve
— HF-polymer*
— H,S0,/D,S0,*

Kr-lamp 126-160 nm a
Excimer laser 193 nm (ArF) — Valve

Cryostat 8 K

Nicolet 60SX FTIR spectrometer

Vacuum pumps

Figure 1. Matrix isolation setup. HF-polymer and sulfuric acid (*) were used only in some
experiments.
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The IR absorption spectra were typically recorded at 8 K with a Nicolet 60SX FTIR
spectrometer with resolutions of 1 and 0.25 cm™ by co-adding up to 1000 interferograms.
The spectra were measured in the 400 to 4000 cm™ range using a liquid-nitrogen-cooled
MCT-A detector and Ge-KBr beam splitter. The matrices were photolyzed through a MgF
window at 8 K by an ArF excimer laser (MPB, MSX-250) emitting at 193 nm (pulse
energy <15 mJ cm ), a krypton continuum lamp (Opthos) emitting in the 127-160 nm
spectral range (microwave power ~40 W), or by an optical parametric oscillator tunable
from 225 nm to 4 um (Continuum, 10 Hz, ~10 mJ cm™?). The matrices were annealed at
up to 70 K. In some experiments, the spectra were measured at elevated temperatures.

4.2. Theory and computations

4.2.1. Electronic structure calculations

The minimum energy structures of the intra- and intermolecular potential energy surfaces
were obtained with Mgller-Plesset second order perturbation theory (MP2) by including
all of the electrons explicitly in the correlation calculation.*® Preliminary structures of the
complexes were first optimized at the Hatree-Fock (HF) level of theory.®” Quadratically
converged (QC) and Pulay’s direct inversion of iterative subspace extrapolation (DIIS)
procedures were used for the self-consistent field (SCF) calculations.”®*® The program
packages used were Gaussian 98 and 03 (various revisions) and Gamess (various
revisions) running on the SGI Origin 2000, the IBM eServer Cluster 1800, and the Sun
Fire 25K computers at CSC — Center for Scientific Computing Ltd. (Espoo Finland). %10

The basis sets used were taken from the internal library of the Gaussian packages or
downloaded from the EMSL basis set library."®>*® They were standard basis sets
according to the Dunning’s and Pople’s notation. Dunning’s basis sets include correlation
consistence valence double- and triple-zeta (aug)-cc-pVXZ (X = D or T) basis sets
typically augmented with the diffuse functions.’®*!% The split valence basis set of
6-311++G(2d,2p) was also used.’***® For xenon and (in some systems) bromine atoms,
the Stuttgart/Dresden (SDD),*® small-core Stuttgart,*'® and Lalohn effective core
potentials (ECPs) were employed.'*! For xenon and bromine atoms, the valence space
optimized by Runeberg and Pyykko, and cc-pVVTZ-PP were used, respectively, together
with ECPs. "

The charge distributions were calculated with Mulliken and natural population analysis
(NPA) methods.***** The vibrational frequencies were obtained at the MP2 level using
harmonic force fields.
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4.2.2. Intermolecular interactions

The interaction energies of the complexes were estimated as the difference between the
energy of the complex and that of the monomers. The basis set superposition error (BSSE)
was minimized by the counterpoise (CP) correction method developed by Boys and
Bernardi.'*> The vibrational zero-point energy correction was used in most of the
intermolecular energy calculations.

The intermolecular energy component analysis was performed by dividing the energy
components into electrostatic, induction, dispersive, and repulsive interactions.**® The
electrostatic interactions can be calculated using the electrostatic interaction energy that
takes into account interactions between the static dipole and quadrupole moments:

JINL HAO Hg© 0,0
UAB:4A B3f1+ A B4f2_ B A4f2+ A 55 f3
e, ¥ Areyr 4re,r 4reyr
f, =sing, sinp, c0s@ —2cos ¢, CoS @,
1) f, :%[cos%(%osz s —1)—25in @, SIN @ COS @ cos@]

3 1-5co0s® ¢, —5¢0s° ¢, —15¢0s’ ¢, Cos” @y,

4 +2(4cos ¢, Cos g, —sin g, Sin @, cosH)2

where ua and Gg are the dipole moment of molecule A and the quadrupole moment of
molecule B. ¢’s are the angles, 6 is the torsion angle between the dipoles of the molecules
and r is the distance between the centers of the dipoles of the complex partners. See
Reference [116] for a description of the angles.

The induction interaction can be determined by taking into account the dipole-induced
dipole term:

, 3cos’p+1

2 Ug=—0
(2) AB H 2(47[80)2 6

where « is the polarizability of the polarizing complex partner and ¢ is the angle between
the dipoles.

The dispersion and repulsion interactions can be calculated using the anisotropic
Lennard-Jones (6-12) potential function:**"*!8
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0=t "] 1]

3) () =¢[1+aP,(cos )]

r(p) =& [1+bP,(cos )]
30 1
I:’z(X)—ZX >

A more advanced approach to estimate the intermolecular energy components was
accomplished with the Morokuma-Kitaura scheme using the Gamess program
package.'?*12% The HNgY--N, complexes were analyzed at the HF level of theory with
the aug-cc-pVDZ basis set. The geometry optimizations were performed with the
MP2/aug-cc-pVDZ level of theory. At this level, the interactions can be divided into
electrostatic, polarization, charge-transfer, and exchange-repulsion energy components.
The dispersive energy components were estimated as an interaction energy difference
(AE) of the same complex geometry at the MP2 and HF levels of theory:

4) AE,., = AE(MP2) - AE(HF)

disp

This approach has been demonstrated to give reasonable values for dispersive energy
components.’?*'# For the HNgY:-HX complexes, the interaction energy component
analysis was expanded to the second-order perturbation theory (MP2) with the variation-
perturbation scheme. A more complete description of this method is presented in
Reference [123]. The basis sets used for HNgY--HX energy component calculations were
aug-cc-pVTZ (H atom), cc-pVTZ (Cl atom), and cc-pVTZ-PP (Xe and Br atoms).
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5. HNgY complexes

The first prediction of noble-gas hydride complexes was made by Lundell et al. in a
computational study of the H-bonded HXeH:--H,O complex.'?**?* Later, experimental and
computational studies of HKrCl--*N, and HXeOH-(H0), (n = 1,2) were
published. D126 This research led to many more computational studies of new HNgY
complexes.®®®412"157 Of particular note is the work of McDowell, who made
computational studies of the HNgY complexes with N,, CO, CO,, H,C,, and hydrogen
halides. At present, experimental observations of the following HNgY complexes have
been reported: HArF--N;, HKrF--N,, HKrCl---N,, HXeBr--HBr, HXeBr---HCI,
HXeCl--*HCI, HXeCCH:+-CO,, and HXeOH:++(H,0), (n = 1,2).(Articles LILVIID.126,158

5.1. Computational results

5.1.1. Structure and vibrational properties

Three groups of complexes are studied here: (1) HNgY:-N,, (2) HNgY--HX, and
(3) HNgY---Ng. The minimum energy structures of these HNgY complexes are presented
in Figures 2 and 3. The structural parameters and partial charges are shown in Table 1.

)
& @ -

Structure 1

o e

Bent structure .
=€
- R

Structure 2

Linear structure
&\ - =€

Structure 3

Figure 2.  Computational minimum-energy structures of the HArF---N,, HKrF---N,, HKrClI---N,,
and HXeY---HX (X,Y = Cl and Br) complexes. The structural parameters are
presented in Table 1.
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Table 1. Bond lengths r (in A), angles (in degrees), and NPA partial charges of HNgY
complexes. Structural parameters refer to Fig. 2. The computational level is

MP2/6-311++G(2d,2p) for HNgY:--N, complexes and MP2/aug-cc-pVTZ

(H atom), cc-pVTZ (Cl atom), cc-pVTZ-PP (Xe and Br atoms) for HXeY---HX

complexes.

r (H-Ng) r (Ng-Y) r (interm.) r (N-N/H-X) angle g (H) g (Ng) q (Y)
HArF--:N,
monomer 1.326 1.996 - 1.113 - 0.225 0.536 -0.761
bent 1.322 2.004 3.252 1.112 66.1  0.233 0.539 -0.768
linear 1.314 2.027 2.149 1.112 180.0 0.264 0.526  -0.807
HKrF--*N,
monomer 1.467 2.075 - 1.113 - 0.087 0.649 -0.736
bent 1.465 2.081 3.406 1.112 62.0 0.117 0.652  -0.767
linear 1.461 2.090 2.413 1.113 180.0 0.132 0.642 -0.781
HKrCl--*N,
monomer 1.500 2.551 - 1.113 -
bent 1.495 2.558 3.387 1.113 72.0 0.123 0.562 -0.682
linear 1.465 2.537 2.195 1.110 178.9 0.149 0.559 -0.720
HXeBr---HBr
monomer 1.688 2.744 - 1.398 - -0.033 0.655 -0.622
structure 1 1.661 2.970 2.200 1.436 76.2 -0.016 0.679 -0.589
structure 2 1.681 2.755 3.524 1.402 753 -0.022 0.662 -0.627
structure 3 1.683 2.773 2.556 1.401 91.1 -0.014 0.644 -0.669
HXeBr---HClI
monomer 1.688 2.744 - 1.271 - -0.033 0.655 -0.622
structure 1 1.662 2.797 2.213 1.305 76.3  0.015 0.679  -0.605
structure 2 1.685 2.748 3.606 1.273 720 -0.029 0.659 -0.625
structure 3 1.680 2.766 2.573 1.273 99.3 -0.009 0.649 -0.662
HXeCl---HBr
monomer 1.673 2.593 - 1.398 - -0.028 0.694 -0.666
structure 1 1.648 2.656 2.049 1.439 80.3 0.024 0.714 -0.634
structure 2 1.667 2.605 3.399 1.402 795 -0.018 0.700 -0.671
structure 3 1.669 2.621 2.569 1.401 926 -0.011 0.679 -0.704
HXeCl---HCI
monomer 1.673 2.593 - 1.271 - -0.028 0.694 -0.666
structure 1 1.648 2.655 2.059 1.308 80.3 0.023 0.714  -0.647
structure 2 1.670 2.598 3.503 1.272 75.8 -0.025 0.698 -0.669
structure 3 1.667 2.615 2.573 1.273 99.6 -0.007 0.685 -0.699
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For the N, complexes of HArF, HKrF, and HKrCl, two stable structures (linear and
bent) are found. The HCI and HBr complexes of HXeCl and HXeBr show three minimum
energy structures, here labeled structures 1-3. The linear structure of the N,---HNgY and
structures 1 and 3 of the HXeY---HX complexes are H-bonded. The bent structures of
HNgY---N, and structure 2 of HXeY---HX are van der Waals complexes. In addition to 1:1
complexes, we calculated the HXeBr---(HBr), trimer (see Fig. 3). Complexation shortens
the H-Ng bond and elongates the Ng-Y bond of HNgY molecules.

Upon complexation, the internal (HNg)"Y~ ion-pair character of the HNgY molecules
increases in many cases, resulting in stabilization of the H-Ng bond. The characteristics of
the H-Ng entity in these molecules approaches those of the free HNg® cation with a
shorter bond length, higher H-Ng vibrational frequency, and lower IR absorption
intensity. ™% The computational charges (NPA) and the H-Ng vibrational frequencies
are collected in Table 1.

The HXeBr---Xe structures are shown in Figure 3 and the frequency shifts upon
complexation are presented in Table 2. The complexes show three energy minima and two
of these structures (1 and 3) are quite similar to the linear and bent structures of the
HNgY---N, complexes. Complexation induced H-Xe vibrational shifts are quite small
(<10 cm™) and interestingly, structure 2 shows a red shift of 7.6 cm™, instead of the
typical blue shift in HNgY complexes.

3.079 1.705 2.774

Structure 1

1.707 2.768 3.943

! 1421 2338

B {xed—=§) - - - - ‘Xe ) @;J .....
N

106.3

Structure 2 i
H
175.4° 756° " 2089
s
4.129 : = ——
' N o 1.647 2.834
.\71.6
_ . HXeBr-- (HBr), trimer
=€
1.706  2.769

Structure 3

Figure 3.  Computational structures of HXeBr---Xe complexes MP2/6-311++G(2d,2p),LJ18
(Xe atom) and HXeBr--(HBr), trimer at MP2/aug-cc-pVTZ (H atom), cc-pVTZ
(Cl atom), cc-pVTZ-PP (Xe and Br atoms) levels of theory. Bond lengths are in A.
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Table 2. Computational monomer-to-complex shifts (in cm™) of the H-Ng stretching
vibrations of HNgY complexes. The IR absorption intensities are presented in
parentheses (in km mol™). Computational levels are given in Table 1 and in
Figure 3.

HArF--N, HKrF-N;  HKrCl-=N,
monomer  2148.7 (1150) 2138.3 (634) 1828.4 (2412)
linear +155.2 (82) +64.8 (214) +145.7 (907)
bent +34.2 (658)  +15.8 (72) +31.0 (2189)
HXeBr-+HBr? HXeBr--HCl HXeCl--HBr HXeCl-+HCl Xe--HXeBr
monomer  1818.3 (1734) 1818.3 (1734) 1920.1 (1144) 1920.1 (1144) 1792.9 (1631)

structure 1
structure 2
structure 3

+119.1 (1193) +122.1 (1201) +112.4 (764) +116.7 (733) +6.5 (1253)
+26.5 (1552) +10.9 (1638) +23.7 (1013) +9.9 (1076) 7.6 (1914)
+17.7 (350) +47.9(633) +8.8(181) +35.6(352) +2.7 (1502)

a)

monomer-to-complex shift for the tentative HXeBr---(HBr), trimer is +251.7 (1884)

5.1.2. Energetics

Neutral repulsive and ionic potential energy surfaces contribute to the bonding of the
HNgY molecules.®**®%* The avoided crossing between these potential energy surfaces
makes possible the formation of these molecules from neutral H + Ng + Y fragments.®*
The energy of the identified HNgY is lower than that of the corresponding neutral
fragments, and allows for the formation of these molecules from neutral fragments at low

temperatures.

Complexation of HNgY molecules lowers the electronic energy by the intermolecular
interaction energy [E(int)]. The energy diagram of HNgY complexes is presented in
Figure 4. The basis set superposition error (BSSE) and vibrational zero-point energy
(ZPE,vib) typically weaken the interaction energy of the complexes. The BSSE corrected

interaction energies of the HNgY complexes studied are presented in Table 3.
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Figure 4.  Energy-level diagram of HNgY molecules and their complexes. BSSE and ZPE,vib
refer to the basis set superposition error and the vibrational zero-point energy
corrections of the interaction energy [E(int)], respectively. E(bond) is the bonding
energy of HNgY with respect to the neutral asymptote.

Table 3. BSSE-corrected interaction energies of the HNgY complexes (in cm™).
Computational levels are the same as in Table 1 and Figure 3.

HArF---N, HKrF--:N,  HKrCl-*N,
linear -783 -394 -442
bent —636 -546 -613

HXeBr--HBr® HXeBr-HCl HXeCl-+HBr HXeCl-+HCl Xe--HXeBr

structure 1 -2384 -2534 -2638 —2838 -261
structure 2 —792 —471 -799 —488 -251
structure 3 -490 —472 -501 -460 -430

% interaction energy of HXeBr-+(HBr), trimer is —4580 cm ™

The nature of interaction in these complexes was studied with the Morokuma-Kitaura
analysis and variation-perturbation scheme.'?119120128 Tha resylts of the energy
component analyses are collected in Table 4. In many cases, the electrostatic interactions
contribute strongly to the total interaction energy. For the bent structure of the N
complexes and structures 2 and 3 of the HNgY--HX complexes, the dispersive
interactions compete with the electrostatic forces.
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Table 4. Relative contributions of the interaction energy components of the HNgY
complexes. The structures refer to Figure 2. The delocalization energy component
in the HNgY---HX complexes contains polarization and charge transfer energy
contributions.

HArFN,  HKrF-=N,  HKrCl-=N,

linear electrostatic 36 % 39 % 37 %
polarization 30 % 18 % 22 %

charge transfer 25 % 21 % 24 %
dispersion 9% 21 % 17 %

bent electrostatic 38 % 37% 34 %
polarization 18 % 16 % 16 %

charge transfer 13 % 14 % 12 %
dispersion 31 % 36 % 39 %

HXeBr---HBr HXeBr---HC|I HXeCl---HBr HXeCl---HClI

structure 1 electrostatic 41 % 44 % 43 % 46 %
delocalization 30 % 29 % 30 % 29 %

dispersion 29 % 27 % 27 % 26 %

structure 2 electrostatic 43 % 38 % 44 % 38 %
delocalization 15% 13 % 15% 13 %

dispersion 42 % 49 % 41 % 48 %

structure 3 electrostatic 36 % 40 % 36 % 40 %
delocalization 28 % 23 % 27 % 23 %

dispersion 36 % 38 % 36 % 38 %

5.2. Experimental results and discussion

Hydrogen halides are among the most studied systems in noble-gas matrices. Their
vibrational and rotational properties, photochemistry, and complexes are well known in
various hosts.”>*%#1% Ouyr spectra of hydrogen-halide precursors in various matrices are in
good agreement with the literature data. Figure 5 represents the HX/N2/Ng (X = F, Cl and
Ng = Ar, Kr) matrices with the characteristic HF and HCI related absorption.
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Figure 5.  FTIR spectra of HX/N,/Ng (X = F, Cl and Ng = Ar, Kr) matrices measured at 8 K
after deposition.

5.2.1 HNgY--N2 complexes

HF in argon and krypton matrices, and HCI in a krypton matrix were studied. After
annealing a photolyzed matrix, the known absorptions of HArF, HKrF, and HKrCl rise in
the spectra.®*#°%®! |n experiments with the N, dopant, additional absorptions appear close
to the HNgY bands after annealing. These absorptions are assigned to HNgY:--N,
complexes.

The experimental assignment of HNgY---N, complexes is based on the following
arguments. The bands assigned to the complexes appear only in experiments with nitrogen
doping. Upon annealing, the complex bands rise synchronously with the monomer bands.
Also, the photostability of the monomer bands are similar to those of the complex bands.
The experimental absorptions of the HNgY---N, complexes are in agreement with the
computational predictions. The presence of higher order HNgY-+(N,), (n > 1) complexes
was ruled out by experiments with high nitrogen doping.

The IR bands of the HKrCl--N, complexes are presented in Figure 6 and the
monomer-to-complex shifts of these absorptions are collected in Table 5. The new
absorptions are separated into three groups corresponding to different complex structures.
The absorptions were strongest in the H-Kr stretching region, but the complex bands were
also observed in the HKrCl bending fundamental region at 541.5 cm™ and in the bending
overtone region at 1067.0 cm ™.
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Figure 6. FTIR spectra of HKrCl and its N, complexes. The N, induced bands are assigned to
the linear complex (L), the bend complex (B), and the HKrCI monomer (M) in local
matrix surroundings perturbed by N,. The middle trace is a spectrum in which HKrCl
bands have been subtracted from the complex bands.

We assign the bands labeled with L and B to the linear and bent configurations of the
HKrCI--N, complexes. For the linear complex, the exceptionally large blue shift of
+112.9 cm™ was in agreement with the computational prediction of +145.7 cm™. The bent
complex also shows a large blue shift (+32.4 cm™) in accord with the computational value
(+31.0 cm™). The structure marked with an M is probably related to the HKrCl monomer
in a perturbed local matrix morphology or a “loose” longer-range interaction with
nitrogen.**%+"

HArF and HKrF molecules appear in several matrix sites with different thermal
stability.*®°! These matrix sites are called thermally stable (S) and unstable (U) structures.
Thermally unstable bands appear at lower temperatures and disappear upon annealing at
higher temperatures. This behaviour is connected to the relaxation of the surroundings of
HArF and HKrF molecules to more stable configurations. The vibrational frequency
difference between the molecules in unstable and stable sites is very large for the H-Ng
stretching mode: ~25 cm™ for HKrF and ~50 cm™ for HArF. The site conversion takes
place at temperatures of ~27 and 31 K for HArF and HKrF, respectively.*®®! This
reorganization effect made studying the HArF and HKrF complexes with N, more
complicated than HKrCl.

The H-Ng stretching modes of HArF and HKrF and their nitrogen complexes are
presented in Figures 7 and 8. The monomer-to-complex shifts of these absorptions are
presented in Table 5. Absorptions assigned to the HArF---N, complex were also seen in
the HArF bending (680.3 and 702.9 cm™) and Ar-F stretching (431.7 cm™) regions. HKrF
complex absorptions in the bending and Kr-F stretching regions were not observed.
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Figure 7. FTIR spectra in the H-Ar stretching region of HArF and HArF---N, in solid argon.
The spectra were measured at 8 K. The matrices are annealed at 21 and 32 K. The N,
induced absorptions are assigned to the linear (L) and bent (B) complex structures of
thermally stable (S) and unstable (U) HArF molecules.
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Figure 8.  FTIR spectra in the H-Kr stretching region of HKrF and HKrF---N, in solid krypton.
The spectra were measured at 8 K. The matrices were annealed at 31 and 39 K. The
N, induced absorptions are assigned to the bent (B) complex structure of thermally
stable (S) and unstable (U) HKrF molecules. The band marked with an asterisk is
either the linear complex or a second matrix site of the bent complex.
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The experimental monomer-to-complex shifts are in good agreement with the
computations. The larger blue shifts can be connected to the linear complexes and the
smaller shifts to the bent structures. Distinguishing between the complex structures of
HArF---N, was quite straightforward. Conclusive assignment for HKrF>---N, complexes
was less certain. The experimental shift (+11.0 cm™) between the two HKrF*+N,
absorptions is quite small and the higher energy band (see asterisk in Fig. 8) may originate
either from the linear complex or from the second matrix site of the bent structure.

5.2.2 HNgY--HX complexes

The photolysis and annealing of HBr/Xe, HCI/Xe and HBr/HCI/Xe matrices were studied.
In these experiments, the concentration of HY dimer was optimized by adjusting the flow
gas rate and deposition temperature. The HXeBr---HBr, HXeCl---HCI, and HXeCl---HBr
complexes were identified using their intense H-Xe stretching vibration absorption. The
formation of the complexes is presented in Figure 9.

The assignment of the HXeY--HX complexes is explained as follows. Upon photolysis of
HY:-HX (X,Y = Cl and Br) the Y--*HX intermediate complexes appeared,'’**"® producing
the precursors for the HXeY---HX complexes. The amount of HXeY---HX complex
followed the intermediate complex concentration obtained during photolysis. The
photostability of the HXeY monomers and complexes under UV radiation are similar
(see Fig. 9). The computational predictions for the vibrational shifts are in good agreement
with the experiments.

040 T | T | T T | T | T
HXeBr mon. 0.04 -
HBr---HXeBr iy HXeCl mon. HXeBr mon.
L i HBr ---HXeBr
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Figure 9.  FTIR spectra of HXeBr, HXeCl and their HX (X = Br and CI) complexes in solid
xenon at 8 K. The lower trace is the result of a short photolysis at 193 nm and
indicates the bands that are due to HXeY-containing species.
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The experimental observations were limited to the H-Xe stretching region. The blue
shifts obtained are from 24 to 148 cm™ for HXeBr-HBr, from 84 to 122 cm™ for
HXeBr--HCI, and from 30 to 116 cm* for HXeCl--HCI. Based on the computations, we
have assigned blue shifts >70 cm™ to structure 1 and blue shifts <70 cm™ to structures 2
and 3 (see Fig. 2).

The interaction energies of complexes in the structure 1 configuration are about five
times larger than those of complexes in structures 2 and 3. At low (<50 K) temperature
annealings, the absorptions assigned to structure 1 have similar intensities to those of the
other complexes. This indicates a thermodynamic non-equilibrium of complexes after
photolysis and annealing. The intensities of the observed complex bands change after
annealing at higher temperatures. New complex bands appear with small shifts (~20-
30 cm™) and structure 1 is enhanced upon annealing at 70 K. This behavior is connected
to thermal relaxation of the local matrix surroundings.

The structural assignments of the experimental absorptions are somewhat uncertain for
to the following reasons. The computations refer to the gas phase systems while
experiments are done in solid xenon. The HNgY molecules show strong solvation
effects.!’*"® When forming a HXeY:--HX complex, it should be taken into account that
HNgY monomers are already in “complexed” form due to the surrounding matrix.
Moreover, the complexes are formed in matrix cages that are not optimal to accommodate
them i.e. the complex structures can differ substantially from the gas phase values.

Table 5. Experimental monomer-to-complex shifts (in cm™) of HNgY---N, and HXeY---HX
complexes. The shifts are calculated from the strongest monomer absorptions of
the H-Ng stretching mode.

HArF-+N, HKrF-N, HKrCl-+N, HXeBr-+HBr HXeBr--HCl HXeCl-HCl

+24.5 +6.8 +32.4 +23.6 +84.0 +30.1
+32.8 +11.1 +112.9 +28.5 +92.1 +37.4
+60.3 +17.8 +35.3 +119.1 +50.2
+75.1 +38.6 +121.5 +80.8
+95.3 +73.3 +84.1
+104.5 +89.1 +106.4

+125.9 +115.5

+148.9

+245.4*

“HXeBr-+(HBr), trimer (tentative assignment)

The vibrational blue-shifts of the H-Ng stretching vibrations seem to be the “normal”
effect for the HNgY molecules. These shifts hold the record for blue-shifting H-bonds.
Interestingly, van der Waals complexes (without H-bonding) also show substantial blue-
shifts upon complexation. Indeed, vibrational blue-shifts have previously been attributed
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only to H-bonded systems.”® In addition to blue-shifted HNgY complexes, several
examples of red-shifting HNgY complexes have been computationally predicted, but not
found experimentally. (Aicle V). 127,128,157
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6. Interactions with the matrix

6.1. Matrix-site effect

The detailed vibrational band structure of HNgY molecules in noble-gas matrices was not
discussed in early studies of these systems.***133** The HNgY molecules are embedded in
a solid matrix and they interact with the surrounding atoms. In addition to the very large
matrix-site splittings of HArF and HKrF,**®! many other HNgY molecules show smaller
splittings in their band structures. Some of these molecules (e.g. HXel, HXeBr, HXeCN,
HXeSH, and HKrCN) show a characteristic band shape of a closely-spaced pair of bands
and a relatively weak broader satellite at higher energy.30317417

The main band of HXeBr is split into a doublet. The intensities of these absorptions
depend on the annealing time, with longer annealing times enhancing the S; satellite
(see Fig. 10). Matrix deposition temperature has a noticeable effect on the HXeBr main
band structure and deposition at lower temperatures broadens the HXeBr bands. After
depositions at 10-25 K, the S;/S, doublet is not resolved even after annealing at 35 K, but
annealing at higher temperatures (60 K) restores the Si1/S, doublet. This band structure was
assigned to HXeBr in different matrix sites."¢ V)
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Figure 10. (a) FTIR spectra of the H-Xe stretching vibration of HXeBr in a xenon matrix after
different annealing periods at 35 K. The S; and S, bands originate from HXeBr in two
matrix sites. The spectra were measured at 8 K. (b) Si/S; intensity ratios as a function
of annealing time at 35 K. The dotted line represents the S;/S; intensity ratio obtained
after annealing at 45 K.
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The HXeBr matrix site splitting was modelled with computational 1:1 Xe::-HXeBr
complexes (see Fig. 3). The calculations show that the H-Xe vibrational frequency can
vary by several cm™ in different Xe:--HXeBr structures (see Table 2). These interaction-
induced shifts agree with the experimental interval of ~3 cm™ between the S; and S,
absorptions. This is in accordance with the computational simulations of HArF by
Jolkkonen et al.: they suggested that the band splitting of HArF is caused by a specific
interaction between one surrounding argon atom and the HArF molecule.'® The matrix-
site structure of HArF molecules has also been studied by Bihary et al. and
Bochenkova et al..!”"*"® The most successful method for explaining the band structure of
HArF seems to be the DIM based QM/MM method used by Bochenkova et al.,*’® but they
did not find evidence for any specific interaction between HArF and argon atoms. Thus,
the gquestion of specific interactions in noble-gas matrices remains open.

6.2. Librational motion

The spectra of HXeBr and HKrCl were measured at different temperatures and a
temperature dependence of the vibrational band satellites L; and L, was found (see Fig. 11
and Table 6). A model explaining the common features of the temperature dependent
processes was developed. These temperature dependent absorptions were connected to the
hindered rotation (libration) of HXeBr and HKrCl in a noble-gas matrix.

The L; band is relatively strong at lower temperatures and the L, band rises at higher
temperatures. This thermal process is fully reversible and the shifts of the L; and L, bands
from the main absorption band are practically equal. The vibrational frequencies of
HXeBr and HKrCl are collected in Table 6.

Table 6. H-Ng stretching absorptions of HXeBr and HKrClI with librational fine structure
(Ly, Lp).
non-librating Ly L,
HXeBr  1503.7 (S;), 1500.2 (S,)  1519.6  1486.8
HKrClI 1476.2 1496.0 1456.4

The librational band structure of HKrCl and HXeBr was simulated by a simple
phenomenological approach developed by Flygare and later adapted by Apkarian and
Weitz.}"*!% Reasonable agreement with experiments was obtained by tuning the
interaction strength. Examples of the simulated librational spectra of HXeBr at two
temperatures are presented in Figure 12(a). The temperature dependences of
computational and experimental L/L, intensity ratios are presented in Figure 12(b).
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in solid krypton measured at different temperatures. The bands marked with L; and L,
are explained by the librational motion of these molecules in the surrounding noble-
gas hosts.
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Circles represent the experimental data and lines are the simulations.
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An alternative explanation for the L; and L, bands is the interaction of the HNgY
molecule with lattice phonons. This is less probable than libration, because the phonon
bands should be broad and the absorptions should be activated up to the Debye frequency
of the lattice (~50 and 45 cm™ for Kr and Xe, respectively) as demonstrated for formic
acid in noble-gas matrices.'®! The experimental bands are narrow <10 cm™ and they are
separated by ~15 and 20 cm™ from the main spectral bands of HXeBr and HKrCI,
respectively.

Recently, the librational motion of HArF in solid argon was studied experimentally
and computationally.** The theoretical approach used by Bochenkova et al. successfully
explained the experimental observations of HArF libration. This work further confirms the
assignment of the L; and L, bands of HXeBr and HKrCI to librational motion. The
theoretical approach used by Bochenkova et al. could be used to simulate the libration of
other HNgY molecules as well, but the method is very demanding.

6.3. Energetic stabilization by intermolecular interactions

The HHeF molecule is the first computationally predicted candidate for a chemical
compound of helium.>*®® The life-time of HHeF is limited by tunneling over pico- to
femtosecond timescales.’*** It is valuable to study possible methods to stabilize HHeF and
so the solvation of HHeF in a xenon cluster was modeled. This complexation (solvation)
induced stabilization of the HHeF molecule might be a means of enhancing its life-time
and aiding in its experimental observation. The computed structures of HHeF---(Xe),
(n = 1-6) are presented in Figure 13.
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Figure 13. Computational structures of the HHeF---Xe, complexes at the
MP2/6-311++G(2d,2p), SDD (Xe atom) level of theory.
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According to calculations, HHeF is higher in energy than the corresponding H + He +
F neutral fragments and its life-time is limited by tunneling through the bending and
stretching barriers.*>® Figure 14(a) shows the schematic potential-energy surface of
HHeF. An interesting possibility is the energetic stabilization of the HHeF molecule below
the atomic asymptote through complexation with another species. This would have two
important consequences. First, this might make possible the preparation of HHeF using
the diffusion controlled H + He + F reaction. Second, this suppresses the tunneling via
stretching, hence increasing the HHeF life-time. The energetic stabilization of HHeF by
xenon atoms is presented in Figure 14(b). It is seen that the preparation of HHeF in a Xe
matrix could increase its lifetime by lowering its energy. It has been previously suggested
that high pressures can increase the lifetime of HHeF.>*
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Figure 14. (a) Schematic potential energy surface of HHeF presenting its stretching and bending
coordinates. The red arrow shows an idealistic effect of complexation stabilizing
HHeF below its atomic asymptote (energy difference ~6500 cm™).A™!") () Total
interaction energies of the HHeF--Xe, complexes are represented by solid squares.
The stabilization energy corrected with Xe-Xe interactions is shown by open circles.
Triangles show the stabilization energy after making the BSSE and Xe-Xe interaction
corrections.

The study of HHeF---Xe, (n = 1-6) shows that it is improbable that the HHeF---Xes
cluster brings the HHeF molecule below the atomic asymptote. However, as a working
hypothesis, the stabilization effect can continue for larger xenon clusters. It would be
valuable to consider the situation in bulk xenon. A particle in a single-substitutional site of
a xenon crystal has 12 closest neighbor atoms. It is possible that HHeF becomes lower in
energy than the atomic fragments in large xenon clusters. The treatment of HHeF in a
matrix is a complicated computational task.
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7. YHY™:N2 and NgHNg™::N, complexes

7.1. Computational results

For NgHNg" N, complexes, two energy minima on the potential energy surface were
found and they are named linear and T-shaped structures. The YHY ---N, complexes also
show two energy minima: a cross-like structure for both anions, and a linear structure for
CIHCI™-*N, and a T-shaped structure for BrHBr---N,. The computational structures are
presented in Figure 15.

1.570 1.550 _3,744 1143
Ar 1412 3.063 1465  1.565 @ H=y- - - -
™ -+
M """ @i l"@ Linear structure
Kr 1.112 3.148 1.605 1.729
Linear structure m“”’ E”“”
Ar Kr ‘- : .- :
3.340 « . 3.340 3.488, , 3.488
1.113 1.113 . i
Om,\ﬁ' %‘
- 1.705
2862 . 2976 1959 65 1.705
At 1514 . 1514 Z(AHA)1755° Cross-like structure
+
m () m—
Kr 1663 1663 L (KHK)177.2° 1682 1.729 3.792
G*H;:e- e 1.113
T-shaped structure \_J i
171.6°

T-shaped structure

Figure 15. Optimized structures of the NgHNg™:N, and YHY™-N, complexes at the
MP2/6-311++G(2d,2p) level of theory. The bond lengths are in A. The data for
Ng = Ar and Kr are indicated in the figure.

The linear geometry of the NgHNg™--N, and BrHBr--N, complexes changes the D.,
symmetry to C.y, which activates the symmetric stretching absorption. For the T-shaped
and cross-like structures, the degeneracy of the bending vibration breaks, leading to two
different bending frequencies. The computational vibrational data is collected in Table 7.

The BSSE corrected interaction energies of the YHY N, and NgHNg™-N
complexes are presented in Table 8. Both the linear and the T-shaped structures of the
NgHNg* N, complexes are bound by ~1000 cm™. For the YHY ~-N; complexes, the
cross-like structures are more strongly bound and the linear CIHCI™---N, complex has a
positive interaction energy suggesting that it is energetically unstable.
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Table 7. Computational vibrational frequencies and monomer-to-complex vibrational shifts
(in cm™) of NgHNg" and YHY™ monomers and their N, complexes. The level of
theory is MP2/6-311++G(2d,2p). The IR absorption intensities (in km mol ™) are
given in parentheses.

V3 shift v; ) Vi
ArHAr"-N,
monomer  1028.2 (5160) - 694.2 (104) 318.8 (0)
linear 1096.6 (5462) +68.4 716.7 (105) 305.0 (62)
T-shaped 1011.0 (4876) -17.2 654.3 (80), 705.5 (47) 315.8 (0)
KrHKr"-:N,
monomer  925.4 (6026) - 664.5 (43) 206.1 (0)
linear 1017.6 (6296) +92.2 680.1 (44) 192.2 (48)
T-shaped  927.9 (5768) +2.5 652.2 (34), 677.4 (19) 206.0 (0)
BrHBr N,
monomer  667.1 (7938) - 748.0 (2) 207.3 (0)
cross-like  675.4 (7594) +8.3 755.5 (1), 748.2 (0)  207.8 (0)
T-shaped  688.5 (8095) +21.4 763.3 (2), 754.1 (2)  205.2 (0)
CIHCI™***N,
monomer  690.8 (7080) - 869.4 (11) 343.6 (0)
cross-like  700.5 (6721) +9.7 870.6 (11), 864.2 (6) 344.4 (0)
linear 696.1 (7379) +4.8 880.7 (12) 342.6 (21)
Table 8. BSSE-corrected interaction energies (in cm™) of the NgHNg"-:N, and YHY N,

complexes at the MP2/6-311++G(2d,2p) level of theory.

ArHAr N,  KrHKr N, BrHBr=--N, CIHCI™--N,
linear -927 -935 cross-like -520 linear -559
T-shaped -1176 —996 T-shaped -338 cross-like +77

7.2. Experimental results and discussion

The photolysis of hydrogen containing molecules in noble-gas matrices leads to charge
transfer processes where a hydrogen atom can trap the positive charge (react with a hole)
to form the NgHNg" cation.®*"® In addition to NgHNg" cations, the formation of YHY™ (Y
= halogen atom) anions takes place in HY/Ng matrices upon photolysis and annealing.”®®*
The formation of YHY™ is mainly obtained after annealing at temperatures close to the
diffusion temperature of a hydrogen atom.'®*#* The formation process probably involves
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the reaction of a hydrogen atom with a halide molecule. The possible mechanisms for the
formation of these ionic species are described as follows:

HY + Ng, —> Y+Ng,+H —> Y +Ng; + H —

(5) ) .
Y™ +Ng, ., +(NgHNQg)
(HY)2+NgnL>H+Y---HY+NgnL> (YHY) +Ng, +H
and

(6)

annealing

(HY), + Ng, —2>Y, + Ng, +2H 2" _,vy...HY + Ng, +H——
(YHY) +Ng,+H

In the HY/N2/Ng experiments, additional absorptions, shifted to the blue from the
YHY™ and NgHNg" bands, are observed. These new bands are assigned to nitrogen
complexes of these ionic species. Figure 16 presents the absorption spectra of CIHCI,
BrHBr~ and their N, complexes. The YHY N, complexes rise synchronously with
YHY™ ions upon annealing at 20 and 30 K in argon and krypton matrices, respectively.
Figure 17 shows the N, complexes of the ArHAr" and KrHKr" cations. The NgHNg"
absorptions are independent of precursor molecule (HCI and HBr). The cations and their
complexes decompose upon annealing as shown in Figure 17. The main spectral features
are the antisymmetric stretching modes. The anharmonicity of the YHY™ and NgHNg*
ions leads to strong coupling between the symmetric (vi) and antisymmetric (vs)
vibrations, building up the intense combination bands.®®"°*® The N, complex bands of
ArHAr", KrHKr*, and BrHBr~ were also detected in the combination vibration region. The
vibrational frequencies of these ions and their complexes are collected in Table 9.

Table 9. Experimental absorptions (in cm™) of ArHAr", KrHKr" and their N, complexes.

ArHAr" ArHAr =N, KrHKr® KrHKr™N, CIHCI~ CIHCI™N, BrHBr~ BrHBr =N,

V3 903.0 928.5 852.6 863.0 695.5 700.3 686.3 693.3
vs+v;  1139.2 1183.6 1008.0 1020.5 954.9 — 844.8 865.8
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Figure 16. FTIR spectra of CIHCI™ and BrHBr™ in Ar and Kr, respectively, and their N,
complexes. The higher deposition temperature increases the relative concentration of

the YHY---N, complexes as demonstrated for CIHCI".
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Figure 17. FTIR spectra of ArHAr" and KrHKr* monomers in Ar and Kr matrices, respectively

(upper traces), and their N, complexes (middle traces). The lower trace shows the
effect of annealing at 30 K (Ar) and 35 K (Kr).
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7.3. Formation of YHY™ and decay of NgHNg" ions

The formation and decay of NgHNg® and YHY™ ions are interesting solid-state
phenomena and these relatively simple systems can help us to understand solid-state
charge-transfer processes.”® The mechanism for the decay of NgHNg" ions in matrices has
been discussed and several mechanisms for this process have been suggested. The room-
temperature black-body radiation assisted tunneling of a proton has been suggested by
Beyer et al. and this could explain some previous experimental observations.””’® Based on
the present data, a new model of the electron tunneling mechanism for the decay process is
suggested.

It was found in Article V that the stabilities of ArHAr" and KrHKr" ions are quite
comparable, while Bondybey et al. reported a four-fold larger stability of KrHKr"
compared to ArHAr*.®>™* In fact, their theoretical models suggested that the size of this
difference should be several orders of magnitude.>™ The decay of NgDNg" is clearly
seen in our experiments (see Fig. 18) and it does not fit the theoretical six-seven orders of
magnitude difference between the H* and D* tunneling rate.””"®

/L /L
T T T IR T T T T T T 77

KrDKr

| KrHKr"
0.04 J\\

0.02 - After 193 nm

ArDAr

ArHAr"
0.00

-0.02 - After 193 nm

0.00 |- —

Absorbance

Annealing 30 K Annealing 24 K
3 min 3 min

-0.04 1 L | L ///V L 1 " L | L //// | L |
915 900 660 645 630 870 855 615 600

Wavenumber (cm™)

Figure 18. Protons and deuterons solvated in argon and krypton matrices. The spectra
correspond to the situations after photolysis of HF(DF)/Ar and HF(DF)/Kr matrices
and after annealing the photolyzed matrix.

Upon annealing, the YHY™ concentration increases (see Fig. 19) which seems to
contradict the proton diffusion model. It would be natural to expect bleaching of the
negative charges upon global mobility of protons due to neutralization reactions, but the
opposite effect is observed. The black-body radiation assisted mobility of protons can also
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be ruled out since the decay rates of NgHNg" ions were quite similar under glowbar
radiation and in darkness.

0.05

0.00 L Photolysis N
3 135 minat 8K .

Annealing at 34 K
| L | /// | L |

870 840 720 690

Absorbance

Wavenumber (cm™)

Figure 19. KrHKr" and BrHBr~ in a krypton matrix. Shown are (from top to bottom) the spectra
after 193 nm photolysis, after 135 min at 8 K, and after annealing the sample at 34 K
for 3 min.

These experimental findings suggest an alternative model for the decomposition of
NgHNg". In this model, the decomposition of cations is explained by their reactions with
electrons stored in the matrix as a result of photolysis. The transfer of electrons in matrices
most probably takes place via a tunneling mechanism. The neutralization of the NgHNg"
fragments by electrons is an exothermic process,”*® and electron tunneling over long
distances is a known physical phenomenon in solid matrices.*®®*#° The electron tunneling
mechanism also explains the observed increase of YHY™ absorptions upon annealing.
A schematic picture of the electron tunneling processes is presented in Figure 20.

In the proton-diffusion mechanism, the decay kinetics of the relatively strongly bound
NgHNg*---N, complexes should be different to that of the corresponding monomers.
According to the Fermi golden rule,*****3 proton tunneling in a symmetrical potential well
(with the same initial and final tunneling states) can take place [see Fig. 21(a)]. For the
NgHNg*--N, complexes, the initial (complexed) and final (uncomplexed) vibrational
states have different energies and this makes the tunneling of a proton improbable at low
matrix temperatures. The energy of these states differs by the complex interaction energy
and the complexed form is lower in energy. Under these circumstances, it would be
plausible to expect rather an increase of the NgHNg"---N, concentration upon annealing
due to the hypothetical mobile protons.
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In the present study, the synchronous decay of NgHNg® and its N, complex is
observed [see Fig 21(c)]. This suggests immobility of protons in noble-gas matrices and
supports the electron tunneling mechanism, suggested in Article VV and presented in
Figure 20. This question remains a challenge for further studies.

e /e_\A
Y™ Ng Ng Y--- H=Y Y™ Ng Ng (Ng—H—NgJ"
lcharge transfer l neutralization
Y Ng Ng (Y=H-Y) Y Ng Ng Ng H Ng

Figure 20. Schematic electron tunneling mechanism for the decomposition of NgHNg" and the
formation of YHY™ in noble-gas matrices.
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Figure 21. Schematic view of potential energy surfaces for hypothetical proton diffusion of (a)
the NgHNg* monomer and (b) the NgHNg™---N, complex. The tunneling induced
diffusion of a proton can in principle take place, but it should be suppressed at low
temperatures for the N, complex. TS is the transition state between the energy minima
A and B. (c) Relative intensities of NgHNg™ and its N, complex as a function of
annealing temperature. Open and solid circles represent monomers and complexes,
respectively. Similar decay of the complexed and monomeric species contradicts the
hypothetical tunneling-assisted diffusion of protons.
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The electron trap in matrices is most probably the electronegative Y fragment produced by
photolysis of HY. It is difficult to detect these Y~ fragments using IR spectroscopy and
thus it is also difficult to observe the correlation between the decay of Y~ and YHY™
formation and the neutralization of NgHNg". In a recent study,"***® it was found that the
decays of the CCCN™ and NgHNg" cations are synchronous. Additionally, the formation
of a species tentatively assigned as the CCCN radical was observed during this process.
These recent findings support the electron tunneling model for the charge transfer
processes. A less likely electron trap would be a noble-gas lattice solvated electron.'%¢1%
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8. Conclusions in brief

In this work, a number of intermolecular interactions of different species were
computationally and experimentally studied. These interactions include molecular
complexes, interactions with the surrounding matrix (matrix site effect), and librational
motion. The model proposed here explains all of the IR spectral features of the HNgY
molecules.

A number of noble-gas-hydride complexes were studied experimentally and
computationally. These complexes show many unusual features e.g. the large blue shifts
of their H-Ng stretching vibration frequency upon complexation. Record-braking blue-
shift values were observed. The blue shifts of these molecules were explained by the
enhanced (HNg)"Y~ ion-pair nature upon complex formation. HNgY complexes are the
first step towards the production of these molecules in clusters and in crystalline form. The
HXeH and HXeCCH crystals are computationally predicted.®**

Whether or not the HNgY species exist under normal conditions is an open question. It
is possible that the stabilization of HNQY species upon complexation is a step towards the
answer. The geophysical problem of missing xenon is also relevant here.’**?® The
preparation of helium and neon compounds is discussed with respect to complexation-
induced stabilization. In particular, the complexation-induced stabilization of the
hypothetical HHeF molecule is discussed in this thesis.

The formation and decay of centrosymmetic YHY™ (Y = halogen atom) and NgHNg"
(Ng = noble-gas atom) ions was studied and a new electron tunneling mechanism for these
processes was suggested. The N, complex formation of these ions was demonstrated and
the NgHNg" complex studies further support the electron tunneling mechanism.
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