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Abstract

Microwave spectra of seven Xe containing van der Waals complexes, namely 

Xe-N2 , Xe-CH4 , Xe-E^O, Xe-(H2 0 )2 , Xe-NH3 , Ne-Xe-NH3 , and Xe-0 2 , were recorded 

using a Fourier transform microwave spectrometer. Nuclear quadrupole hyperfine 

structures arising from the 131Xe (nuclear sp in /=  3/2), 14N ( /=  1), D ( /=  1), and 170  (I  

= 5/2) nuclei and magnetic hyperfine structures due to the interactions of the electron 

spin of O2 (S = 1) and the nuclear spins of 129Xe (I  = 1/2) and 131Xe were detected and 

analyzed. The spectroscopic results were complemented by ab initio potential energy 

surfaces o f Xe-N2 , Xe-CEL*, Xe-E^O, Xe-NH3 , and Xe-0 2 , dipole moment calculations 

of Xe-CHt, and a geometry optimization of Xe-(H2 0 )2 . Both spectroscopic and ab 

initio results were used to derive information about structure and dynamics of the 

complexes.

Both recorded rotational spectra and ab inito potential energy surfaces of Xe- 

N2  and Xe- 0 2  are in accord with T-shaped structures o f the complexes. For the Xe-N2 

complex, the rotational spectra derived from ab initio potential energy surfaces were 

directly compared to the recorded spectra. A scaled potential energy surface with 

“microwave accuracy” was obtained. For the Xe-CH4, Xe-H2 0 , and Xe-NH3 dimers, 

transitions within various tunneling states were observed. The observed spectra 

indicate large amplitude internal rotation motions of the CEI4, H2 0 , and NH3 subunits 

and the inversion motion of NH3 within the corresponding dimers. Both a- and b- type 

transitions were measured for the Xe-(H2 0 ) 2  and Ne-Xe-NH3 van der Waals trimers. 

Information about structures and vibrational motions of the trimers were compared
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with those of corresponding dimers. Non-additive three-body effects were detected for 

both trimers and interpreted.

This work has furthered the understanding of the Xe-molecule interactions. In

• 1^1 particular, the observed Xe nuclear quadrupole coupling constants have provided

detailed insight into the electronic environment of the Xe atom. The variations of these

constants among different binding partners further prove that Xe is a sensitive atomic

probe of its environment. This work is a stepping stone towards achieving molecular

level interpretations of in vivo 129Xe NMR/MRI results.
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CHAPTER 1 Introduction

Van der Waals interactions occur between all molecules and atoms. These 

interactions have two essential features: the short-range repulsive force and the long- 

range attractive force. At some intermediate distances between each pair o f atoms or 

molecules the repulsive and attractive forces become equivalent. Atoms or molecules 

will bind together and generate a van der Waals complex near these equilibrium 

structures.

These van der Waals interactions, also called intermolecular interactions, 

although much weaker than chemical bonds, determine many properties of condensed 

phase matter, for example, properties of surfaces and structures of molecular crystals. 1 

In addition, they play a significant role in many physical, chemical and biological 

processes, including phase transitions, 2 ’3 ’4  solvation processes, 5 ’6  protein folding, 1 ’7 and 

enzyme reaction. 1’8 Therefore, detailed knowledge about intermolecular interactions on 

a molecular basis is crucial for the fundamental understanding of these macroscopic 

properties and phenomena.

The particular interest of this thesis is the intermolecular interactions between a 

xenon (Xe) atom and molecular environments. This research is motivated by the fact 

that the dispersion interaction, which is the most important attractive contribution to 

the intermolecular forces, is pronounced in Xe-molecule complex systems. The

1
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dispersion interaction arises from the correlation between electron motions in different 

atoms or molecules. As electrons constantly move, an atom or molecule can generate 

an instantaneous electric dipole when the electron distribution is unsymmetrical about 

the nucleus. This instantaneous dipole distorts the electron distribution of a second 

atom or molecule, and therefore leads to an electrostatic attraction between the two 

atoms or molecules. For a large atom, such as Xe, the electron distribution can be 

easily distorted by any interactions because its valence electrons are relatively far from 

the nucleus. Such an electronic perturbation can be directly transmitted to the nucleus 

in the case of 129Xe (nuclear spin quantum number I  = 1/2) isotope, and as a 

consequence, affects the observable quantities in 129Xe nuclear magnetic resonance 

(NMR) spectroscopy, for example, chemical shifts and relaxation parameters. Due to 

the high sensitivity of its NMR parameters to the environment, the 129Xe nucleus has 

become an important atomic probe for structure characterization of condensed phases, 

especially microporous materials, such as zeolites9  and clathrates. 10 ,11

Since an optical pumping scheme was developed to achieve high spin

1 OQ 1 "J 1 9Q
polarization of Xe and significantly enhance the sensitivity o f NMR signals, Xe 

NMR and magnetic resonance imaging (MRI) methods have been widely applied in in 

vivo studies to obtain high resolution images of biological tissues, especially human 

lungs. 1 3 ,1 4  These high resolution images are usually difficult to obtain by conventional

X-ray and ‘H MRI methods because of low concentrations of signal sources in the gas

1 0 0phase. The Xe NMR/MRI method has the potential to be used for the investigation, 

diagnosis, and treatment of various pulmonary diseases. In addition to lung images, 

129Xe NMR/MRI studies have been extended to blood and other tissues of the body. 15

2
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Such applications have become a very promising method to, for example, characterize 

the blood flow and to probe brain functions under certain physiological conditions. 16

The specific information about the structure and molecular distribution at the 

host site is encoded in the 129Xe NMR/MRI results because the NMR signals highly 

depend on the intermolecular interactions of the Xe atom with its environments. To 

extract such information requires a fundamental understanding of Xe-host site 

interactions, for example, accurate interaction potentials. As a first step, Xe-molecule 

interaction potential energy surfaces, which describe the interaction potential energies 

as functions of relative positions and orientations of Xe and molecules, need to be 

constructed as ingredients for the corresponding magnetic shielding surfaces that are 

required for an interpretation of the NMR/MRI data. These potentials can be used as 

test cases for the construction of more complex Xe-host site interaction potentials and 

perhaps also to build them assuming pairwise additivity. In recent years, C. J. Jameson 

and coworkers have calculated ab initio interaction potentials and magnetic shielding 

surfaces of binary systems that contain a Xe atom and another binding partner, such as 

Ne, At, Kr, Xe, 17 CO, N2, C 0 2 , 1 8 ’ 19 CH4, and CF4  (Ref. 19), and of Xe in cages of up 

to 48 water molecules. 2 0  These calculations have been tested against experimental

129Xe NMR data, 10 ’11 ’2 1 ’2 2 ’2 3 ’2 4  and provided necessary information for the calculations

1 0 0 •  •of average Xe chemical shifts in liquids, such as water and other solvents containing

CH3 -, CH2-, CH-, CF3 -, CF2-, and CF- moieties, via molecular dynamics methods.2 5 ,2 6

To fully interpret the 129Xe NMR/MRI data, it is necessary to gain more 

detailed insight into the Xe-molecule interaction potentials. High resolution spectra, 

for example microwave spectra, of van der Waals complexes are a delicate probe of

3
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the corresponding interaction potential energy surfaces and have been used in the past 

to gauge and improve ab initio and semi-empirical potentials. 2 7 ,2 8 ’2 9 ’3 0  Our approach is 

to compare the spectra calculated from these potentials with the experimental ones, 

and then to apply a scaling procedure to adjust the potentials accordingly to achieve 

satisfactory agreement with the experimental data. 2 7 ’28 In the Ne-N2 (Ref. 29) and Ar- 

N2 (Ref. 30) systems, the potential energy surfaces have achieved spectroscopic 

accuracy by changing one or more parameters, such as well depths and intermolecular 

separations. They reproduce experimental rotational transition frequencies within 0.1%.

A number of microwave studies of Xe-atom/molecule complexes have been 

previously reported, including Rg-Xe (Rg = Ne, Ar, and Kr) , 31 Ne2 -Xe, 3 2  Xe-HCl, 3 3 ,3 4  

Xe-HF, 3 5  Xe-C02 , 3 6  Xe-N02 , 3 7  Xe-CO, 3 8  Xe-C6 H6 , 3 9  and Xe-dimethyl ether. 4 0  From 

the determined spectroscopic constants, some information about molecular structure, 

well depth, energy barrier, zero-point motion, and radial and angular anisotropy of the
1̂ 1

interaction potential was extracted. In particular, the Xe nuclear quadrupole 

coupling constants {%) provide detailed information about the distortion of the 

spherically symmetric electric charge distribution of the free Xe atom as a result of 

weak intermolecular interactions. Such distortion originates in the microscopic 

environment of the Xe atom and is directly measured in NMR/MRI experiments. The 

degree of distortion depends uniquely on the type, position, and orientation of the 

surrounding molecules. Therefore, knowledge about how the electronic structure o f the 

Xe atom is affected by the surrounding molecular distribution will be crucial in 

bridging the gap between the macroscopic phenomena observed in NMR/MRI 

experiments and their microscopic, molecular level interpretations. Previous

4
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microwave studies proposed two major mechanisms responsible for the distortion of 

electric charge cloud around the Xe nucleus. One is the electric field gradient produced 

by the electric multipole moments of the partner molecules, taking into account large 

amplitude internal motions and intermolecular vibrations. This mechanism plays a 

dominant role in the systems of Xe-HCl [Xaa~ -4.9(2) MHz] , 3 3 ,3 4  Xe-HF [xaa = -8.54(4) 

MHz] , 3 5  and Xe-C02 [%aa = -3.05(6) MHz] . 3 6  An extrapolation of 131Xe nuclear 

quadrupole coupling constants of the Xe-HCl and Xe-HF complexes to the limit of 

zero electric multipole moments results in a small value of -0.243±1.6 MHz (See 

Figure 3 of Ref. 41). This value is on the same order of magnitude as the Xaa values in 

the mixed rare gas complexes, including Ne-Xe [Xaa = 0.3878(9) MHz], Ar-Xe [Xaa = 

0.723(4) MHz], Kr-Xe [xaa = 0.708(9) MHz] , 31 and Ne2-Xe [xaa = 0.564(2) MHz] , 32  

where the multipole moments of the partner molecules vanish. These values were 

interpreted in terms of the second mechanism, electron correlation interaction between 

electron clouds of the Xe atom and the partner molecules. In some cases like Xe-N02 

[Xaa= -0.95(1) MHz],3 7 Xe-CO Of™-0.03 MHz),38and Xe-dimethyl ether [ ^ ,  = 4.57(3) 

MHz] , 4 0  both these mechanisms have significant contributions, and therefore, the 131Xe 

nuclear quadrupole coupling constants are a result of a balance between these two 

effects.

The primary goal of this thesis is to further the understanding of the Xe- 

molecule interactions, for example, to build accurate Xe-molecule interaction 

potentials. For this work, I select seven Xe atom containing van der Waals complexes, 

namely Xe-N2, Xe-CFLj, Xe-H2 0 , Xe-(H2 0 )2, Xe-NH3 , Xe-Ne-NH3 , and Xe-02, and 

will present them using a combined theoretical and experimental approach. The study

5
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of each of these complexes will help to interpret 129Xe NMR/MRI data because all 

these binding partners of Xe are main constituents of air and the human body, or 

closely related to important functional groups of proteins in living tissues. In this work, 

rotational spectra of each complex were recorded using a Fourier transform microwave 

spectrometer. Interaction potentials of five complexes, Xe-N2 , Xe-CEL*, Xe-E^O, Xe- 

NH3, and Xe-0 2 , were constructed using ab initio methods. These potentials were used 

to complement spectroscopic results to extract information about molecular structure 

and dynamics. Spectroscopic results, in turn, validate the application of ab inito 

methods in the construction of accurate interaction potentials. In particular, in the Xe- 

N2 system, as shown in Chapter 3, the rotational transition frequencies and 

spectroscopic constants calculated from ab initio potential energy surfaces were 

directly compared to the experiment results, and a scaled potential energy surface was 

obtained and can reproduce experimental transition frequencies within 0 .0 1 %.

The entire thesis is divided into 8  chapters. The present chapter, Chapter 1, 

gives a brief introduction and motivation for this work. Chapter 2 describes the 

experimental and theoretical approaches applied in this thesis, including the 

experimental setup of the Fourier transform microwave spectrometer used for 

recording the spectra, and ab initio methods for theoretical studies. Both experimental 

and theoretical results of the seven Xe atom containing complexes are presented in five 

separate chapters, with Xe-N2 in Chapter 3, Xe-CFU in Chapter 4, Xe-E^O and Xe- 

(H2 0 ) 2  in Chapter 5, Xe-NEb and Xe-Ne-NEh in Chapter 6 , and Xe- 0 2  in Chapter 7. In 

Chapter 8 , general conclusions from this thesis work are provided.
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CHAPTER 2 Experimental and Theoretical Approaches

* * * * * * * * * * * * * * * * * * * * * * * * * * * * *

This chapter outlines the experimental and theoretical approaches applied for 

the study of Xe containing van der Waals complexes. It is divided into two sections. 

The first section gives an overview of microwave spectroscopy and describes the 

experimental technique used for recording the rotational spectra. The second section 

introduces the ab initio computational methods used for theoretical studies.

2.1 Microwave spectroscopy

2.1.1 Introduction and Overview of theoretical background

The interaction potentials of weakly bound van der Waals complexes typically 

have well depths around 1 0 0  cm' 1 and the ground vibrational state is located well 

above the potential minimum. For example, the interaction potential of the Xe-N2 

complex has a well depth of 122.4 cm ' 1 and the ground vibrational state is about 20 

cm' 1 above the potential minimum. Intermolecular van der Waals vibrational bending 

and stretching modes typically occur in the energy range between 10 and 50 cm'1. For 

example, in the Xe-N2 complex, the van der Waals stretching frequency is estimated to 

be around 40 cm'1, while the intramolecular N=N stretching frequency is at about 2300 

cm ' 1 (Ref. 1). Energy differences between rotational states are on the order of several 

GHz (1GHz ~ 0.03 cm'1). Therefore, many pure rotational transitions of van der Waals 

complexes fall into the microwave frequency region (0.03-0.3 cm'1) and rotational

10
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spectra of complexes with a permanent dipole moment can be detected using 

microwave spectroscopy. The theory of this spectroscopic method has been discussed 

in details in, for example, Refs. 2,3, and 4. Here, only a brief theoretical background is 

given.

According to quantum mechanics, the rotational energies of molecules are 

quantized. The energies of rotational levels o f a diatomic rigid molecule can be 

determined by solving the eigenvalues for its rotational Hamiltonian, Hr = J2HI. Here, 

the total angular momentum J  is a constant of the rotational motion, and thus the 

corresponding quantum number J  is a good quantum number to specify the rotational 

levels. /  is the moment of inertia of the molecule. The resulting energy level

expression is Ej = BJ(J+1). The rotational constant B is defined as B  = . In
8  k  I

general, rotational transitions with selection rules AJ=  ±1 are allowed.

For more complex symmetric and asymmetric top molecules, it is convenient 

to consider the rotation of the molecule about the principal axes of the moment of 

inertia tensor (a-, b-, and c- axes). Conventionally, these axes, called principal inertial 

axes, are selected to satisfy Ic > 4  > 4  with the corresponding rotational constants A, B,

h h h
and C. These are defined as A = — ;— , B = — -— , and C = — -— , and are in the

8 n 2I a %n2I b %n2I c

sequence A >B >C. Symmetric top molecules can be divided into two subdivisions, 

namely prolate and oblate symmetric tops. A prolate symmetric top, such as NH3 , has 

A > B  = C, and its a- inertial axis lies along the principal symmetry axis, while A = B>  

C for an oblate symmetric top, such as BF3 , where the c- axis is the principal 

symmetry axis. For a symmetric rotor, the quantum number K, which represents the

1 1
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Figure 2-1: Structure o f the Xe-N2  complex. The a- and b- axes indicate the principal 

inertial axes of the system, and the c- axis is perpendicular to the plane of the complex.

projection of the angular momentum J  onto the principal symmetry axis, is used to 

specify the rotational states, in addition to the total angular momentum quantum 

number J.

For an asymmetric top molecule, the principal inertial axes are selected to 

satisfy Ic> h >  Ia and A> B > C . Taking the Xe-N2  complex as an example, a T-shaped 

structure as illustrated in Figure 2-1 is assumed based on its equilibrium structure 

obtained from the ab initio calculation (see Chapter 3). The complex has the least 

moment of inertia about the axis which passes through the Xe atom and the center of 

mass of the N2 monomer, and this axis is selected as the a- axis (see Figure 2-1). The

12
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moment of inertia about the c- axis, which is perpendicular to the plane of the complex, 

has the maximum value. The b- axis, perpendicular to both a- and c- axes, is parallel to 

the N2 molecular axis. Rotational motion about the a- axis refers to the rotation of N2 

monomer itself within the complex, while rotations about b- and c- axes correspond to 

the end-over-end rotations of the Xe-N2 complex. Since there is no permanent dipole 

moment along the N2  molecular axis, the rotation of the N2  monomer is not observable 

in microwave spectroscopy. Only the end-over-end rotation of the complex can be 

detected.

For asymmetric top molecules, there is no set of convenient quantum numbers 

which can both well specify the rotational states and have simple physical meanings. 

Conventionally, the rotational states of an asymmetric rotor are labeled by the quantum 

number J  and two pseudo quantum numbers, Ka and Kc, which represent the K  values 

of the limiting prolate and oblate symmetric tops respectively. Ka and Kc are no longer 

good quantum numbers. Figure 2-2 gives a correlation diagram of the asymmetric 

rotor energy levels with those of the limiting prolate and oblate symmetric tops. 

Rotational transitions with AKa = even and AKc = odd require a non-zero dipole 

moment along the a- axis and designated a- type transitions, b- type transitions due to 

a dipole moment along the b- axis have AKa = even and AKC = even. For c- type 

transitions, AKa = odd and AKc = even. The Xe-N2 complex has a dipole moment 

component only along the a- axis, and as a result, only a- type transitions can be 

observed (see Chapter 3). In general, it may be possible to determine all rotational 

constants A, B, and C from the measured transition frequencies. The rotational 

constants are directly related to the moments o f inertia, and thus the structure of a

13
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Figure 2-2: A schematic correlation diagram of asymmetric rotor energy levels with 

those of the limiting prolate and oblate symmetric tops (redrawn from Ref. 3).

molecule. Therefore, the rotational constants can be used to derive structural 

parameters of a molecule.

Van der Waals complexes undergo large amplitude vibrational motions and, as 

a result, the rotational constants are insufficient to describe the energies of the 

rotational states. For example, the moment of inertia of a molecule increases as J  

increases due to centrifugal forces. Centrifugal distortion constants are used to account 

for this effect. The quartic distortion constant D} and sextic constant H} are usually 

included in the energy expressions of diatomic or linear molecules, E j = BJ(J+l)- 

Dj f ( J+1 )2+HjJ3(J+ 1 )3. For an asymmetric rotor, combinations of centrifugal distortion 

constants, (Dj, Djk, d\, dx, Watson’s ■S'-reduction) or 4jk, <5j, <5c, Watson’s 

^-reduction), are used to describe these effects. 5 The centrifugal distortion constants

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



contain information about the vibrational motions of molecules, and can be used to 

determine a harmonic molecular force field. 3

Some van der Waals complexes also undergo large amplitude internal rotation 

motions. For example, in the Xe-CH4, Xe-H20  and Xe-NH3 complexes, the CH4, H20  

and NH3 subunits undergo nearly free internal rotation motions. These internal rotation 

motions can lead to splittings of the observed rotational transitions. From these 

splittings it is sometimes possible to determine the barrier to internal rotation.

The high resolution capability of the spectrometer makes it possible to measure 

hyperfine structures arising from, for example, non-zero nuclear or electron spins. For

example, nuclear quadrupole hyperfine structures were observed for complexes

• • 1^1 containing quadrupolar nuclei with nuclear-spin quantum number I  > Vi, such as Xe

(I -  3/2) and 14N ( /=  1). This hyperfine structure results from the interaction between

the nuclear quadrupole moment and the electric field gradient at the quadrupolar

nucleus. This interaction couples the nuclear spin angular momentum /  with the

rotational angular momentum J  to form a resultant total angular momentum F. In

covalently bound molecules, the main contribution to the electric field gradient at the

quadrupolar nucleus comes from the chemical bonds involved. The nuclear quadrupole

coupling constants can therefore often be used to elucidate the nature o f chemical

bonds and probe the electron densities. 6  The nuclear quadrupole coupling constants in

weakly bound van der Waals complexes can be classified into two types. The electric

field gradient at the site of a quadrupolar nucleus in a molecular monomer, such as 14N

in the Xe-N2  complex, is determined by the chemical bonds within the subunit. The

experimentally determined 14N nuclear quadrupole coupling constants in this complex

15
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can be interpreted as projection of the corresponding constants o f the N2 monomer 

onto the principal inertial axes of the complex, averaged over the large amplitude 

bending motions. Rare gas atoms with a nuclear quadrupole moment, such as the 131Xe 

nucleus in the Xe-N2  complex, are not involved in any chemical bond. The magnitude 

of the electric field gradient in these cases is much smaller. The main contributions to 

the electric field gradient at the nucleus are the electric multipole moments o f the 

molecular subunits, such as the electric quadrupole and octopole moments o f N2 , 

averaged over the large amplitude vibrational motions, and the dispersion interactions. 

Since the electric field gradient is sensitive to the relative orientation of the subunits 

for both types of quadrupolar nuclei, the nuclear quadrupole coupling constants can be 

used to determine the effective orientations. For detailed interpretations of the nuclear 

quadrupole coupling constants of each investigated Xe containing complex, please 

refer to Chapters 3 to 7.

2.1.2 Experimental technique

A pulsed nozzle, Balle-Flygare type, Fourier transform microwave (FTMW) 

spectrometer7 , 8 , 9  was used here to record rotational spectra of the molecules under 

investigation. Taking advantage of the low temperature of the supersonically expanded 

gas samples, this spectrometer has been proven to be a well-suited tool for the study of 

unstable, short-lived molecular species, such as weakly bound van der Waals 

complexes. 1 0 ,1 1 ,1 2 ,1 3 ,1 4  The theory of FTMW spectroscopy, based on the time-dependent 

Schrodinger equation in the density matrix formalism , 1 5 ,1 6  has been reviewed in Refs. 

8 , 9, 17, 18, 19, and 20. Briefly, this theory describes the interaction of microwave

16
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(MW) radiation with the electric dipole moments of a molecular ensemble. A coherent 

MW pulse, which aligns the molecular dipole moments with the MW field, excites the 

molecular ensemble and generates an appreciable macroscopic polarization. 

Subsequently, the spontaneous coherent molecular emission signal containing 

information about one or more resonant frequencies is detected as a function of time. 

This time-domain detection technique leads to higher sensitivity and resolution 

compared to detection in the ffequency-domain using modulation techniques. 21 To 

obtain the molecular transition frequencies, the time-domain signal is Fourier- 

transformed to give the ffequency-domain spectrum. The FTMW spectrometer used 

for this study has been described in details in Ref. 22. Only the basic principles of the 

instrument operation are discussed in this section.

2.1.2.1 Formation of van der Waals complexes

A gas sample is prepared in a gas reservoir at room temperature. It contains a 

few percent o f each component of the van der Waals complex under investigation. Ne 

is typically used as the backing gas to keep the sample pressure at about 3-7 atm. A 

supersonic expansion is generated by expanding a short pulse of the gas mixture from 

the high pressure gas reservoir into a stainless-steel vacuum chamber (diameter 50 cm, 

length 70 cm) through a pulsed nozzle (General Valve, Series 9, orifice diameter 0.8 

mm). A 12 inch 2000 //min diffusion pump, backed by an 800 //min mechanical pump, 

is used to evacuate the chamber and keep the chamber pressure at ~ 1 0 *6 torr.

The supersonic expansion can be considered as a rapid adiabatic process. The 

dynamics of such a process has been discussed in details in Refs. 7, 9, and 11. During

17
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the expansion, the random thermal energy of the molecules is converted into directed 

kinetic energy through binary collisions. This leads to a narrow velocity distribution 

(see Figure 1 of Ref. 23) and therefore a very low translational temperature. The cold 

translational bath cools the rotational and vibrational degrees o f freedom by collisional 

energy transfer. As the gas sample expands, the temperature drops and the molecular 

density decreases. After the gas pulse enters the phase where the molecular density is 

so low that no further collisions occur, the temperature o f the expansion reaches the 

lowest point and will no longer change. In a typical experiment, the rotational 

temperature of complexes in a Ne expansion is estimated to be 1-2 K, depending on 

the rotational constants of the van der Waals complex under investigation. Due to the 

low temperature of the molecular expansion, all rotational transitions measured in this 

PhD work are in the ground vibrational states of the complexes.

Van der Waals complexes are characterized by very low binding energies (a 

few hundred cm'1) compared to chemical bonds (on the order o f 10,000 cm'1). At room 

temperature, the high thermal energy kT  prevents stabilization of such a complex by 

collisions with surrounding molecules. The low temperature and collisionless 

environment of supersonic expansion provide a definite advantage for generating and 

stabilizing van der Waals complexes. The formation of a van der Waals complex 

occurs during the initial phase of the expansion, and the complex will then persist in 

the collisionless environment. It is generally accepted that the dimer formation 

proceeds via a three-body collision. For example,

Xe + H20  + Ne = Xe-H20  + Ne*

18
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where the third body, here Ne, is necessary to carry away the excess kinetic

7 10.24 25  26  27  28energy. ’ ’ ’ ’ ’ The detailed mechanism for trimer formation is not entirely clear.

There are two possible mechanisms. For example, the Xe-(H2 0 ) 2  complex can be 

formed in one step via a four-body collision,

Xe + H20  + H20  + Ne = Xe-(H2 0 ) 2 + Ne* 

or two successive three-body collisions,

Xe + H20  + Ne = Xe-H20  + Ne*

Xe-H20  + H20  + Ne = Xe-(H2 0 ) 2 + Ne*

2.1.2.2 Spectrometer design and its operating principle

The mechanical setup of our spectrometer is schematically shown in Figure 2-3. 

The sample cell is a MW cavity of Fabry-Perot type, in which the MW excitation pulse 

interacts with the molecular ensemble. The MW cavity consists of two spherical 

aluminum mirrors (diameter of 260 mm and radius of curvature o f 380 mm) mounted 

inside the vacuum chamber described in section 2.1.1 (see Figure 2-3). One of the 

mirrors is fixed and mounted into the flange cover of the chamber. A wire hook 

antenna is placed at the center of this mirror to couple the external MW pulse into the 

cavity and the molecular emission signals out of the cavity. The pulsed nozzle, which 

expands the molecular pulse into the cavity, is located closely above the antenna. The 

other mirror is mounted on two linear bearings, and can be moved with a computer 

controlled Motor Mike drive in order to tune the cavity into resonance with the 

external MW radiation to generate a standing wave pattern. A diode MW detector is
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Figure 2-3: A simplified diagram of the mechanical setup of the FTMW spectrometer.
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connected to a second antenna at the center of the moveable mirror to monitor the 

throughput of the cavity.

A schematic diagram of the electrical circuit for the MW excitation and 

superheterodyne detection system is shown in Figure 2-4. MW radiation at frequency 

vis generated by a Hewlett Packard MW synthesizer, which operates in the range of 1- 

20 GHz. The radiation passes through a power divider and is divided into two 

components, one of which is used to create the excitation pulse and the other serves as 

reference frequency for superheterodyne detection. The excitation pulse is generated 

with two MW p-i-n diode switches. A double-balanced mixer and an optional power 

amplifier are placed between the two diode switches. The mixer uses a 20 MHz local 

signal to produce two sidebands at v-20 and v+20 MHz. The power amplifier is 

necessary to achieve appreciable macroscopic polarization for the investigation of 

molecules with small dipole moments (0.1 D or less), for example the Xe-N2 , Xe-CH4 , 

Xe-H2 0 , and Xe-C>2 dimers described in this thesis.

The MW pulse is coupled into the cavity through a wire hook antenna to excite 

the molecular ensemble. The cavity is tuned into resonance with the v-20 MHz 

sideband signal prior to each experiment. If one or more rotational transition 

frequencies are within the bandwidths of the excitation pulse and the MW cavity, an 

appreciable macroscopic polarization will be achieved, which corresponds to a phase 

coherent oscillation of molecular dipole moments induced by the radiation. Such 

oscillation results in a spontaneous emission signal at the molecular resonance 

frequency vm. As the expansion travels parallel to the direction of the microwave 

propagation, the signal for each transition contains two components due to the Doppler
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effect. The line position is taken as the average frequency of these two components for 

the analyses. For a Ne expansion, a typical line width (full-width at half-height) of 7 

kHz and an estimated accuracy of ±1 kHz were achieved for most well-resolved

• . 29transitions.

The molecular emission signal, at frequency vm, is coupled out of the cavity 

through the antenna in the fixed mirror and directed to the superheterodyne detection 

system by a circulator. In order to prevent damage of the detection system from the 

MW excitation radiation, a protective switch is placed behind the circulator and kept 

closed until most of the excitation pulse has dissipated. After the molecular signal is 

amplified and double superheterodyned, it is digitized and sampled by a transient 

recorder at 10 nsec intervals. For most transitions, 8 k data points are recorded and 16k 

data points for spectra containing narrow hyperfine splittings. All the data points are 

stored in a personal computer for signal averaging.

As a pulsed experiment, the timing sequence of all the events is extremely 

important. A pulse generator is used to produce various TTL pulses, as shown in 

Figure 2-5. First, a short molecular pulse of about 1 msec is generated to open the 

nozzle and expand the gas sample into the cavity. After a suitable delay, a MW pulse 

(on the order of //sec) is coupled into the cavity and excites the molecular ensemble. 

During the same time, a TTL pulse is generated to keep the protective switch closed 

until a trigger is sent to the transient recorder to start data acquisition. The timing of 

the trigger pulse is critical because it must ensure that the main part of the excitation 

radiation has dissipated while it is still early enough to capture the molecular emission 

signal. In the above sequence, all the pulse durations and delays can be adjusted to
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Figure 2-5: Pulse sequence of a single FTMW experiment. The molecular emission 

signal is recorded as the difference between “molecule + background” signal and 

“background” signal. The entire pulse sequence is repeated for signal averaging.

achieve optimal experimental conditions. A background signal is obtained by repeating 

the above sequence without the molecular pulse. Such background signal is subtracted 

from the above background + molecular signal to eliminate the effect o f the intense 

background.
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In most cases, the signal of a single experiment is very weak, and phase 

coherent signal averaging of a number of experiments is used to improve the signal-to- 

noise ratio. In this experiment, the internal 10 MHz crystal of the MW synthesizer is 

used to phase correlate all events, including generating the 20 MHz and 35 MHz 

signals used in the MW excitation and detection systems, the 100 MHz signal used by 

the transient recorder as the clock for data acquisition. It is also used as a clock for the 

pulse generator to produce the various TTL pulses. 8 k or 16k data points are recorded 

for a time-domain signal and the same amount of zero data is added to the end before 

being Fourier transformed to the frequency domain spectrum. The process o f adding 

zeros, called zero filling, can better utilize the resolution in the time-domain spectrum. 

An example of the time-domain and frequency-domain spectra is given in Figure 2-6.

2.2 Ab initio calculations

Accurate ab initio electronic structure calculations are very effective to obtain 

information about the structure and electronic properties of molecules, especially to 

explore the potential energy surface (PES) of a van der Waals complex. 3 0 ’3 1 ’3 2 ,3 3 ’3 4 ’3 5  In 

particular, comparison of such theoretical information with spectroscopic experimental 

results has significantly increased our understanding of the nature o f intermolecular 

forces. In this thesis, a number of ab initio calculations were performed, including 

construction of intermolecular PESs, dipole moment calculations, and geometry 

optimizations. These calculations have provided guidance for the spectral searches, 

and have complemented and facilitated interpretations of the spectroscopic results.
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Figure 2-6: Time domain and frequency domain signals of the J =  3-2, n i i s transition 

of the 1 3 2Xe-15NH3 . The signals were recorded using 5 averaging cycles. The transition 

is split into two components in the frequency domain spectrum due to the Doppler 

effect. The transition frequency is recorded as the average frequency of these two 

components.
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2.2.1 Potential energy surface and dipole moment calculations

The PESs for five Xe atom containing van der Waals dimers, Xe-N2 , Xe-CH4 , 

Xe-EbO, Xe-NH3 , and Xe-0 2 , were constructed using the MOLPRO 2002.6 package 

of ab initio programs. 3 6  The interacting molecules were frozen at their experimental 

equilibrium structures. Therefore, the calculated PESs depend only on the 

intermolecular degrees of freedom. The interaction energy AEAB was calculated using 

the supermolecule approach as the difference between the energy of the dimer AB and 

the sum of the energies o f the monomers A and B : 31

AEAB = E ab ~(.EA + Eb) (2-1)

Such an approach requires the employed calculation methods to be size-consistent, i.e., 

the dimer energy at infinite separation must be equal to the sum of the constituent 

monomer energies. In addition, a high level description of electron correlation is 

required for weakly bound van der Waals complexes because the binding energies in 

such systems are dominated by dispersion interactions which are an electron 

correlation effect. Based on these two considerations, the size-consistent 

comprehensive coupled cluster level of theory with single, double, and perturbatively 

included triple excitations [CCSD(T)] 3 7 ’38>39 Was selected for the construction of PESs 

of the five dimers mentioned above. It is generally accepted that the CCSD(T) method 

can provide “meaningful descriptions of intermolecular forces” . 3 5 For the open-shell 

Xe- 0 2  van der Waals complex, the restricted open-shell Hartree-Fock (ROHF) 

function was used as reference wavefunction and the spin unrestricted coupled cluster 

theory [UCCSD(T)] was applied to calculate the interaction energies. 3 8
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To capture the dispersion energy, it is necessary to employ large basis sets, 

containing a number of polarization and diffuse functions. Dunning’s augmented 

correlation-consistent aug-cc-pVTZ basis set4 0  was chosen for the H, O, C, and N 

atoms. It is difficult to find a large enough basis set to account for the large number of 

electrons in the Xe atom. The Well-Tempered basis set (WTBS) 41 augmented by a 

number of basis functions with high angular quantum numbers, d, f, g, h, and the 

small-core pseudopotential and correlation-consistent aug-cc-pVXZ-PP (X = Q, 5) 

basis sets4 2  were selected for calculating the PESs. In the Xe-N2 study, two surfaces 

were constructed with WTBS and aug-cc-pV5Z-PP basis sets respectively. These two 

surfaces have similar features and are of reasonable spectroscopic accuracy. The 

overall goal of calculating the PESs for the other four dimers was to capture the main 

features of the interactions. A highly accurate quantitative comparison with the 

spectroscopic results was not intended. Therefore, the aug-cc-pVQZ-PP basis set was 

selected for the Xe atom to reduce the computational cost. In all the calculations, 

additional sets of basis functions were placed at the midpoint o f the van der Waals 

bond. These functions, called midbond functions, help to provide an accurate 

description of the dispersion interaction. 4 3 ,4 4 ,4 5 ,4 6 ,4 7  The employment o f bond functions 

increases the computational efficiency because nucleus-centered highly diffuse and 

polarized functions must be included otherwise. In the supermolecule approach, the 

monomer energy EA (Eg) is calculated with the basis set of monomer A (B) while the 

basis sets for both A and B are used to calculate the complex energy EAS. As a result, 

compared with the calculated EA or Eg value, each monomer leads to a lower energy to 

EAB by virtue of the basis set of its partner, and this artificially lowers the obtained
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interaction energy AEAb- This effect is a consequence of the incompleteness of the 

employed basis sets and is termed basis set superposition error (BSSE) . 4 8  In order to 

remove the BSSE, the full counterpoise correction method developed by Boys and 

Bemardi4 9  was applied in all the PES calculations. In this method, all energies Eab, Ea , 

Eb are calculated with the basis sets for both A and B present. The computational 

details for each PES calculation will be described in the respective chapters.

In addition to PES calculations, dipole moments of the Xe-CH4  dimer were 

computed at various configurations. These calculations were performed to help 

interpret some of the experimental observations (see Chapter 4 for detailed 

discussions). The employed basis sets and level o f theory were the same as for the PES 

calculation. The finite difference approximation5 0  was used to calculate the dipole 

moment as the first derivative of the energy with respect to the applied electric field. 

At each configuration, I chose two finite electric fields with the same field strength and 

opposite directions. Two energy calculations were performed with these two electric 

fields applied to the system respectively. The dipole moment was then obtained as the 

ratio of the energy difference to the electric field difference.

2.2.2 Geometry optimization

An ab initio PES probes the entire region of the intermolecular interaction 

potential, and can therefore advance our knowledge about the intermolecular forces. 

However, its computational cost increases rapidly with increasing number of 

intermolecular degrees of freedom. For example, if one computer can calculate one 

data point per hour and a PES is calculated on a grid o f 10 data points for each
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intermolecular degree of freedom, it will take the computer 103 hours (41.7 days) to 

calculate the Xe-H^O (3 intermolecular degrees of freedom) surface, and 107 hours 

(416666.7 days) for the Xe-(H2 0 ) 2  (7 intermolecular degrees of freedom) surface. 

Therefore, it is computationally too expensive to study the intermolecular interactions 

within the Xe-(H2 0 ) 2  complex through PES calculations. Instead, a full geometry 

optimization procedure was performed in this thesis to search for the equilibrium 

structures of the Xe-(H2 0 ) 2  complex. This was accomplished by using the 

GAUSSIAN03 software package51 at the level of second-order Moller-Plesset 

perturbation theory (MP2) . 5 2  Prior to this calculation, the performance of a variety of 

basis sets was tested against partial geometry optimizations o f the Xe-H2 0  complex 

(the H2 O monomer was fixed at its experimental equilibrium structure1). The structural 

parameters of the Xe-HhO complex are defined in Figure 2-7. The optimized 

parameters obtained using different basis sets are given in Table 2-1 and compared 

with those of the global minimum from the ab initio PES (see section 2.2.1). The 

optimizations using the aug-cc-pVTZ4 0  basis set for the O atom, the 6-311++G(d,p)53 

basis set for the H atoms, and without midbond functions give the best agreement with 

the ab initio PES. The inclusion of midbond functions results in shorter optimized van 

der Waals bonds compared with the ab initio global minimum from the PES 

calculation. Optimizations with two different sizes of basis sets [ECP46MWB 

ECP(6s6p3dlf) 5 4  and aug-cc-pVQZ-PP(14sllpl2d2flg)42] for the Xe atom were 

tested and show similar behavior. The aug-cc-pVQZ-PP4 2  basis set was eventually 

selected for the Xe-(H2 0 ) 2  optimization because this basis set was also used in the PES 

calculations o f Xe-E^O and the resulting PES is consistent with the spectroscopic data.
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...........

Figure 2-7: Molecule fixed axes frame for the Xe-tfeO complex. The origin of the 

coordinate system is at the center-of-mass of the H2 O unit, and the C2  axis of H2 O is 

chosen as the z-axis. The H2 O unit lies in yz-plane. The position of the Xe atom is 

described by spherical coordinates (R, 0, (p). R is the distance between Xe and the 

origin, 0 is the angle between the R vector and the z-axis. 0= 0°  corresponds to the C2V 

geometry where the hydrogen atoms point to the xenon atom. q> is the angle for the 

H2O out-of-plane rotation about its C2 axis, (p = 0 ° if  all four atoms are coplanar. 6 = 

0°, (p= 0° corresponds to the symmetric Xe-H^O geometry, and 0 = 180°, <p = 0° 

corresponds to the symmetric Xe-OFb geometry. 0 = 53°, q>-Q° corresponds to an re­

shaped Xe-HOH structure with a linear Xe-HO arrangement.
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The counterpoise correction used to remove BSSE in single point calculation was not 

employed in the geometry optimization procedure because of the high computational 

cost. It has been demonstrated that results from geometry optimization procedures at 

the MP2 level including counterpoise correction lead to larger deviation from 

experiment than those without correction. 5 5 The results of the optimization procedure 

will be discussed in Chapter 5.
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Table 2-1: A comparison of the structural parameters of the equilibrium geometry of the Xe-EfeO complex obtained from an ab 

initio geometry optimization (MP2 level o f theory) and PES calculation [CCSD(T) level of theory].

Basis sets
Structural parameters o f the 

equilibrium geometry2

Xe O H
midbond 

function b
R 9 <P

ECP46MWB ECP 6-311++G(d,p) 6-311++G(d,p) no 4.1 A 50.4° 1 0 .0 °

ECP46MWB ECP aug-cc-p VTZ 6-311++G(d,p) no 4.1 A 59.0° 0 .0 °

ECP46MWB ECP aug-cc-p VTZ aug-cc-pVTZ no 3.8 A 61.2° 0 .0 °

Geometry ECP46MWB ECP aug-cc-p VTZ aug-cc-pVTZ yes 3.4 A 60.8° 0 .0 °

optimization aug-cc-p V QZ-PP aug-cc-p VTZ 6-311++G(d,p) no 3.9 A 62.1° 0 .0 °

aug-cc-pVQZ-PP aug-cc-pVTZ aug-cc-pVTZ no 3.8 A 64.4° 0 .1 °

aug-cc-p V QZ-PP aug-cc-p VTZ 6-311++G(d,p) yes 3.7 A 59.7° 0 .2 °

aug-cc-p V QZ-PP aug-cc-pVTZ aug-cc-pVTZ yes 3.7 A 58.4° 0 .0 °

PES calculation aug-cc-p V QZ-PP aug-cc-pVTZ aug-cc-pVTZ yes 4.0 A 60.0° 0 .0 °

a Structural parameters are defined in Figure 2-7.
b Midbond functions (3s3p2d2flg) were placed at the midpoint o f the van der Waals bond, with the exponents ots,otp = 0.94,0.34, 
0.12; on, on= 0.64,0.23; Gfe = 0.35.4 7
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CHAPTER 3

Microwave Spectra o f  the Xe-N2 van der W aals Complex: 

A Comparison o f Experiment and Theory

3.1 Introduction

Accurate Xe-molecule interaction potential energy surfaces (PESs) need to be 

constructed to provide necessary information for the investigation o f more complex 

Xe-host site interactions and the interpretation of the 129Xe (nuclear spin I  = 1/2) 

nuclear magnetic resonance results. The Xe-N2 complex was chosen as the first test 

case because of the relatively small number of electrons o f N?. and the high (C2V) 

symmetry of its equilibrium structure. A semi-empirical PES of the Xe-N2  system 

based on the Tang-Toennies (BTT) model was previously determined by Bowers et 

al}  Subsequently, an ab initio potential at the Hartree-Fock level of theory and the 

corresponding magnetic shielding surface were determined by de Dios et al. High 

resolution spectroscopic studies of the Xe-N2 complex can be used to gauge and 

improve the semi-empirical and ab initio potentials.

Earlier spectroscopic and ab initio work on complexes of N2  with other rare gas 

atoms include the microwave spectra of Ar-N2 , 3 ’4  Kr-N2 , 5 and Ne-N2  (Ref. 6 ) and 

semi-empirical PESs of Ar-N2 (Ref. 4) and Ne-N2 (Ref. 6 ). Both experimental and
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theoretical studies are in agreement with T-shaped equilibrium geometries for these 

complexes. In the microwave studies, it was possible to resolve the 14N nuclear 

quadrupole hyperfine structures of the rotational transitions. The resulting nuclear 

quadrupole coupling constants were found to be Ka dependent as a result o f the large 

amplitude bending motions within the complexes7 and were used to test the angular 

anisotropy of the PES in the case of Ne-N2 . It is instructive to see whether similar 

behavior will be found for the Xe-N2 complex.

In the following, I describe a combined theoretical and experimental approach 

that was used to measure and assign rotational transitions of the Xe-N2 complex and to 

construct PESs for the Xe-N2 interaction. Previous studies of the Ne-N2  (Ref. 6 ) and 

Ar-N2 (Ref. 4) systems have shown that the calculated spectra derived from ab initio 

and semi-empirical PESs could differ significantly from the experimental ones. In 

these cases, a morphing procedure was applied to the PESs to achieve satisfactory 

agreement with the experimental data. 8 ’9  For the Ne-N2 (Ref. 6 ) and Ar-N2 (Ref. 4) 

systems, satisfactory agreement with experiment has been achieved by changing one or 

more parameters of the PESs, such as well depths and intermolecular separations. In 

the present work, high quality ab initio PESs were constructed for the Xe-N2 system. 

A simple scaling procedure was used to achieve spectroscopic accuracy for these 

surfaces.

3.2 Spectral search, assignments, and analyses

The sample mixtures consisted of 1% Xe and 2% N2 in Ne at about 3 atm 

backing pressure. Enriched 15N2 (98%, Cambridge Isotope Laboratories) was used to
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investigate the spectrum of the 131Xe -15N2  isotopomer. The initial rotational constants 

for the Xe-N2 complex were estimated by assuming a T-shaped structure with C2v 

symmetry, similar to other Rg-N2 complexes [Rg = Ne , 6  Ar, 3 ’4  and Kr5]. The 

separation between the Xe atom and the center-of-mass of N2 was estimated to be 4.21 

A. This value was obtained by comparison of the separations in Ne-N2 , Ar-N2 , and Kr- 

N2 with those in Ar-CO, 10 Ne-CO, Kr-CO, and Xe-CO (Ref. 11) and extrapolation to 

Xe-N2 . Several lines were soon found based on the resulting rotational constants and 

confirmed to be the hyperfine pattern of the JkuKc = 2 0 2 -I 01 transition of 1 3 2Xe-14N2 . 

The corresponding lines of the 129Xe isotopomer were soon located by extrapolation 

from 1 3 2Xe-14N2 using a pseudodiatomic approach.

3.2.1 Xe-14N2

Twelve a-type transitions with J  ranging from 1 to 5 and with Ka from 0 to 1 

were recorded for the 1 3 2Xe-14N2 (26.89% natural abundance) and 1 2 9Xe-14N2 (26.44% 

natural abundance) isotopomers. In addition, the nuclear quadrupole hyperfine 

structures due to the presence of two 14N (/ = 1) nuclei were observed and assigned. 

All the measured frequencies are listed in Table 3-1 together with the quantum number 

assignments. An example spectrum of the 2 i2 - ln  transition of 132Xe-14N2 is shown in 

Figure 3-1 to demonstrate the sensitivity and resolution achieved. The coupling 

scheme I\ + / 2 = /  and I+  J  = F  was used, where I\ and / 2 are the nuclear spin vectors 

of the two 14N nuclei and J  is the total angular momentum vector o f the complex 

excluding the nuclear spin.
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Figure 3-1: A composite spectrum of the JkoKc = 2 i2 - ln  transition of 1 3 2Xe-14N2 . Each 

hyperfine component appears as a narrow doublet due to the Doppler effect. Each 

doublet was recorded individually using 2 0 0  averaging cycles.

19Pickett’s SPFIT/SPCAT suite of programs was used to fit spectroscopic 

parameters to the measured transition frequencies. Initially, all the measured 

frequencies were used to fit rotational, centrifugal distortion, 14N nuclear quadrupole 

coupling, and spin-rotation constants together. However, differences between the 

observed and measured frequencies of up to 26 kHz resulted, significantly exceeding 

the estimated measurement uncertainty of about 1 kHz. Following the procedure 

previously used for the cases of Ne- , 6  Ar- , 3 ’4  and Kr-N2 , 5  three separate hyperfine 

structure fits for the individual Ka stacks were done which gave satisfactory results.
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Table 3-2 gives the resulting hypothetical hyperfine-free unsplit line positions Center 

and their experimental uncertainties A v center for the 1 32Xe-14N2  and 129Xe-14N2 

isotopomers. These frequencies were used to compare with those calculated from the 

ab initio PESs (see discussions below). The resulting nuclear quadrupole coupling and 

spin-rotation constants of 14N nuclei are given in Table 3-3, together with the standard 

deviations of the individual fits. For the Ka = 0 stacks only the nuclear quadrupole 

coupling constants Xaa are well determined; in the cases of the Ka = 1 stacks, three 

nuclear quadrupole coupling constants, %aa, Xbb, Zee, and the spin-rotation constant Maa 

need to be included in the fitting procedures.

Watson’s ^-reduction Hamiltonian in its /  representation13 was used to fit the 

rotational and centrifugal distortion constants to the hypothetical unsplit center 

frequencies. The rotational constants B and C, three quartic centrifugal distortion 

constants Aj, 4jk and and one sextic centrifugal distortion constant CPJK are well- 

determined (see Table 3-4). The rotational constant A and the quartic centrifugal 

distortion constants A& and <5jc could not be determined because only a-type transitions 

were measured for this near prolate asymmetric top. During the fitting procedure, the A 

constant was fixed at the values derived from spectroscopic fits o f both a- and 

hypothetical 6 -type transitions calculated from the scaled PES as described below.

3.2.2 131Xe-15N2

The initial search for 1 3 1Xe-15N2 lines was based on the prediction using the 

scaled ab initio PES and the transitions were found within 0.5 MHz of the calculated 

frequencies. Nuclear quadrupole hyperfine structures due to the 131Xe nucleus (I  = 3/2)

42

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



were partly resolved in four rotational transitions. The measured transition frequencies 

and determined spectroscopic constants are given in Table 3-5. An example spectrum 

of the 2n-lio transition is shown in Figure 3-2. Quantum number assignments could be 

achieved for the observed hyperfine components, and 131Xe nuclear quadrupole 

coupling constants were obtained and given in Table 3-5.

3.3 Discussion of experimental results

The 14N nucleus ( /=  1) is a boson. If the two 14N nuclei in the Xe-14N2 complex 

are equivalent, the total wavefunction of the system must be symmetric with respect to 

an exchange of the two 14N nuclei. For the ground state, where both vibrational and 

electronic wave functions are symmetric, the total nuclear spin function must be 

antisymmetric (total nuclear spin quantum number / tot = 1 ) for levels with 

antisymmetric rotational wavefunction (Ka= 1) and symmetric (Jt0 1 = 0 and 2) for levels 

with symmetric rotational wavefunction (Ka = 0). The observed nuclear quadrupole 

hyperfine structures of Xe-14N2 complexes are in accord with the above spin statistics, 

suggesting two equivalent 14N nuclei in the system and therefore a T-shaped structure 

of the complex. This is consistent with the behavior of other Rg-N2 complexes (Rg 

=Ar, 3 ’4  Kr, 5 and Ne6). The van der Waals bond length R between Xe and the center of

mass of the N2 unit was calculated to be 4.208 A using R =
v 8  jz2h B  j

with

B  = {B + C)/ 2 . // is the pseudodiatomic reduced mass of the complex.

Like in other Rg-N2  (Refs. 3,4,5,6 ) systems, the 14N nuclear quadrupole 

coupling constants in Xe-14N2  are Ka dependent because the electric field gradient
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Figure 3-2: A composite spectrum of the JkoKc = 2n-lio transition of 1 31Xe-15N2 - Each

131 Xe nuclear quadrupole hyperfine component appears as a doublet due to the Doppler 

effect. The spectrum was obtained from two individual experiments with 400 

averaging cycles each.
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tensor depends on the large amplitude van der Waals motions. This behavior has been 

investigated theoretically by Hutson for the case of Ar-N2 - 7 For weakly bound rare 

gas-linear molecule complexes with a quadrupolar nucleus in the molecular monomer, 

the nuclear quadrupole coupling constants Xgg ° f  the complex have often been used to 

obtain information about an average orientation of the molecular monomer with 

respect to the principal inertial axes g  of the complex. Equation (3-1) has been applied, 

under the assumption that the nuclear quadrupole coupling constant o f the linear 

monomer, %o, remains essentially unchanged after formation of the complex.

Xgg = ~^-(3cos2 0U - 1) w ithg =a, b, c. (3-1)

Here, 0gg is the angle between the linear molecule axis and the g-principal inertial axis 

of the complex. Values of 0.1342 (Ka= 0 stack), 0.1228 (lower Ka= I stack), 0.1221 

(upper Ka= 1 stack) were obtained for (cos2 6 ^ , corresponding to angles 9ao f  68.5°,

69.5°, and 69.5° respectively. The nuclear quadrupole coupling constants, xo> of 

homonuclear diatomics, such as CI2 (Ref. 14) or N2 , 4 ,5 ,6  may be difficult to obtain 

directly. Instead, xo can be calculated from the complex coupling constant using 

equation (3-1) and the assumption that the out-of-plane coupling constant Xcc is 

independent of the large amplitude motions. From the coupling constant of the upper 

Ka= l  stacks, which depends only on Xcc (Ref. 7), we arrive at a value of xo~ -5.367(2) 

MHz for free N2 . This value agrees with the values of -5.372(2), -5.370(3), 

and -5.371(4) derived from the X:c coupling constants (upper Ka= 1 stack) of the Ne- , 6  

Ar-, and Kr-N2 (Ref. 5) complexes, respectively, within the error limits.
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The observed nuclear quadrupole hyperfine structures in 1 3 1Xe-15N2  due to the 

presence of the 131Xe nucleus arise from the non-zero electric field gradient at the Xe

nucleus. There are two mechanisms responsible for this electric field gradient. One is 

the induction interaction between the electric multipole moments o f the partner

constants of several Xe-molecule complexes, such as Xe-HCl,1 5’1 6 Xe-HF, 17 and Xe- 

CO2 ( Ref. 18) have been interpreted in terms of this mechanism. The 131Xe nuclear 

quadrupole coupling constant contributed by this mechanism can be calculated in 

terms of electric multipole moments of N2 using the following expressions: 15

Here, R is the van der Waals bond length, 0  is the angle between the R vector and the 

N2 molecular axis, qo is the component of the electric field gradient along the R vector 

generated by the multipole moments of the N2 monomer at the site of Xe nucleus. As 

electric dipole and octupole moments of N2 are zero, only the electric quadrupole 

moment Q — -1.47 D A (Ref. 19) of N2  was considered here, and higher order electric 

moments were neglected. The brackets indicate averaging over the large amplitude 

angular motions. With R -  4.208 A, a Stemheimer shielding factor y — -152 (Ref. 15), 

and the 131Xe nuclear quadrupole moment Qxe = -0 . 1 2  b , 2 0  the x m  o f 131Xe-15N2  is 

predicted to be -0.894 MHz for a T-shaped configuration (0  = 90°). Assuming an 

average angle <9 of 69° between the N2 axis and R vector, to account for the large 

amplitude bending motions, a value of -0.538 MHz is obtained. A second mechanism

molecule and the Xe electron cloud. 15 The 131Xe nuclear quadrupole coupling

Xind = - * < l o ( l - r ) Q x e / h (3-2)
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responsible for the distortion of the Xe electron cloud is the dispersion interaction. For 

example, in the 1 3 1Xe-Rg (Rg = Ne, Ar and Kr) dimers, 21 131Xe nuclear quadrupole 

hyperfine structures were observed even though the electric multipole moments of the 

binding partners vanish. In these cases, the following values for the 131Xe nuclear 

quadrupole coupling constants were obtained: 1 3 1Xe-2 0Ne, %aa= 0.3878(9) MHz; 

131Xe-Ar, Xaa = 0.7228(36) MHz; 1 3 1Xe-Kr, Xaa = 0.7079(86) MHz. 21 Sign and 

magnitude of these values are in accord with the value from the extrapolation of the 

131Xe coupling constants of the Xe-HCl and Xe-HF complexes to the limit of zero 

electric multipole moments in Figure 3 of Ref. 22. The experimental value of 0.290 

MHz for the 131Xe quadrupole coupling constant in 1 3 1Xe-15N2  indicates that the 

dispersion interaction has a larger and opposite contribution to the electric field 

gradient at the 131Xe nucleus. The contribution of the dispersion interaction to the 

nuclear quadrupole coupling constant Xdts can be estimated as a difference between the 

experimental Xm (0.290 MHz) and predicted x m  (-0.538 MHz) values, and a value of 

0.828 MHz is resulted. This is in accord with the Xaa values of 1 3 1Xe-Rg (Rg = Ne, Ar 

and Kr) dimers. 21

3.4. Potential energy surfaces and bound states calculations

3.4.1 Computational details

Two PESs were calculated at the CCSD(T) level of theory2 3 , 2 4  using the 

MOLPRO 2002.6 package of ab initio programs. 2 5  For the first surface (PES I), the 

Well-Tempered Basis Set (28s23pl7d)26 augmented by 3d, 4f, 3g, and 2h functions, 

totaling 274 basis functions, was used for the Xe atom. Some of the exponents for
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these additional polarization functions were taken from Ref. 27 and others were varied 

to reach the lowest Xe-N2  binding energy. The exponents are 0.716, 0.32, 0.135 (d 

functions), 1.622, 0.507, 0.158, 0.3 (f functions), 1.007, 0.315, 0.3 (g functions), and 

0.4, 0.3 (h functions). In the second surface (PES II), the aug-cc-pV5Z-PP basis set, 2 8  

totalling 206 basis functions, was used for the Xe atom. For both these surfaces, the 

aug-cc-pVTZ basis se t2 9  was used for the N atoms, and the basis sets were 

supplemented with (3s3p3dlflg) midbond functions. The exponents for (3s3p2dlflg) 

were taken from Ref. 30, and a i d  function was added to reach a lower Xe-N2  binding 

energy. The exponents are 0.9, 0.3, 0.1 for s and p functions, 0.6, 0.2, 0.1 for d 

functions and 0.3 for f  and g functions. The interaction energies were calculated using

T1 •the supermolecule approach and full counterpoise correction was applied to eliminate 

basis-set superposition error. The Xe-N2  geometry was defined in a Jacobi coordinate 

system (r, R, 0). Here, r is the N-N distance which was fixed at the equilibrium value 

of 1.095 A.32 R and 0 are the polar coordinates of the Xe atom with respect to the 

center-of-mass of the N2  unit; 0 = 0 °  corresponds to a linear configuration with Cw 

symmetry and 0 = 90° corresponds to a T-shaped configuration with C2 V symmetry. 

The Xe-N2 PESs were calculated on a grid of 294 points for PES I and 273 points for 

PES II. The radial grid includes 42 points for PES I and 39 points for PES II from 3.5 

to 1 0  A and the angular grid consists of 7 equally spaced cuts with 0  from 0 ° to 90° in 

steps of 15°. The calculated interaction energies are given in Tables 3-6 and 3-7.

The ab initio potentials were interpolated using the JACOBI code by Song et 

al. 3 3 A contour plot of the interpolated potential PES I is given in Figure 3-3. The 

deviation of the interpolated potential from the ab initio points is smaller than 0 . 0 0 1
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Figure 3-3: Contour diagram of the interpolated Xe-N2  unsealed PES I. Potential

energies are given in cm-l

cm'1. This small error in the fit is within the accuracy o f the ab initio calculations. The 

energies of bound ro-vibrational energy levels with rotational quantum number J  up to 

5 and vibrational quantum number o up to 11 were then determined using the JACOBI 

code by Song et al?1 A radial basis set consisting of 80 tri-diagonal Morse functions 

and an angular basis set of 80 Legendre polynomials were used. The basis sets were 

large enough to obtain energies of ro-vibrational levels that were converged to within 

0.00001cm'1. The resulting rotational transition frequencies are given in Table 3-8.

3.4.2 Ab initio potential energy surfaces

Both calculated PESs have a single minimum at a T-shaped geometry at R = 

4.10A, 9  = 90°, with well depths of 122.4 cm ' 1 (PES I) and 119.3 cm ' 1 (PES II),
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respectively. The overall topologies of PES I and PES II are similar and consistent 

with those of the ab initio surface by de Dios et al? and the semi-empirical BTT 

surface (Table 3-9) . 1 ,2 By comparison, our results give a well depth at the T-shaped 

configuration about 34% deeper than the previous ab initio surface2 but about 29% 

shallower than that from the BTT surface. 1 ,2 At the saddle point, which corresponds to 

the linear configuration, our well depth is about 38% deeper than that of the ab initio 

surface2 and about 24% lower than that from BTT surface. 1 ,2 The distances at the 

minimum energy configuration and at the saddle point are 1-3% shorter compared to 

the ab initio surface, 2 and 5-6% longer compared to the BTT surface. 1 ,2

3.4.3 Scaled potential energy surfaces

The microwave transition frequencies obtained from bound state calculation 

are compared with the experimental ones in Table 3-8. For the 1 3 2Xe-14N2 isotopomer, 

the calculated line frequencies from PES I are about 2.5% lower than the measured 

values, while those from PES II are within 1% of the experimental values. For 

example, for the 4 0 4 -3 o3 transition of 1 3 2Xe-14N2 (9881.8 MHz), the deviation of 

calculated frequencies from experimental values are 245.8 MHz for PES I and 80.0 

MHz for PES II. These deviations are much larger than the experimental measurement 

uncertainty, which is estimated to be 1 kHz. In order to achieve a better agreement 

with experiment data, we have attempted to scale the potential energy and the radial 

coordinate of the ab initio surfaces.

The goal was to achieve a better agreement between experimental rotational 

constants and centrifugal distortion constants and those determined from the energy
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levels supported by the PESs. The calculated transition frequencies were used to fit 

rotational and centrifugal distortion constants, analogous to the procedure with the 

experimental data, and are given in Table 3-10. The molecular constants can give more 

physical insight into the global features of the PES than the line positions alone. The 

Xe-N2  complex can be approximated as a linear pseudo-diatomic rotor. In this picture, 

the linear combination (B+Q/2 is inversely proportional to the intermolecular 

separation, while Aj provides a measure of the radial anisotropy of the PES. The linear 

combination B-C  and 4ik indicate the deviation from linearity of the complex. These 

parameters are a measure of the angular anisotropy of the surface and are related to the 

energy difference o f the global minimum and the saddle point.

The calculated constants from both PES I and II are closer to experimental 

values compared to those obtained from BTT surface1,2 and ab initio surface by de 

Dios et al.2 (see Table 3-10). A comparison between PES I and II shows that although 

PES II predicts more accurate transition frequencies, the spectroscopic constants of 

PES I are closer to the experimental values [except for (B+C)/2]. For example, the 

value for 4rk from PES II is almost five times the experimental value while PES I gives 

a value about 20% less (see Table 3-10). The A] values from both surfaces agree very 

well with the experimental value, indicating that the radial anisotropies o f the surfaces 

are in accord with the experimental spectra. However, the calculated (B+C)/2 value for 

PES I is 2.5% smaller than the experimental value and 0.8% larger for PES II, which 

suggests that an intermolecular equilibrium separation R is too large for PES I and too 

small for PES II. For B-C and 4j k , PES I gives values that are too low by 11% and 

20%, respectively, and the results from PES II are too large by 22% and 370%,
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respectively. This, in turn, means that the angular anisotropy of PES I is too large and 

that of PES II too small. In order to achieve a better agreement with experiment data, I 

scaled both of these two surfaces by potential and radial scaling. The first potential 

was scaled mainly to reduce the intermolecular separation R and to reduce the energy 

difference between the global minimum (T-shaped) and the saddle point (linear 

configuration). The best agreement was achieved by reducing the separation R by 

0.058 A and lowering the potential energy of the whole surface by 3.8% * cosft The 

energies along the minimum energy path in the angular coordinate are shown in Figure 

3-4 for both the unsealed and scaled PES I. The spectroscopic constants from 

experimental data and unsealed and scaled PES I are compiled in Table 3-10. The 

experimental line positions are reproduced to within ± 0.01% (see Table 3-8). The 

scaled PES I has double minima at 9 = 80° and 100° respectively, both with energies 

of 122.9 cm ' 1 and R = 4.08 A. A transition state at R = 4.07 A and 9 = 90° lies 0.3 cm ' 1 

above the global minima. These double minima, although very distinct from the 

unsealed PES I, have little effect on the calculated rotational spectra because the 

ground state of the Xe-N2 lies 18 cm ' 1 above the transition state at 9 =  90°. This scaled 

PES I was also used to determine the line frequencies and rotational and centrifugal 

distortion constants for the 1 29Xe-14N2  isotopomer (see Tables 3-8 and 3-10). Excellent 

agreement with the experimental data was found; the largest deviation is only 0.15%. 

In addition, the A rotational constant was determined by using both a-type and 

hypothetical 6 -type transitions calculated from the scaled PES I in a fitting procedure. 

This value was used in the fits of the experimental constants. PES II was scaled by 

increasing the separation R and lowering the potential energies. However, the simple
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Figure 3-4. Plot of the minimum energies of Xe-N2 as a function of polar angle 0  for 

unsealed (solid line) and scaled (dotted line) PES I.

potential and radial scaling of this surface did not result in as good an agreement with 

the experimental data as the scaled PES I. The Aj and 4ik values are always in poor 

agreement (see Table 3-10). The best agreement was achieved by increasing the 

separation R by 0.024 A and lowering the whole surface by 45.5%. The global 

minimum of this scaled PES II has a well depth of 171.4 cm ' 1 at R = 4.21 A, 0 = 90°. 

The experimental information can be reproduced to within ± 0.3% (see Table 3-8).
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3.5 Summary

Rotational transitions for three isotopomers of the Xe-N2 complex were 

measured and assigned. Nuclear quadrupole hyperfine structures due to the interaction 

of the nuclear spins of the 14N and 131Xe nuclei with the overall rotation were detected 

and analyzed. The spectra are in accord with a T-shaped complex having C2V 

symmetry, with two equivalent N atoms.

Two high level ab initio Xe-N2  PESs were determined and a single minimum, 

corresponding to a T-shaped configuration, was obtained for both surfaces. These two 

surfaces were compared with other existing ab initio and semi-empirical PESs. In 

addition, our two surfaces were used to calculate the rotational energy levels and to 

determine rotational transition frequencies. Both calculated line frequencies and the 

spectroscopic parameters were compared with the experimental data. The line 

frequencies from PES I deviate from the experimental ones by about 2.5% for the 

1 3 2Xe-14N2 isotopomer, and the frequencies from PES II deviate from the experimental 

data by about 1%. However, PES I has a better overall shape since the calculated 

spectroscopic parameters are closer to the experimental values than those from PES II 

[except for (B+Q/2]. After appropriate potential and radial scaling, the deviations in 

transition frequencies were reduced to within 0.01% for PES I. The scaled PES I 

reproduces the transition frequencies of the 1 2 9Xe-14N2 isotopomer to within 0.15%.
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Table 3-1: Measured frequencies of the 14N hyperfine structure of Xe-14N2 isotopmers.

J '  K a’K c"

J  Ka "Kc'

2o2-loi

3o3-2o2

4o4-3o3

5o5-4o4

2 l2 -lll

” I ’-F ” I ”

1 3 2Xe-•14n 2 1 2 9Xe-14N2

K)bs
(MHz)

AvtffS3

(kHz)
V0bs

(MHz)
Avihfs
(kHz)

1 2 - 1  2 4943.0435 1.5 4962.7860 1.3
3 2-3 2 4943.0098 0 . 1 4962.7517 - 1 . 1

2  0 - 1  2 4942.9176 0 . 8 4962.6598 0 . 1

0  2 - 1  2 4942.6459 4.2
2  2 - 1  0 4942.6004 0.9 4962.3422 -1 . 0

2  2 - 2  2 4942.5259 -1.7 4962.2699 - 1 . 6

4 2-3 2 4942.3250
°o 4962.0673 0.4

3 2-2 2 4942.2866 -1.4 4962.0294 -2.7
1 2 - 1  0 4941.5010 -0.7 4961.2432 -3.3
1 2 - 2  2 4941.4301 0 . 2 4961.1737 - 1 . 1

2  0 - 1  0 4941.3774 0 . 8 4961.1211 0 . 6

2  0 - 2  2 4941.3062 1.5 4961.0491 -0.7
0  2 - 1  0 4941.1037 2.3
4 2-4 2 7413.2949 - 1 . 2 7442.9020 - 1 . 8

2  2 - 2  0 7413.0379 4.7 7442.6364 -4.5
3 2-3 2 7412.9556 -2 . 8 7442.5688 2 . 2

2  2 - 1  2 7412.9076 -0.4 7442.5149 -0.9
1 2 - 0  2 7412.8299 1.3 7442.4316 -4.7
3 0-2 0 7412.7379 0 . 2 7442.3434 -2 . 1

3 2-2 2 7412.7190 0 . 2 7442.3250 -2 . 2

5 2-4 2 7412.6302 0.4 7442.2361 -1.7
4 2-3 2 7412.6118 2 . 2 7442.2152 -2 . 8

1 2 - 1  2 7412.4228 -5.6 7442.0359 -0.5
2  2 - 2  2 7411.8102 -0 . 1 7441.4207 1 . 6

3 0-3 2 7411.7534 - 1 . 0 7441.3625 -0.7
3 2-2 2 9881.9402 - 1 . 1 9921.4004 -0 . 1

2  2 - 1  2 9881.9071 - 1 . 2 9921.3684 1.4
4 0-3 0 9881.8618 -1.3 9921.3246 2 . 6

6  2-5 2 9881.8136 -1.3 9921.2781 4.2
5 2-4 2 9881.8024 1 . 2 9921.2672 6.5
4 2-3 2 12349.5959 4.2 12398.8752 -2 . 0

3 2-2 2 12349.5747 0.5 12398.8574 - 1 . 8

5 0-4 0 12349.5451 -1.9 12398.8311 - 1 . 0

6  2-5 2 12349.5074 - 1 . 2 12398.7944 0 . 0

1 1 - 0  1 4887.0540 1.3 4906.2588 -0.3
2  1 - 2  1 4886.4086 - 1 . 0 4905.6139 3.2
3 1-2 1 4885.5384 2 . 6 4904.7436 1 . 8

2  1 - 1  1 4885.0942 -2 . 6 4904.3000 2 . 2

1 1 - 1  1 4883.7237 4.8 4902.9282 -0.9
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Table 3-1: (Continued).

5 £ " n 2     ^ X e -14̂ '
J ’K a K c -  

J ”Ka"Kc"
F ’l ’-F ” I" Vobs

(MHz)
A v u f s

(kHz)
K>bs

(MHz)
A v h f s

(kHz)
3 l 3 " 2 l 2 3  1 - 3  1 7 3 2 8 . 0 5 1 0 1 . 3 7 3 5 6 . 8 4 0 8 - 4 . 1

2  1 - 1  1 7 3 2 7 . 5 0 5 7 1 . 7 7 3 5 6 . 3 0 5 2 0 . 6

4  1 - 3  1 7 3 2 7 . 2 8 3 9 3 . 1 7 3 5 6 . 0 8 2 8 0 . 4

3  1 - 2  1 7 3 2 7 . 1 7 5 6 - 0 . 3 7 3 5 5 . 9 7 5 5 - 0 . 5

2  1 - 2  1 7 3 2 6 . 1 2 1 7 - 4 . 5

4 l 4 - 3 l 3 3  1 - 2  1 9 7 6 7 . 9 3 7 0 - 2 . 2 9 8 0 6 . 3 2 3 2 - 1 . 3

5  1 - 4  1 9 7 6 7 . 8 5 5 9 1 . 0 9 8 0 6 . 2 3 8 3 - 2 . 6

4  1 - 3  1 9 7 6 7 . 8 1 7 8 1 . 1 9 8 0 6 . 2 0 2 9 0 . 9

5 l 5 “ 4 l 4 4  1 - 3  1 1 2 2 0 6 . 8 9 0 6 - 0 . 5 1 2 2 5 4 . 8 3 8 6 - 0 . 0

6  1 - 5  1 1 2 2 5 4 . 7 9 3 5 - 1 . 3

5  1 - 4  1 1 2 2 0 6 . 8 2 9 4 - 0 . 9 1 2 2 5 4 . 7 7 9 7 1 . 8

2 n - l  1 0 1  1 - 1  1 4 9 8 3 . 1 1 6 7 - 0 . 4 5 0 0 3 . 1 1 0 9 1 . 5

3  1 - 2  1 4 9 8 1 . 5 2 5 5 - 0 . 2 5 0 0 1 . 5 2 0 9 2 . 2

1  1 - 0  1 4 9 8 1 . 1 0 9 4 - 1 . 2 5 0 0 1 . 1 0 6 3 1 . 0

2  1 - 1  1 4 9 8 0 . 9 2 9 3 - 1 . 0 5 0 0 0 . 9 2 4 7 3 . 2

2  1 - 2  1 4 9 8 0 . 1 0 8 3 - 0 . 4 5 0 0 0 . 1 0 6 9 5 . 5

3 i 2 - 2 n 2  1 - 2  1 7 4 7 3 . 1 9 3 6 0 . 2 7 5 0 3 . 1 8 0 2 - 0 . 6

4  1 - 3  1 7 4 7 1 . 2 2 5 7 1 . 0 7 5 0 1 . 2 1 0 2 - 0 . 8

3  1 - 2  1 7 4 7 1 . 0 3 2 8 - 1 . 1 7 5 0 1 . 0 1 8 4 - 1 . 3

2  1 - 1  1 7 4 7 1 . 0 0 9 8 3 . 1 7 5 0 0 . 9 9 4 3 1 . 3

3  1 - 3  1 7 4 6 9 . 6 1 7 2 0 . 3 7 4 9 9 . 5 9 7 7 - 4 . 6

4 l 3 - 3 i 2 5  1 - 4 1 9 9 5 9 . 9 1 6 4 1 . 3 9 9 9 9 . 8 8 6 1 - 1 . 0

4  1 - 3  1 9 9 5 9 . 8 2 1 5 - 1 . 0 9 9 9 9 . 7 9 5 1 0 . 8

3  1 - 2  1 9 9 5 9 . 7 9 6 0 3 . 5 9 9 9 9 . 7 6 4 3 - 0 . 2

5 i 4 - 4 i 3 6  1 - 5  1 1 2 4 4 7 . 1 9 9 8 - 4 . 6 1 2 4 9 7 . 1 4 1 0 - 3 . 8

5  1 - 4  1 1 2 4 4 7 . 1 5 1 0 0 . 8 1 2 4 9 7 . 0 9 3 9 3 . 4

4 1 - 3  1 1 2 4 4 7 . 1 2 7 6 1 . 3 1 2 4 9 7 . 0 6 7 1 0 . 5

3  A v h F S  -  V o b s -  Vcai.
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Table 3-2. Microwave center frequencies for Xe-14N2 isotopomers.

m Xe-l4N2 lzslXe-'4 N~

J 'K a' Kc -J ”KaKc"
^center

(MHz)
A Vfcenter
(kHz) 3

^center
(MHz)

A Vcenter
(kHz)

2 o2 - 1 oi 4942.3925 0.9 4962.1345 -0.9
2 i2- 1 h 4885.5142 1 . 1 4904.7191 1.3
2 n-lio 4981.3488 -0 . 6 5001.3448 2.7
3o3‘2o2 7412.6673 -0 . 2 7442.2741 -1.5
3i3-2i2 7327.2786 - 1 . 2 7356.0802 -0 . 6

3i2-2n 7471.1378 -0.7 7501.1221 -2.5
4o4-3o3 9881.8376 -0 . 8 9921.3006 3.0
4l4-3l3 9767.8584 0.3 9806.2431 i o

4n-3i2 9959.8658 1.7 9999.8363 0 . 2

5o5-4o4 12349.5351 0.4 12398.8190 - 1 . 2

5l5-4i4 12206.8508 0 . 0 12254.7989 0.4
5l4-4i3 12447.1702 -0.7 12497.1114 0.3

A  Vgenter — Vobs-  Veal-

Table 3-3: 14N nuclear quadrupole coupling constants and spin-rotation constants of 

Xe-14N2 isotopomers.

Ka = 0 Lower Ka = 1 Upper Ka = 1
li2Xe-l4N2 Xaa /MHZ 1.6037(6) 1.6886(18) 1.6984(18)

Xbb /MHz -3.66(60) -4.4335(12) -4.3835(12)
Xcc /MHz 2.06(60) 2.7449(12) 2.6851(12)
Maa /MHz - 0.0173(10) 0.0157(10)
a  /kH z3 2 . 0 2.3 1 . 8

1 2 9Xe-14N2 Xaa/MRZ 1.6015(7) 1.7017(22) 1.7038(18)
Xbb /MHz -2.73(62) -4.4294(15) -4.3855(12)
Xcc /MHz 1.13(62) 2.7277(15) 2.6817(12)
Maa /MHz - 0.0160(11) 0.0153(10)

a/kH z 2.3 1 . 8 2.5
a Standard deviation of the fit.
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Table 3-4: Rotational and centrifugal distortion constants of Xe-14N2 isotopomers.

Constant Xe-14N2 roXe-l4N2

A /M Hza 75088.256 75094.418
B /MHz 1259.6638(4) 1264.7970(4)
C/MHz 1211.7734(4) 1216.5135(4)
A}tMHz 0.01435(2) 0.01442(2)
4jk /MHz 2.2377(2) 2.2744(2)
Si M H z 0.000868(3) 0.000895(3)

0i& /MHz -0.001026(6) -0.000988(6)
<r/kHzb 0 . 8 1 . 6

a Fixed at a value derived from a fit of both a- and hypothetical 6 -type transitions 
determined from the scaled PES I. 
b Standard deviation of the fit.
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Table 3-5: Measured frequencies and determined spectroscopic constants of 1 3 1Xe-15N2 

isotopmer.

J  K a’Kc 7 7 » 7 7 1> r  ~v
J Ka”Kc"

K>bs A V h f S 3

(MHz) (kHz)
2o2-1oi 1.5-0.5 4685.6132 -2 . 0

2 .5-2.5 4685.6089 -0 . 2

2 .5-1.5 4685.5376 0.9
3.5-2.5 4685.5376 1 . 0

1.5-1.5 4685.4862 1.3
2 1 2 -In  2.5-1.5 4632.0568 6.4

1.5-1.5 4632.0033 -4.0
3.5-2.5 4631.9828 4.8
0.5-0.5 4631.9182 -7.1

2n -lio 2.5-1.5 4721.5514 -6 . 6

3.5-2.5 4721.4901 4.5
1.5-0.5 4721.4428 2 . 1

3o3_2o2 3.5-3.5 7027.5682 1 . 6

2.5-1.5 7027.5105 - 1 . 6

1.5-0.5 7027.5105 - 1 . 6

3.5-2.5 7027.4942 -0 . 0

4.5-3.5 7027.4942 0 . 0

A !M Hzb 69392.188
B /MHz 1193.8686(3)
C/MHz 1149.1169(3)
A} /MHz 0.01269(2)
4jk /MHz 2.2039(2)
Xaa /MHz 0.290(2)
Xbb /MHz 0.048(7)
Xcc /MHz -0.242(7)
or/kHzc 3.9

a  A V h f s  -  V o b s -  Veal.

b Fixed at a value derived from a fit of both a- and hypothetical 6 -type transitions 
determined from the scaled PES I. 
c Standard deviation of the fit.
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Table 3-7: Ab initio Xe-N2 potential energies (in cm'1) of PES II.

R / k 0 ° 15° 30° 45° 60° 75° 90°
3.5000 2003.22 1771.70 1240.47 715.03 370.49 207.88 164.16
3.6000 1345.75 1180.34 801.12 427.90 186.50 75.40 46.32
3.7000 877.65 760.33 491.87 229.63 63.10 -10.98 -29.65
3.8000 548.09 465.58 277.37 95.48 -17.17 -64.96 -76.32
3.8500 423.02 354.06 197.17 46.54 -45.29 -83.01 -91.61
3.9000 319.17 261.72 131.34 7.16 -67.13 -96.45 -102.77
3.9500 233.36 185.63 77.65 -24.19 -83.74 -106.10 -110.54
4.0000 162.77 123.28 34.22 -48.82 -96.06 -112.64 -115.54
4.1000 58.20 31.46 -28.23 -82.25 - 1 1 0 . 6 6 -118.61 -119.26
4.2000 -9.69 -27.42 -66.44 - 1 0 0 . 2 0 -115.74 -117.97 -117.19
4.2500 -33.45 -47.85 -78.91 -105.03 -115.81 -116.01 -114.73
4.3000 -51.92 -63.37 -87.97 -107.78 -114.68 -113.26 -111.62
4.4000 -76.45 -83.55 -98.24 -108.57 -109.82 -106.20 -104.07
4.5500 -92.06 -95.09 -100.58 -102.36 -98.84 -93.64 -91.27
4.7000 -92.98 -93.81 -94.38 -91.85 -86.30 -80.74 -78.44
4.8500 -86.67 -86.36 -84.49 -80.08 -73.98 -68.69 -66.60
5.0000 -77.34 -76.49 -73.59 -68.61 -62.73 -57.98 -56.16
5.1500 -67.27 -6 6 . 2 2 -63.04 -58.18 -52.86 -48.74 -47.19
5.3000 -57.61 -56.55 -53.49 -49.07 -44.42 -40.92 -39.61
5.4500 -48.90 -47.91 -45.15 -41.28 -37.30 -34.37 -33.26
5.6000 -41.31 -40.43 -38.04 -34.71 -31.36 -28.89 -27.99
5.8000 -32.91 -32.19 -30.26 -27.61 -24.97 -23.04 -22.33
6 . 0 0 0 0 -26.25 -25.68 -24.14 -22.05 -19.97 -18.48 -17.94
6.2500 -19.90 -19.48 -18.33 -16.79 -15.25 -14.16 -13.76
6.5000 -15.23 -14.92 -14.06 -12.90 -11.78 -10.97 -10.67
6.7500 -11.77 -11.53 - 1 0 . 8 8 -10.03 -9.19 -8.59 -8.36
7.0000 -9.19 -9.00 -8.52 -7.88 -7.25 -6.79 -6.62
7.2500 -7.24 -7.11 -6.74 -6.25 -5.77 -5.42 -5.29
7.5000 -5.77 -5.67 -5.39 -5.01 -4.64 -4.37 -4.27
7.7500 -4.64 -4.56 -4.34 -4.05 -3.76 -3.54 -3.47
8 . 0 0 0 0 -3.76 -3.70 -3.53 -3.30 -3.07 -2.90 -2.84
8.2500 -3.07 -3.02 -2.89 -2.70 -2.52 -2.38 -2.34
8.5000 -2.53 -2.38 -2.38 -2.23 -2.09 -1.98 -1.94
8.7500 -2 . 1 0 -2.06 -1.98 -1.85 -1.74 -1.65 -1.61
9.0000 -1.75 -1.72 -1.65 -1.55 -1.45 -1.38 -1.35
9.2500 -1.46 -1.44 -1.38 -1.30 - 1 . 2 2 -1.16 -1.14
9.5000 -1.24 - 1 . 2 2 -1.17 - 1 . 1 0 -1.04 -0.99 -0.97
9.7500 -1.05 -1.03 -0.99 -0.94 -0 . 8 8 -0.84 -0.82

1 0 . 0 0 0 0 -0.89 -0 . 8 8 -0.85 -0.80 -0.75 -0.72 -0.70

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Reproduced 
with 

perm
ission 

of the 
copyright owner. 

Further reproduction 
prohibited 

without perm
ission.

Table 3-8: Comparison of rotational transition frequencies (in MHz) of Xe-14N2 isotopomers from experiment and potentials.

Isotopomer J ’Ka'Kc-J’Ka’Kc" Experiment PESI Scaled PESI3 PESH Scaled PESII
1J2 Xe-14N2 2 o2 -loi 4942.393 4819.40 (-2.49)b 4942.21 (-0.004) 4982.50 (0.81) 4949.31 (0.14)

2 i 2-1  11 4885.514 4769.58 (-2.37) 4885.89 (+0.008) 4881.99 (-0.07) 4875.21 (-0.21)
2 n - l  10 4981.349 4854.94 (-2.54) 4981.82 (+0.009) 4999.09 (0.36) 4969.90 (-0.22)
3 o3 -2 o2 7412.667 7228.26 (-2.49) 7412.07 (-0.008) 7472.75 (0.81) 7423.41 (0.14)
3l3-2l2 7327.279 7153.50 (-2.37) 7327.50 (+0.003) 7322.20 (-0.07) 7312.40 (-0.20)
3i2-2n 7471.138 7281.61 (-2.54) 7471.51 (+0.005) 7497.72 (0.35) 7454.35 (-0.22)
4 o4 -3 o3 9881.838 9636.00 (-2.49) 9881.21 (-0.006) 9961.76 (0.81) 9896.71 (0.15)
4i4-3i3 9767.858 9536.24 (-2.37) 9768.32 (+0.005) 9761.41 (-0.07) 9784.92 (-0.19)
4l3-3l2 9959.866 9707.18 (-2.54) 9960.55 (+0.007) 9995.20 (0.35) 9938.04 (-0.22)
5 o5 -4 o4 12349.535 12042.43 (-2.49) 12348.43 (-0.009) 12448.87 (0.80) 12368.62 (0.15)
5l5-4l4 12206.851 11917.60 (-2.37) 12207.08 (+0.002) 12199.04 (-0.06) 12184.24 (-0.19)

1 29Xe-14N2

5l4-4l3 12447.170 12131.48 (-2.54) 12447.71 (+0.004) 12490.90 (0.35) 12420.40 (-0.22)
2 o2 -loi 4962.135 4831.86 (-2.63) 4954.99 (-0.14)
2 i 2-1  i i 4904.719 4781.75 (-2.51) 4898.32 (-0.13)
2 n-lio 5001.345 4867.55 (-2.68) 4994.76 (-0.13)
3 o3 -2 o2 7442.274 7246.95 (-2.62) 7431.24 (-0.15)
3l3-2l2 7356.080 7171.74 (-2.51) 7346.14 (-0.14)
3 i2 -2 h 7501.122 7300.53 (-2.67) 7490.93 (-0.14)
4 o4 -3 o3 9921.301 9660.91 (-2.62) 9906.76 (-0.15)
4l4-3l3 9806.243 9560.55 (-2.51) 9793.17 (-0.13)
4i3-3l2 9999.836 9732.39 (-2.67) 9986.43 (-0.13)
5 o5"4o4 12398.819 12073.55 (-2.62) 12380.34 (-0.15)
5l5-4l4 12254.799 11947.97 (-2.51) 12238.12 (-0.14)
5l4-4l3 12497.111 12162.98 (-2.67) 12480.04 (-0.14)

3 See text.
b The numbers in brackets are the differences between experimental frequencies and those from the potentials in percent.

O nto



Table 3-9: Comparison of well depths of the Xe-N2 potentials of this work with

literature potentials.

Reference
T-shaped {Q ii

A
O o o N—
' L inear(0 = 0 °)

De / cm' R J  A De/ cm ' 1 R J  A
PES I a 122.4 4.10 93.9 4.70

scaled PES I a 1 2 2 . 6 4.07 97.9 4.60
PES I I 8 119.3 4.10 93.0 4.70

scaled PES I I 8 171.4 4.21 135.4 4.72
de Dios et al.b 91.2 4.22 67.6 4.76

BTTC 171.7 3.89 124.1 4.45
a This work. 
b Reference 2.
0 References 1 and 2.
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Table 3-10: Comparison of rotational and centrifugal distortion constants (in MHz) of Xe-14N2  isotopomers from experiment and 

potentials.

Isotopomer Constant Experiment PESI Scaled 
PES I b PESH Scaled

PESH
b i t 0 de Dios et al.c

132Xe-14N2 A* 75088.256 73475.813(1) 75088.256(1) 80260.557(1) 74949.324(1) 65293(282) 90.2(36)xl03
B 1259.6638(4) 1226.3018(4) 1259.6141(4) 1275.0625(4) 1261.1104(4) 1354.1(11) 1140.27(60)
C 1211.7734(4) 1183.6419(3) 1211.6809(3) 1216.4676(3) 1213.7317(3) 1325.6(10) 1121.83(58)

(B+Q/2 1235.7186 1204.9719 1235.6475 1245.7650 1237.4209 1339.85 1131.05
B-C 47.89 42.66 47.93 58.59 47.37 28.5 18.44
Aj 0.01435(2) 0.01414(1) 0.01441(1) 0.01501(1) 0.00825(1)
A jk 2.2377(2) 1.7830(2) 2.0860(2) 10.5142(2) 6.7077(2)
Si 0.000868(3) 0.000576(3) 0.000969(3) -0.001122(3) -0.000735(3)
T̂K -0.001026(6) -0.000713( 4) -0.001093(4) 0.001515(4) 0.000903(4)

129Xe-14N2 A 75094.418 73481.001(1) 75094.418(1)
B 1264.7970(4) 1229.5312(4) 1262.9377( 4)
C 1216.5135(4) 1186.6445(3) 1214.7476(3)

(B+Q/2 1240.6553 1208.0878 1238.8422
B-C 48.28 42.89 48.19
Aj 0.01442(2) 0.01419(1) 0.01443(1)
Ajk 2.2743(2) 1.8013(2) 2.1089(2)
Si 0.000895(3) 0.000578(3) 0.000969(3)

<£jk -0.000988(6) -0.000721(4) -0.001106(1)
a Fixed at a value derived from a fit of both a- and hypothetical 6 -type transitions calculated from the scaled PES I. 
b See text.
c Ref. 1 and 2, from quantum diffusion Monte Carlo solution of the van der Waals vibrational motion.

On
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CHAPTER 4 Microwave and a b  in itio  Studies of the Xe-CH4

van der Waals Complex

4.1 Introduction

The Xe-CELt dimer is of interest for the study of Xe-molecule interactions 

because it can be consider as a building block for interactions between Xe and larger 

hydrocarbons. An empirical intermolecular potential of this complex has been 

constructed previously by Pirani et al.x at three basic configurations (see Figure 4-1, 

“edge”: Xe atom sits on a C2  axis of CH4 ; “vertex”: Xe atom sits on a C3 axis and 

approaches a H atom; and “face”: Xe atom sits on a C3 axis and approaches a three H 

face center). The face configuration was determined to be the one with the lowest 

energy, similar to the cases of Kr-CH4  and Ar-CH4 , 2 ,3  where it was found to be the 

equilibrium configuration. A more recent potential, which was constructed at the same 

configurations using molecular dynamics methods, has the same global features as the 

former but a slightly smaller intermolecular separation and a deeper well. 4

More detailed insight into the structure and dynamics of the Xe-CELi complex 

can be obtained from high resolution spectra of the complex. Previous spectroscopic 

studies of CH4-containing dimers, such as HX-CH4  (X = CN,3 ,6  Cl, 7 ’8 Br, 9 and F7), 

CO-CH4 , 10 ,11 Rg-CH4  (Rg =Kr,2 ’1 2’1 3 Ar,2 ,1 2 ,1 3  and Ne12), H2 0-CH 4 , 1 4 ,1 5 0 3 -CH4 , 16 N20 - 

CFL} ,17 /?nraH2 -CH4 , 18 and OCS-CFL/ 9 indicate that the methane monomer undergoes
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edge vertex face

Figure 4-1: Three special configurations of the Xe-CFE complex.

large amplitude internal rotation motions within the complexes. The general features of 

the microwave spectra are governed by the angular anisotropy of the corresponding 

interaction potential. Figure 4-2 shows a schematic energy correlation diagram for a 

CFL}-containing complex as a function of methane internal rotation barrier. 6 ,8 Each 

internal rotor state is labeled by j ,  the total angular momentum quantum number of the 

CH4  monomer, and K, the projection of angular momentum j  onto the intermolecular 

axis. In the free rotor limit, the energy level pattern of the complex is identical to that 

of the free methane monomer and degenerate in the K  quantum number. When the 

system approaches the rigid rotor limit, the pattern approaches that of an ordinary 

symmetric top. The molecular symmetry group for the CFE-containing complexes is 

designated as Td (M ), which is isomorphic to the point group of free methane, Tj. A 

molecular symmetry group2 0  analysis predicts the occurrence of internal rotor states 

with A 1, E, and F2 symmetries of the nuclear spin functions. In the following, the
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0 high barrier limit

Methane internal rotation barrier

Figure 4-2: A schematic energy correlation diagram for a CH4-containing complex as a 

function of the methane internal rotation barrier. The energy level pattern is identical 

to that o f free methane at zero internal rotation barrier, and to that o f a symmetric top 

at the high barrier limit (redrawn from Refs. 6  and 8 ).

subscript (‘l ’or ‘2 ’) of symmetry species is omitted because the symmetry operations 

containing E* in Td (M) bring no additional distinction to the intemal-rotation 

wavefunctions. Relaxation between states with different symmetries o f nuclear spin 

wave function is a forbidden process in a molecular expansion. Only the lowest states, 

associated with the three different spin symmetries, are well populated at the low 

rotational temperature (1-2 K) of the molecular expansion. In most cases, the three 

lowest internal rotor states associated with three different spin symmetries respectively
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could be observed in the microwave spectra. These are the j  = 0, K  = 0 state of A 

symmetry, they = 1, K  = 0 state of F  symmetry, and the j  = 2, K  = 1 state o f E  

symmetry. The j  = 1, K  = 1 state is well populated only when the gap between the K  = 

0 and K  = 1 stacks of F  symmetry is sufficiently small, which corresponds to a low 

angular anisotropy of the potential. In the case of CH4-HCN,5’6 it was possible to 

record spectra within this j  — 1, K  = 1 state. For CH4-HF,7 only transitions within one 

K = 0  stack were observed. This suggests that the CH4 internal rotation is quenched by 

the higher anisotropy of the potential and the CH4-HF complex is rather close to the 

semirigid rotor limit. 7

In the following, I report both experimental and theoretical studies of the Xe- 

CH4 complex. Microwave spectra of Xe-CH4 within three internal rotor states were 

recorded, assigned, and analyzed. The spectroscopic results were used to derive 

structural and dynamical information about the complex. An ab initio potential energy 

surface for the Xe-CFLt dimer was constructed, and the dipole moments were 

calculated at various configurations. The ab initio results can explain qualitatively 

some of the spectroscopic observations and provide further insight into the molecular 

structure and internal rotation motions of the methane unit within the complex.

4.2 Ab initio potential energy and dipole moment calculations

4.2.1 Computational details

Potential energy calculations were performed at the CCSD(T) level of 

theory2 1 ,2 2  using the MOLPRO 2002.6 package of ab initio programs. 2 3  The aug-cc- 

pVQZ-PP basis set2 4  was used for the Xe atom and the aug-cc-pVTZ basis set2 5  for C
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and H atoms. The basis sets were supplemented with (3s3p2d2flg) midbond functions. 

The exponents are 0.94, 0.34, 0.12 for s and p functions, 0.64, 0.23 for d and f  

functions, and 0.35 for g functions. 2 6  The potential energies were calculated using the 

supermolecule approach. Full counterpoise correction2 7  was applied to eliminate basis- 

set superposition error. The geometry of Xe-CEU is described by a set of spherical 

polar coordinates (R, 9, cp), as shown in Figure 4-3. The CH4  monomer was frozen at 

the experimental equilibrium structure, with a C-H bond length of 1.0870 A.28 The 

potential energy surface was constructed as functions of R, 0, and (p. R was varied 

from 3.7 A to 4.7 A in steps of 0 . 1  A, 9 from 0 ° to 180° in steps o f 15°, and (p from 0 ° 

to 90° in steps of 30°. Extra points were calculated at the edge (Xe atom sits on a C2 

axis of CH4 , 9 = 0°, (p= 0°), vertex (Xe atom sits on a C3 axis and approaches a H 

atom, 9 = 54.74°, cp = 0°), and face (Xe atom sits on a C3 axes and approaches a three 

H face center, 9 = 125.26°, (p = 0°) configurations (see Figure 4-1). The calculated 

interaction energies are given in Table 4-1.

Dipole moments for Xe-CH4  were computed with the same basis sets and at the 

same level of theory as was used for the potential energy calculations. Calculations 

were performed at cp = 0 °, and R and 9 were varied from 3.7 A to 4.7 A in steps of 0 . 1  

A and from 0 ° to 180° in steps of 15°, respectively. Extra points were calculated at

90edge, vertex, and face configurations. The finite difference approximation was used 

to calculate the dipole moment as the first derivative of the energy with respect to the 

applied electric field. At each configuration, I chose two finite electric fields with the 

same field strength and opposite directions. Two energy calculations were performed
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z

Figure 4-3: Molecule fixed axes frame for the Xe-CFL* complex. The C atom is located 

at the origin, and a Ci axis of methane is chosen as the z-axis. Two hydrogens with 

positive z values are in the xz-plane, and those with negative z values are in the yz- 

plane. The position of the Xe atom is described by spherical coordinates (R, 9, cp). R is 

the distance between Xe and C atoms, 9 is the angle between the R vector and the z- 

axis, (p is the azimuthal angle. 9 = 0°, (p = 0° corresponds to the edge configuration 

with the Xe atom sitting on a C2 axis; 9 = 54.74°, cp = 0° corresponds to the vertex 

configuration where the Xe atom sits on a C3 axis and approaches a H atom; 9 = 

125.26°, (p= 0° corresponds to the face configuration where the Xe atom is on a C3 

axis and approaches the center of a three H face.
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Figure 4-4: Angular dependence of the ab initio dipole moments of Ar-, Kr-, andXe- 

CH4 . The solid line is for Xe-CFfr from this work, the dashed and dotted lines are for 

Kr-CFLt and Ar-CH4, respectively (Ref. 2).

with these two electric fields applied to the system respectively. The dipole moment 

was then obtained as the ratio of the energy difference to the electric field difference. 

The obtained values are listed in Table 4-2. The angular dependence of the calculated 

dipole moment is plotted in Figure 4-4 and compared with those for Ar-, and Kr-CFLt. 2  

At each angle 6, R was fixed at the value which gives the lowest interaction energy. A 

positive dipole moment points from the Xe atom to the C atom.

4.2.2 Discussion of the calculation results

The calculated 3-dimensional potential energy surface has a global minimum at 

the face configuration (R = 4.05 A, 0 = 125.26°, q> = 0 °) with a well depth of 183.9
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cm'1. A first order saddle point is located at the edge configuration (R = 4.25 A, 6 = 0°, 

cp = 0°) and has energy of -151.8 cm'1. A second order saddle point is at the vertex 

configuration (R = 4.55 A, 6 = 54.74°, cp = 0 °, - 1 2 1 . 2  cm'1). The minimum energy 

path was constructed by varying R at each 0 and (p configuration to locate the lowest 

energy. A contour plot of this minimum energy path is shown in Figure 4-5. To follow 

the minimum energy path, R changes from 4.05 A at the global minimum to 4.55 A at 

the second order saddle point. This significant variation is an indication of a strong 

coupling between the van der Waals stretching and bending motions of the complex. 

The overall topology of this potential is similar to those of the Ar-CFLt and Kr-CFLt 

potentials. The energy barrier between the global minimum and the second order 

saddle point is 62.7 cm'1, slightly larger than for Ar-CH4 (50.5 cm'1) and Kr-CFLt (55.9

1 7
c m '). The angular anisotropy of the interaction potential increases from Ar-, Kr- to 

Xe-CHi, implying that the CH4  internal rotation motion is more hindered by a larger, 

more polarizable rare gas electron cloud.

The angular dependence of the calculated dipole moment is shown in Figure 

4-4. The dipole moment oscillates as 0 changes from 0° to 180°. It reaches its positive 

maximum at the vertex {6 = 54.74°) configuration (second order saddle point) and the 

negative maximum at the face (0  = 125.26°) configuration (global minimum). Since 

CH4 has no permanent dipole moment, the main contribution to the dipole moment of 

the complex comes from the distortion of electron densities of the Xe and CH4 

subunits. Compared with ab initio dipole moments of Ar-CFLt and Kr-CFLt, 2 the 

oscillation amplitude o f the Xe-CELt dipole moment is larger, because of the higher
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Figure 4-5: Contour diagram of the ab initio minimum energy path of Xe-CFLt as 

function of 6 and (p coordinates. R was varied at each 6 and cp combination until the 

lowest energy was found. Potential energy values are given in cm"1.

sensitivity of the Xe electron cloud polarization to the orientation of the CH4  unit. In 

the dipole moment calculations, the CH4 monomer was kept rigid, but one should keep 

in mind that contributions from the distortion of the CH4 geometry may not be

-J A

negligible because of the relatively large C-H bond dipole moment (0.339D).

4.3 Spectral search, assignments, and analyses

The sample mixture consisted of 0.7% Xe and 1% CH4 in Ne at a pressure of

136
~ 6  atm. Five isotopes of Xe were studied in their natural isotopic abundances ( Xe:
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8.87%, 1 3 4Xe: 10.44%, 1 32Xe: 26.89%, 131Xe: 21.18%, 1 2 9Xe: 26.44%). Isotopically 

enriched samples were used to investigate isotopomers containing 1 3CH4, CD4, CH3D, 

and CHD3 (13CH4, CH3D, and CHD3: 99% 13C and 98% D, respectively, Cambridge 

Isotope Laboratories Inc; CD4: 98% D, Merck Sharp & Dohme of Canada).

The rotational states of the Xe-CH4  complex are labeled using the (JjK) scheme. 

Here, J  is the total angular momentum quantum number of the complex. Similar to 

other CFL-containing van der Waals complexes, the internal rotor states of Xe-CH4  are 

associated with A, E, and F  symmetries of the nuclear spin functions. The three lowest 

states, namely j  = 0, K  = 0 state of A symmetry, they = 1, K  = 0 state o f F  symmetry, 

and the j  = 2, K  = 1 state of E  symmetry, are expected to be well populated at the low 

rotational temperature (1-2 K) of the molecular expansion. The population for each 

internal rotor state is proportional to the state density for the corresponding symmetry 

and the spin statistical weight (see Table 4-3). The state density ratio for the free CH4  

molecule is approximately A:F:E = 1:3:1. 8 ,31 Therefore, the relative populations for the 

j  = 0, 1, and 2 internal rotor states are A:F:E = 5:9:2 for Xe-CH4  and Xe-l3 CH4  and 

A:F:E = 5:18:4 for Xe-CD4. As outlined below, they = 1, K  -  0 state is perturbed by a 

Coriolis interaction. This interaction couples they = 1, K=  0 state to one component of 

the y = 1, K  = 1 states and removes their degeneracy (see Figure 3 of Ref. 2). The 

degree of this perturbation depends on the energy gap between K  -  0 and K  = 1 stacks, 

i.e., it is determined by the angular anisotropy of the corresponding potential energy 

surface (see Figure 4-2). The Coriolis interaction is more pronounced as the angular 

anisotropy decreases.
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4.3.1 Xe-CH4

An effective separation between the Xe and C atoms of the Xe-CHLt complex of

4.29 A was estimated by comparison of the corresponding separations in Kr-CC>2 and

Xe-CC>2 (Ref. 32) with that in Kr-CH4  (Ref. 2) and extrapolation to Xe-CFLt. The J  =

2-l,y = 0, K  = 0 transition for the 1 3 2Xe-CH4  isotopomer was predicted at 7699 MHz.

A transition at 7757.58 MHz was located and assigned to be the j  = 2, K  = 1 transition

because a corresponding J  = 1-0 transition could not be found. The j  = 0, K  = 0

transition was found at 7778.10 MHz, about 80 MHz away from the prediction. The K

= 0 assignment was confirmed by finding the corresponding J  = 1-0 transition at the

approximately half the J  = 2-1 transition frequency. The transitions of other

isotopomers were located utilizing a pseudodiatomic model which considers CH4  as a

pseudoatom with mass 16 amu. Four transitions within the j  = 0, K  = 0 state, with J

ranging from 0 to 4, and three transitions within they = 2, K  = 1 state, with J  ranging

from 1 to 4, were measured for the 1 3 6Xe-CH4 , 1 34Xe-CH4 , 132Xe-CH4 , 131Xe-CH4, and 

1 Xe-CH4  isotopomers, respectively. Nuclear quadrupole hyperfine structures due to 

the presence of the 131Xe (I = 3/2) nucleus were observed. The different hyperfine 

patterns for the K  = 0 and K  = 1 stacks confirmed the assignments (see Figure 4-6).

Compared with Kr-CH4, the angular anisotropy of the Xe-CFL* potential was 

expected to be larger because of the more polarizable Xe atom. As a result, the 

separations of Xe-CFLt transitions for different internal rotor states were expected to be 

smaller. This was confirmed by the smaller J  = 2-1 transition frequency difference of 

the j  = 0, K  = 0 and j  = 2, K  = 1 states for Xe-CFLt (20.5211 MHz) compared to Kr- 

CFLt (90.873 MHz) . 2 The search for the /  = 2-1,y' = 1, K  = 0 transition was based on
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Figure 4-6: Composite spectra o f the J  = 1-0 (a), 2-1 (b) transitions in the j  = 0, K  = 0 

state and the J  = 2-1 transition in the j  -  2, K  = 1 state (c) o f 1 3 1Xe-CH4 . Spectrum (a) 

was recorded using 3000 averaging cycles and spectra (b) and (c) using 800 averaging 

cycles.
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this assumption, and it was found 535 MHz lower than the J  = 2-1, j  = 0, K  = 0 

transition. The corresponding difference in Kr-CH4  is ~1 GHz. 2 The j  = 1 transitions of 

other Xe isotopomers were located straightforwardly. The searches for other J  

transitions involved wide frequency range scanning because of the Coriolis interaction 

with the nearby K  = 1 stack.

According to spin statistical weights and state densities, the relative 

populations of the j  = 0, K  -  0, they = 1, K  = 0, and the j  = 2, K  = 1 states should be 5, 

9 and 2. This is roughly consistent with the observed intensity ratio o f the j  -  0, K  = 0 

and the corresponding j  = 1, K  = 0 transitions. However, the j  = 2 ,K  =1 transitions are 

relatively stronger than expected. The same behavior was previously reported for Kr- 

CH4  (Ref. 2) and CO-CH4  (Ref. 10). This increased intensity is possibly due to an 

increased effective dipole moment of the j  = 2, K  = 1 state, as suggested by Liu and 

Jager (see discussions below) . 2 ,1 0

All measured transition frequencies are listed in Tables 4-4 and 4-5. Example 

spectra of the 131Xe nuclear quadrupole hyperfine structure are shown in Figure 4-6. 

Pickett’s SPFIT/SPCAT suite of programs3 3 was used to fit spectroscopic parameters 

to the measured transition frequencies. The rotational constant B and centrifugal 

distortion constant D} for each internal rotor state were determined individually using a 

pseudodiatomic model (see Table 4-4 and 4-5). As a result of the Coriolis interaction, 

the fitting procedure for the j  = 1, K  = 0 transitions gave a negative centrifugal 

distortion constant and a large standard deviation. The 131Xe nuclear quadrupole 

coupling constants %aa of 1 3 1Xe-CHt were also determined for all internal rotor states 

and are given in Table 4-5. For they = 1, K  = 0 state of 1 3 1Xe-CH4 , the rotational and
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distortion constants B and Dj and the 131Xe nuclear quadrupole coupling constant Xaa 

could not be determined in a single fitting procedure because of the irregular 

spectroscopic pattern. Instead, the 131Xe nuclear quadrupole coupling constant %aa was 

determined using only the hyperfine components of the J  -  2-1 transition and the 

center frequencies of the three J  transitions were used to fit the rotational constant B 

and centrifugal distortion constant Dj.

4.3.2 Xe-1 3CH 4  and Xe-CD4

Using the spectroscopic constants of Xe-CH4 as a guide, the analogous

transitions of Xe-1 3CH4  and Xe-CD4  were measured for the three internal rotor states.

The j  = 2, K  = 1 transitions are relatively stronger than expected from the spin

11statistical weight and state densities, similar to the case o f Xe-CH4. For Xe- CH4, the 

relative intensities of the j  = 0, K =  0 and j  = 1, K =  0 transitions are in good agreement 

with the expected ratio. However, the j  = 1, K  = 0 transitions of Xe-CD4  are weaker 

than expected from the ratio of 54:15 for the j  = 0, K  = 0 and j =  1, K  = 0 transitions. 

This can be rationalized by the observation of narrow splittings in the j  = 1, K  = 0 

transitions (see Figure 4-7), which are possibly due to nuclear quadrupole interaction 

of the four spin 7 = 1  deuterium nuclei with the overall rotation of the complex. The 

frequency of the most intense component was recorded as the transition frequency. All 

measured transition frequencies are listed in Tables 4-6, 4-7, 4-8 and 4-9, along with 

the fitted spectroscopic constants. The same fitting procedure as for Xe-CH4  was 

applied for Xe-1 3CH4  and Xe-CD4.
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Figure 4-7: A spectrum of the J=  2-1 transition of 1 3 2Xe-CD4  in they = 0, K  = 0 state. 

400 averaging cycles were used to record the spectrum. Seven of the visible 

components could be reproduced in different experiments.

4.3.3 Xe-CH3D and Xe-CHD3

The isotopomers containing Xe-CH3D and Xe-CHD3 have C3 v(M) symmetry 

(see Table 4-3) since the partial substitution reduces the symmetry of the methane 

monomer. Therefore, relaxation from the j  = 2, K =  1 state to lower states is no longer 

a nuclear spin forbidden process, and only the j  = 0, K  = 0 state o f A symmetry and the 

j  = 1, K  = 0 state of E  symmetry are observable. These two states correlate to the jk -  

Oo and li states, respectively, of free CH3D and CHD3 (the k  subscript denotes the 

projection of j  onto the C3 axis of CH3D and CHD3 and is omitted below). The 

observed relative transition intensities are consistent with the ratio expected from spin
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statistical weights and state densities, 4 and 4 for Xe-CH3D and 11 and 16 for Xe- 

CHD3. The measured transition frequencies and fitted spectroscopic constants are 

listed in Tables 4-10, 4-11 and 4-12. The nuclear quadrupole hyperfine structures of
1 - j i

Xe were recorded and the frequencies and assignments are given in Table 4-12. No 

deuterium hyperfine structure was resolved.

4.4 Discussion of the experimental results

4.4.1 Structural parameters and force constants

In a pseudodiatomic approximation, the van der Waals bond length R, the van 

der Waals stretching frequency vs, and the corresponding stretching force constant ks 

can be calculated from the rotational and centrifugal distortion constants: 3 4  

B  = h /8 w 2f i R 2

/  ,  X 1/2
r 4 B 2 '

K  =
\ d j J

k s = 4 jc2v ) h  (4-1)

Here, (i is the pseudodiatomic reduced mass of the complex. The resulting values of R, 

vs, and ks of the individual isotopomers are listed in Table 4-13 for they = 0, K =  0 and 

j  = 2, K  = 1 states. Calculations were not done for they = 1, K  = 0 state because o f the 

involved Coriolis interaction. The values for the j  = 0, K  = 0 state of 1 3 2Xe-CH4  are R = 

4.264 A, vs = 33.19 cm'1, and ks = 0.928 Nm'1. Compared with the values o f 8 4Kr-CH4  

(R = 4.097 A, vs = 32.31 cm'1, and ks = 0.828 N m ' 1) , 2  132Xe-CH4  has a longer and 

more rigid van der Waals bond. For the y = 2, K  = 1 state, there is a slightly longer van
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der Waals bond (4.269 A) and a smaller stretching force constant (0.866 N m '!). The 

van der Waals bond length decreases upon substitution with a heavier isotope, 

consistent with a regular isotope effect. The force constant for the 132Xe-CD4  

isotopomer (1.047 N m" 1 for j  = 0, K  = 0 state) was found to be significantly larger 

than that of 1 3 2Xe-CH4  (0.928 N m ' 1 for j  = 0, K  -  0 state) while partially deuterated 

isotopomers, surprisingly, have smaller force constants than both, 0.734 Nm ' 1 (j - 0 , K  

= 0 state) for 1 3 2Xe-CHsD and 0.832 N m ' 1 (j = 0, K  = 0 state) for 1 3 2Xe-CHD3 . Similar 

behavior has been found previously in Ar-NH3 (Ref. 35), KX-NH3 (Ref. 36), Kr-CEU 

(Ref. 2), and CO-CH4  (Ref. 10). It may be a result of an inadequacy of the 

pseudodiatomic approximation, which neglects the internal degrees o f freedom of CH4 . 

For example, orientations where the deuterons are bounded to Xe will be slightly 

preferred, and may lead, in turn, to a higher anisotropy in the internal rotation 

coordinate.

In an attempt to compare the spectroscopic and ab initio data, the computer 

program LEVEL7.5 (Ref. 37) was used to determine the bound states supported by the 

ab initio potential curves along selected radial coordinates using a pseudodiatomic 

model. The bound states supported by the ab initio potential curves o f 13 2Xe-CH4  were 

determined for three different configurations (face, edge, vertex) separately, and then 

the corresponding parameters R, vs, and ks were calculated. The obtained R, vs and ks 

values are given in Table 4-14 together with the experimental values for the j  = 0 ,K  = 

0 and j  = 2, K  = 1 states. By comparison, the theoretical values are on the same order 

of magnitude as the experimental values. Interestingly, there are relatively large 

discrepancies for R (+8 %), vs (+27%), and ks (+62%) values for the potential curve at
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the face configuration, which corresponds to the ab initio equilibrium geometry. The 

best agreement for R is found at the edge configuration (+1%) and for vs and ks at the 

vertex configuration (+3% and +5%, respectively). We take these variations of 

discrepancies among the states as further indication for rather delocalized 

wavefunctions and strong radial angular coupling.

4.4.2 Hyperfine structure and angular information

The observed 13lXe nuclear quadrupole hyperfine structures contain dynamical 

information about the angular coordinate of the Xe-CfLi complex. The presence of the 

CH4  molecule distorts the spherically symmetric electron distribution of the free Xe 

atom in the complex. This leads to a non-zero field gradient at the Xe nucleus, and in 

turn to a nonzero 131Xe nuclear quadrupole coupling constant %aa- Utilizing this 

quadrupole coupling constant %aa, an average orientation of the CH4  subunit can be 

determined. The main contributions to the non-zero field gradient at the Xe nucleus are 

the dispersion interaction and the induction interaction between the nonzero electric 

multipole moments of CH4  and the Xe electron cloud. Below, we use Xdis and Xm , 

respectively, to represent the contributions to the quadrupole coupling constant from 

these two interactions. The dispersion interaction has been neglected in accounting for 

the nuclear quadrupole coupling constants in, for example, the Xe-HX (X = F and Cl) 

complexes, 3 8 ’3 9  but this is not acceptable if  the electric moments o f the monomer are 

small. For example, the observed quadruple coupling constant for 1 31Xe-15N2  is 0.290 

MHz, while the Xm  value obtained using the electric multipole moments of N2 

is -0.538 MHz. The difference, 0.828 MHz, is attributed to Xdis, and this value is in
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accord with the Xaa value for the Ar-Xe complex, 0.723 MHz,40 which has no 

contribution from Xmd- Assuming the same magnitude of contribution from Xdis in 

131Xe-CH4 , we can obtain an estimate for the x m  value by subtracting 0.723 MHz 

from the observed quadrupole coupling constants. The resulting Xm  values of the 

131Xe-CH4  isotopomer are 0.256 MHz, 0.355 MHz, and 0.499 MHz, for the j  = 0 , j  = 1, 

and j  — 2 states, respectively. These values can, in turn, be interpreted in terms of the 

multipole moments of the methane monomer using the expressions:38

g o = - 2 0 ^ ( ^ ^ ; 5 4 -7 4 » ) - 3 ^ ( ^ > ) - . . .

Xind =  -e< lo  (1 -  r ) Q x e 1 h  ( 4 ~2 )

Here, q0 is the electric field gradient tensor along the intermolecular a-axis generated 

by the multipole moments of the CH4  monomer at the site o f the Xe nucleus. Q  and 0  

are the electric octopole and hexadecapole moments of CH4 , respectively. O -  2.22 D 

A2 is along the direction with 0 = 54.74°, (p = 0 °, and 0 =  4.8 D A3 is along 0 = 0 °, (p 

= 0° (Refs. 41 and 42). 0 and <p are defined in Figure 4-3. Higher order electric 

moments were neglected here. The brackets indicate averaging over the large 

amplitude motions. With the van der Waals bond length R = 4.27 A, the 131Xe nuclear 

quadrupole moment Qxe = -0.12 b , 4 3 and the Stemheimer shielding factor y=  -152 (Ref. 

38), values for the average angle (0) , were determined to be 106.67142.2°, 

109.27140.0°, and 113.57136.2° for the j  = 0, 1, and 2 states, respectively. The two 

sets of angles for each j  state arise from the two solutions for (O) obtained using 

equation (4-2). Equation (4-2) was also used to determine Xmd as a function of (9) .
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Extreme values for Xm  o f -1.141 MHz and 0.685 MHz were found to occur at angular 

orientations of 0=  176.5° and 125.26° respectively. The orientation with 6=  176.5° is 

close to the edge configuration and the 6 = 125.26° orientation corresponds to the 

equilibrium geometry determined by the ab initio calculations. The Xmd value of the y 

= 2, K  = 1 state, 0.499 MHz, lies rather close to the value determined at the 

equilibrium geometry, which suggests that the j  = 2 state may be more localized near 

the equilibrium structure compared to the other two states. Further support comes from 

the transition intensity enhancement in the j  = 2 state (see discussion below).

4.4.3 Coriolis interaction in the j  = 1 state

Large standard deviations of spectroscopic fits and negative values for the 

centrifugal distortion constant Dj were determined for they = 1, K  -  0 state, similar to 

the cases of Kr-CTL (Ref. 2) and CO-CH4  (Ref. 10). This is a result of a Coriolis 

interaction between they = 1, K  = 0 state and one component ofy = 1, K  = 1 state. This 

interaction couples states of the same total parity and thus removes the degeneracy of 

the even and odd parity K  = 1 states. As a result, the K  = 0 stack is compressed and 

gives a smaller B rotational constant (see Figure 3 of Ref. 2). As the angular anisotropy 

of the intermolecular potential increases, the energy gap between the two interacting 

stacks also increases (see Figure 4-2), and the Coriolis effect is less pronounced. The 

frequency difference A = ( v .7 = 3 - 2) - 1.5(v j  = 2  - 1) was used as a measure of the 

magnitude of this perturbation. The A value for 132Xe-CH4  is 23.3 MHz, much smaller 

than that for 84Kr-CH4  (94.4 MHz), indicating a less pronounced Coriolis interaction in 

the Xe-CHi complex. This is consistent with the larger angular anisotropy of the ab
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initio Xe-CILt potential compared to that of Kr-CH4 2 The A values for other 

isotopomers, 132Xe-13CH4 , 132Xe-CD4, 132Xe-CH3D and 132Xe-CHD3, are 17.8, -0.6, 

32.3, and -0.2 MHz, respectively. For heavier isotopomers, the perturbation is smaller, 

which is consistent with the smaller standard deviations from the corresponding fits. A 

similar trend was observed in Kr-CH4  (Ref. 2) and CO-CH4 (Ref, 10) before, and was 

attributed to the lower zero-point energy and a resulting slightly larger angular 

anisotropy for the heavier isotopomers.

4.4.4 Intensity enhancement of the j  = 2 , K = l  transitions

Like for the Kr-CH4 (Ref. 2) and CO-CH4(Ref. 10) complexes, a pronounced 

intensity enhancement of/' = 2, K  = 1 transitions, compared to the j  = 0, K  = 0 and j  = 

1, K  = 0 transitions, was observed. Liu and Jager2,10 suggested that this may be the 

result of an increased effective dipole moment in this state. The ab initio calculations 

show that the dipole moment oscillates along the angular coordinate and reaches its 

maximum magnitude value at the global minimum {0 = 125.26°). A wavefunction of 

the j  = 2, K  = 1 state that is more localized near the potential energy minimum was 

already proposed in the discussion of the nuclear quadrupole coupling constants and 

may also be responsible for the increased intensity of the corresponding transitions. 

The contour plots of the wavefunctions for Ar-CH4 indicate that j  = 2 state has a rather 

localized wavefunction at the global minimum, while those for j  = 0 and 1 states are 

quite delocalized (see Figure 1 of Ref. 44). This may also be the case for Xe-CH4, in 

particular since the Xe-CH4 and Ar-CH4 ab initio potentials have similar angular 

characteristics (see discussions about ab initio potential energy surface). Therefore, the
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observation of significant intensity enhancement of the j  = 2 transitions can be 

rationalized in terms of an increased effective dipole moment compared to the other 

two internal rotor states.

4.5 Summary

Rotational transitions within three internal rotor states, namely they = 0, K  = 0; 

j  = 1, K  = 0; and j  = 2, K  = 1 states, for the Xe-CH4 complex were observed and 

assigned. Nuclear quadrupole hyperfine structures due to the presence of the 131Xe 

nucleus were detected and analyzed. The observed spectra indicate large amplitude 

internal motions of the methane monomer within the complex. Compared with Kr-CH4 

(Ref. 2), this internal motion is slightly more hindered by the larger, more polarizable 

Xe atom. The j  = 1, K  = 0 state is perturbed by a Coriolis interaction with one 

component of the nearby j  = 1, K  = 1 states. This interaction is less pronounced 

compared to that found in Kr-CH4 (Ref. 2). An ab initio potential energy surface of the 

Xe-CH4 complex was constructed at the CCSD(T) level o f theory and the global 

minimum was found at the face configuration. This potential has a greater angular 

anisotropy than those for Ar-CH4 and Kr-CH4 (Ref. 2). This is in agreement with the 

observation of more hindered internal motions of the methane monomer and a less 

pronounced Coriolis interaction. The observed intensity ratio o f they = 0, K  = 0 andy = 

1, K  = 0 transitions agrees with the ratio expected from spin statistical weights and 

state densities. A pronounced intensity enhancement was observed for the j  = 2, K  = 1 

transitions. This can possibly be attributed to an increased effective dipole moment in
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this state as a result of a wavefunction that is more localized near the equilibrium 

geometry. The ab initio dipole moment calculations supported this statement.
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Table 4-1: Ab initio interaction energies (in cm'1) of Xe-CEL;.

R /A

oOII

Sfc> II o o 15°

OOCO 45°

oOvo 75°
3.7 81.25 179.8 428.2 670.3 709.8 504.9
3.8 -22.16 46.92 221.1 391.1 418.8 275.1
3.9 -87.03 -39.33 81.08 198.8 218.0 118.5
4.0 -125.0 -92.28 -10.96 69.19 82.30 14.53
4.1 -144.4 -123.1 -68.99 -15.59 59.98 -52.02
4.2 -151.5 -137.9 -103.2 -68.74 -63.07 -92.22
4.3 -150.5 -142.3 -121.1 -99.87 -96.36 -114.3
4.4 -144.5 -140.0 -128.1 -115.9 -113.9 -124.1
4.5 -135.5 -133.5 -127.9 -121.8 -120.8 -125.9
4.6 -125.1 -124.7 -123.2 -121.2 -120.8 -122.5
4.7 -114.2 -114.8 -115.9 -116.4 -116.5 -116.0

0 -  90° 105° 120° 135° 150° 165°
3.7 211.6 -7.848 -100.9 -90.06 -21.93 50.66
3.8 69.55 -83.76 -148.6 -141.0 -93.81 -43.43
3.9 -23.38 -128.7 -173.0 -167.9 -135.8 -101.5
4.0 -81.53 -152.4 -182.0 -178.6 -157.3 -134.6
4.1 -115.5 -161.8 -180.9 -178.7 -165.2 -150.6
4.2 -132.7 -161.8 -173.5 -172.2 -164.1 -155.2
4.3 -138.9 -155.9 -162.5 -161.9 -157.4 -152.6
4.4 -137.7 -146.6 -149.8 -149.5 -147.6 -145.4
4.5 -132.1 -135.5 -136.4 -136.4 -136.1 -135.7
4.6 -123.9 -120.1 -123.2 -123.3 -124.1 -124.8
4.7 -114.3 -112.0 -110.5 -110.7 -112.2 -113.6

Edge: 0 = 0 ° Vertex: 9= 54.7° Face: 0= 125.26°
R = 4.15 -149.2 i? = 4.3 -94.84

00rnII -152.7
4.25 -151.8 4.35 -105.5 3.85 -166.6

4.4 -113 3.9 -175.8
4.45 -117.8 3.95 -181.4
4.5 -120.4 4.0 -183.8

4.55 -121.2 4.05 -183.9
4.6 -120.7 4.1 -182

4.65 -119 4.15 -178.7
4.7 -116.6 4.2 -174.2

4.75 -113.4 4.25 -168.9
4.8 -109.8 4.3 -162.9
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Table 4-1: (Continued).

r /A

0O11

Sb II o o 15° 30° 45° 60° 75°
3.7 146.0 296.5 417.7 405.2 268.8
3.8 23.29 128.9 213.9 205.1 109.3
3.9 -55.6 17.39 76.22 70.03 3.747
4.0 -103.6 -54.12 -14.16 -18.42 -63.41
4.1 -130.3 -97.46 -71.0 -73.9 -103.8
4.2 -142.5 -121.4 -104.4 -106.3 -125.5
4.3 -145.0 -132.2 -121.7 -123.0 -134.8
4.4 -141.4 -134.2 -128.3 -129.1 -135.8
4.5 -134.1 -130.7 -127.9 -128.3 -131.6
4.6 -124.8 -123.9 -123.0 -123.2 -124.2
4.7 -114.5 -115.2 -115.6 -115.7 -115.3

0=90° 105° 120° 135° 150° 165°
3.7 113.3 24.06 13.65 44.42 72.67 81.47
3.8 0.359 -61.89 -68.9 -47.29 ■27.72 -21.87
3.9 -71.39 -114.1 -118.7 -103.7 -90.45 -86.7
4.0 -114.3 -143.0 -145.8 -135.7 -126.9 -124.6
4.1 -137.3 -156.0 -157.6 -150.9 -145.3 -144.1
4.2 -146.9 -158.5 -159.3 -155.0 -151.7 -151.1
4.3 -147.6 -154.4 -154.6 -152.0 -150.2 -150.2
4.4 -142.8 -146.2 -146.1 -144.6 -143.9 -144.1
4.5 -134.7 -135.9 -135.5 -134.9 -134.8 -135.2
4.6 -124.8 -124.6 -124.1 -123.9 -124.3 -124.8
4.7 -114.2 -113.1 -112.5 -112.7 -113.3 -113.9

R /A (p= 60°

ii o 0 15° 30° 45° 60° 75°
3.7 81.47 72.67 44.42 13.65 24.06
3.8 -21.87 -27.72 -47.29 -68.89 -61.89
3.9 -86.7 -90.45 -103.7 -118.7 -114.1
4.0 -124.6 -126.9 -135.7 -145.8 -143.0
4.1 -144.1 -145.3 -150.9 -157.6 -155.9
4.2 -151.1 -151.7 -155.0 -159.3 -158.5
4.3 -150.2 -150.2 -152.0 -154.6 -154.4
4.4 -144.1 -143.9 -144.6 -146.1 -146.2
4.5 -135.2 -134.8 -134.9 -135.5 -135.9
4.6 -124.8 -124.3 -123.9 -124.1 -124.6
4.7 -113.9 -113.3 -112.7 -112.5 -113.1
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Table 4-1: (Continued).

R /A "Q II ;o
\ © 0

0=90° 105° 120° 135° 150° 165°
3.7 113.3 268.8 405.2 417.7 296.5 146.0
3.8 0.364 109.3 205.1 213.9 128.9 23.29
3.9 -71.39 3.749 70.03 76.22 17.39 -55.6
4.0 -114.3 -63.41 -18.42 -14.16 -54.12 -103.6
4.1 -137.3 -103.8 -73.9 -71.0 -97.46 -130.3
4.2 -146.9 -125.5 -106.3 -104.4 -121.4 -142.5
4.3 -147.6 -134.8 -123.0 -121.7 -132.2 -145.0
4.4 -144.4 -135.8 -129.1 -128.4 -134.2 -141.4
4.5 -134.7 -131.6 -128.3 -127.9 -130.7 -134.1
4.6 -124.8 -124.2 -123.2 -123.0 -123.9 -124.8
4.7 -114.2 -115.3 -115.7 -115.6 -115.2 -114.5

R / k <p= 90°

II o o 15° 30° 45° 60° 75°
3.7 50.66 -21.93 -44.02 -100.9 -7.84
3.8 -43.43 -93.81 -141.0 -148.6 -83.76
3.9 -101.5 -135.9 -167.9 -173.0 -128.7
4.0 -134.6 -157.3 -178.6 -182.0 -152.4
4.1 -150.6 -165.2 -178.7 -180.9 -161.8
4.2 -155.3 -164.1 -172.2 -173.5 -161.8
4.3 -152.6 -157.4 -161.8 -162.5 -155.9
4.4 -145.4 -147.6 -149.5 -149.8 -146.6
4.5 -135.7 -136.1 -136.4 -136.4 -135.5
4.6 -124.8 -124.1 -123.3 -123.2 -123.7
4.7 -113.6 -112.2 -110.7 -110.5 -112.0

0= 90° 105° 120° 135° 150° 165°
3.7 211.6 504.9 709.8 670.3 428.2 179.8
3.8 69.6 275.1 418.8 391.1 221.1 46.95
3.9 -23.34 118.5 218.0 198.9 81.08 -39.31
4.0 -81.53 14.53 82.30 69.19 -10.96 -92.64
4.1 -115.5 -51.99 -6.838 -15.59 -68.99 -123.1
4.2 -132.7 -92.22 -63.07 -68.74 -103.2 -137.9
4.3 -138.9 -114.3 -96.36 -99.87 -121.1 -142.3
4.4 -137.7 -124.1 -113.9 -115.9 -128.1 -140.0
4.5 -132.1 -125.8 -120.8 -121.8 -127.9 -133.5
4.6 -124.0 -122.4 -120.8 -121.2 -123.2 -124.7
4.7 -114.3 -116 -116.5 -116.4 -115.9 -114.8
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Table 4-2: Ab initio dipole moment values (in Debye) of Xe-CH4 (<p= 0°).

R /A II o 0

0=0° 15° 30° 45° 60° 75°
3.7 -0.0703 -0.0515 -0.0022 0.0476 0.0558 0.016
3.8 -0.0558 -0.0401 0.00081 0.0421 0.0489 0.0158
3.9 -0.0441 -0.031 0.00317 0.0374 0.0431 0.0156
4.0 -0.0347 -0.0235 0.00495 0.0335 0.0382 0.0153
4.1 -0.0273 -0.0179 0.00625 0.0302 0.0341 0.0149
4.2 -0.0214 -0.013 0.00716 0.0274 0.0307 0.0144
4.3 -0.0168 -0.0098 0.00773 0.0249 0.0277 0.0139
4.4 -0.0131 -0.0071 0.00804 0.0227 0.0251 0.0133
4.5 -0.0103 -0.005 0.00813 0.0208 0.0228 0.0126
4.6 -0.008 -0.0034 0.00805 0.019 0.0208 0.0119
4.7 -0.0063 -0.0022 0.00785 0.0174 0.0189 0.0112

0=90° 105° 120° 135° 150° 165°
3.7 -0.0342 -0.0633 -0.0715 -0.0713 -0.0704 -0.0702
3.8 -0.026 -0.0506 -0.05779 -0.0576 -0.0564 -0.0559
3.9 -0.0194 -0.0405 -0.04679 -0.0465 -0.0452 -0.0444
4.0 -0.0142 -0.0323 -0.03799 -0.0377 -0.0363 -0.0351
4.1 -0.0275 -0.0252 -0.03098 -0.0307 -0.0291 -0.0278
4.2 -0.007 -0.0208 -0.02539 -0.0251 -0.0234 -0.022
4.3 -0.0046 -0.0167 -0.02095 -0.0216 -0.0189 -0.0174
4.4 -0.0027 -0.0135 -0.01742 -0.0171 -0.0154 -0.0138
4.5 -0.0014 -0.011 -0.01458 -0.0143 -0.0126 -0.0109
4.6 -0.0004 -0.009 -0.01232 -0.0121 -0.0104 -0.0087
4.7 0.0003 -0.0075 -0.01051 -0.0103 -0.0086 -0.007

Edge: 0=0° Vertex: 0= 54.7° Face: 0= 125.26°
R = 4.15 -0.0242 fl = 4.3 0.0289 R = 3.8 -0.0581

4.25 -0.0189 4.35 0.0274 3.85 -0.0523
4.4 0.0261 3.9 -0.0471

4.45 0.0249 3.95 -0.0424
4.5 0.0237 4.0 -0.0382

4.55 0.0226 4.05 -0.0345
4.6 0.0215 4.1 -0.0312
4.65 0.0205 4.15 -0.0282
4.7 0.0196 4.2 -0.0256

4.75 0.0187 4.25 -0.0232
4.8 0.0178 4.3 -0.0211
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Table 4-3: Symmetry labels of nuclear spin wavefunctions and nuclear spin statistical 

weights (in parentheses) of the three lowest internal rotor states of Xe-CH4

isotopomors from symmetry group analyses (Ref. 2).

7 = 0 7 = 1 7 = 2
Xe-CH4 7rf(M) A (5) F  (3) E (  2)

Xe-13CH4 r rf(M) A (5) F  (3) E  (2)
Xe-CD4 7d(M) A (15) F (  18) E  (12)

Xe-CH3D C3v(M) A (A) E(A)
Xe-CHD3 C3v(M) A (11) E (  16)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 4-4: Measured transition frequencies and spectroscopic constants of Xe-CHU isotopomers.

ut,Xe-CH4  IJ4Xe-CH4 IJ2Xe-CH4  1̂ Xe-CH4

J ’-J” Vobs
(MHz)

A va
(kHz)

Vobs
(MHz)

Av
(kHz)

Vobs
(MHz)

Av
(kHz)

Vobs
(MHz)

Av
(kHz)

j  =

oIIo

1-0 3877.2053 0.3 3883.2194 2.5 3889.4078 0.2 3899.0479 0.4
2-1 7753.7012 -0.2 7765.7210 -1.7 7778.1016 -0.6 7797.3777 -0.5
3-2 11628.7808 0.0 11646.8066 0.2 11665.3713 0.6 11694.2755 0.2
4-3 15501.7346 0.0 15525.7570 0.1 15550.4999 -0.2 15589.0219 -0.1

B  /MHz 1938.6615(2) 1941.6677 1944.7632(2) 1949.5834(2)
A /kH z 29.522(9) 29.628(9) 29.710(9) 29.867(9)
<r/kHzb 0.2 1.5 0.4 0.3

j  = 1 ,X = 0
2-1 7222.7156 -691.9 7232.6785 -699.0 7242.9340 -706.5 7258.8910 -719.6
3-2 10857.0325 790.7 10872.1540 798.8 10887.7225 807.5 10911.9493 822.4
4-3 14514.1858 -247.1 14534.6301 -249.6 14555.6824 -252.3 14588.4397 -257.0

5/MHz 1803.0344(3) 1805.5058(3) 1808.0496(3) 1812.0078(3)
A/kHz -352.18(1) -354.82(1) -357.57(1) -361.85(1)
a/kHz 623.1 629.5 636.3 648.1

j  = 2 ,K = l
2-1 7734.2072 0.03 7745.7226 0.1 7757.5805 -0.3 7776.0367 -0.8
3-2 11599.4284 -0.03 11616.6952 -0.1 11634.4772 0.4 11662.1545 0.9
4-3 15462.3909 0.01 15485.4021 0.04 15509.0995 -0.1 15545.9864 -0.3

5/M H z 1933.8028(3) 1936.6824(3) 1939.6478(3) 1944.2630(3)
A /kH z 31.37(1) 31.47(1) 31.57(1) 31.71(1)
cr/kHz 0.02 0.1 0.3 0.7

aAv= V o b s -  V eal.

b Standard deviation of the fit.
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11Table 4-6: Measured transition frequencies and spectroscopic constants o f Xe- CH4  isotopomers.

1 3 6Xe-13CH4  134Xe-13CH4  132Xe-13CH4  129Xe-13CH4

J'-J" K>bs
(MHz)

A va
(kHz)

K>bs
(MHz)

Av
(kHz)

V0bs
(MHz)

Av
(kHz)

K>bs
(MHz)

Av
(kHz)

j  = 0 ,K = 0
2-1 7351.7578 -0.2 7363.7962 -0.4 7376.1948 0.02 7395.4978 -0.2
3-2 11026.0455 0.2 11044.0979 0.5 11062.6904 -0.03 11091.6365 0.3
4-3 14698.4226 -0.06 14722.4812 -0.1 14747.2640 0.01 14785.8414 -0.08

5/M Hz 1838.1517(3) 1841.1621(3) 1844.2623(3) 1849.0893(3)
Dj /kHz 26.53(1) 26.62(1) 26.70(1) 26.85(1)
cr/kHzb 0.2 0.4 0.02 0.2

j  =

011

1-H

2-1 6887.2243 -476.0 6897.3439 -481.9 6907.7625 -487.6 6923.9744 -497.1
3-2 10348.3807 544.0 10363.7070 550.7 10379.4874 557.2 10404.0438 568.2
4-3 13827.3469 -170.0 13848.0158 -172.1 13869.3023 -174.1 13902.4242 -177.6

B /MHz 1719.7535(3) 1722.2674(3) 1724.8552(3) 1728.8821(3)
Dj /kHz -271.44(1) -273.63(1) -275.92(1) -279.47(1)
cr/kHz 428.7 434.0 439.1 447.8

j  = 2 ,K = \
2-1 7348.3479 -0.1 7359.9323 0.8 7371.8595 -0.4 7390.4279 -0.3
3-2 11020.8244 0.1 11038.1930 -0.9 11056.0809 0.5 11083.9244 0.4
4-3 14691.2631 -0.05 14714.4125 0.3 14738.2495 -0.2 14775.3579 -0.1

5/M Hz 1837.3134(3) 1840.2100(3) 1843.1929(3) 1847.8362(3)
D jlkHz 28.30(1) 28.39(1) 28.49(1) 28.64(1)

< 7 /kHz 0.1 0.7 0.4 0.3
A V  fobs t'fcai.

b Standard deviation of the fit.
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Table 4-7: Measured transition frequencies and spectroscopic constants of Xe-CD4  isotopomers.

136Xe-CD4 134Xe-CD4 132Xe-CD4 129Xe-CD4

J ’-J” K)bs Ava M)bs Av V0bs Av K>bs Av
(MHz) (kHz) (MHz) (kHz) (MHz) (kHz) (MHz) (kHz)

j  = 0 ,K = 0
2-1 6519.5096 0.05 6531.7481 -1.1 6544.3554 0.1 6563.9808 -0.02
3-2 9778.1261 -0.06 9796.4827 1.3 9815.3861 -0.1 9844.8179 0.02
4-3 13035.3770 0.02 13059.8423 -0.4 13085.0411 0.04 13124.2709 -0.01

B /MHz 1630.0291(3) 1633.0896(3) 1636.2417(3) 1641.1490(3)
A /kH z 18.97(1) 19.04(1) 19.11 19.22(1)
<r/kHzb 0.05 1.0 0.09 0.02

j  = l ,K = 0
2-1 6407.8477 -5.0 6419.4708 -5.2 6431.4394 -4.9 6450.0685 -5.2
3-2 9611.1441 5.7 9628.5809 6.0 9646.5364 5.6 9674.4848 6.0
4-3 12813.6534 -1.8 12836.9050 -1.9 12860.8526 -1.8 12898.1240 -1.9

B /MHz 1602.0486(3) 1604.9542(3) 1607.9458(3) 1612.6027(3)
A /kH z 10.68 10.65(1) 10.60(1) 10.53(1)
cr/kHz 4.5 4.7 4.4 4.7

j  = 2 ,K = l
2-1 6463.5189 -0.9 6475.3180 -0.2 6487.4664 -0.3 6506.3766 -0.1
3-2 9694.0824 1.1 9711.7738 0.2 9729.9925 0.4 9758.3510 0.2
4-3 12923.2044 -0.3 12946.7846 0.06 12971.0680 -0.1 13008.8678 -0.05

5/M H z 1616.0397(3) 1618.9900(3) 1622.0277(3) 1626.7561(3)
A /kH z 19.97(1) 20.06(1) 20.13(1) 20.24(1)
cr/kHz 0.8 0.2 0.3 0.1

aAv= V o b s -  Vca i.

b Standard deviation of the fit.
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1 ̂ 1Table 4-9: Measured transition frequencies and spectroscopic constants o f Xe-CD4 .

J ’-J” F ’-F”

j  = 0 ,K  = 0 j  = l ,K  = 0 II*CNII

V0bs
(MHz)

Ava
(kHz)

Vobs
(MHz)

Av
(kHz) F ’-F” V0bs

(MHz)
Av

(kHz)
2-1 1.5-0.5 6551.0925 -1.1 6437.8808 -0.5 2.5-1.5 6493.9200 0.1

2.5-2.S 6551.0695 1.3 1.5-1.5 6493.8010 -1.4
2.5-1.5 6550.7678 -0.2 6437.5239 2.7 2.5-2.5 6493.7565 1.2
3.5-2.5 6550.7678 -0.2 6437.5239 2.7 3.5-2.5 6493.5896 -1.2
1.5-1.5 6550.5503 -0.4 6437.2828 -1.6 1.5-0.5 6493.5054 -0.7

3-2 2.5-1.5 9825.0993 -0.6 9655.7702
1.5-0.5 9825.0993 -0.6 9655.7702 3.5-2.5 9739.3422 0.5
3.5-2.5 9825.0260 0.9 9655.6908 4.5-3.5 9739.2613 1.9
4.5-3.5 9825.0260 0.9 9655.6908

4-3 3.5-2.5 13097.9303 -2.7 12873.1006
2.5-1.5 13097.9303 -2.7 12873.1006 3.5-2.5 12983.4952 -0.5
4.5-3.5 13097.9017 2.6 12873.0703 4.5-3.5 12983.4756 -3.0
5.5-4.5 13097.9017 2.6 12873.0703 5.5-4.5 12983.4483 2.7

B /MHz 1637.8512(2) 1609.4738(3) 1623.5792(1)
£>j/kHz 19.146(6) 10.59(1) 20.189(5)

Xaa /MHZ 1.208(2) 1.328(3) 1.317(4)
cr/kHzb 1.5 1.6

aA v= V o bs- Veal. 
b Standard deviation of the fit.
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Table 4-10: Measured transition frequencies and spectroscopic constants o f Xe-CH3D.

J ’-J" V0bs
(MHz)

A va
(kHz)

Vobs
(MHz)

Av
(kHz)

Vobs
(MHz)

Av
(kHz)

Vobs
(MHz)

Av
(kHz)

j  = © II o

Xe-CH3D Xe-CH3D Xe-CH3D Xe-CH3D
2-1 7390.6081 -0.9 7402.6939 -0.5 7415.1409 -1.2 7434.5180

o1

3-2 11083.8693 1.1 11101.9888 0.6 11120.6542 1.4 11149.7094 1.1
4-3 14774.6723 -0.4 14798.8197 -0.2 14823.6909 -0.4 14862.4129 -0.4

B  /MHz 1847.9250(3) 1850.9473(3) 1854.0602(3) 1858.9058(3)
Dj /kHz 34.09(1) 34.21(1) 34.34(1) 34.50(1)
a tkHzb 0.90 0.48 1.06 0.90

j  =

oIIr.

Xe-CH3D Xe-CH3D Xe-CH3D Xe-CH3D
2-1 6881.4896 -1285 6891.3825 -1299 6901.5655 -1315 6917.4092 -1338
3-2 10353.9581 1469 10369.0580 1485 10384.6060 1502 10408.7978 1529
4-3 13855.7377 -459 13876.2612 -464 13897.3978 -470 13930.2879 -478

B /MHz 1716.9167(3) 1719.3637(3) 1721.8822(3) 1725.8006(3)
D j/kHz -472.12(1) -475.84(1) -479.72(1) -485.79(1)
a/kHz 1157.5 1170.2 1184.0 1205.3

A  V  Vobs Kial-
b Standard deviation of the fit.

o



Reproduced 
with 

perm
ission 

of the 
copyright owner. 

Further reproduction 
prohibited 

without perm
ission.

Table 4-11: Measured transition frequencies and spectroscopic constants o f Xe-CHD3 .

J ’-J" Vobs
(MHz)

Ava
(kHz)

Vobs
(MHz)

Av
(kHz)

V0bs
(MHz)

Av
(kHz)

V0bs
(MHz)

Av
(kHz)

j  = © * II o

Xe-CHD3 Xe- CHD3 Xe- CHD3 Xe- CHD3
2-1 6780.0444 -0.08 6792.2394 0.0 6804.7992 -0.04 6824.3496 -0.18
3-2 10168.5279 0.09 10186.8140 -0.0 10205.6477 0.05 10234.9661 0.21
4-3 13555.1643 -0.03 13579.5345 0.0 13604.6346 -0.01 13643.7114 -0.06

B  /MHz 1695.2163(3) 1698.2659(3) 1701.4066(3) 1706.2953(3)
Dj/kHz 25.65(1) 25.75(1) 25.85(1) 25.98(1)
cr/kHzb 0.07 0.003 0.13 0.16

j  = l ,K = 0
136Xe-CHD3 Xe- CHD3 Xe- CHD3 Xe- CHD3

2-1 6620.7508 -9.5 6632.2199 -9.5 6644.0314 -9.8 6662.4163 -9.4
3-2 9930.9274 10.8 9948.1363 10.8 9965.8595 11.2 9993.4446 10.8
4-3 13240.8010 -3.4 13263.7560 -3.4 13287.3960 -3.5 13324.1928 -3.4

B /MHz 1655.2199(3) 1658.0865(3) 1661.0387(3) 1665.6337(3)
A  /kHz 3.73(1) 3.64(1) 3.55(1) 3.41(1)
cr/kHz 8.5 8.5 8.8 8.5

A  V V0bs Vcai.

b Standard deviation of the fit.



Table 4-12: Measured transition frequencies and spectroscopic constants of

131Xe-CH3D and 131Xe-CHD3.

J ’-J" F ’- F ”

ii o II o j  =  U K = 0
vobs (MHz) Av(kHz)a Vobs (MHz) Av(kHz)

131Xe-CH3D
2-1 1.5-0.5 7421.7559 -2.4 6907.0408 -2.0

2.5-2.5 7421.7369 0.9 6907.0211 2.2
2.5-1.5 7421.4742 -1.0 6906.7396 -0.4
3.5-2.5 7421.4742 -1.0 6906.7396 -0.4
1.5-1.5 7421.2886 -0.4 6906.5410 0.2

3-2 2.5-1.5 11130.2387 3.0 10392.6070
1.5-0.5 11130.2387 3.0 10392.6070
3.5-2.5 11130.1709 -0.2 10392.5295
4.5-3.5 11130.1709 -0.2 10392.5295

4-3 3.5-2.5 14836.4181 1.6 13908.2128
2.5-1.5 14836.4181 1.6 13908.2128
4.5-3.5 14836.3839 -2.3 13908.1779
5.5-4.5 14836.3839 -2.3 13908.1779

B  /MHz 1855.6494(1) 1723.1685(3)
Dj/kHz 34.380(4) -481.69(1)

Xaa /MHz 1.0431(3) 1.115(3)
cr/kHz’5 1.8

131Xe-CHD3
2-1 1.5-0.5 6811.5002 -0.2 6650.3778 -0.9

2.5-2.5 6811.4759 0.2
2.5-1.5 6811.1865 -1.1 6650.0347 2.4
3.5-2.5 6811.1865 -1.1 6650.0347 2.4
1.5-1.5 6810.9823 0.5 6649.8030 -1.4

3-2 2.5-1.5 10215.3244 2.1 9974.9664
1.5-0.5 10215.3244 2.1 9974.9664
3.5-2.5 10215.2497 -1.3 9974.8973
4.5-3.5 10215.2497 -1.3 9974.8973

4-3 3.5-2.5 13617.4765 -0.8 13299.4848
2.5-1.5 13617.4765 -0.8 13299.4848
4.5-3.5 13617.4445 0.6 13299.4575
5.5-4.5 13617.4445 0.6 13299.4575

B ! MHz 1703.0102(2) 1662.5481(3)
D j / kHz 25.896(6) 3.51(1)

Xaa /MHZ 1.153(3) 1.276(3)
cr /kHz 1.0

A  V  Vobs K:al- 
b Standard deviation of the fit.
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Table 4-13: Van der Waals bond lengths, stretching frequencies, and force constants of

Xe-CHU isotopomers.

j = 0, K  = 0 state
136Xe-CH4 U4Xe-CH4 U2Xe-CH4 13iXe-CH4 12yXe-CH4

*(A) 4.264 4.264 4.264 4.264 4.264
vs (cm'1) 33.14 33.16 33.19 33.20 33.23

ks (N m '1) 0.928 0.928 0.928 0.928 0.928
l36Xe-u CH4 1J4Xe-u CH4 !“ Xe-l3CH4 131Xe-13CH4 129Xe-1JCH4

i?(A) 4.262 4.262 4.262 4.262 4.262
vs (cm'1) 32.28 32.30 32.34 32.35 32.37

ks (N m '1) 0.929 0.929 0.929 0.930 0.929
13t>Xe-CD4 134Xe-CD4 132Xe-CD4 l31Xe-CD4 12yXe-CD4

R( A) 4.212 4.212 4.212 4.212 4.212
vs (cm"1! 31.88 31.91 31.94 31.96 31.99

fe (N m ') 1.046 1.046 1.047 1.047 1.047
l3bXe-CH3D I34Xe-CH3D U2Xe-CH3D 1J1Xe-CH3D 12yXe-CH3D

R (  A) 4.250 4.250 4.250 4.250 4.250
vs (cm'1! 

ks (N m ')
28.70 28.72 28.74 28.76 28.79
0.735 0.735 0.734 0.735 0.735

,3bXe-CHD3 134Xe-CHD3 132Xe-CHD3 iJ1Xe-CHD3 l2yXe-CHD3
R (k ) 4.224 4.224 4.224 4.224 4.224

vs (cm'1! 29.07 29.10 29.12 29.13 29.17
fe (N m ') 0.832 0.832 0.832 0.832 0.832

j = 2, K  = 1 state
13bXe-CH4 134Xe-CH4 132Xe-CH4 lJ1Xe-CH4 12yXe-CH4

R (  A) 4.269 4.269 4.269 4.270 4.270
vs (cm'1! 

fe (N m ')
32.03 32.05 32.07 32.09 32.12
0.867 0.867 0.866 0.867 0.867

l3bXe-u CH4 134Xe-1JCH4 132Xe-u CH4 u lXe-13CH4 12yXe-1JCH4

R {A) 4.263 4.263 4.263 4.263 4.264
vs (cm'1! 

f , ( N m ')
31.23 31.26 31.28 31.30 31.31
0.870 0.870 0.870 0.870 0.869

13bXe-CD4 134Xe-CD4 IJ2Xe-CD4 u lXe-CD4 12yXe-CD4
R (A) 4.230 4.230 4.231 4.231 4.231

Vs (cm"1! 30.67 30.68 30.72 30.72 30.77
i , ( N m ') 0.969 0.968 0.968 0.967 0.968
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Table 4-14: Comparison of ab initio and experimental values of derived parameters for

132Xe-CH4.

R (  A) vs (cm'1) ks (N m '1)

experimental
values

j  = 0 ,K  = 0 
state 

j  = 2 ,K = l  
state

4.264

4.269

33.2

32.1

0.928

0.866

face 4.082 40.9 1.410
ab initio values edge 4.293 36.4 1.118

vertex 4.620 32.9 0.912
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CHAPTER 5 Rotational and A b  In i t io  Studies o f the Xe-(H20)^  

( N =  1,2) van der Waals Complexes: 

Xenon as a Probe o f Electronic Structure and Dynamics

5.1 Introduction

As introduced in Chapter 1, hyperpolarized 129Xe is used as a sensitive atomic 

probe to characterize, for example, porous materials and biological tissues with nuclear 

magnetic resonance (NMR) and magnetic resonance imaging (MRI) methods. A 

detailed interpretation of 129Xe NMR/MRI results requires a fundamental 

understanding of Xe-molecule interactions. The study of Xe-water interactions is of 

particular importance with regards to in vivo MRI studies, as water is a main 

constituent of the human body. The interactions of water molecules with Xe atoms 

determine the traveling paths of Xe in the human body and contribute significantly to 

background signals of in vivo images. As a result of the hydrophobic Xe-water 

interaction, a bio-compatible gas carrier, for example the recently reported water 

soluble cryptophanes,1 is necessary to increase the solubility of Xe and to deliver it 

into the target tissues. A detailed characterization of the Xe-water interactions might 

help to improve hyperpolarized l29Xe in vivo delivery methods and to interpret the 

phenomena observed in the NMR/MRI studies. In addition, detailed knowledge about
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interactions of Xe with water, a prototypical model of hydrophobic interactions, will 

contribute to a better understanding of more complicated interactions in biological 

systems. A number of experimental and theoretical NMR studies have been carried out 

in an attempt to understand these interactions.2’3,4 In this Chapter, I give details about 

microwave and ab initio studies of the X e - ( H 20 )Ar (N = 1,2) complexes.

A number of interaction potentials for the Ar-,5,6,7’8,9,10 and Kr-H2O u 

complexes have been previously reported. These potentials all predict an equilibrium 

geometry in which all four atoms are coplanar. However, the angle 0 between the 

intermolecular axis and the C2 axis of the H20  unit (see Figure 5-1) is not consistent 

among the different studies. For Ar-H20 , an anti-hydrogen bonded orientation of the 

H20  unit was found in a MP2 potential reported by Chalasinski et a/.8 and a 

semiempirical potential by Bulski et al.? with 0 = 100° and 129.5°, respectively. In 

contrast, Cohen et al?  determined an intermolecular potential using spectroscopic data, 

and a hydrogen bonded H20  orientation (9  = 74.3°) was found. This is in agreement 

with the MP4 potential energy surface (0  = 75°) reported by T'ao et al.10 A similar 

equilibrium geometry was also found in the MP2 calculation of the Kr-H20  (0=  80°) 

potential by Chalasinski et al.n

Extensive spectroscopic studies have been carried out on the 

12,13,14,15,16,17, is , 19,20,21 jq - -H 20 ,22 and Ar-(H20 )2 (Ref. 23 and 24)  complexes. For

Ar-, and Kr-H20 , two tunneling states were observed in the microwave spectra,12,13,22 

in accord with computational studies.7,10,11 For example, the Ar-H20  potential by 

Cohen et al? predicts that the H20  in-plane rotation is hindered by barriers at 0 = 0 °  

(26.3 cm'1) and 0=  180° (17.2 cm'1), corresponding to the symmetric Ar-H20  and
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Figure 5-1: Molecule fixed axes frame for the Xe-FbO complex. The origin of the 

coordinate system is at the center-of-mass of the H2 O unit, and the C2  axis of H2 O is 

chosen as the z-axis. The H2 O unit lies in yz-plane. The position of the Xe atom is 

described by spherical coordinates (R , 9, <p). R is the distance between Xe and the 

origin, 0is the angle between the R vector and the z-axis. 6*= 0° corresponds to the C2V 

geometry where the hydrogen atoms point to the xenon atom. <p is the angle for the 

H2 O out-of-plane rotation about its C2 axis, (p = 0° if all four atoms are coplanar. 6 = 

0°, (p = 0° corresponds to the symmetric Xe-f^O geometry, and 9 = 180°, -  0°

corresponds to the symmetric Xe-OH2 geometry. 9 = 53°, cp = 0° corresponds to an L- 

shaped Xe-HOH structure with a linear Xe-HO arrangement.

I l l
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Ar-OEb configurations, respectively. The out-of-plane rotation of H2 O is hindered by a 

barrier of 54.2 cm'1 at 6 = 90° and (p = 90° (cp is the angle for the H2 O out-of-plane 

rotation about its C2 axis, cp = 0° if  all four atoms coplanar; see Figure 5-1). The 

microwave studies could determine effective structures of, and H2 O dynamics in, these 

complexes. In both the Ar- and Kr-H20  cases, the microwave data show that the H 

atoms point towards Ar or Kr in both observed states, and a large amplitude H2 O out-

1 7 1 Wof-plane motion is present despite the relatively high energy barrier. ’ In the Ar- 

(H2 0 ) 2  studies,23’24 the structure was described as an isosceles triangle, treating the 

water molecules as spheres. The experimental results suggest that Ar approaches the 

water dimer from an axis perpendicular to the plane of the water molecule that acts as 

a proton donor. The presence of Ar shows little effect on the intermolecular distance in 

the water dimer. It is instructive to see how the structure and hydrogen bonding 

interaction of the water dimer are affected by a larger and more polarizable Xe atom.

In this work, rotational transitions within two tunneling states, namely the EO0 0

and E l01 states, were measured and assigned for the Xe-H20 dimer. Nine a- type and
1

twelve b- type transitions were measured for the Xe-(H20)2 trimer. The Xe (7= 3/2), 

D ( /=  1), and 170  (7= 5/2) nuclear quadrupole hyperfxne structures were resolved and 

analyzed in case of Xe-EbO. For Xe-(H20)2, only the 131Xe nuclear quadrupole 

hyperfine structure could be detected. The determined spectroscopic constants, 

including nuclear quadrupole coupling constants, were used to obtain information 

about the structure and intermolecular dynamics of these two complexes. Experimental 

data were complemented by the construction of an ab initio potential energy surface 

(PES) of Xe-H20  at the CCSD(T) level of theory and geometry optimization of Xe-
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(H20 )2 at the MP2 level of theory. The variations in structure and dynamics in going 

from the dimer to the trimer are elucidated and interpreted in terms of non-additive 

three-body effects. The studies of the Xe-(H20)jy (iV = 1 ,2 )  complexes constitutes a 

step towards the understanding of how the Xe electron distribution is affected by 

successive solvation with water molecules.

5.2 Ab initio calculations

5.2.1 Potential energy surface of the Xe-H20  dimer

Potential energies of the Xe-H20  dimer were calculated at the CCSD(T) level 

of theory25,26 using the MOLPRO 2002.6 package of ab initio programs.27 The 

aug-cc-pVQZ-PP basis set was chosen for the Xe atom and the aug-cc-pVTZ basis 

set for O and H atoms. The basis sets were supplemented with (3s3p2d2flg) midbond 

functions, with the exponents ok, Qp = 0.94, 0.34, 0.12; o& «f = 0.64, 0.23; c% = 0.35.30 

The interaction energies were calculated using the supermolecule approach and 

counterpoise correction31 was applied to eliminate basis-set superposition error. The 

Xe-H20  geometry is defined by a set of spherical polar coordinates (R, 0, (p), with the 

origin of the coordinate system at the center-of-mass (c.m.) of the H20  unit, as shown 

in Figure 5-1. The H20  unit was kept rigid at its equilibrium structure, with a O-H 

bond length of 0.9575 A and a H-O-H angle of 104.51 degree.32 R is the Xe-c.m.(H20) 

distance and 0 is the angle between the R vector and the C2 axis of the H20  unit. 6=0° 

corresponds to C2v geometry with the H atoms pointing towards the Xe atom, (p is the 

angle for the H20  out-of-plane rotation about its C2 axis. q> = 0° corresponds to the 

geometry with all four atoms coplanar. The PES was constructed on a grid of 630
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points. R was varied from 3.5 A to 4.3 A in steps of 0.1 A, 6 from 0° to 180° in steps 

of 10°, and (p from 0° to 90° in steps of 30°. The calculated interaction energies are 

given in Table 5-1.

5.2.2 Geometry optimization of the Xe-(H20>2 trimer

A complete geometry optimization was performed at the MP2 level of theory33 

using the GAUSSIAN03 package of ab initio programs.34 The aug-cc-pVQZ-PP28 

basis set was used for the Xe atom, aug-cc-pVTZ29 for the O atoms, and
Iff

6-311++G(d,p) for the H atoms. Figure 5-2 shows the obtained minimum energy 

configurations. A comparison of their structural parameters with the effective structure 

obtained from the experimental results is given in Table 5-2. Their minimum nature 

was confirmed by the absence of imaginary frequencies in the harmonic frequency 

calculation. The calculated counterpoise corrected binding energies (De), zero-point 

vibrational energy (AZPE) corrections and van der Waals stretching frequencies for the 

minima are given in Table 5-3. The calculated stretching frequencies were compared 

with those obtained from harmonic force field analysis of experimental data.

5.3 Spectral search, assignments, and analyses

The Xe-HaO [Xe-(H20)2] complex was studied using sample mixtures that 

contained 0.4% (0.6%) Xe and 0.1% (0.15%) H2 O. Ne was used as backing gas to 

keep the pressure at about 5 atm for the Xe-H20 study and 6 atm for Xe-(H20)2. 

Several Xe isotope containing complexes were studied in their natural isotopic 

abundances (136Xe: 8.87%, 134Xe: 10.44%, 132Xe: 26.89%, 131Xe: 21.18%, 129Xe:
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Figure 5-2: Geometries of Minimum I (left) and Minimum II (right) of the Xe-(H20)2 

trimer optimized at the MP2 level of theory. The unlabeled elements are H atoms.

26.44%). For the Xe-FbO dimer, isotopically enriched samples were used to 

investigate isotopomers containing D2 O (99.8%), H2170  (35-40% 170 , Cambridge 

Isotope Laboratories), and H2180  (70% 180 , Cambridge Isotope Laboratories). Xe- 

HDO was studied using the same sample mixtures as for Xe-D20 because HDO was 

present through the fast exchange between D2 O and residual H2 O in the sample system. 

The intensities of Xe-HDO transitions were found to increase significantly after 

conditioning the sample system for 1-2 hours.

5.3.1 Xe-H20

The H2 O unit was anticipated to undergo large amplitude internal rotation 

motions within the Xe-FhO dimer. As a consequence, transitions within different 

tunneling states were expected to occur. Following the labeling scheme developed by
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Hutson5 and Cohen et al.,15 the two lowest energy tunneling states correlate with the 

jkakc = Ooo and loi rotational states of free water, and are designated as ZOoo and Eloi 

states, respectively. E represents K  = 0 where K  is the projection of the internal 

rotational angular momentum of the H20  monomer, j ,  onto the intermolecular axis, R. 

Fermi-Dirac statistics applies to the isotopomers containing H20 , requiring the total 

wavefuction to be antisymmetric with respect to exchange of the two H nuclei (7 = Vi). 

This results in the antisymmetric spin function (7 = 0, paraRiO) to be associated with 

the symmetric S0O0 tunneling state and the symmetric spin function (7= 1 , orthoH20 )  

with the antisymmetric 210i state. The isotopomers containing D20  obey Bose- 

Einstein spin statistics and the total wavefunction must be symmetric with respect to 

exchange of the two D nuclei (7 = 1). Consequently, the EOoo state can have total D 

nuclear spin of 0 or 2 (ort/joD20), while Zloi state has total D nuclear spin of 1 

(paraD20). The spin statistical weights for the ZOoo and E l0i states are 1 and 3 for Xe- 

H20 , and 6 and 3 for Xe-D20 , respectively. For Xe-H20  and Xe-D20 , the Eloi state is 

populated because relaxation from the Eloi to E00o state is a nuclear-spin-forbidden 

process. As a result, transitions within both these two states were expected to be 

observed. For Xe-HDO, the Eloi state is no longer metastable because of the lower 

symmetry for HDO unit, and only ZOoo ground state transitions were expected.

I started the spectral search for Xe-H20  with the 7 = 2 -1  transitions around 8 

GHz. Initial transition frequencies were predicted based on a pseudodiatomic 

approximation. The Xe-c.m.(H20 ) distance was estimated to be 3.97 A by comparison 

of the corresponding distances in Kr-C02 and Xe-C02 (Ref. 36) with that in Kr-H20
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(Ref. 22) and extrapolation to Xe-H20 . The J  = 2-1 transition for the 132Xe- H20  

isotopomer was predicted at 8104 MHz and two transitions were soon located at 8181 

MHz and 8022 MHz, with an intensity ratio of approximately 1:3. This intensity ratio 

is consistent with the spin statistical weights of 1 and 3 for the EOoo and Eloi states and 

transitions were assigned accordingly. The assignments were further supported by the 

observation of proton hyperfine splittings in the J  = 1-0, E lo i  transition, but not in the 

corresponding transition within the SOoo state. These hyperfine splittings could arise 

from nuclear spin-spin, or spin-rotation interactions, which are expected only for the 

Z lo i state ( / = 1). The hyperfine structure extends over about 50 kHz, the same order 

of magnitude as was observed for Ar-H20 .13 A lot of efforts were made to resolve the 

hyperfine structure o f the J  = 1-0, Z l0i transition for 132Xe-H20 , but without success. 

The rotational transition appears to be split into four or possibly five hyperfine 

components (see Figure 5-3) instead of the predicted three, which is similar to the 

observation in Ar-H2S. Other J  transitions and transitions of complexes containing 

the five main Xe isotopes were located straightforwardly. Nuclear quadrupole 

hyperfine structures due to the presence of the 131Xe nucleus were also observed, 

which confirmed the assignment to the Xe-containing species. All measured transition 

frequencies are listed in Tables 5-4 and 5-5. Example spectra showing 131Xe nuclear 

quadrupole hyperfine structure are given in Figure 5-4. Pickett’s SPFIT/SPCAT suite
• 5 0

of programs was used to determine the spectroscopic constants. Each tunneling state 

was analyzed using a pseudodiatomic approach and the determined rotational constant 

B, centrifugal distortion constant Dj, and 131Xe nuclear quadrupole coupling constants 

Xaa are given in Tables 5-4 and 5-5.
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4011.1 4011.3 4011.5 4011.7
Frequency /MHz

Figure 5-3: A spectrum of the J =  1-0 transition of the Eloi state of 132Xe-H20. 400 

averaging cycles were used to record the spectrum. Seven of the visible components 

could be reproduced in different experiments.

The locations of Xe-H2180  and Xe-H2170  transitions were predicted using a 

pseudodiatomic approach with scaled reduced mass. The measured transition 

frequencies within the EOoo and Sloi states are listed in Tables 5-6, 5-7 and 5-8. The 

transition intensity ratio within these two states stays the same as for Xe-H^O because 

their spin statistics are analogous. Because the H2180  and H2 17Q samples were only 

partially enriched, the observed transitions were less intense than those of isotopomers 

with normal H2O. The transition intensities of Xe-H2170  were further reduced by 170  

( / = 5/2) nuclear quadrupole hyperfine splittings, causing significant difficulties to 

measure and resolve the spectra. Therefore, only the J -  2-1 hyperfine transition
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Figure 5-4: Composite spectra of the J=  2-1 transitions of the EOoo (a) and Sloi states 

(b) of 131Xe-H20. Spectrum (a) was recorded using 800 averaging cycles and spectrum 

(b) using 100 averaging cycles.
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Figure 5-5: A composite spectrum the J  = 2-1 transition of the Eloi state of 132Xe- 

H2170 . 2000 averaging cycles were used to record the spectrum.

frequencies within each tunneling state of Xe-H2170  were measured for the two main 

Xe isotopes (132Xe and 129Xe). The 170  nuclear quadruple hyperfine structures were

132partially resolved and assigned. Figure 5-5 shows an example spectrum of the Xe- 

H2170  isotopomer in the Eloi state to demonstrate the signal-to-noise ratio achieved. 

The spectroscopic constants of Xe-H2l80 , including the 131Xe nuclear quadrupole 

coupling constants, are shown in Tables 5-6 and 5-7. For Xe-H2n O, the rotational 

constant B and the 170  nuclear quadrupole coupling constant Xaa were obtained (see 

Table 5-8). As only one transition was measured for each tunneling state, the
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centrifugal distortion constant Dj was fixed at the average value of the corresponding 

constants for the Xe-H2160  and Xe-H2180  isotopomers.

Two tunneling components were also observed for the Xe-D20 complexes. The 

higher frequency component was found more intense and was assigned to the ZOoo 

state based on the predicted spin statistical weights (6 and 3 for the SOoo and Sloi 

states, respectively). Both tunneling components show hyperfine structures due to the 

D nuclear quadrupole interactions. The partially resolved hyperfine structures for the 

two tunneling states of the J=  2-1 transition are shown in Figure 5-6. Following Bose- 

Einstein statistics, the EOoo state requires a total D nuclear spin, Id, o f 0 or 2, while the 

Eloi state requires 7D to be 1. The hyperfine structure in the lower frequency 

component matches the 7d = 1 hyperfine pattern better, which further supports the 

assignment of the two tunneling states. All measured transition frequencies are listed 

in Tables 5-9 and 5-10, together with the determined spectroscopic constants including 

the D nuclear quadrupole coupling constants. For 131Xe-D20, several hyperfine 

components due to the 131Xe nucleus were measured for the ZOoo state. For the Eloi 

state, only the strongest component for each transition was observed due to the low 

signal-to-noise ratio achieved. However, the information was sufficient to determine 

the 13iXe nuclear quadrupole coupling constants for both states (see Table 5-10).

Only transitions within the EOoo ground state were observed for Xe-HDO 

because the partial deuteration reduces the symmetry of the water, and as a result, 

relaxation from the Eloi to the EOoo state is now an allowed process. All measured 

transition frequencies are listed in Tables 5-11 and 5-12. The nuclear quadrupole
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Figure 5-6: Composite spectra o f the J  = 2-1 transitions o f the 20oo (a) and Sloi states 

(b) of 132Xe-DaO. 200 averaging cycles were used in each case.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hyperfine structures due to the 131Xe and D nuclei were observed and assigned. The 

determined spectroscopic constants, including the 131Xe and D nuclear quadrupole 

coupling constants, are given in Tables 5-11 and 5-12.

5.3.2 Xe-(H20 ) 2

Based on the geometry of Ar-(H20)2,23,24 the rotational constants A, B, and C of

Xe-(H2 0 ) 2  were predicted by assuming a simple isosceles triangular structure of the

12trimer with two water spheres and a Xe atom. Using the structures of the Ar-H20 , 

Ar-(H20)2,23,24 and Xe-tUO complexes as a guide, I predicted a Xe-c.m.(H20) distance 

of 3.90 A, and a c.m.(H20 )-c.m.(H2 0 ) distance of 3.00 A. With an estimated inertial 

defect A = 1.0 amu A2, the A, B, and C rotational constants of 132Xe-(H20)2 were then 

calculated to be 6253, 1377, and 1126 MHz respectively. These predictions are within 

20 MHz of the experimental values determined later in this work.

Nine [nine] a-type and twelve [eleven] 6-type transitions with rotational 

quantum number J  ranging from 0 to 5 and Ka from 0 to 2 were measured for the 

132Xe-(H20)2 [129Xe-(H20)2] isotopomer. All measured transition frequencies are listed 

in Table 5-13 together with the quantum number assignments. Rotation-tunneling 

spectra of Xe-(H2 0 ) 2  that could arise from the internal rotation of the H2 O molecules 

were not observed. In the case of Ar-(H20)2,23,24 two components were detected for 

each a-type transition with tunneling splittings in the range from 50 to 600 kHz. 

Possible reasons for only one detected component in Xe-(H20)2 could be too low a 

transition intensity (for spin statistical reasons) for the second component to be 

observed, or quenching of the tunneling splitting as a result of the increased angular
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anisotropy of the Xe-(H20)2 potential compared to that of Ar-(H20)2. In a number of 

transitions, narrow splittings of about 20 kHz were observed. The origin of these 

splittings could be the tunneling motion or proton hyperfine structures arising from H- 

H spin-spin or H spin-rotation interactions. However, these hyperfine structures could 

only be partially resolved, and no attempt was made to fit and interpret them. In those 

cases, the frequency of the most intense component was recorded as the transition 

frequency in Table 5-13. The rotational constants A, B, and C, and five quartic 

centrifugal distortion constants Dj, A k, Ac, d\, and cfe were determined in a fitting 

procedure and are given in Table 5-14.

The rotational transitions of 131Xe-(H20)2 are complicated by nuclear 

quadrupole hyperfine structures due to the presence of the 131Xe nucleus. The 

hyperfine structures of four a-type and seven 6-type transitions were partially resolved. 

Figure 5-7 gives an example spectrum to demonstrate the signal-to-noise ratio and 

resolution achieved. All measured frequencies are summarized in Table 5-15 and were 

used to fit the rotational, centrifugal distortion, and 131Xe nuclear quadrupole coupling 

constants simultaneously. The determined spectroscopic constants are given in Table 

5-14. Inclusion of the off-diagonal nuclear quadrupole coupling constant Xab was 

necessary for the hyperfine analysis because of perturbations caused by the near 

degeneracy of the lio and 2o2 energy levels (-80 MHz energy difference). The 

contribution from Xab to each transition frequency was calculated using Pickett’s 

SPCAT program38 and is included in Table 5-15. This contribution was found to be 

significant (30 to 65 kHz) for transitions involving the lioand 2o2 energy levels, while 

it was negligible for other transitions.
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Figure 5-7: A composite spectrum of the JkoKc ~ 2n - lo i transition of Xe-(H20)2. A 

total of 2000 averaging cycles was used to record the spectrum.

5.4 Discussion of the Xe-H20 results

5.4.1 Ab initio potential energy surface

A 3-dimensional PES for Xe-E^O complex was constructed as function of R, 0, 

and (p coordinates (see Figure 5-1 for a definition). The global minimum was found at 

a planar, hydrogen bonded configuration with R = 4.0 A, 0 -  60°, cp = 0°, with a well 

depth of 191.7 cm'1. This configuration is rather close to an L-shaped Xe-HOH 

structure with a linear Xe-HO arrangement. Two first order saddle points have 

symmetric Xe-F^O geometry (R = 3.95 A, 0 = 0°, (p = 0°, -169.1 cm'1) and symmetric 

Xe-OH2 geometry (R = 3.85 A, 6 = 180°, q>= 0°, -161.5 cm'1), respectively. A second
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0/degree

Figure 5-8: Contour diagram of the ab initio minimum energy path of Xe-FbO as 

function of 0 and tp coordinates. R was varied at each 6 and (p combination until the 

lowest energy was found. Potential energies are given in cm'1.

order saddle point corresponds to a non-planar configuration with R = 4.0 A, 6 = 80°, 

(p = 90° and has an energy o f -130.1 cm'1. A minimum energy path was constructed as 

function of 0 and <p coordinates. At each 0 and <p configuration, R was varied to locate 

the lowest energy. A contour plot of this minimum energy path is shown in Figure 5-8. 

This potential has similar overall features as the Ar-F^O potentials by Cohen et al. ,7 

Tao et al.,10 and the Kr-FfO potential by Chalasinski et al.11 Compared with Ar-,7,10’
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and Kr-EI20 ,u the Xe-H20  equilibrium structure adopts a more hydrogen bonded 

position (the equilibrium structure of Ar-EI20 : 0 -  74.3° in Ref. 7 and 6 = 75° in Ref. 

10, and Kr-H20 : 0 = 80° in Ref. 11), and its potential is slightly more anisotropic in 

the angular coordinate, implying a more hindered H20  internal rotation within the Xe- 

H20  complex. The potential barrier for the H20  in-plane rotation is 22.6 cm'1 at the 

symmetric Xe-H20  geometry (0 = 0 ° , <p= 0°) and 30.2 cm"1 at the symmetric Xe-OH2 

geometry (9  = 180°, (p -  0°). The barrier for the H20  out-of-plane rotation about the 

C2 axis is 61.6 cm*1 {9 = 80°, (p = 90°).

5.4.2 Structural parameters and force constants

The rotational constant B and the centrifugal distortion constant Dj were used 

to calculate the van der Waals bond length R, the van der Waals stretching frequency

39vs, and the corresponding force constant ks using the pseudodiatomic model:

B = h/8ir2fiR2

=

r i \ i / 2  (  4 ^ 3  >
v  A /  /

ks = An 2v)n (5-1)

where fj. is the pseudodiatomic reduced mass of the complex. The results for the 

individual isotopomers are listed in Table 5-16. Values of R = 3.9485 A, vs = 34.85 

cm"1, and ks = 1.134 N m"1 were determined for the EOoo ground state o f 132Xe-H20 . 

This indicates that the van der Waals bond of 132Xe-H20  is slightly longer and more 

rigid compared to that of 84Rr-H20  (R = 3.7897 A, vs = 34.8 cm"1, and ks = 1.06
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N m '1).22 Shorter van der Waals bond lengths and larger force constants were obtained 

for the deuterated species (R = 3.9453 A, vs = 34.71 cm'1, and ks = 1.180 N m '1 for the 

EOoo state o f 132Xe-HDO; R = 3.9463 A, vs = 34.84 cm'1, and ks = 1.243 N m '1 for the 

EOoo state of 132Xe-D20). For the Eloi state, there is an increased van der Waals bond 

length and a larger force constant compared to the ground state.

An approximate isotopic substitution analysis was used to derive information 

about the H2 O orientation with respect to the Xe atom by applying Kraitchman’s 

equations.40 The assumption that the isotopic substitutions are on the intermolecular a- 

axis has to be made because of the absence of separated B and C values. This is a good 

approximation for the 180  substitution because the O atom is rather close to the 

c.m.(H20). Using the rotational constants of the 132Xe containing species, a distance 

along the u-axis between the c.m. of the complex and the O atom was obtained, with 

values of 3.458 A and 3.453 A, for the EO0 0  and E l0i states, respectively. The H atoms 

are further off the a-axis, so that the substitution analysis of their ^-coordinates is less 

accurate. An analysis using data from 132Xe-H20 and 132Xe-D20 gives distances along 

the a-axis between the c.m. of the complex and the H atoms of 3.452 A and 3.455 A, 

for the EO0 0  and Z l0i states, respectively. The differences between the ^-coordinates of 

the O and H atoms is 0.006 A for the EO0 0  state and 0.002 A for the E l 01 state, much 

smaller compared to the corresponding values in 84Kr-H2 0  (-0.05 A)22 and Ar-H2 0  

(-0.1 A).12,13 In the latter cases, it was determined that the H atoms point on average 

towards the respective rare gas atom. In the Xe-H20 case, the difference in the a- 

coordinates of H and O atoms is so small that it can not decide whether the H atoms 

point towards or away from the Xe atom. However, it is still worthwhile to point out
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that these rather small differences in the a-coordinates may imply that the anti­

hydrogen bonded orientations and non-planar configurations have more significant 

contributions to the Xe-f^O wavefuctions compared to the cases of Kr- and Ar-EhO.

More information about the motion in the angular coordinates o f the Xe-HaO 

complex can be obtained from a comparison of spectroscopic and ab initio data. The 

computer program LEVEL7.5 (Ref. 41) was used to determine the bound states of 

132Xe-HaO that are supported by the ab initio potential curves along radial coordinates 

at four selected angular configurations (global minimum, two first order saddle points, 

and one second order saddle point), using a pseudodiatomic model. The molecular 

parameters, R, vs, and ks, were then calculated and are compared with the experimental 

values in Table 5-17. Those calculated values are on the same order o f magnitude as 

the experimental data. The best agreement with the experimental values for the 20oo 

state was found at the symmetric Xe-OH2 geometry {9 = 180°, (p = 0°) for R (A 

= -1.3%) and the second order saddle point (0  = 80°, q> = 90°) for vs (A = -6.3%) and ks 

(A =  -12.1%). For the E l o i  state, the second order saddle point ( 0  = 80°, (p = 90°) gives 

the R value (A = +0.9%) closest to the experimental values and the global minimum (0 

= 60°, (p = 0°) gives the closet vs (A = +5.8%) and ks (A = +11.8%) values. These 

variations of discrepancies among different configurations can be considered as a 

further indication of a rather delocalized Xe-E^O ground state wavefunction. The 

symmetric Xe-OH2 geometry (9  = 180°, tp = 0°) and the second order saddle point (9  

— 80°, q> = 90°), corresponding to an anti-hydrogen bonded orientation and a non- 

planar configuration respectively, give values that are relatively close to the
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experimental ones. This supports what was found in the isotopic substitution analysis, 

namely that there is a significant contribution to the wavefunctions in each state from 

the anti-hydrogen bonded and non-planar configurations. However, these two methods 

only give qualitative information about the H2 O angular motion; more information can 

be extracted from the hyperfine structural analyses, as discussed in the next section.

5.4.3 Hyperfine structure and angular information

The observed nuclear quadrupole hyperfine structures due to the presence of 

the 131Xe, D, and 170  nuclei can be used to deduce dynamical information about the 

internal angular coordinates of the Xe-H20 complex. As a result of the large amplitude 

H2 O internal motions, the orientation of the H2 O unit that can be obtained from the 

nuclear quadrupole coupling constants %aa is an effective orientation, averaged over 

these motions. Because H2 O is an asymmetric top, two angles (the angle G between the 

C2 axis of H2 O and the intermolecular a-axis, and the angle <p for the H2 O out-of-plane 

rotation about its C2  axis, see Figure 5-1) are used to describe its orientation within the 

complex. To determine both angles, two nuclear quadrupole coupling constants are 

needed. Therefore, the ^ c(131Xe) value of the 13lXe-H20 isotopomer and XaaC10 ) of 

the 132Xe-H2170  isotopomer were utilized to determine two effective angles, 0eff and 

<peff in Xe-H20, and ^ fl„(131Xe) of the 131Xe-D20 isotopomer and D) of the 132Xe- 

D2O isotopomer to obtain the effective angles in Xe-D20. In this procedure, the 

isotopic substitutions at the Xe and O positions were assumed to have negligible effect 

on the dynamics o f the complex. The details of the derivation of the effective angles 

and interpretation of the results are discussed as follows.
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(a) Xe-H20

The non-zero value of the 131Xe nuclear quadrupole coupling constant, 

f̂lfl(131Xe), o f 131Xe-H20  arises because of the non-zero electric field gradient at the Xe 

nucleus due to the presence of the H20  molecule. There are two main contributions to 

the electric field gradient at the Xe nucleus. One is the dispersion interaction, and the 

other is the induction interaction between the nonzero electric multipole moments of 

H20  and the Xe electron cloud. The labels x<Hs and x m  will be used below to represent 

the contributions to the quadrupole coupling constants from these two interactions, 

respectively. The magnitude of x m  depends largely on the electric moments of the 

binding partners of Xe. In many cases, for example, the 131Xe-HX (X=F and Cl) 

complexes,42’43’44^  has been neglected in interpreting the nuclear quadrupole 

coupling constants because HX (X=F and Cl) has large electric moments so that x<iis is 

relatively small compared to Xm<i- The electric moments of H20  are not necessarily 

smaller than those of HF and HC1. The dipole moment of H20  (1.855 D) is slightly 

larger than those of HF (1.826 D) and HC1 (1.109 D). However, compared with the 

Xaa(m Xe) values of 131Xe-HF (-8.54 MHz)44 and 131Xe-HCl (-4.9 MHz),42’43 the values 

for 131Xe-H20  (-0.445 MHz for the 20oo state and -1.814 MHz for the Eloi state) are 

much smaller. Similar behavior has been found previously in 83Kr-H20 .22 A possible 

reason is that the electric field gradient at the 131Xe nucleus is reduced by averaging 

over the large amplitude H20  internal rotation. The ^ fla(131Xe) value for the EOoo state 

is approximately one-fourth of that of the Zloi state, which suggests that H20
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experiences different vibrational dynamics within these two states, and might undergo 

more free internal rotation in the SOoo state.

The magnitude of j aa(131Xe) for 131Xe-H20 is not much larger than those for 

131Xe-20Ne (0.3878 MHz), 131Xe-Ar (0.7228 MHz), and 131Xe-84Kr (0.7079 MHz), in 

which cases ;ftw(131Xe) = 0.45 Therefore, ^ fa(131Xe) can not be neglected in the 131Xe- 

H2 O case. The ^ aa(I31Xe) value of 131Xe-Ar, 0.723 MHz45 was used as an estimate for 

Xdis(m Xe) in 131Xe-H20. In the case of 131Xe-15N2 , %dis(m Xe) was estimated to be 

0.828 MHz by taking the difference between the experimental ^ aa(131Xe) value and the 

calculated %ind(m X e )  value, and was found to be in accord with the ^ aa(131Xe) value of 

131Xe-Ar, 0.723 MHz (see Chapter 3). The ^«rf(13IXe) values for 131Xe-H20 can be 

estimated by subtracting ^ IS(131Xe) from the observed ^ aa(131Xe) values, and the 

resulting values are -1.168 MHz for the EO00 state and -2.537 MHz for the I I 0 1  state. 

These values can be interpreted in terms of the multipole moments o f the H2 O 

monomer using the expressions:43

q 6^ cosflj  12^ * *  s ^ 2 ^sin2 (p + sin2 flcos2 (p + Qzz cos2 0 \̂

Zind=-eq0( l -r)QXe/h (5 _2 )

In the above expressions, qo is the component o f the electric field gradient tensor along 

the a-axis generated by the multipole moments of the H2 O monomer at the site of the 

Xe nucleus, n  and Q  are the electric dipole and quadrupole moments of H2 O, 

respectively. Higher order electric moments were not considered here. For free H2 O, /u 

= 1.8546 D46 and the principal components of the molecular electric quadrupole tensor
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Qxx = -2.50 D A, Qyy = 2.63 D A, and Qzz = -0.13 D A.47 The brackets indicate 

averaging over the large amplitude angular motions. The van der Waals bond length R 

is 3.9485 A for the EOoo state and 3.9876 A for the Eloi state. The 131Xe nuclear 

quadrupole moment QXe = -0.12 b,48 and the Stemheimer shielding factor y -  -152.43

Because it is impossible to solve for two effective angles #eff and (pen only by 

equation (2), the %aa(170 )  values of the complex were used to determine an effective

17orientation of the H2 O unit within the complex. The principal components of the O 

nuclear quadrupole coupling tensor in H2170  are Xxx = 10.169 MHz, %yy~ -8.899 MHz, 

Xzz ~ -1.269 MHz.49 The ^ flfl(170 ) values for the complex can be expressed as the 

projection of the monomer constants onto the a-axis of the complex, under the 

assumption that the monomer constants remain unchanged upon complex formation:

XaaCO) = ^ ( s i n 2 0sin2 cp) + ; ^ ( s in 2 0cos2 q>) + x n {cos2 0) (5-3)

For 132Xe-H2170 , the Xaa(170 )  values are -1.372 MHz and -4.184 MHz for the EOoo and 

Eloi states, respectively. These quite different XaaC10 ) values are further evidence for 

different vibrational dynamics in the two states. Similar observations were reported 

previously, for C0-H20 ,5° Ar-H20 ,12’13 Kr-H20 ,22 and Ne-H2S.51 In the limit of free 

rotation of the H20  monomer, the Xaa(llO) value is zero. A smaller XajC10 )  value in 

the SOoo state than the S I 01 state suggests more free H20  internal rotation in the SO0 0  

state, also consistent with the observed smaller ^ aa(13,Xe) value in the EO0 0  state. 

Equations (5-2) and (5-3) can be solved for the effective angles Ge« and f»eff by 

neglecting the averaging brackets. The obtained values are 0eff = 88.5°, <pen = 38.9° for 

the EO0 0  state and 0eff = 86.2°, (peff = 29.8° for the S l0i state. These orientations are
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between hydrogen bonded and anti-hydrogen bonded orientations. This might suggest 

that the hydrogen bonded and anti-hydrogen bonded orientations have similar 

contributions to the Xe-tkO wavefunction in each state. This is further supported by 

the similar energy barriers at the symmetric Xe-H2 0  geometry (hydrogen bonded 

orientation, 22.6 cm'1) and the Xe-OH2 geometry (anti-hydrogen bonded orientation,

30.2 cm'1) in the ab initio potential. The large amplitude out-of-plane motion is evident 

from the obtained <pt values, and this is consistent with the structural parameters and 

force constants obtained from the rotational and distortion constants.

(b) Xe-D20  and Xe-HDO

Assuming that the nuclear quadrupole coupling constants for free D2 O and 

HDO are not affected by complex formation, the determined ^ ( D )  constants for the 

complex can also be interpreted in terms of projection of the monomer constants. 

Different from the 170  case, the D nuclear quadrupole coupling tensors in D2 O and 

HDO are quite symmetric (asymmetry parameter r\ = \Xbb~Xcc\lXaa  is 0.06 for D2 O and 

0.11 for HDO), and the following expressions can be used under the assumption that 

the nuclear quadrupole interaction is cylindrically symmetric about the O-D bond:

Here, (3 is the angle between the O-D bond axis and the a-axis o f the complex, zo is the 

principal component of the D nuclear quadrupole coupling tensor along the O-D bond, 

* o( D 2 0 )  =  0 . 3 3 0  MHz50 and ^o(HDO) = 0 . 3 1 3  MHz.50,52 The brackets indicate 

averaging over the large amplitude angular motions. From equation (5-4), I calculated

(5-4)
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the <cos2fi> values to be 0.437 for the EOoo state L&,a(D) = 0.0513(12) MHz] and 0.479 

for the E l o i  state L&*(D) = 0.0726(14) MHz] of 132Xe-D20  and 0.432 for 132Xe-HDO 

[Xaa(D) = 0.0464(16) MHz]. These values are relatively close to the <cos2yS> value of 

0.333 in the free rotor limit, which may indicate that the D20  and HDO units undergo 

only slightly hindered internal rotation within the complexes. The obtained effective 

angles /7eff are 48.6°, 131.4° for the EOoo state and 46.2°, 133.8° for the E l o i  state of 

132Xe-D20  and 48.9°, 131.1° for 132Xe-HDO. At first glance, the two tunneling states 

of 132Xe-D20  have similar dynamics because the difference in /7eff is only 2.4°. This is 

similar to the C0-H20 ,5° Ar-H20 , 12,13 Kr-H20 ,22 and Ne-H2S51 cases. However, this 

appears to contradict the findings from the 131Xe hyperfine structures in 131Xe-D20. 

The ^ a(13,Xe) values are -1.449 MHz for the EOoo state and -2.76 MHz for the E l o i  

state and imply different dynamics for the two states, consistent with the observations 

in the 131Xe-H20  complex. A possible reason for this contradiction is that the Xaa(D) 

values are primarily sensitive to the projection of the O-D bond onto the a-axis of the 

complex, and insensitive to the D20  out-of-plane motion, as suggested by Yaron et 

al.50 for the case of CO-H20 .

To better understand the dynamics of Xe-D20 , the effective angles 0eff and (pen 

can be determined from both the x aa(D) and ^ flfl(131Xe) constants. The ;frw(131Xe) 

values of 131Xe-D20  were obtained by following the same procedure as for 131Xe-H20  

and the estimated ^ , s(131Xe) value, 0.723 MHz, was used. Equation (5-2) is still 

applicable here to relate the ;jw (l3lXe) values to the respective angles, with ju = 1.8545 

D,46 Qxx = -2.402 D A, Qyy = 2.724 D A, and Qzz = -0.321 D A,47 and R = 3.9463 A
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(EO oo state) and 3.9823 A ( E l o i  state). Because the angles 0 and (p are not included in 

equation (5-4), they cannot be obtained directly by solving equations (5-2) and (5-4). 

Instead, the 0 efr and <peff were determined by looking for the orientations that satisfy 

equation (5-2) and can also reproduce the angle /?eff obtained from equation (5-4). This 

yields values of 0eff = 89.9°, ^eff =31.9° for the EOoo state and # eff = 87.2°, ^eff = 21.9° 

for the E l o i  state. Note that there is more than one pair of 0eff and <peff values obtained 

for each state, but only the values closest to those for Xe-H20  are reported here under 

the assumption that the vibrational dynamics does not change dramatically upon 

deuteration. The resulting <peff value has a 10.0° difference for the two states, similar to 

the Xe-H20  case. This result also supports that the Zaa(D) value is not sensitive to the 

out-of-plane motion o f H20.

5.5 Discussion of the Xe-(H20 ) 2 results

5.5.1 Structural analysis

The rotational constants of Xe-(H20 )2 can be used to estimate the structural 

parameters of the trimer, such as the Xe-c.m.(H20 ) distance, R, and the c.m.(H20)- 

c.m.(H20 ) distance, r, by treating the H20  molecules as spheres. The A rotational 

constant of the Xe-(H20 )2 trimer (6267.6 MHz) is rather close to the (B+C)l2 value of 

the (H20 )2 (6160.7 MHz),53 consistent with the initially assumed isosceles triangular 

structure. The small inertial defect (A= 1.34 amu A2) and relatively small quartic 

centrifugal distortion constants of 132Xe-(H20 )2 (see Table 5-14) suggest that a 

semirigid model can be applied here, with the following inertial equations:
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(5 -5 )

h = t f (5-6)

(5-7)

Here, m is the mass of water, jx = mXem(HiQh /{m Xe + mWi0h) , and I is the

Xe-c.m.[(H20)2] distance [see Figure 5-9(a)]. By solving equations (5-5) and (5-6), I 

obtained r = 2.992 A and / = 3.579 A. From these values, the Xe-c.m.(H20) distance R 

was calculated to be 3.879 A. An angle a  of 67.3° between the Xe-c.m.(H20) bond 

and the c.m.(H20)-c.m.(H20) bond was obtained. Compared with the corresponding 

separations in the Xe-H2 0  dimer (3.949 A), the Xe-c.m.(H2 0 ) distance R is shortened 

by 0.07 A in the trimer. In other instances, for example, the rare gas trimers Ne2 -Kr 

and Ne2 -Xe,54 the van der Waals bond distances were found to be longer than in the 

corresponding dimers due to the repulsive, non-additive triple-dipole dispersion term.55 

A possible explanation for the shrinkage of the Xe-H20 bond in the Xe-(H20)2 trimer 

is that a H2 O molecule induces dipole moments on Xe and the other H2 O molecule 

with the result of an attractive, non-additive electrostatic interaction. The shrinkage of 

the Xe-H2 0  bond indicates that this attractive interaction affects the Xe-H2 0  bond 

length more than the repulsive triple-dipole dispersion term. This electrostatic 

interaction is expected to be less pronounced between two H2 O molecules because the 

non-polar Xe atom cannot induce a significant dipole moment on H2 O molecules. This 

is also consistent with a slightly longer H2 O-H2 O bond length found in the Xe-(H20)2 

trimer (2.992 A) compared to the (H20)2 (2.98 A).53,56
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(a)

*
Xe

(b)

Xe

Figure 5-9: Definition of structural parameters for the Xe-(H20)2 complex. The a- and 

6-axes are the principal inertial axes of the complex. The parameters defined in (a) 

were used for the structural analysis: r = c.m.(H20)-c.m.(H20) distance, R = Xe- 

c.m.(H20) distance, / = Xe-c.m.[(H20)2] distance, and a  = Z[Xe-c.m.(H20)- 

c.m.(H20)]. Additional parameters defined in (b) were used in the 131Xe nuclear 

quadrupole hyperfine structure analysis: Q\ -  180°-Z(Xe-Xi-Oi), cp\ = Z(Xe-Oi -Xi- 

Hi), &i = 180°-Z(Xe-X2-O2), = X(Xe-02-X2-H2), /?= Z (O i-02-X2), and r=  Z(Xr

0 i-0 2-X2).
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5.5.2 Harmonic force field analysis

The ASYM20PC program of Hedberg and Mills5 7  was used to perform a 

harmonic force field analysis for the Xe-(H2 0 ) 2  complex to extract information about 

van der Waals vibrational frequencies and corresponding force constants. The H2 O 

molecules were considered as pseudo atoms and Cs point group symmetry was used for 

the analysis. Three vibrational modes were considered for this complex, i.e. the H2 O- 

H2 O stretch (vi), and the symmetric (V2 ) and asymmetric (V3) E^OXe-E^O stretches. 

The force constant matrix F  is then a 3x3 matrix with diagonal force constants F\\, 

F22, and F 33 corresponding to the three vibrational modes respectively. The centrifugal 

distortion constants of the l3 2 Xe-(H2 0 )2 , 1 3 1Xe-(H2 0 )2 , and 1 2 9Xe-(H2 0 ) 2  isotopomers 

listed in Table 5-14 were used to refine the diagonal force constants. All off-diagonal 

terms were fixed at zero during the fit. The corresponding harmonic frequencies were

58then calculated from the obtained force constants using Wilson’s GF matrix method. 

This analysis could reproduce the Dj, Djk., and d\, d2 centrifugal distortion constants 

within 5% of the experimental values, especially good agreement was found for the A  

and Djk constants. The DK constants deviate by up to 32% from the experimental 

values but the deviations are on the same order of the magnitude as the experimental 

uncertainties. All obtained force constants and harmonic frequencies are summarized 

in Table 5-18. A comparison of the experimental and calculated centrifugal distortion 

constants is provided in Table 5-19. The values of the F22 (1.489 N m '1) and F33 (1.508 

N m '1) force constants are 30-40% larger than that of the Xe-H2 0  stretching force 

constant (1.134 N m '1) in the dimer, while the Fn  value, 10.76 N m '1, is nearly 

identical to the corresponding value (10.8 N m '1) o f the (H2 0 )2 . 5 3 ,5 6  The increase o f the
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Xe-H2 0  stretching force constant in going from the dimer to the trimer can also be 

attributed to an attractive electrostatic interaction as a result of the induced dipoles. 

This attractive force lowers the Xe-IkO binding potential and leads to a stronger van 

der Waals bond. The H2 O-H2 O stretch force constant is less affected because of the 

smaller non-additive electrostatic effect caused by the non-polar Xe atom.

5.5.3 131Xe nuclear quadrupole coupling constants

The main contribution to the electric field gradient at the Xe nucleus comes 

from the electric multipole moments of two H2 O molecules. It is therefore sensitive to 

the H2 O orientations, and I was able to obtain dynamical information about the internal 

angular coordinates of the Xe-(H2 0 ) 2  complex, and determine effective orientations of 

the two H2 O molecules from the experimental nuclear quadrupole coupling constants. 

For example, the surprisingly large value of the off-diagonal constant Xab (±8.446 

MHz) is an indication of high asymmetry of the Xe electron distribution with respect 

to the ac- and Z>c-inertial planes. The two H2 O molecules adopt distinct effective 

orientations relative to the Xe atom, and as a result, contribute differently to the 

electric field gradient at the Xe nucleus. From the experimentally determined 

constants, I calculated the components of the principal quadrupole coupling axis 

system (a ’b ’c ’). The resulting Xa’a-, X f f  and xcc’values are 9.020, -8.212 and -0.808 

MHz, respectively. The c '-axis coincides with inertial c-axis and the a - and b -axes 

are rotated by 39.3° from the a- and b-inertial axes. The nuclear quadrupole coupling 

constants along each Xe-c.m.(H2 0 ) bond were also determined by projecting the 

principal axis components onto the corresponding Xe-c.m.(H2 0 ) intermolecular axis.
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The obtained values are 7.614 and -4.414 MHz, respectively. The absolute values are

1 ^1larger by an order of magnitude than the corresponding constant of the Xe-H2 0  

dimer (xaa = -0.445 MHz), which indicates that the H2 O internal motions are largely 

hindered in the trimer by interaction with a second H2 O molecule. This also provides 

evidence for the sensitivity of the electronic structure of the Xe atom upon its 

surrounding, and the nuclear quadrupole coupling constants can be used to identify the 

number o f surrounding H2 O molecules and their relative positions.

To obtain further information about the effective H2O orientations, I predicted 

the nuclear quadrupole coupling constants for different H2 O orientations to search for 

a geometry that can reproduce the experimental nuclear quadrupole coupling 

constants. In these calculations, the H2 O monomers were kept rigid at the experimental 

structure. 5 9  The intermolecular structural parameters, r, R, and a, were fixed at the 

values estimated from the rotational constants. Six additional angles are necessary to 

describe the H2 O orientations, as defined in Figure 5-9(b). #i(180°-ZXe-Xi- 

Oi), pi(ZXe-Oi-Xi-Hi), &i{ 180°-ZXe-X2-O2), and ^ (Z X e -0 2 -X2 -H2) describe the 

orientations of two H2 O molecules, relative to the Xe atom. Xi and X2  are the c.m. of 

the two H2 O molecules, respectively. (5 (ZO 1-O2 -X2 ) and r(Z X i-O 1-O2 -X2 ) are used 

to define the relative orientations of two H2O molecules.

I first calculated the electric field gradient tensor at the Xe nucleus contributed 

by the electric multipole moments of each H2 O molecule individually. In each 

calculation, I considered the dipole4 6  and quadrupole moment4 7  o f H2 O and neglected 

the higher order electric moments. Four point charges of equal magnitude, two positive 

and two negative, were used to reproduce the dipole and quadrupole moment of H2 O.
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The positive charges lie near the two H atoms, and the negative charges sit on the two 

sides of the H2 O plane and near the O atom . 6 0  The electric field gradient tensor at the 

Xe nucleus was then calculated as a summation over contributions from four point 

charges. 61 The determined two electric field gradient tensors contributed by two H2 O 

molecules were summed up to generate the corresponding tensor in the Xe-(H2 0 ) 2  

complex. This tensor was then used to obtain the 131Xe nuclear quadrupole coupling 

constants, 4 3  according to equation (5-8). The experimental 131Xe nuclear quadrupole 

coupling constants o f the Ne2 -131Xe complex, Xaa (0.564 MHz) and Xbb (-0.256 

MHz) , 5 4  were used to approximate the effect of the dispersion interaction.

 ̂Xaa X ab X ac '<Iaa <lab q ac ' "0.564 0 0  '

Xab Xbb X bc
e(\ - y )Q Xe

h <lab <lbb <lbc + 0 -0.256 0

^Xac X bc X cc /
rl

Joe Qbc <lcc, v 0 0 -0.308,

Here, qy and Xu 0> j  = a-> b, c) are the components of the electric field gradient and 

nuclear quadrupole coupling tensor in the inertial axis system. Qxe — -0 . 1 2  b is the 

13IXe nuclear quadrupole moment, 4 8  and y= -152 is the Stemheimer shielding factor. 4 3

The best agreement between the calculated and experimental constants was 

found in the structure with 6\ = 148°, q>\ = 90°, #> = 43°, ^ 2  = 41°, /?=30°, and 

r=  151°. The calculated values are Xaa = 2.858 MHz, Xbb ~ -1.045 MHz, and Xab ~ 

7.694 MHz, which differ from the experimental ones by 0.7, 0.3, and -0.7 MHz, 

respectively. It is interesting to note that the Xab value is more sensitive to the dipole 

moment o f H2 O than the Xaa and Xbb values. For example, if  the dipole moment 

increases by 10%, the Xab value (8.347 MHz) increases by 0.65 MHz, while the 

changes in the Xaa (2.941 MHz) and Xbb values (-1.096 MHz) are about 0.1 MHz. This
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improvement of the Xab value without too large an effect on %aa and Xbb could be 

viewed as further evidence o f the large three-body effect from the non-additive 

electrostatic interactions as a result of induced dipoles, which supports the above 

suggestion in the structural and harmonic force field analyses. This calculation can not 

be viewed as a highly accurate structure determination because of an insufficient 

description of the dispersion interactions, three-body effects, and large amplitude 

vibrational motions of the complex. However, this still can be regarded as a reasonable 

first approximation to generate a picture of the electric field gradient at the Xe nucleus 

and predict the H2 O orientation within the complex. A more accurate model describing 

the intermolecular interactions in the complex will improve the structure calculation.

To rationalize the determined effective structure, I performed a complete 

geometry optimization as described in section 5.2.2. Two minimum energy 

configurations were located and both configurations have triangular geometries, which 

are consistent with the experimental results. In Minimum I, the Xe atom approaches 

the H side o f the proton donor water molecule and the ‘backside’ o f the acceptor 

water. The situation is reversed in Minimum II (see Figure 5-2). The remaining 

structural parameters, other than the position of the Xe atom, of these two minima 

agree with each other, and are consistent with the effective, experimental structure 

obtained from structural and nuclear quadrupole hyperfine analyses (see Table 5-2), 

considering large amplitude vibrational and internal rotation motions. The 

experimental position of the Xe atom agrees better with Minimum I, which has a 

higher zero-point corrected binding energy than Minimum II by ~1 kJ/mol (see Table 

5-3). This suggests that the effective structure is highly averaged over the internal
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angular coordinates of the complex as a result of a rather delocalized ground state 

wavefunction. The van der Waals stretching frequencies from the harmonic force field 

analysis are on the same order of magnitude as the corresponding ab initio frequencies 

(see Table 5-3).

5.5 Summary

A 3-dimensional ab initio PES of Xe-EhO dimer was constructed at the 

CCSD(T) level of theory. The global minimum corresponds to a planar, hydrogen 

bonded configuration, close to an L-shaped Xe-HOH structure with a linear Xe-HO 

arrangement. The potential barrier was found to be lower for the H2 O in-plane rotation 

compared to the out-of-plane motion. Rotational transitions of the Xe-H2 0  dimer 

within two tunneling states, namely the EOoo and E l o i  states, were measured and 

assigned. Nuclear quadrupole hyperfine structures arising from the 1 3 1Xe, D, and 170  

nuclei were observed and analyzed. The determined structural parameters and force 

constants suggest that the ground state wavefunction for Xe-HhO is rather delocalized 

in the angular coordinates and that the anti-hydrogen bonded orientations and non- 

planar configurations have significant contribution to the wavefunction. The hyperfine 

structure analyses were used to derive the information about the vibrational dynamics 

of the Xe-EbO and Xe-D2 0  complex. The nuclear quadrupole coupling constants of 

131 Xe and 170  indicate that the two observed tunneling states have different dynamics 

and that the H2 O unit undergoes less hindered internal motion in the EOoo state. The 

obtained effective H2 O orientation also supports that there are significant contributions 

to the wavefunctions in each state from the anti-hydrogen bonded orientations and
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non-planar configurations, and agrees with the structural parameters and force 

constants obtained from the rotational and centrifugal distortion constants.

Several a- type and b- type rotational transitions o f the ground state were 

measured for the Xe-(H20)2 trimer. The spectroscopic results provide detailed 

information about structure and vibrational dynamics of the complex. The analyses 

suggest that an attractive electrostatic interaction as a result of induced dipole 

moments makes crucial contributions to non-additive three-body effects. Nuclear 

quadrupole hyperfine structures due to the presence of the 131Xe nucleus were detected 

and provide detailed insight into the electronic structure of the Xe atom. The coupling 

constants are therefore an exquisite probe of the electrostatic environment of the Xe 

atom. In particular, the large value of the off-diagonal nuclear quadrupole coupling 

constant, %ab, provides evidence for different contributions to the electronic 

environment of the Xe nucleus by the two H2 O molecules. An effective structure of the 

trimer, based on reproducing the experimental 131Xe nuclear quadrupole coupling 

constants, is supported by ab initio calculations. The information provided into the 

variations of structure and vibrational dynamics in going from the Xe-E^O dimer to 

the Xe-(H2 0 ) 2  trimer constitutes a step towards the understanding of “macroscopic” 

Xe-water surroundings interactions. The interpretation of the 131Xe nuclear quadrupole 

coupling constants can shed light on the effect o f the surrounding water distribution 

upon the electronic structure of the Xe atom.
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Table 5-1: Ab initio interaction energies (in cm'1) of Xe-fkO.

R /A ■<
3 II © o

0 =  0 ° 1 0 ° 2 0 ° 3 0 ° 4 0 ° o o 6 0 °

3 .5 2 8 .9 5 4 0 .3 4 7 1 .2 6 1 1 2 .0 1 4 7 .7 1 6 2 .1 1 4 4 .9

3 .6 - 6 5 .7 1 - 5 9 .4 3 - 4 2 .6 0 -2 0 .9 1 - 2 .9 6 6 2 .3 8 1 - 1 0 .1 5

3 .7 - 1 2 2 .5 - 1 1 9 .6 - 1 1 2 .0 - 1 0 2 .6 - 9 5 .8 0 - 9 5 .7 6 - 1 0 4 .5

3 .8 - 1 5 3 .5 - 1 5 2 .7 - 1 5 0 .9 - 1 4 9 .2 - 1 4 9 .1 - 1 5 1 .9 - 1 5 7 .7

3 .9 - 1 6 7 .0 - 1 6 7 .5 - 1 6 9 .2 - 1 7 2 .0 - 1 7 5 .9 - 1 8 0 .1 - 1 8 3 .6

4 - 1 6 9 .1 - 1 7 0 .3 - 1 7 4 .0 - 1 7 9 .4 - 1 8 5 .2 - 1 8 9 .9 - 1 9 1 .7

4 .1 - 1 6 4 .1 - 1 6 5 .6 - 1 7 0 .3 - 1 7 6 .9 - 1 8 3 .6 - 1 8 8 .1 - 1 8 8 .8

4 .2 - 1 5 4 .8 - 1 5 6 .5 - 1 6 1 .5 - 1 6 8 .4 - 1 7 5 .2 - 1 7 9 .4 2 - 1 7 9 .2

4 .3 - 1 4 3 .1 - 1 4 5 .0 - 1 4 9 .9 - 1 5 6 .6 - 1 6 3 .1 - 1 6 6 .8 - 1 6 6 .0

II o o 00 © o 9 0 °
o©©

1 1 0 ° 1 2 0 ° 1 3 0 °

3 .5 9 7 .4 7 3 4 .3 3 - 2 7 .7 6 - 7 6 .9 5 - 1 0 8 .4 - 1 2 2 .8 - 1 2 3 .6

3 .6 - 3 9 .2 4 - 7 6 .0 0 - 1 1 0 .8 - 1 3 7 .3 - 1 5 3 .3 - 1 5 9 .3 - 1 5 7 .5

3 .7 - 1 2 1 .0 - 1 4 0 .0 - 1 5 6 .7 - 1 6 8 .3 - 1 7 4 .1 - 1 7 4 .8 - 1 7 1 .8

3 .8 - 1 6 5 .7 - 1 7 3 .0 - 1 7 7 .9 - 1 8 0 .0 - 1 7 9 .4 - 1 7 7 .0 - 1 7 3 .6

3 .9 - 1 8 5 .8 - 1 8 5 .7 - 1 8 3 .3 - 1 7 9 .5 - 1 7 5 .1 - 1 7 1 .0 - 1 6 7 .6

4 - 1 9 0 .3 - 1 8 5 .6 - 1 7 8 .8 - 1 7 1 .7 - 1 6 5 .3 - 1 6 0 .4 - 1 5 7 .1

4 .1 - 1 8 5 .1 - 1 7 7 .8 - 1 6 8 .7 - 1 5 9 .9 - 1 5 2 .5 - 1 5 0 .0 - 1 4 4 .5

4 .2 - 1 7 4 .2 - 1 6 5 .7 - 1 5 5 .7 - 1 4 6 .1 - 1 3 8 .6 - 1 3 3 .6 - 1 3 1 .1

4 .3 - 1 6 0 .5 - 1 5 1 .5 - 1 4 1 .3 - 1 3 1 .8 - 1 2 4 .6 - 1 2 0 .0 - 1 1 7 .8
OOi-HII 1 5 0 ° 1 6 0 ° 1 7 0 ° 1 8 0 °

3 .5 - 1 1 5 .3 - 1 0 3 .0 - 9 0 .7 8 - 8 2 .0 8 - 7 8 .9 4

3 .6 - 1 5 0 .9 - 1 4 2 .3 - 1 3 4 .2 - 1 2 8 .6 - 1 2 6 .6

3 .7 - 1 6 6 .7 - 1 6 1 .0 - 1 5 5 .9 - 1 5 2 .5 - 1 5 1 .3

3 .8 - 1 6 9 .7 - 1 6 6 .2 - 1 6 3 .2 - 1 6 1 .3 - 1 6 0 .7

3 .9 - 1 6 4 .9 - 1 6 2 .8 - 1 6 1 .4 - 1 6 0 .6 - 1 6 0 .3

4 - 1 5 5 .3 - 1 5 4 .4 - 1 5 4 .0 - 1 5 3 .9 - 1 5 3 .9

4 .1 - 1 4 3 .3 - 1 4 3 .2 - 1 4 3 .6 - 1 4 4 .0 -1 4 4 .1

4 .2 - 1 3 0 .4 - 1 3 0 .9 - 1 3 1 .7 - 1 3 2 .4 - 1 3 2 .7

4 .3 - 1 1 7 .5 - 1 1 8 .3 - 1 1 9 .4 - 1 2 0 .3 - 1 2 0 .6

R l  A <p= 3 0 °

o©II 1 0 ° 2 0 ° 3 0 °

OO OO

6 0 °

3 .5 3 7 .1 5 5 8 .9 0 8 6 .0 9 1 0 7 .5 1 1 2 .7 9 7 .0 6

3 .6 - 6 0 .9 6 - 4 8 .5 1 - 3 3 .0 7 - 2 1 .1 5 - 1 8 .6 1 - 2 8 .0 2

3 .7 - 1 2 0 .1 - 1 1 3 .8 - 1 0 6 .0 - 1 0 0 .1 - 9 9 .1 2 - 1 0 4 .1

3 .8 - 1 5 2 .5 - 1 5 0 .1 - 1 4 7 .2 - 1 4 5 .1 - 1 4 4 .9 - 1 4 6 .8

3 .9 - 1 6 7 .0 - 1 6 7 .0 - 1 6 7 .0 - 1 6 7 .2 - 1 6 7 .4 - 1 6 7 .1

4 - 1 6 9 .6 - 1 7 1 .0 - 1 7 2 .8 - 1 7 4 .2 - 1 7 4 .3 - 1 7 2 .8

4 .1 - 1 6 4 .8 - 1 6 7 .0 - 1 6 9 .7 - 1 7 1 .6 - 1 7 1 .8 - 1 6 9 .4

4 .2 - 1 5 5 .6 - 1 5 8 .1 - 1 6 1 .2 - 1 6 3 .4 - 1 6 3 .4 - 1 6 0 .6

4 .3 - 1 4 4 .2 - 1 4 6 .7 - 1 4 9 .8 - 1 5 1 .9 - 1 5 1 .8 - 1 4 8 .8
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Table 5-1: (continued).

R /A p = 3 0 °
0=70°

OOoo 90° 100° 110° 120° 130°
3.5 63.39 20.36 -22.34 -57.68 -82.33 -95.99 -100.3
3.6 -47.51 -72.25 -96.51 -116.4 -130.3 -137.8 -139.9
3.7 -114.0 -126.3 -138.2 -147.9 -154.5 -158.0 -158.7
3.8 -150.3 -154.4 -158.2 -161.2 -163.1 -164.0 -164.0
3.9 -166.4 -165.3 -164.0 -162.9 -161.8 -161.2 -160.8
4 -169.6 -165.4 -161.1 -157.3 -154.6 -153.0 -152.4

4.1 -164.8 -158.8 -152.7 -147.6 -144.0 -142.0 -141.4
4.2 -155.2 -148.4 -141.7 -135.9 -131.9 -129.8 -129.2
4.3 -143.2 -136.2 -129.2 -123.4 -119.4 -117.3 -116.7

II t—* o o 150° 160° 170° 180°
3.5 -98.00 -92.15 -85.63 -80.74
3.6 -138.2 -134.6 -130.6 -127.6
3.7 -157.6 -155.6 -153.4 -151.8
3.8 -163.4 -162.5 -161.6 -160.9
3.9 -160.6 -160.5 -160.4 -160.3
4 -152.6 -152.9 -153.4 -153.8

4.1 -141.7 -142.5 -143.3 -143.9
4.2 -129.6 -130.6 -131.6 -132.4
4.3 -117.3 -118.3 -119.5 -120.3

R /A (p= 60°oOII 10° 20° 30° 40° 50° 60°
3.5 30.87 35.70 40.91 43.57 41.64 34.61
3.6 -64.04 -59.72 -54.37 -50.06 -48.41 -50.11
3.7 -121.1 -117.3 -112.0 -106.9 -103.0 -101.4
3.8 -152.2 -148.8 -143.8 -138.3 -133.3 -129.6
3.9 -165.9 -162.8 -158.2 -152.7 -147.1 -142.3
4 -168.1 -165.4 -161.2 -155.9 -150.2 -144.9

4.1 -163.2 -160.8 -157.0 -152.0 -146.4 -141.1
4.2 -154.1 -151.9 -148.4 -143.9 -138.6 -133.4
4.3 -142.5 -140.7 -137.6 -133.4 -128.6 -123.7

oOr-'II<5> 80° 90° 100° 110° 120° 130°
3.5 23.28 9.152 -6.140 -21.18 -34.98 -46.97 -56.96
3.6 -55.07 -62.59 -71.74 -81.56 -91.22 -100.1 -108.0
3.7 -102.2 -105.3 -110.2 -116.3 -123.0 -129.6 -135.7
3.8 -127.8 -128.0 -130.1 -133.7 -138.2 -143.0 -147.8
3.9 -139.0 -137.4 -137.7 -139.5 -142.4 -146.0 -149.7
4 -140.7 -138.1 -137.3 -138.0 -139.8 -142.4 -145.3

4.1 -136.6 -133.5 -131.8 -131.7 -132.8 -134.7 -137.0
4.2 -128.9 -125.5 -123.6 -123.0 -123.6 -125.0 -126.7
4.3 -119.3 -116.0 -113.9 -113.1 -113.3 -114.3 -115.7
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Table 5-1: (continued).

R !A <p = 60°

<£> II H—* 4̂ O o 150° 160° 170° 180°
3.5 -64.98 -71.12 -75.47 -78.08
3.6 -114.5 -119.7 -123.5 -125.8
3.7 -141.0 -145.3 -148.6 -150.6
3.8 -152.1 -155.7 -158.4 -160.1
3.9 -153.2 -156.1 -158.4 -159.8
4 -148.1 -150.5 -152.3 -153.5

4.1 -139.2 -141.2 -142.8 -143.8
4.2 -128.6 -130.2 -131.5 -132.4
4.3 -117.2 -118.6 -119.7 -120.4

R / k II VO o 0

<9=0° 10° 20° 30° 40° 50° 60°
3.5 27.78 24.8 21.07 17.51 14.59 12.17
3.6 -65.58 -65.03 -63.85 -62.12 -60.20 -58.67
3.7 -121.6 -117.7 -114.8 -109.9 -105.1 -101.2
3.8 -152.1 -148.2 -142.5 -135.9 -129.5 -124.3
3.9 -165.4 -160.9 -154.4 -147.1 -140.0 -134.3
4 -167.4 -162.8 -156.2 -148.6 -141.4 -135.7

4.1 -162.5 -158.0 -151.5 -144.1 -137.2 -131.5
4.2 -153.2 -149.0 -142.9 -135.9 -129.4 -124.2
4.3 -141.7 -137.8 -132.2 -125.9 -119.9 -115.1

0=70° 80° 90° 100° 110° 120° 130°
3.5 9.699 6.4375 1.6885 -5.013 -13.87 -24.63 -36.73
3.6 -58.20 -59.36 -62.51 -67.74 -74.93 -83.69 -93.44
3.7 -98.98 -98.8 -100.8 -104.9 -110.7 -117.7 -125.5
3.8 -121.1 -120.1 -121.3 -124.4 -129.0 -134.7 -140.9
3.9 -130.6 -129.1 -129.7 -132.1 -135.8 -140.4 -145.2
4 -131.8 -130.1 -130.4 -132.2 -135.2 -138.8 -142.6

4.1 -127.7 -126.0 -126.0 -127.4 -129.7 -132.6 -135.6
4.2 -120.6 -118.8 -118.7 -119.7 -121.6 -123.9 -126.2
4.3 -111.8 -110.1 -109.8 -110.7 -112.1 -114.0 -115.8

0=  140° 150° 160° 170° 180°
3.5 -49.21 -60.88 -70.45 -76.75
3.6 -103.4 -112.5 -120.0 -124.9
3.7 -133.3 -140.4 -146.2 -150.0
3.8 -147.0 -152.5 -156.8 -159.7
3.9 -150.0 -154.1 -157.5 -159.6
4 -146.2 -149.4 -151.9 -153.4

4.1 -138.4 -140.8 -142.6 -167.1
4.2 -128.4 -130.2 -131.5 -132.4
4.3 -117.4 -118.8 -119.8 -120.4
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Table 5-2: The structures of ab initio local minima of the Xe-(H20)2 complex and 

comparison with the effective structure obtained from experimental rotational 

constants and 131Xe nuclear quadrupole coupling constants.

Minimum I Minimum II Effective 
structurea

r (O r HO/A 0.9673 0.9668 0.9724

r(O i-H r)/A 0.9673 0.9679 0.9724

Z Hi-OiHi /° 104.48 104.49 104.50

r ( 0 2 H2)/A 0.9652 0.9653 0.9724

r (0 2 H2.) /A 0.9734 0.9740 0.9724

z  h 2o 2h 2 /° 104.31 104.61 104.50

r(X r-X 2)/A 2.923 2.907 2.992

r (Xe-XO /A 3.756 3.777 3.879

r (Xe "X2) /A 3.884 3.609 3.879

Z X !0 i0 2 /° 120 119 145

Z  0 ! 0 2X2 /° 58 61 30

Z X 1O1O2 X2  /° 180 158 151

Z H 1X 1O1O2 / 0 90 77 90

Z H2X 20 20 i /° 0 3 0

Z X e0 i0 2X2 /° 0 157 331

a The water monomer was fixed at its experimental structure from Ref. 59.
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Table 5-3: Calculated counterpoise corrected binding energies (De) and zero-point 

vibrational energy corrections (AZPE) in units of kJ/mol for the ab initio local minima 

of the Xe-(H20)2 complex and comparison of van der Waals stretching frequencies (in 

cm'1) from ab initio calculations and harmonic force field analysis.

Minimum I Minimum II Harmonic force 
field analysis

De -22.24 -23.63

AZPE 10.56 10.93

D0 = De +AZPE -11.68 -12.70

H2 O-H2 O stretch 157.5 168.3 143.2

H20-Xe-H20  
symmetric stretch

45.8 56.1 38.4

H20-Xe-H20  
asymmetric stretch

47.4 47.9 38.8
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Table 5-4: Measured transition frequencies and determined spectroscopic constants for Xe-H20  isotopomers.

UbXe-H2Q lj4Xe-H2Q U2Xe-H20  1J9Xe-H2Q

J ’-J” vobs (MHz)
A /

(kHz) v0bS (MHz) ^ Vobs (MHz)
Av

(kHz) vobs (MHz) Av
(kHz)

EOoo
1-0 4076.7294 -0.06 4083.7680 -0.8 4091.0195 -1.0 4102.3064 -0.8
2-1 8152.7126 0.05 8166.7894 0.6 8181.2879 -0.5 8203.8596 0.7
3-2 12227.2029 -0.01 12248.3110 -0.2 12270.0524 1.3 12303.8994 -0.2
4-3 16356.5556 -0.5 16401.6739 0.02

B /MHz 2038.4269 (4) 2041.9468 (4) 2045.5730 (2) 2051.2166(2)
Dj/kHz 31.10(2) 31.20(2) 31.358(9) 31.479(9)
<r/kHzb 0.04 0.6 0.9 0.5

Eloi
1-0 3997.6954 0.2 4004.4375 -2.2 4011.3860 -0.8 4022.2011 -0.3
2-1 7994.8759 -1.4 8008.3659 0.2 8022.2580 -0.7 8043.8850 -0.6
3-2 11991.0344 1.4 12011.2659 1.4 12032.1023 1.4 12064.5365 0.9
4-3 15985.6487 -0.4 16012.6218 -0.6 16040.3978 -0.5 16083.6340 -0.3

B /MHz 1998.8904 (2) 2002.2626 (2) 2005.7363 (2) 2011.1438(2)
Dj/kHz 21.382(9) 21.402(9) 21.454(9) 21.547(9)
cr/kHz 1.0 1.3 0.9 0.6

A  V  Vobs K :a l-

b Standard deviation of the fit.



Table 5-5: Measured transition frequencies and determined spectroscopic constants of

131Xe-H20.

J ’-J” F ’-F ”

EOoo E l o i

Vobs (MHz) Av
(kHz)a vobs (MHz) Av

(kHz)
1-0 1.5-1.5 4094.6347 0.9 4014.5704 -0.9

2.5-1.5 4094.7445 -0.6 4015.0244 -0.3
0.5-1.5 4094.8347 0.6 4015.3863 -1.2

2-1 1.5-0.5 8188.5777 -3.4 8028.8982 -0.8
2.5-2.5 8188.5932 2.6 8028.9381 0.3
0.5-0.5 8029.3512 -1.2
2.5-1.5 8188.7023 0.5 8029.3924 1.1
3.5-2.5 8188.7023 0.5 8029.3924 1.1
1.5-1.5 8188.7810 -0.3 8029.7144 -0.8
0.5-1.5 8188.8924 -0.2

3-2 2.5-1.5 12281.1340 1.1 12042.6495 0.6
1.5-0.5 12281.1340 1.1 12042.6495 0.6
3.5-2.5 12281.1595 -0.9 12042.7626 1.5
4.5-3.5 12281.1595 -0.9 12042.7626 1.5
2.5-2.5 12042.9740 1.2

4-3 4.5-3.5 16054.5924 -1.2
5.5-4.5 16054.5924 -1.2

B /MHz 2047.4242(2) 2007.5100(2)
A /kH z 31.39(1) 21.484(7)

; U ,31Xe)/MHz -0.445(1) -1.814(2)
cr/kHzb 1.5 1.0

A v  V0b s— Vcai.L
Standard deviation of the fit.
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Table 5-6: Measured transition frequencies and determined spectroscopic constants for Xe-H2180  isotopomers.

J ’-J"

1-0
2-1
3-2
4-3

UbXe-H21150 U4Xe- H2180 T 3 !Xe- H2lbO 17T-Xe- H2180
Vobs

(MHz)
Ava

(kHz)
Vobs

(MHz)
Av

(kHz)
Vobs

(MHz)
Av

(kHz)
Vobs

(MHz)

7437.7763 0.0
3726.2559
7451.8756

EOoo
0.3

- 0.2
3733.5192
7466.3985

0.8
-0.3

3744.8255
7489.0073

Av
(kHz)

0.8
-0.3

11155.0822 0.0 11176.2252 0.05 11198.0026 -0.2 11231.9066 -0.3
14927.6926 0.1 14972.8808 0.1

B iMHz 1859.6550(5)
Dj/kHz 26.37(3)
<r/kHzb 0.0

1863.1808(4)
26.48(2)

0.2

1866.8124(2)
26.589(9)

0.4

1872.4658(2)
26.742(9)

0.4

1-0
2-1
3-2
4-3

3654.2615
7308.0688
10960.9739
14612.5257

1.2
- 0.2
-0.7
0.3

3661.0419
7321.6357
10981.3224
14639.6512

E l o i
- 1.8
0.6
0.6
-0.3

3668.0320
7335.6097
11002.2797
14667.5857

- 0.1
-0.3
0.4

- 0.1

3678.9110
7357.3625
11034.9027
14711.0727

1.1
- 0.6
- 0.2
0.1

B /MHz 
Dj/kHz 
cr /kHz

1827.1678(2)
18.815(9)

0.7
A v  V 0bs Veal-

b Standard deviation of the fit.

1830.5596(2)
18.847(9)

1.0

1834.0539(2)
18.928(9)

0.3

1839.4930(2)
19.029(9)

0.6

u>



Table 5-7: Measured transition frequencies and determined spectroscopic constants of

131Xe-H2180.

j ’- r  f '-f "

EOoo Eloi

Vobs (MHz) Av
(kHz)a Vobs (MHz) Av

(kHz)ir>tin<No1 3671.6889 -1.4
2-1 1.5-0.5 7473.6979 -3.5 7342.2922 1.8

2.5-2.5 7473.7146 3.5 7342.3279 -1.4
2.5-1.5 7473.8243 0.5 7342.7831 -0.5
3.5-2.5 7473.8243 0.5 7342.7831 -0.5
1.5-1.5 7473.9039 -0.5 7343.1093 1.2

3-2 2.5-1.5 11012.8908 0.4
1.5-0.5 11012.8908 0.4
3.5-2.5 11209.1294 0.0 11013.0022 -0.7
4.5-3.5 11209.1294 0.0 11013.0022 -0.7

B l MHz 1868.6665(3) 1835.8376(2)
Dj/kHz 26.62(2) 18.93(2)

j aa(131Xe)/MHz -0.451(3) -1.817(3)
cr lkHzb 2.2 1.2

A v  Vobs Veal- 
b Standard deviation of the fit.
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Table 5-8: Measured transition frequencies and determined spectroscopic constants of

Xe-H2170  isotopomers.

_________ EOoo___________________ E 1 qi__________

J ’-J" F ’-F" vob,(MHz) (1̂ )t ^ (M H z )  ^

Xe-H2lvO 2-1 2.5-1.5 7659.7039 -2.3
3.5-3.5 7659.8755 2.0
2.5-3.5 7660.0871 4.4
1.5-1.5 7660.3029 -0.9
4.5-3.5 7804.4223 0.3 7660.6762 -4.1
3.5-2.5 7804.4449 -0.6 7660.7506 -1.4
0.5-1.5 7804.4751 0.2 7660.8423 0.6
2.5-2.5 7804.5141 0.02 7660.9609 -0.4
1.5-2.5 7661.5610 2.1

B iMHz 1950.8663(3) 1914.9861(1)
A /kH zb 28.974 20.191

Zaa(17 0 )/M H Z -1.372(20) -4.1837(33)
cr/kHz0 0.4 2.4

l29Xe-H2170  2-1 1.5-1.5 7681.9989 1.7
4.5-3.5 7827.0133 -0.5 7682.3697 -1.7
3.5-2.5 7827.0361 -0.7 7682.4397 -3.0
0.5-1.5 7827.0679 2.4
2.5-2.S 7827.1027 -1.2 7682.6536 3.0

B IMHz 1956.5134(3) 1920.4083(1)
A  /kHz 29.111 20.288

XaaCO) /MHz -1.342(20) -4.157(9)
cr/kHz 1.4 2.4

A v  V obs-  Vfcai.

A  constants are fixed at the average value of corresponding constants for Xe-H2 O 
and Xe-H2180  isotopomers.
0 Standard deviation of the fit.
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Table 5-9: Measured transition frequencies and determined spectroscopic constants of

Xe-D2 0  istopomers.

J ’-J"

EOoo Eloi
I ’F ’-
I"F” vobs(MHz) A v

(kHz)8
I ’F ’-
I ”F ” i>obs(MHz) A v

(kHz)
1J6Xe-D20  1-0 23-22 3719.0434 -4.5

01-00 3719.0647 -4.0
01-22 3719.0647 -4.0
22-22 3719.0647 -6.3

2-1 21-22 7437.5083 1.0 12-12 7304.9191 3.2
02-01 7437.5083 2.7 11-10 7304.9191 -0.4
23-22 7437.5336 -1.3 12-11 7304.9362 -0.9
24-23 7437.5336 -2.4 13-12 7304.9362 -2.5
22-22 7437.5461 3.5 11-11 7304.9733 0.8
22-01 7437.5461 1.2
02-21 7437.5625 7.4
23-23 7437.5625 4.4
21-21 7437.5625 3.4

3-2 03-02 11154.8863 -3.8 14-13 10956.3662 -2.3
23-22 11154.8863 -3.3 13-12 10956.3662 -1.5
25-24 11154.8863 -0.4 12-11 10956.3662 2.1
24-23 11154.8863 0.3

4-3 23-22 14870.5350 -2.5 15-14 14606.5524 -0.7
22-21 14870.5350 -1.4 14-13 14606.5524 -0.2
04-03 14870.5350 0.05 13-12 14606.5524 1.4
24-23 14870.5350 0.2
26-25 14870.5350 1.6
25-24 14870.5350 2.0

B /MHz 1859.5738(2) 1826.3727(2)
Dj /kHz 23.658(7) 17.301(8)

Xaa(P) /M Hz 0.0515(12) 0.0707(18)
cr /kHzb 3.2 1.1

134Xe-D20  1-0 23-22 3726.0890 0.7
2-1 21-22 7451.5861 0.2 12-12 7318.4611 2.0

02-01 7451.5861 1.9 11-10 7318.4611 -1.4
23-22 7451.6116 - 1.8 12-11 7318.4793 -0.2
24-23 7451.6116 -2.9 13-12 7318.4793 -1.7
22-22 7451.6236 2.5 11-11 7318.5137 0.2
22-01 7451.6236 0.2
02-21 7451.6370 3.5
23-23 7451.6370 0.5
21-21 7451.6370 1 O L*
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Table 5-9: (continued).

j ’- r

EOoo Eloi
, I ’F ’- 

I ”F ” v0bs(MHz) Av
(kHz)3

F F ’-
r F » J'obs(MHz) A v

(kHz)
IJ4Xe-D20  3-2 03-02 11175.9982 -3.9 14-13 10976.6762 - 1.1

23-22 11175.9982 -3.4 13-12 10976.6762 -0.3
25-24 11175.9982 -0.5 12-11 10976.6762 3.1
24-23 11175.9982 0.2

4-3 23-22 14898.6743 -1.8 15-14 14633.6218 - 1.0
22-21 14898.6743 -0.7 14-13 14633.6218 -0.5
04-03 14898.6743 0.7 13-12 14633.6218 1.0
24-23 14898.6743 0.8
26-25 14898.6743 2.3
25-24 14898.6743 2.6

B /M Hz 1863.0942(2) 1829.7589(2)
Dj /kHz 23.753(7) 17.379(8)

% JP )/M H z 0.0513(14) 0.0680(18)
cr/kHz 1.4 0.5

l32Xe-D20  1-0 23-22 3733.3397 -0.0 12-11 3666.4242 -2.2
01-00 3733.3611 0.6 10-11 3666.4597 0.7
01-22 3733.3611 0.6
22-22 3733.3611 -1.7

2-1 21-22 7466.0872 0.9 12-12 7332.4092 3.6
02-01 7466.0872 2.6 11-10 7332.4092 -0.05
23-22 7466.1114 -2.4 12-11 7332.4271 -0.3
24-23 7466.1114 -3.5 13-12 7332.4271 -1.9
22-22 7466.1234 1.9 1 1 - 1 1 7332.4642 0.5
22-01 7466.1234 -0.4
02-21 7466.1385 4.6
23-23 7466.1385 1.6
21-21 7466.1385 0.6

3-2 03-02 11197.7424 -4.0 14-13 10997.5946 -2.1
23-22 11197.7424 -3.5 13-12 10997.5946 -1.3
25-24 11197.7424 -0.6 12-11 10997.5946 2.4
24-23 11197.7424 0.06

4-3 23-22 14927.6548 -1.9 15-14 14661.5097 -0.9
22-21 14927.6548 -0.8 14-13 14661.5097 -0.3
04-03 14927.6548 0.7 13-12 14661.5097 1.2
24-23 14927.6548 0.8
26-25 14927.6548 2.2
25-24 14927.6548 2.6
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Table 5-9: (continued).

1 7 7

J ’-
J ”

I F ’-
I ”F ”

DOqq

VobS( M H z )

El 01

Av
(kHz)a

I F ’-
F F ” ^ o b s (M H z )

A v
(kHz)

Xe-DzO

129Xe-D20

B /MHz 
D, /kHz 

Zaa(D) /MHz

1866.7201(2)
23.857(7)

0.0513(12)

1833.2462(2)
17.421(8)

0.0726(14)
a-/kHz 1.7 1.2

1-0 23-22 3744.6274 -0.9 12-11 3677.2840 0.8
01-00 3744.6491 0.07
01-22 3744.6491 0.07
22-22 3744.6491 -2.2

2-1 21-22 7488.6605 0.6 12-12 7354.1199 2.2
02-01 7488.6605 2.3 11-10 7354.1199 -1.3
23-22 7488.6853 -2.1 12-11 7354.1385 -0.7
24-23 7488.6853 -3.1 13-12 7354.1385 -2.2
22-22 7488.6971 2.1 11-11 7354.1752 0.2
22-01 7488.6971 -0.2
02-21 7488.7119 4.5
23-23 7488.7119 1.5
21-21 7488.7119 0.5

3-2 03-02 11231.5947 -3.2 14-13 11030.1580 -1.5
23-22 11231.5947 -2.6 13-12 11030.1580 -0.6
25-24 11231.5947 0.3 12-11 11030.1580 3.0
24-23 11231.5947 0.9

4-3 23-22 14972.7733 -2.2 15-14 14704.9175 -0.9
22-21 14972.7733 -1.1 14-13 14704.9175 -0.4
04-03 14972.7733 0.3 13-12 14704.9175 1.2
24-23 14972.7733 0.4
26-25 14972.7733 1.9
25-24 14972.7733 2.3

B  /MHz 
D j/kHz 

ZtUP) /MHz 
a  /kHz

A v  V0bs Vcai.

b Standard deviation of the fit.

1872.3647(2)
24.006(7)

0.0513(12)
1.5

1838.6748(2)
17.502(8)

0.0717(18)
0.7
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Table 5-10: Measured transition frequencies and determined spectroscopic constants of 131Xe-D20.

£ 0,'oo El 01

J ’- J ” F \ ’, r , F ’ - F x ' \ r \ F ” vobs(MHz) Ava
(kHz) F\ ’, / ’, F ’ - F \ ”, / ”, F ” v0bs(MHz) Av

(kHz)
1-0 1.5,2, 2.5-1.5, 2,2.5 3736.74170 -0.4

2.5,2, 4.5-1.5, 2,3.5 3737.11010 -2.5
0.5,2, 2.5-1.5, 2, 3.5 3737.40910 -2.6

2-1 1.5,2, 3.5-0.5, 2,2.5 7473.15690 0.4 3 .5 ,1 ,2 .5 -2 .5 ,1 ,1 .5 7339.6039 0.01
0.5,2,2.5 - 0.5, 2,2.5 7473.51890 -0.6 3.5,1, 4.5 - 2.5, 1,3.5 7339.6039 -0.01
3.5, 0, 3.5 - 2.5, 0, 2.5 7473.55110 -1.5
3.5,2, 5.5 - 2.5, 2,4.5 7473.55110 1.8
1.5, 0 ,1 .5-1 .5 , 2, 1.5 7473.79180 1.0
1.5,2,2.5-1.5, 2, 3.5 7473.81030 3.9

3-2 4.5, 2,6.5 - 3.5, 2, 5.5 11208.86400 -0.6 3 .5 ,1 ,4 .5 -2 .5 , 1,3.5 11008.3054 -0.7
4.5,0,4.5 - 3.5, 0, 3.5 11208.86400 -0.3 4.5, 1 ,5 .5-3 .5 , 1,4.5 11008.3054 0.7

4-3 5.5, 2,6.5 - 4.5, 2, 5.5 14942.46730 -0.3 4.5,1,5.5 -3.5, 1,4.5 14675.7679 -0.3
5.5, 0, 5.5 - 4.5, 0,4.5 14942.46730 -0.1 5 .5 ,1 ,6 .5 -4 .5 ,1 ,5 .5 14675.7679 0.3

B !MHz 1868.5714(2) 1835.0250(9)
Dj /kHz 23.883(7) 17.40(2)

^ ( 13,Xe) /MHz -1.449(2) -2.76(15)
J 0fl(D) /MHz 0.0689(31) 0.0726(fixed)

cr/kHzb 1.7 0.0
aAv = V o b s -  Veal- 

b Standard deviation of the fit.
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Table 5-11: Measured transition frequencies and determined spectroscopic constants o f Xe-HDO isotopomers (EO oo state).
------------- 134v~ tt™  ............... ttt\ a ------------------------------- T55;T35Xe-HDO Xe-HDO Xe-HDO Xe-HDO

J ’-J” F ’-F” Vobs
(MHz)

Ava
(kHz)

V obs
(MHz)

Av
(kHz)

V0bs
(MHz)

Av
(kHz)

Vobs
(MHz)

Av
(kHz)

1-0 2-1
1-1

3906.9467
3906.9633

-2.1
0.6

3918.2476 -0.9

2-1 1-1 7784.6142 1.4 7798.7072 1.6 7813.2198 1.7 7835.8153 1.7
2-1 7784.6324 -3.3 7798.7256 -3.3 7813.2393 -2.0 7835.8340 -3.0
3-2 7784.6324 -2.3 7798.7256 -2.3 7813.2393 -1.0 7835.8340 -2.0
1-0 7784.6509 3.8 7798.7445 4.0 7813.2563 3.4 7835.8527 4.0
2-2 7784.6509 1.5 7798.7445 1.6 7813.2563 1.1 7835.8527 1.7

3-2 2-1 11675.3124 -3.2 11696.4454 -3.5 11718.2086 -3.5 11752.0924 -3.5
3-2 11675.3124 -0.9 11696.4454 -1.1 11718.2086 -1.1 11752.0924 -1.1
4-3 11675.3124 -0.4 11696.4454 -0.6 11718.2086 -0.6 11752.0924 -0.6

4-3 3-2 15564.0234 -0.3 15592.1887 -0.2 15621.1962 -0.3 15666.3564 -0.3
4-3 15564.0234 0.7 15592.1887 0.8 15621.1962 0.7 15666.3564 0.7
5-4 15564.0234 1.0 15592.1887 1.1 15621.1962 1.0 15666.3564 1.0

B /MHz 
Dj/kHz 

Xaa(D) /MHz 
<j/kHzb

1946.3776 (2) 
27.337(8) 

0.0459(18) 
2.0

1949.9018 (2) 
27.447(8) 

0.0465(18) 
2.1

1953.5306 (2) 
27.537(7) 

0.0464(16) 
1.6

1959.1808 (2) 
27.699(8) 

0.0467(18) 
1.9

A v  V 0bs V ca].

b Standard deviation of the fit.
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Table 5-12: Measured transition frequencies and spectroscopic constants of 131Xe-

HDO (EOoo state).

J ’-J" FX’, F ’ - F X”, F" Vobs(MHz) A va
(kHz)

1-0 2.5 ,1 .5  -1 .5 , 0.5 3910.7004 -0.3
0 .5 ,1 .5 -1 .5 , 2.5 3910.9081 -0.4

2-1

o1<N 7820.4020 -0.3
2.5, 3.5 - 2.5, 3.5 7820.4257 -0.07
2.5, 3 .5 -1 .5 , 2.5 7820.6739 2.3
3.5, 4.5 - 2.5, 3.5 7820.6739 0.2

3-2 3 .5 ,4 .5 -2 .5 , 3.5 11729.3355 -0.05
4.5, 5.5 - 3.5, 4.5 11729.3355 -0.9

4-3 4.5, 5.5 - 3.5, 4.5 15636.0180 0.3
5.5, 6 .5 -4 .5 , 5.5 15636.0180 -0.1

5 /M H z 1955.3840(2)
D j/kH z 27.582(8)

; U 131X e)/M H z -1.000(2)
Xaa{D) /MHZ 0.049(7)

<r/kHzb 0.5

aAv = V o b s -  Veal.

b Standard deviation of the fit.
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Table 5-13: Measured transition frequencies of the 132Xe-(H20)2 and 129Xe-(H20)2

isotopomers.

'^Xe-(H20 )2 ,2yXe-(H20 )2

J  Ka 'Kc '~ J '  Ka ’’Kc
Vobs

(MHz)
A va

(kHz)
Vobs

(MHz)
Av

(kHz)
2 o2 ~ loi 5 0 5 2 . 8 3 5 3 - 0 . 2 5 0 7 5 . 5 6 8 0 - 0 . 9

2 l 2 -  111 4 8 0 5 . 4 0 8 9 - 0 . 9 4 8 2 6 . 0 2 8 8 3 . 0

2 n  — 1 1 0 5 3 1 9 . 6 8 9 8 0 . 2 5 3 4 4 . 9 1 8 2 - 0 . 3

3o3 -  2o2 7 5 5 4 . 2 6 2 4 0 . 5 7 5 8 7 . 8 8 7 0 - 0 . 7

3 i 3  — 2 i 2 7 2 0 1 . 7 7 8 3 - 3 . 6 7 2 3 2 . 5 8 6 7 - 1 . 2

3 i 2  — 2 n 7 9 7 2 . 8 3 5 8 2 . 5 8 0 1 0 . 5 5 1 5 1 . 1

4o4 - 3o3 1 0 0 2 6 . 2 8 2 7 1 . 5 1 0 0 7 0 . 2 5 4 2 1 . 1

4 l 4 -  3 i 3 9 5 9 0 . 8 8 6 8 - 0 . 8 9 6 3 1 . 7 4 8 9 - 2 . 6

4 i 3  — 3 i 2 1 0 6 1 7 . 6 0 3 6 - 0 . 9 1 0 6 6 7 . 6 4 8 7 0 . 0

I n  -  O oo 7 4 0 4 . 6 2 2 3 2 . 4 7 4 0 9 . 2 4 0 6 2 . 0

2 l 2 -  l o i 9 6 7 8 . 5 9 3 1 0 . 3 9 6 9 2 . 3 6 6 6 1 . 6

3 l 3 - 2 o 2 1 1 8 2 7 . 5 3 9 1 - 0 . 1 1 1 8 4 9 . 3 8 3 6 - 0 . 5

4 l 4 -  3 o3 1 3 8 6 4 . 1 6 5 0 0 . 2 1 3 8 9 3 . 2 4 5 8 - 2 . 1

5 l 5 - 4 o 4 1 5 8 0 8 . 7 2 8 2 0 . 1 1 5 8 4 4 . 6 0 2 0 1 . 8

1 1 0 — loi 5 1 3 0 . 3 4 9 2 0 . 2 5 1 2 5 . 8 1 1 5 - 0 . 5

2 n  — 2 q2 5 3 9 7 . 2 0 2 4 - 0 . 6 5 3 9 5 . 1 5 9 1 - 2 . 6

u> to 1 U) o 5 8 1 5 . 7 7 1 9 - 2 . 5 5 8 1 7 . 8 2 4 6 0 . 2

2 2 0 — 2 n 1 4 6 2 8 . 8 9 2 7 - 2 . 7 1 4 6 0 8 . 5 5 1 8 - 1 . 2

2 2 1  — 2 i 2 1 5 3 9 0 . 4 4 2 7 0 . 4 1 5 3 7 6 . 8 3 2 4 1 . 1

3 2 1  — 3 i 2 1 4 2 8 8 . 1 9 8 7 1 . 4 1 4 2 6 5 . 2 6 7 0 0 . 1

3 2 2  — 3 i 3 1 5 7 8 1 . 3 0 5 8 0 . 9

a A V =  V o b s -  Veal.
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Table 5-14: Spectroscopic constants of the 132Xe-(H20)2,131Xe-(H20)2, and 129Xe-

(HaO)2 isotopomers.

l^Xe-(H2Q)2 liiXe-(H2Q)2a l29Xe-(H2~0)^ 
Rotational Constants /MHz

A 6267.5930 (6) 6267.6063 (5) 6267.6342 (7)
B 1394.3165(2) 1396.5752 (4) 1401.2012(2)
C 1137.1418(1) 1137.6434(1) 1141.7196 (1)

Centrifugal Distortion Constants /kHz
A 5.320 (5) 5.33 (1) 5.374 (5)
A k 49.15 (4) 49.25 (9) 49.37 (7)
Ac -0.45 (12) 0.0 -0.61 (12)
di -1.088(4) -1.095 (8) -1.100(4)
d2 -0.249 (7) 0.0 -0.283 (15)

Xe Quadrupole Coupling Constants /MHz
Xaa 2.108 (2)
Xbb -1.300(3)
Xcc -0.808 (3)
\Xab\ 8.446(29)

Standard Deviation /kHz
<T 1.5 2.5 1.5

3 D k ,  d2, and 7 / j k  were fixed at 0 . 0  for the Xe-(H20 )2 isotopomer.
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Table 5-15: Measured transition frequencies of the 131Xe-(H20)2 isotopomer.

J  ’ Ka 'Kc ’ — J ”Ka "Kc " F ’-F " vobs (MHz) Av(kHz)a Xab contribution (kHz)
2o2 - loi 1 .5 -  1.5 5059.8171 -2.4 -52.8

3 .5 -2 .5 5060.2522 2.3 0.0
303 - 2o2 4 .5 -3 .5 7565.2745 2.6 0.0

3 .5 -2 .5 7565.2944 -4.5 32.5
2 .5 -1 .5 7565.4529 0.1 54.4

3l3 -  2l2 4 .5 -3 .5 7211.8371 0.7 0.0
3i2 — 2n 4.5 -  3.5 7985.1497 1.1 0.5
I n  - Ooo 1 .5 -1 .5 7405.8708 -4.4 0.9

2 .5 -1 .5 7406.2045 5.2 0.0
0 .5 -1 .5 7406.4589 -1.6 1.3

2 l2 - loi 1 .5 -1 .5 9682.6897 0.0 1.3
2 .5 -1 .5 9682.8336 0.2 0.5
3 .5 -2 .5 9683.1629 5.2 0.0
2 .5 -2 .5 9683.3615 1.5 0.3
0 .5 -0 .5 9683.4335 -2.5 1.0
1 .5 -0 .5 9683.6375 -1.0 1.5

313 - 2 o2 2 .5 -2 .5 11834.4298 -0.5 31.7
3 .5 -2 .5 11834.5839 - 1.1 31.3
4 .5 -3 .5 11834.7451 -0.7 0.0
2 .5 -1 .5 11834.8259 -0.1 53.8
1 .5 -0 .5 11835.0266 -2.3 65.9

4l4 -  3o3 4 .5 -3 .5 13873.6102 2.2 -1.3
5 .5 -4 .5 13873.7444 1.0 0.0
2 .5 -1 .5 13873.8459 -2.3 -2.4

110 - lo i 2 .5 -1 .5 5128.5067 -4.0 31.8
0 .5 -1 .5 5128.7088 1.8 66.6
1 .5 -2 .5 5128.8611 3.7 53.7
2 .5 -2 .5 5129.0382 0.9 31.4
1 .5 -0 .5 5129.2792 -0.5 54.4

K> 1 o 3 .5 -2 .5 5396.0922 -4.1 30.2
1 .5 -2 .5 5396.1904 2.1 29.5
0 .5 -1 .5 5396.2622 1.1 53.4
2 .5 -2 .5 5396.4230 1.3 30.8
3 .5 -3 .5 5396.5845 -3.8 -1.0
2 .5 -3 .5 5396.9155 1.7 -0.4

220 - 2 n 2 .5 -2 .5 14621.6166 2.5 1.1
3 .5 -3 .5 14622.4600 -2.6 -0.5

A v  Vobs Vca].
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Table 5-16: Van der Waals bond lengths, stretching frequencies, and force constants of

Xe-HaO isotopomers.

SOpo state
,JbXe-H20 Xe-H20 Xe-H20 1JiXe-H20 12yXe-H20

*(A) 3.9484 3.9484 3.9485 3.9485 3.9486
vs (cm'1! 

ks (N m )
34.82 34.85 34.85 34.88 34.93
1.136 1.136 1.134 1.135 1.136

1JbXe-H2l80 IJ4Xe-H2180 u2Xe-H2180 1J1Xe-H2180 12yXe-H2l80
R (A) 3.9468 3.9469 3.9469 3.9470 3.9470

vs (cm'1! 
ks (N m")

32.95 32.97 33.00 33.03 33.05
1.116 1.115 1.115 1.116 1.115

lXSXe-H2lvO 12yXe-H2lvO
R(  A) 3.9481 3.9482

lJbXe-D20 1J4Xe-D20 1J2Xe-D20 ulXe-D20 12yXe-D20
R (k ) 3.9462 3.9463 3.9463 3.9463 3.9464

vs (cm'1! 
ks (N m ')

34.78 34.81 34.84 34.87 34.88
1.244 1.244 1.243 1.244 1.243

1JbXe-HDO ,j4Xe-HDO u2Xe-HDO ulXe-HDO lWXe-HDO
R (  A) 3.9452 3.9452 3.9453 3.9453 3.9453

vs (cm'1! 
f e ( N m ' )

34.65 34.67 34.71 34.73 34.76
1.180 1.179 1.180 1.180 1.180

SI 01 state
1JbXe-H20 134Xe-H20 U2Xe-H20 131Xe-H20 12yXe-H20

R (A) 3.9873 3.9874 3.9875 3.9876 3.9877
vs (cm'1! 

ks (N m*)
40.77 40.85 40.91 40.94 40.99
1.558 1.561 1.563 1.563 1.564

UbXe-H2180 lj4Xe-H2iyO 132Xe-H2180 lJ1Xe-H2180 12yXe-H2180
R (A) 3.9818 3.9819 3.9820 3.9821 3.9822

vs (cm'1! 
ks (N m '1)

37.99 38.06 38.09 38.14 38.15
1.483 1.486 1.485 1.488 1.486

li2Xe-H2l70 12yXe-H2170
R (  A) 3.9849 3.9851

ubXe-D20 l34Xe-D20 U2Xe-D20 1J1Xe-D20 12yXe-D20
R (A) 3.9819 3.9820 3.9822 3.9823 3.9824

H (cm'1) 
f e (N m ' )

39.59 39.61 39.67 39.76 39.76
1.611 1.610 1.612 1.617 1.614

165

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Table 5-17: Comparison of ab initio and experimental values of derived parameters for

132Xe-H20.

R (  A) vs (cm'1) ks (N m '1)
experimental SOoo state 3.9485 34.85 1.134

values Sloi state 3.9875 40.91 1.563
Global minimum 
(0=60°,  q> = 0°) 
1st order saddle

4.0647 43.27 1.748

point 4.0251 38.36 1.374

ab initio 
values

(6 = 0°, <p= 0°)
1st order saddle

point 
(0  = 180°, (p = Q°) 

2nd order saddle

3.8988 37.28 1.297

point 4.0235 32.67 0.997
(0=  80°, <p = 90°)
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Table 5-18: Vibrational frequencies and force constants of Xe-(H20)2 from a harmonic 

force field analysis.3

Vibrational force constants Vibrational frequencies

F n =  10.76 (7) N m '1 v\ = 143.2 cm'1

F22 = 1-489 (4) N m '1 V2 - 38.5 cm"1

F 33= 1.508 (4 )N m '1 Vi = 38.8 cm"1

3 All off-diagonal force constants were fixed at zero during the fit.

Table 5-19: Comparison of calculated quartic centrifugal distortion constants of Xe- 

(H2 0 ) 2  from harmonic force field analysis with experimental values.3

132Xe-(H20 )2 131Xe-(H20 )2 129Xe-(H20 )2

exp. calc. exp. calc. exp. calc.

A 5 . 3 2 0 5 .3 1 3 5 . 3 2 8 5 . 3 2 7 5 . 3 7 4 5 . 3 5 5

A k 4 9 . 1 5 4 9 . 0 9 4 9 . 2 5 4 9 . 2 3 4 9 . 3 7 4 9 . 5 2

A c - 0 . 4 5 - 0 .3 1 - 0 .6 1 - 0 . 7 8

dx - 1 . 0 8 8 - 1 . 1 1 5 - 1 . 0 9 5 - 1 . 1 2 0 - 1 . 1 0 0 - 1 . 1 3 0

d2 - 0 . 2 4 9 - 0 . 2 3 7 - 0 . 2 8 3 - 0 .2 4 1

3 All constants are in kHz.
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CHAPTER 6 Spectroscopic Studies of the Xe-NH3 and 

Ne-Xe-NH3 van der Waals Complexes

6.1 Introduction

129Xe nuclear magnetic resonance (NMR) experiments have two main 

applications in protein studies, namely mapping the hydrophobic cavities in proteins' 

and using Xe as a biosensor to identify ligand-protein binding processes. 2 These 

studies require detailed knowledge about Xe-protein interactions. ' 5 A first step to study 

these interactions is to construct the interaction potentials of Xe with each functional 

group in a protein, for example, a Xe-amine potential. The construction of such a 

potential is a complicated process because of the large number of intermolecular 

degrees of freedom in the Xe-amine system. Therefore, I choose the Xe-NKb system as 

a first step. The study of the Xe-NFb interactions may shed light on the Xe-amine 

interactions because weak interactions of both amine and NH3 are largely determined 

by the key atom, N, whose electronegativity will contribute to the formation of 

hydrogen bonds.

Previous studies of NH3 containing van der Waals dimers reveal that N H 3 can 

solely acts as a hydrogen acceptor in binary complexes. 4 ,5 ,6 ,7  This is distinct to the case 

of H2 O which can act as both the hydrogen donor and acceptor. Several empirical and 

ab initio interaction potentials o f Rg-NH3 (Rg = Ne, Ar, and Kr) 8 ’9 ,1 0 ’1 1 ,1 2 ,1 3  show that
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Figure 6-1: Molecule fixed axes frame for the Xe-NH3 complex. The origin of the 

coordinate system is at the center-of-mass of NH3 . The C3 axis o f NH3 is chosen as the 

z-axis. One H atom is in the xz-plane. The position of the Xe atom is described by 

spherical coordinates (R, 6, (p). R is the distance between Xe and the origin. 9 is the 

angle between the R vector and the z-axis with 0= 0°  along the axis in the direction of 

the H atoms, (p is the angle for the NH3 out-of-plane rotation about its C3 axis. q>= 0° 

corresponds to the geometry with Xe in the mirror plane of NH3 and approaching a H 

atom.
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all these three complexes have global minima at a geometry with the rare gas atom 

sitting in a mirror plane of NH3 and approaching two H atoms. The intermolecular axis 

is perpendicular to the C3 axis of NH3 or slightly tilted to the N  end. The structure 

where the Rg atom is approaching the three H face center corresponds to a higher 

barrier to the NH3 internal rotation in the 0 coordinate (0is the angle between the C 3 

axis of the NH3 and the intermolecular axis of the complex, see Figure 6-1) compared 

to the structure with the Rg atom at the N  end. The energy difference becomes larger 

with increasing size of rare gas atom. These results suggest that the anti-hydrogen 

bonded structures are more favored in the Rg-NH3 system, which is consistent with the 

notion that NH3 only acts as a hydrogen acceptor.

Previously reported microwave and submillimeter spectra of New, Arw-NH3 (N 

= 1, 2, 3) and Kr-NH3 complexes are complicated by the internal rotation and 

inversion tunneling motion of the NH3 subunit. 8 ’14 ’1 5 ,1 6 ’1 7 ,1 8 ,1 9 ,2 0 ,2 ’ Each tunneling state 

of a complex can be correlated with free rotor energy levels of NH3 (/*), as shown in 

Figure 6-2. Subscripts ‘s’ and ‘a’ denote the symmetric and antisymmetric NH3 

inversion wavefunction, respectively. The projection of j ,  the total angular momentum 

of NH3 monomer, onto the intermolecular axis of a complex is represented by the 

quantum number K. E stands for K -  0, and II for K  =1, etc. Four states (EOo, 21 1, two 

n i l )  of Ar-NH3 , which correlate to the lowest energy ortho (/* = Oo) and para 

(jk = 11) states of the free N H 3 were observed. Only the EOo states were found for the 

other six complexes, and the EOo and 2 1 1 states were observed for the Ne-, Ar-, and 

Kr-ND3 dimers. Two inversion components were found for each state except for the 

20o states of the isotopomers containing 14NH3 and 15NH3 . The ‘s’ components of these
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states were absent because they have spin statistical weight of 0. Taking Rg-NH3 

dimers [D3h(M) molecular symmetry group] as an example, the total wavefunction of 

the system must be antisymmetric under an interchange of any two protons, i.e., must 

have Ai symmetry. The combination of the spins of three H nuclei gives eight possible 

nuclear spin functions with the representation 4Ax © 2 E . As the electronic, vibrational, 

rotational, and inversion wavefunctions of the EOos state all have A\ symmetry, no 

nuclear spin function with the correct symmetry can be combined with these 

wavefunctions to give a total wavefuction of A 2 symmetry.

The study of Ar-NH3 suggests that the presence of the rare gas atom has little 

effect on the inversion tunneling splitting in the E li state but effectively quenches the 

inversion in the n i l  states. 15 This is because the inversion motion in the E li state 

occurs perpendicularly to the van der Waals axis while it is parallel in the III  1 states, 

according to the calculated tunneling wavefunctions of Ar-NH3 . 9  The inversion 

potential along the van der Waals axis has a larger anisotropy than the one in a 

perpendicular direction to the van der Waals axis because of the presence of the rare 

gas atom . 8 The potential anisotropy will hinder the inversion motion of NH3 and lead 

to the much smaller tunneling splittings in the III  1 states.

This chapter describes the microwave and ab initio studies o f intermolecular 

interaction between Xe and NH3 . Rotational spectra of the Xe-NH3 and Xe-(NH3 ) 2  

complexes were initially searched to compare their structures and dynamics with those 

of the Xe-H2 0  and Xe-(H2 0 ) 2  complexes described in Chapter 5. Transitions within 

the EOo (ortho) and the lower III  i (para) states were measured for Xe-14NH3 and Xe-
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15NH3. For the deuterated isotopomers, only the ortho states were observed. The 

spectral search conducted for the Xe-(NH3 ) 2  complex was unsuccessful, probably due 

to its low population in the jet expansion. Instead, rotational spectra of the Ne-Xe-NH3 

complex were found. Several a- type and b- type transitions within the ground state 

were measured. This extra reward provides important information about effects on the 

Xe-NH3 interaction due to the presence of the structureless Ne atom. An ab initio 

potential energy surface (PES) for the Xe-NH3 dimer was constructed and used to 

explain the spectroscopic observations.

6.2 Ab initio potential energy calculations of the Xe-NH3 dimer

6.2.1 Computational details

Potential energies of the Xe-NH3 dimer were calculated at the CCSD(T) level 

of theory2 2 ,2 3  using the MOLPRO 2002.6 package of ab initio programs. 2 4  The aug-cc- 

pVQZ-PP basis set2 5  was used for the Xe atom and the aug-cc-pVTZ basis set2 6  for the 

N and H atoms. The basis sets were supplemented with (3s3p2d2flg) midbond 

functions, with the exponents c ,̂ = 0.94, 0.34, 0.12; 0 & off = 0.64, 0.23; ct% = 0.35.2 7

The interaction energies were calculated using the supermolecule approach, and the 

basis-set superposition error was eliminated with full counterpoise correction. 2 8  The 

geometry of Xe-NH3 is defined by a set of spherical polar coordinates (R, 0, (p), as 

shown in Figure 6-1, assuming a rigid NH3 subunit. The center-of-mass (c.m.) of the 

NH3 monomer was chosen as the origin of the coordinate system, and the NH3 unit 

was kept rigid at its equilibrium structure, with a N-H bond length of 1.012 A and an 

H-N-H angle of 106.7°.29 R is the Xe-c.m.(NH3) distance and 0 is the angle between
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the R vector and the C3 axis of the NH3 unit with 0= 0°  along the axis in the direction 

of H atoms. <p is the angle for the NH3 rotation about its C3 axis. 9 = 90°, <p= 0° 

corresponds to the geometry with Xe in a mirror plane of NH3 and approaching a H 

atom. The Xe-NH3 PES was constructed on a grid o f 570 points. R was varied from 3.6 

A to 4.5 A in steps of 0 . 1  A, 6 from 0 ° to 180° in steps of 15°, and <p from 0 ° to 60° in 

steps of 15°. The calculated interaction energies are given in Table 6-1.

6.2.2 Discussion of the ab initio potential energy surface

The calculated PES of the Xe-Nfb dimer has similar overall features as those 

of the Ne/Ar/Kr analogues. 8 ,9 ’1 0 ’1 1 ,1 2 ’13 The global minimum was found at a roughly T- 

shaped structure with Xe in a mirror plane of NH3 and approaching the center of two H 

atoms (R = 3.9 A, 0=  105°, <p = 60°, De = -196.0 cm'1). Compared to the equilibrium 

structures of the Ne-, Ar-, and Kr-NH3 complexes, this minimum has the same cp value 

but slightly different 9 orientations [Ne-NH3 : 9 = 90°;8 Ar-NFh: 9  = 90°,10 96.6°,9 

100°,11 and 105°;12 Kr-NH3: 9 = 100° (Ref. 13)]. The well o f the Xe-NH3 potential is 

deeper than those for Ne-, Ar-, and Kr-NH3 , as expected. From the minimum 

configuration, the barriers for rotation in the 0 coordinate are 61.3 cm ' 1 at 9 = 0° and 

31.6 cm ' 1 at 9  = 180°. These two configurations correspond to structures with the Xe 

atom on the C3 axis of NH3 and pointing towards and away from H atoms, 

respectively. The barrier at 9 = 0° is higher than the corresponding barriers in the Ne- 

(33.0 cm ' 1) , 8 Ar- (55.2 cm" 1) , 10 and Kr-NH3 (51.2 cm'1) complexes, 13 while that at 9 -  

180° is comparable or even lower than in the Ne (30.9 cm ' 1) , 8 Ar (38.0 cm ' 1) , 10 and Kr
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Figure 6-3: Ab initio minimum energy paths of Xe-NH3 in the 0 coordinate. Each 

curve represents a particular value of <p between 0 ° and 60°.

(35.2 cm ' 1) 13 analogues. This confirms that Rg-NH3 (Rg = Ne, Ar, Kr, Xe) complexes 

favor anti-hydrogen bonded structures, in contrast to the Xe-F^O case. This preference 

is more pronounced when NH3 is bound to a larger and more polarizable Xe atom.

Figure 6-3 shows the minimum energy path in the 0 coordinate at different (p 

values, ranging from 0° to 60°. R was varied to reach the lowest energy at each 0 and (p 

combination. The (p dependence was found to be largest between 6 = 60° and 130° and 

become smaller when close to 0° and 180°. As q> decreases, the potential well becomes 

broader and the minimum shifts to a larger 0 value. Compared with the Ne-, Ar-, and 

Kr-NH3 potentials, this shift is more pronounced in Xe-NH3 . At q> = 0°, the minimum
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of the Xe-NH3 potential occurs at 6 = 180° while those of Ne-, Ar-, and Kr-NH3 

potentials are around 110° , 8 105°,10 and 80° (Ref. 13), respectively. As a T-shaped 

structure at q> = 0° corresponds to an orientation where one H atom is coplanar with, 

and lies between, the rare gas and N atoms, the repulsive interaction in this structure 

could result in the tilting of the van der Waals axis further away from the C3 axis of 

NH3. It is not surprising that this effect is larger in the Xe-NH3 system because the 

larger Xe electron cloud leads to stronger repulsive interactions which push the van der 

Waals axis to an anti-parallel position relative to the C3 axis o f NH3 .

6.3 Spectral search, assignments, and analyses

Both the Xe-NH3 and Ne-Xe-NH3 complexes were generated using a sample 

mixture consisting of 0.5% Xe, 0.5% NH3  and Ne as backing gas. The total pressure 

was kept at about 5 atm for the Xe-NH3 study and 7 atm for Ne-Xe-NLb. Isotopomers 

containing different Xe and Ne isotopes were studied in their natural abundances 

(136Xe: 8.87%, 134Xe: 10.44%, 132Xe: 26.89%, 1 3 1Xe: 21.18%, 1 29Xe: 26.44%, 2 0 Ne: 

90.92%, 2 2Ne: 8.82%), while the 15N- and D- substituted species were studied using 

isotopically enriched 15NH3 (Cambridge Isotope Laboratories, 98% 15N) and ND3 

(Cambridge Isotope Laboratories, 99% D) samples. The partially deuterated ND2 H- 

and NDH2 - containing isotopomers were investigated using gas mixture with ND3 

sample. In this mixture, ND2H and NDH2 are present due to the fast proton exchange 

between ND3 and residual NH3 in the sample system.
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6.3.1 Xe-NEb

The tunneling states of Xe-NH3 dimer can be correlated with free rotor energy 

levels of NH3 (jk). Subscripts ‘s’ and ‘a’ represent the symmetric and antisymmetric 

NH3 inversion wavefunction, respectively. The angular anisotropy o f the Xe-NH3 

potential removes the degeneracy of each j k level, and an additional quantum number 

K  is used to describe the projection of j  onto the intermolecular axis. Z  stands for K =  0, 

and II for K  = 1, etc. Due to the low rotational temperature (1-2 K) of the molecular 

expansion in the experiment, only the lowest ortho and para spin states of Xe-NH3, 

which correlate with j k = Ooand li states of free NH3 respectively were expected to be 

observed. Relaxation between ortho and para states is a spin-forbidden process in the 

expansion. The j k = Oo ortho state has solely Z  components, with spin statistical 

weights of 0 and 4 for the ZOos (A\) and ZOoa (A2) states, respectively. Therefore, the 

EOos (A2) state is not observable. For the j k = 1 1 para state, there are one Z  and two I I  

levels (designated by niilower and niiupper, respectively), and each level is tunneling 

doubled due to the NH3 inversion. All six levels belong to the E  symmetry with a spin 

statistical weight of 2. The relative population of these levels is expected to follow 

approximately a Boltzmann distribution for temperature T of 1-2 K.

By comparison of the van der Waals distances o f Kr- , 3 0  Xe-H2 0 , and Kr- 

NH3 , 17 the Xe-NH3 distance was estimated to be 4.09 A. The J  = 2-1, ZOoa transition 

for the 1 3 2Xe-NH3 isotopomer was predicted to be 8028 MHz and was soon found at 

8105 MHz. Additional J  transitions and transitions of complexes containing the other 

four main Xe isotopes were located straightforwardly. Nuclear quadrupole hyperfine
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Figure 6-4: A spectrum of the J=  1-0 transition of the SOoa state of 1 2 9Xe-14NH3 . A 

total o f 2 0 0  averaging cycles was used to record the spectrum.

structures due to the 14N (1 = 1 )  and 131Xe (I  = 3/2) nuclei were also detected. The 

magnitude of the 14N hyperfine splittings was found to be only around 1/4 of the 

corresponding splittings in the Ne- , 8 Ar- , 14 and Kr-NH3 (Ref. 17) complexes (see 

Figure 6-4). The characteristics of the 14N and 131Xe hyperfine patterns and the 

occurrence of J =  1-0 transition confirmed the assignment to a E state. The absence of 

the ‘s’ tunneling component and the absence of Coriolis perturbations led the 

assignment of the observed transitions to the EOo» state. All measured transition
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frequencies are listed in Tables 6-2 and 6-3. Pickett’s SPFIT/SPCAT suite of 

program31 was used to determine the spectroscopic constants using a pseudodiatomic 

approach. The rotational constant B, the centrifugal distortion constants Dh Hj, and the 

14N and 131Xe nuclear quadrupole coupling constants j afl(14N) and j fl„(131Xe), 

respectively, were obtained and are given in Tables 6-2 and 6-3.
The previous Ar-NH3 study15 revealed that the 21is and 21 ia states lie 45.3 and 

22.6 GHz lower than the niis,ower and niialower states. If the internal dynamics of 

theXe-NH3 complex is similar to Ar-NH3 , the 21 1 states o f Xe-NH3 should be more 

populated than the III iIower states and be more easily observed. A wide range scan from 

6 to 9 GHz was conducted to search for the J  -  2-1 transitions within the 21 1 states. 

Two sets of transitions of similar intensity were found and both have characteristic Xe 

isotopic spacing. Their transition intensities are approximately half that o f the 

corresponding transition in the 2 0 0a state, consistent with the spin statistical weights of 

2 and 4 for states with E  and A\ symmetry, respectively. Higher J  transitions were 

located straightforwardly and the rotational spectra were found to be slightly perturbed 

by a Coriolis interaction. However, corresponding 7=1-0 transitions could not be 

found, suggesting that these two sets of transitions belong to n  states instead of 2  

states. This is supported by the 14N and 131Xe hyperfine patterns which follow those for 

a n state (see Figure 6-5). These two sets of transitions were therefore assigned to two 

inversion components of niiIower state. An even broader search was conducted for the 

211 state but without success. This might imply that the niilower state has lower energy 

than the 211 state in Xe-NH3 , as was found in the N2 - 3 2 and CO-NH3 complexes3 3 but
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Figure 6-5: The J  = 2-1 transitions of the niialower states of (a) 1 3 2Xe-14NH3 and (b) 

131Xe-15NH3 , including experimental composite spectra and simulated spectra for 2 

state (b) and n  states using a pseudodiatomic approach. The experimental spectrum (a) 

was recorded using 5 averaging cycles and (b) using 100 averaging cycles.
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different from the case of Ar-NH3 . 15 Figure 6-2 shows a proposed schematic energy 

level diagram which correlates the Xe-NH3 energy levels to those o f the free NH3 

monomer and the Ar-NFh complex. All measured frequencies of transitions assigned 

to the niilower state are listed in Tables 6-4, 6-5 and 6 -6 . The rotational and centrifugal 

distortion constants were determined using a pseudodiatomic approach and are given 

in Tables 6-4, 6-5 and 6-7. The determined centrifugal distortion constants Dj are more 

negative compared to those of the unperturbed 20oa state, presumably as a result of a 

Coriolis perturbation. The low frequency component, which is more Coriolis perturbed, 

was assigned to be the ‘s’ component because the energy gap between the n i  islower and 

2 1  is states is expected to be smaller than that for the corresponding ‘a’ states according 

to Figure 6-2. The hyperfine analyses were not straightforward, especially for the 

131Xe-14NH3 isotopomer, which contains two quadrupolar nuclei. Initially, one 

quadrupole coupling constant, %aa, for each quadrupolar nucleus was included and the 

14N and 131Xe hyperfine structures could only be poorly fit, except for the 14N 

hyperfine structures of the n i i aIower state. The inclusion of the \%bb-%cc\ constant was 

later found to be necessary in the 1 3 1Xe-15NH3 hyperfine analysis. The 131Xe constants 

of 1 3 1Xe-15NH3 and the 14N constants of 13 2Xe-14NH3 provided guidance for the 

analysis of the 1 3 1Xe-14NH3 spectra. The obtained nuclear quadrupole coupling 

constants for all isotopomers are given in Tables 6-4, 6-5, and 6-7.

The Xe-15NH3 isotopomers follow the same nuclear spin statistics as Xe-14NH3 . 

The corresponding three sets of transitions were measured and assigned to the 20oa, 

III is'ower, and niialower states, respectively. This also confirms the previous
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assignments to NH3- containing species. An example spectrum of the J - 2-1 transition 

in the niialower state o f 1 3 1Xe-15NH3 is shown in Figure 6-5(b). All measured transition 

frequencies and the determined spectroscopic constants, including the 131Xe nuclear 

quadrupole coupling constants, are given in Tables 6-3 ,6 -8 , and 6-9.

The Xe-NI>3 dimer has the same molecular symmetry as Xe-NH3 , and obeys 

Bose-Einstein statistics because o f the three equivalent deuterons w ith /=  1. This gives 

spin statistical weights of 1 0 , 1 , and 8  for the EOos(v4i symmetry), IOoa (A2 symmetry), 

and E li / n i l  (E symmetry) states, respectively. Two sets of closely spaced transitions 

were measured and assigned to the two inversion components of the EOo states. Figure 

6 - 6  shows example spectra of the J  = 2-1 transitions o f 1 3 2Xe-NE>3 . The higher 

frequency component with greater intensity was assigned to the ‘s ’ component 

according to the spin statistical weights. The nuclear quadrupole hyperfine structure 

due to the 14N and D nuclei could not be sufficiently resolved although some side 

peaks were observed. Based on the position of the side peaks, the hyperfine splittings 

were estimated to be at least one order of magnitude smaller than those in Ne- , 8  Ar- , 16 

and KJ-ND3 (Ref. 17). Smaller hyperfine splittings were also found in Xe-NHj 

compared to those of Ne-, Ar-, and Kr-NH3 . One possible reason for the smaller 

hyperfine splittings in Xe-NFb / ND3 could be that the internal dynamics of the NH3 / 

ND3 subunit have changed in going from the Ne-, Ar-, and Kr- NH3 / ND3 complexes 

to the Xe-NH3 / ND3 complexes. For example, according to the ab initio calculations, 

Xe-NH3 assumes a more anti-hydrogen bonded configuration than the Ne/Ar/Kr 

analogues, which could lead to the different angular dynamics of NH3 / ND3 within the 

Xe-NH3 complex. This could also explain my suggestion o f the different energy level

186

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



s

7031.0 7031.2 7031.4 

Frequency /MHz

Figure 6 -6 : A spectrum of the 7 =  2-1 transition of the ZOo state of 1 32Xe-14ND3 . The 

labels ‘s’ and ‘a’ refer to the symmetric and antisymmetric inversion components, 

respectively. A total of 100 averaging cycles was used to record the spectrum.

diagrams for the Xe- and Ar-NH3 complexes. The difference in the internal dynamics 

complicated the prediction for other tunneling states of Xe-ND3 , and searches for the 

21 1 / n i l  states were unsuccessful. All measured transition frequencies are listed in 

Tables 6-10 and 6-11. Spectroscopic fits were performed for each inversion state 

separately and the resulting constants are also given in Tables 6-10 and 6-11.

Both the Xe-NDH2  and Xe-ND2H complexes belong to C2 V molecular 

symmetry group because the partial substitution reduces the symmetry of the ammonia
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monomer. As a result, the internal rotational motion in these two complexes can no 

longer interchange the two identical H or D atoms, and only the two inversion states 

(EOoos and EOooa) of the ground internal rotor state which correlate to the jkakc = Ooo state 

of NDH2  (ND2 H) are observable. The spin statistical weights for the EOoos and EOooa 

states are 1 and 3 for Xe-NDH2, and 6  and 3 for Xe-ND2H. Transitions within the £Ooos 

and ZOooa states of Xe-NDH2 and Xe-ND2H complexes were measured and the 

frequencies are listed in Tables 6-12, 6-13, 6-14, and 6-15. The inversion states were 

assigned by comparing the relative transition intensities with the expected spin 

statistical weights. Contrary to the Xe-ND3 case, the lower frequency components for 

the Xe-NDH2 and Xe-ND2H complexes were assigned to the ‘s’ state. The same 

reversal has been previously reported for other Rg-NDH2  and Rg-ND2H [Rg = Ne , 8 

Ar, 16 and Kr (Ref. 17)] complexes. Neither 14N nor D hyperfine splittings could be 

resolved. The transitions frequencies were fit for each inversion state separately and 

the resulting spectroscopic constants are given in Tables 6-12,6-13, 6-14 and 6-15.

6.3.2 Ne-Xe-NH3  and Xe-(NH3 ) 2

A spectral search was conducted to find rotational transitions of the Xe-(NH3 ) 2 

complexes. An isosceles triangular structure was assumed with the Xe-c.m.[(NH3)2] 

axis along the a- inertial axis and the c.m.(NH3)-c.m.(NH3) axis in the direction of the 

b- axis. The Xe-c.m.(NH3) distance, 3.69 A, and the c.m.(NH3)-c.m.(NH3) distance, 

3.41 A, were estimated from the corresponding distances in the Xe-NH3 and (NH3 ) 2 

dimers. 3 4  Based on this structure, the rotational constants A, B, and C of 132Xe-(NH3 ) 2 

were predicted to be 5110, 1369, and 1080 MHz, respectively. A rotational transition
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at 4740.54 MHz was first located and initially assigned to the ground state 2 0 2 -I 01 

transition of 1 3 2Xe-(NH3)2. This assignment resulted in laborious and unsuccessful 

searches for further transitions. Eventually, I assigned this transition to be the ground 

state 2 o2 - 1 oi transition of 2 0 Ne-,3 2Xe-NH3 . Substituting one NH3  molecule with a 3 

atomic mass units heavier Ne atom has little effect on the B and C rotational constants. 

However, it causes an approximately 1 GHz shift of the A constant. With this as a 

guide, 10 a-type and 4 6 -type transitions were located. Transitions for 2 0 Ne-1 29Xe-NH3, 

2 0 Ne-1 3 2Xe-l5NH3, 2 0 Ne-1 2 9Xe-15NH3, 2 0Ne-1 3 1Xe-15NH3, 2 2Ne-1 3 2Xe-15NH3, 2 2Ne- 

129Xe-15NH3, and 2 0Ne-1 31Xe-15NH3 isotopomers were also found and support the 

assignment to the Ne-Xe-NH3 complex. An example spectrum of the 3 o3 -2 o2  transition 

of 2 0 Ne-1 3 2Xe-NH3 is shown in Figure 6-7 to demonstrate the signal-to-noise ratio and 

resolution achieved. All measured transition frequencies assigned to the Ne-Xe-NH3 

complex are listed in Tables 6-16, 6-17, and 6-18. The determined spectroscopic 

constants, including the 14N and 131Xe nuclear quadrupole coupling constants, are 

given in Table 6-19.

Extensive searches for the Xe-(NH3 ) 2 complex with a variety of sample 

conditions were conducted but no candidate was observed. Enhancing the backing 

pressure of the sample or increasing the percentage of NH3 results in signal 

enhancement of Ne^-NH3 (N = 1, 2, 3) or Ne-Xe-NH3 complexes at the expense of the 

Xe-NH3 line intensities. Presumably, Ne-Xe-NH3 succeeds in the complex formation 

competition with Xe-(NH3 ) 2 taking advantage of large Ne concentration in the sample 

mixture. This was surprising because the spectra o f the Xe-(H2 0 ) 2  complex could be 

observed and NH3 has a similar dipole moment as H2 0 . It was soon realized that the
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Figure 6-7: A spectrum of the JkoKc = 3 o3-2 o2  transition of 2 0Ne-132Xe-14NH3 . A total of 

400 averaging cycles was used to record the spectrum.

Xe-(H2 0 ) 2  complex is more strongly bound by the hydrogen bond between the two 

H2 O molecules. A hydrogen bond can not be formed between two NH3 molecules 

because NH3 can not act as the hydrogen donor. In the (NH3 ) 2  dimer, a strongly bent 

N-H N structure was determined experimentally instead of a nearly linear N-H N 

arrangement for a hydrogen bond . 6  Further evidence that NH3 can not act as the 

hydrogen donor was also found in the rotational study of NH3 -CO . 5 The structure 

obtained from the rotational spectra reveals that the CO approaches the N end of NH3 

with the C atom.
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6.4 Discussion of the Xe-NH3 spectroscopic results

6.4.1 Structural parameters and force constants

The van der Waals bond length R, the van der Waals stretching frequency vs, 

and the corresponding force constants ks were estimated from the rotational constant B 

and the distortion constant Dj using a pseudodiatomic model: 3 5

✓ x l / 2

Here, fJ, is the pseudodiatomic reduced mass of the complex. The calculated R, and 

ks values for the E O o / ZOoo states are given in Table 6-20. For the m  i lower states, the Dj 

constants are tainted by the Coriolis interaction, and therefore equations (6-1) are no 

longer applicable to calculate vs and ks values. The obtained values for the 200a state of 

132Xe-NH3  are R -  4.067 A, vs = 36.5 cm"1, and ks = 1.18 N m '1. Compared to the 

ground state values of 1 3 2Xe-H20  (R = 3.949 A, vs = 34.9 cm'1, ks = 1.13 N m"1), the 

Xe-NH3 bond is 3% longer and has similar rigidity. The parameters were found to be 

similar for the two inversion states of the deuterated species. This could be viewed as 

an indication of a relatively small energy splitting of these two states. According to the 

regular isotope effect, the force constants are expected to increase upon deuteration, as 

seen in the Xe-ND3 isotopomer (1.23 N m"1). However, the partially deuterated species, 

Xe-ND2H (1.14 N m"1) and Xe-NDH2(1.08 N m"1), have even smaller force constants
n 1

than Xe-NH3 . Similar behavior has previously been observed in the Ne-, Ar-, Kr-

v,

K  = 4;r V > (6-1)
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NH3 , 17 and Kr- , 3 6  Xe-, CO-CH4  (Ref. 37) complexes. This unusual trend might 

indicate the inadequacy of the pseudodiatomic model applied. One can assume that 

orientations where Xe binds to the deuterons are slightly preferred. The result is a 

higher potential anisotropy in the internal rotation coordinate of the partially 

deuterated species, and the NH3 internal degrees of freedom are not negligible.

In order to compare the spectroscopic and ab initio data, the computer program 

LEVEL7.5 (Ref 38) was used to determine the bound states of 1 3 2Xe-NH3 that are 

supported by the ab initio potential curves along radial coordinates at three selected 

angular configurations [global minimum, symmetric Xe-EhN (<9= 0°, (p = 0°), and 

symmetric Xe-NH3 (0  = 180°, q> = 0 °) geometries], using a pseudodiatomic model. 

The molecular parameters, R, vs, and ks, were then calculated and are compared with 

the experimental values for the EOoa state in Table 6-21. By comparison, the theoretical 

values are on the same order of magnitude as the experimental values. Interestingly, 

the best agreement with the experimental values was found at the symmetric Xe-NH3 

geometry (0 = 180°, (p = 0°) instead of the global minimum. The deviations at the 

symmetric Xe-NH3 geometry are 2.2%, -1.6% and -2.5% for the R, vs, and ks values, 

respectively. This behavior can be considered as an indication for a rather delocalized 

wavefunction in the EOoa state. The symmetric Xe-NH3 geometry gives values that are 

rather close to experimental ones, suggesting that the anti-hydrogen bonded 

configurations have large contribution to the ground state wavefunction.
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6.4.2 Hyperfine structure and angular information

The determined 14N and 131Xe nuclear quadrupole coupling constants were 

used to extract dynamical information about the internal angular coordinates of the Xe- 

NH3 complex. The obtained orientation of the NH3 unit is an effective orientation, 

averaged over the large amplitude internal motions. Equation (6-2) was applied to 

calculate the effective angles Qg between the C3  axis of NH3  and the ̂ -principal inertial 

axes of the complex from the 14N nuclear quadrupole coupling constants:

Zgg = 4f-(3  cos2 6g - 1 ) with g =a, b, c. (6 -2 )

The nuclear quadrupole coupling constant of the NH3 monomer, %o (-4.0898 MHz), 

was assumed to stay unchanged upon formation of the complex. From the %aa

constants, the Legendre polynomial factors, (P2 (cos6a)) = — (3cos2 <9a - 1) , were
2

calculated to be -0.018 (Z00a state), 0.086 ( n i i slower state), 0.091 ( m ialower state) for 

1 32Xe-NH3 , which correspond to effective angles 9a of 55.5°/124.5°, 51.3°/128.7°, and 

51.1°/128.9°, respectively. Two sets of angles for each complex arise from the two 

solutions o f 6a obtained using equation (6-2). These (P2 (cos 9a)} values are rather 

close to the value of zero in the free rotor limit, indicating nearly free internal rotation 

of NH3 within the complex. The (P2 (cos 0a)} value for the £Ooa state was found to be

smaller than the corresponding values of Ne- (-0.066),8 Ar- (-0.086),14 and Kr-NH3 

(-0.061)17, which is surprising because of the anticipated more hindered internal 

motion of NH3 when bound to a larger Xe atom. A careful look at the PES of Xe-NH3 

reveals that one barrier to the NH3 internal rotation at Ga = 180° is comparable and
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even lower than the corresponding barrier in the Ne/Ar/Kr analogues. This could 

change the NH3 angular dynamics within the Xe-NH3 complex, leading to a smaller Xaa 

constant. The magnitude of the (P2 (cos0o)} values for the niilower states is slightly

larger than that for ZOoa state, suggesting more hindered internal rotation in the niilower

these two states, as is also expected from their small energy splitting.

A second, independent value for the effective angle 0a can be calculated from 

the 131Xe nuclear quadrupole coupling constant, Xaa- Two main contributions to the 

electric field gradient at the Xe nucleus are the dispersion and induction interactions 

between the multipole moments of NH3 and the Xe electron cloud. Xdts and x m  are 

used to represent the contributions to the quadrupole coupling constants from these 

two interactions, xau can be approximated with the experimental Xaa value of 131Xe-Ar, 

0.723 MHz. 3 9  The subtraction of 0.723 MHz from the observed Xaa values of 1 3 1Xe- 

NH3 will give an estimate of xm , which can be further interpreted in terms o f the 

multipole moments of NH3 using the expressions: 4 0

Here, qo is the electric field gradient along the intermolecular a- axis generated by the 

multipole moments of the NH3 monomer at the site of the Xe nucleus. // = 1.47 D and 

Q = -2.32 D A are the electric dipole and quadrupole moments, respectively, of the free

states. The nuclear quadrupole coupling constants for the two niilower inversion

components are similar in magnitude, which could indicate similar dynamics within

Xind ~ (1 “  V)Qxe / ^ (6-3)
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NH3 monomer. 41 Higher order electric moments were not considered here. The 

brackets indicate averaging over the large amplitude angular motions. The van der 

Waals bond length R is 4.067 A for the EOoa state, 4.130 A for the n i i s state, and 

4.108 A for the n i i a state. With the 131Xe nuclear quadrupole moment Qxe = -0.12 b , 4 2  

and the Stemheimer shielding factor y= -152 (Ref. 40), values o f 119.5°, 127.6°, and 

127.2° were obtained for the effective angles 0a in the £00a, niislower, and niialower 

states, respectively. These values are in accord with the second set o f values calculated 

from the 14N nuclear quadrupole coupling constants. Equation (6-3) was also used to 

determine Xmd as a function of 6a. Extreme values for x m  of -2.586 MHz and 7.621 

MHz were found to occur at Qa = 65° and 180°, respectively. The x m  values (1.662 for 

EOoa state, 2.637 for niislower state, and 2.651 for III ialower state) are not close to either 

extreme, and presumably represent highly averaged values, analogous to the 14N 

nuclear quadrupole coupling constants. The determined 131Xe nuclear quadrupole 

coupling constants are similar for the two niilower inversion states, which further 

supports the similarity of the internal dynamics within these two states.

6.4.3 Inversion tunneling

Similar B rotational constants were determined for the two ZOo / ZOoo inversion 

states of 1 3 2Xe-ND3 , 1 3 2Xe-ND2H, and 1 3 2Xe-NDH2, with differences of only 63.5 kHz, 

50.2 kHz, and 460.0 kHz, respectively. This suggests relatively small inversion 

splittings of the energy levels, which is further supported by the similarities in the 

nuclear quadrupole coupling constants. In the previous studies o f other Rg-NH3 (Rg =
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Ne, 8  Ar, 16 Kr17) complexes, the corresponding difference in B constants increases in 

the order of Rg-ND3 , -ND2 H, and -NDH 2 , consistent with the trend for the inversion 

energy level splittings of the free monomers, 1.6 GHz for ND3 , 5 GHz for ND2 H and 

12 GHz for NDH2 . However, the opposite order is observed for 1 3 2Xe-ND3 and 1 3 2Xe- 

ND2H with a slightly larger difference of the B  constants for the 1 3 2Xe-ND3 isotopomer. 

The previously reported Ne- 8 and Ar-NH3 (Ref. 10) PESs indicate that the anisotropy 

of the potential in the inversion coordinate is smallest around the global minimum and 

largest when the rare gas atom is located on the C3 axis of NH3 . The EOo/ EO00 states 

are expected to be quite localized at the global minimum. However, Xe-ND2 H could 

adopt a slightly different angular orientation from Xe-ND3 because Xe binding to 

deuterons is more favored than to hydrogen atoms. Such small preference in the 

angular orientation could lead to a higher anisotropy of the Xe-NI^H potential in the 

inversion coordinate, and thus, quench the inversion tunneling motion o f ND2H.

The difference of B constants in the 111 i'ower inversion states of 1 3 2Xe-NH3 and 

1 32Xe-15NH3 are 20.9 MHz and 17.9 MHz, respectively, considerably larger than those 

for the EOo/ EOoo states of the deuterated complexes. However, this does not indicate a 

large inversion splittings of niilower energy levels because the different possible 

perturbers of the EOo and n i l  states make a comparison of the tunneling splittings not 

straightforward. The inversion motion in the 111 1 state is parallel to the van der Waals 

axis and effectively quenched. The remaining small splitting is mainly induced by the 

Coriolis interaction with the E li states. A difference of 138.6 MHz in B  constants for 

Ar-NH3 corresponds to a tunneling splitting of 376 MHz in th e ./ = 1 energy levels. 15

196

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



For the Xe-Ntb complex, the difference between the corresponding B constants is 

smaller, which suggests an even smaller energy splitting. This is also supported by 

roughly the same transition intensities found in the two inversion states and the similar 

internal dynamics as suggested by the nuclear quadrupole coupling constants.

6.4.4 Eli and nii,ower states

The observation of the niilower, but not the E li state, leads the conclusion that 

the niilower state lies lower in energy than the E li state. This is based on the transition 

intensity in the niiloweT state, which is approximately half of that in the EOo state and 

follows the prediction of transition intensities from spin statistics of ortho and para 

states. Since the El i and III i states have the same symmetry, the HI i'ower state must be 

the lowest para state to be more populated. Although a definite conclusion can not be 

drawn because of the lack of information about the E li state, this energy level 

arrangement could explain the shift to negative values of the centrifugal distortion 

constants D} for the niilower state due to the Coriolis interaction with the unobserved 

E li state. In addition, the shift of Dj is relatively small which indicates only a small 

Coriolis perturbation and a relatively large energy gap between the E li and niilower 

states. Therefore, the population of the higher E li state will be significantly lower than 

the niilower state and could be responsible for the unsuccessful search for the E li state.

Although a similar energy level arrangement has been found in the N2 -NH3 

(Ref. 32) and CO-NH3 (Ref. 33) complexes, this behavior is distinct from the case of 

Ar-NH3 , in which the E li state lies lower in energy. 15 This contrast arising from the
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substitution of Ar with Xe is very surprising. A comparison of the Ar- and Xe-NH3 

PESs shows that the Xe-NH3 potential has a lower barrier (Ar-NH3 .- 38.0 cm ' 1, 10 Xe- 

NH3 : 31.6 cm"1) to NH3 internal rotation at 0 = 180°, which corresponds to a 

symmetric Rg-NH3 (Rg = Ar, Xe) configuration with the rare gas atom approaching 

the N end. Also, at q> -  0°, where one H atom is coplanar with and lies between the 

rare gas and N atoms, the minimum is at 6 = 180° in the Xe-NH3 system, instead of a 

roughly T-shaped structure in the Ar-NH3 case. According to previous experimental 

and theoretical studies of the AJ-NH3 complex, 9 ’15 the niilower state is localized at 9 = 

180°, the notion that Xe-NH3 favors the orientation at 0  = 180° could lower its niilower 

state. However, the E li state is localized around the global minimum, and is expected 

to have lower energy than the localization of III 1,ower state. Therefore, the energy 

reordering of the E li and n i i lower state when going from the A1 -NH3 to the Xe-NH3 

system can not be fully explained. A detailed physical explanation would require 

wavefunction calculation and bound states determination for each tunneling state. It is 

hoped that future progress in this direction will provide further insight into the 

understanding of such a dynamically complicated system.

6.5 Discussion of the Ne-Xe-NH3 spectroscopic results

6.5.1 Structural parameters and force constants

A comparison of rotational constants reveals that the A rotational constant of 

the Ne-Xe-NH3 trimer is rather close to the B  constant of the Ne-NH3 dimer and 

insensitive to Xe isotopic substitution. This supports the initially predicted triangular
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Xe

Figure 6 -8 : Geometry of the Ne-Xe-NH3 complex in the inertial axis system. The NH3 

molecule is treated as a sphere.

structure of the trimer with the Ne-NH3 axis almost parallel to the 6 -axis and the Xe 

atom located close to the a- axis (see Figure 6 -8 ). With this picture, the A constant has 

only a small contribution from the Xe atom. The trimer is non-rigid and the large 

amplitude zero-point vibrational motions are reflected in the size o f inertial defect, 

A = I c - I b - I a , which is zero for a planar rigid molecule. For the 2 0Ne-1 3 2Xe-14NH3

isotopomer, A is 4.78 amu A, as a result of the out-of-plane H atoms and vibrational 

motions of the complex. The contribution from the H atoms can be estimated by 

considering the mass of H atoms being delocalized over the surface of a sphere with a
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radius of the N-H bond length; a value of -2.05 amu A resulted. 18 This leaves an 

inertial defect of 6.83 amu A contributed by the vibrational motions. This value is 

comparable to that o f the Ne2 -NH3 complex (8 amu A),18 and considerably larger than 

that of planar more rigid molecules, for example, H2 O (0.0486 amu A).35 The non­

rigidity of the trimer makes it difficult to extract accurate structural parameters 

because the determined spectroscopic constants are highly averaged values over the 

large amplitude zero-point vibrational motions. To a first approximation, the Xe-Ne 

distance (iWxe), Xe-c.m.(NH3 ) distance (i?xe-NH3), and Ne-c.m.(NH3 ) (i?Ne-NH3) 

distance, were estimated by treating the NH3 molecule as a sphere and using the planar 

moments Pa and P/, (see Table 6-19) of the observed isotopomers, except 2 0Ne-1 31Xe- 

15NH3. The planar moment Pc was not used here because it describes the mass 

distribution outside the plane of symmetry, which is neglected in this approximation. 

The STRFIT program4 3  was used to perform the structural fit. In the initial fit, the 

isotopic effects on the van der Waals bond distances were neglected, and values of 

3.99(1) A, 4.09(1) A and 55.25(3)° were determined for i?Ne-xe> Rxe-NH3 , and Z[Ne-Xe- 

c.m.(NH3 )], respectively. From these parameters, the /?Ne-NH3 value was calculated to 

be 3.75 A. The standard deviation of the fit is 0.25 amu A. In the second fit, the 

variation of van der Waals bond distances upon isotopic substitution was considered. 

Based on the isotopic data of the corresponding dimers, the i?Ne-xe and i?Ne-NH3 

distances were assumed to shrink by 0.004 A when substituting 20Ne with 2 2Ne, and the 

Z?xe-NH3 and i?N e-N H 3 values decrease by 0.003 A upon substitution of 14N with 15N. The 

effect o f the Xe isotope substitution was estimated to be at least one order of 

magnitude smaller and therefore was neglected here. The deviation of this fit is
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substantially reduced to 0.03 amu A, and the uncertainties of the determined structural 

parameters are smaller by one order of magnitude. The determined values for i? N e -x e , 

tfxe-NH3, and Z[Ne-Xe-c.m.(NH3)] are 3.997(1) A, 4.080(2) A and 55.303(5)°, 

respectively. This gives a value of 3.749 A for i?Ne-NH3 - The i?Ne-xe, ^xe-NH3 , and i?Ne-NH3 

values increase by 0.003 A, 0 . 0 1  A, and 0.03 A, respectively, in the trimer relative to 

the corresponding dimers. 8 ,3 9

The centrifugal distortion constants of the Ne-Xe-NH3 complex were used in a 

harmonic force field analysis to obtain information about van der Waals stretching 

frequencies and corresponding force constants. The NH3 molecule was treated as a 

pseudo atom and the rotational and vibrational degrees o f freedom of the NH3 

monomer were disregarded. Therefore, the complex has Cs point group symmetry. 

There are three vibrational modes in the complex, i.e. the Ne-NH3 stretch (vO, the Ne- 

Xe stretch (v^), and the Xe-NH3 stretch (v3). This results in a 3x3 force constant matrix 

F  with diagonal terms corresponding to the three stretching modes respectively. The 

harmonic force field analysis was performed using the ASYM20PC program of 

Hedberg and Mills. 4 4  The quartic centrifugal distortion constants of seven isotopomers 

listed in Table 6-19 were used to refine the diagonal force constants. All off-diagonal 

terms were fixed at zero during the fit. The corresponding harmonic frequencies were 

then calculated from the obtained force constants using Wilson’s GF matrix method 4 5  

The calculated centrifugal distortion constants are compared with the experimental 

ones in Table 6-22. In this analysis, the experimental A  and d\ centrifugal distortion 

constants were well reproduced, within 5%. Relatively large differences were found in 

the A k  and d2 constants. However, the variation in the calculated A k  constants with
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different isotopomers is consistent with the experimental observation. It is noted that 

the experimental A k  and dz constants have relatively large uncertainties. Transitions 

within higher K  stacks, which would improve the accuracy of these two constants, 

could not be detected in the spectroscopic searches. The determined three force 

constants are 0.211(4) N m '1 , 0.39(1) N m"1, and 0.86(8) N m ' 1 for the Ne-NH3 , Ne-Xe, 

Xe-NH3 stretches, respectively, which correspond to vibrational frequencies of 15.9, 

20.9, and 32.2 cm'1, respectively. Compared with the corresponding force constants of 

the dimers (Ne-NH3: 0.291 N m ' 1 , 8 Ne-Xe: 0.97 N m ' 1 , 3 9 and Xe-NH3: 1.18 N m '1), the 

values in the trimer are smaller by 27-60%. It is necessary to include non-additive 

three-body effects to explain the smaller force constants in the trimer. For example, a 

repulsive triple-dipole dispersion term4 6  could contribute to a shallower potential, and 

therefore smaller force constants. However, the dramatic decrease in the Ne-Xe 

stretching force constant by 60% only corresponds to 0.003 A bond lengthening, while 

the increase of Ne-NH3 and Xe-NH3 bond lengths is an order of magnitude larger but 

the stretching force constants only decrease by 27%. The inconsistency between the 

variations in van der Waals bond lengths and stretching force constants makes it 

difficult to draw definite conclusions about the nature o f the three-body effects. The 

situation could be improved by employing a more accurate model for the structural and 

force field analyses, for example, by taking into account the NH3 internal degrees of 

freedom, the isotopic effects on the force constants, and the force field anharmonicity.
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6.5.2 Hyperfine structure and angular information

Dynamical information about the Ne-Xe-NH3 trimer can be extracted from the 

determined 14N and 131Xe nuclear quadrupole coupling constants. As described in 

Section 6.4.2, the 14N nuclear quadrupole coupling constants can be interpreted as 

highly averaged values over the large amplitude NH3 internal motions using equation 

(6-2). The Legendre polynomial factors, (P2(cos0a)) and (P2(cos0b)) , were

calculated to be 0.025 and -0.046 for the 2 0 Ne132Xe14NH3 isotopomer. These are on the 

same magnitude as those for the Ne-NH3 (-0.066)8 and Xe-NFL (-0.018) dimers, 

indicating that the NH3 subunit continues to undergo nearly free internal motions 

within the trimer. The (P2(cos0b)) value is relatively close to the (P2(cos0a)) value

for the Ne-NH3 dimer because the Ne-NH3 axis in the trimer lies nearly parallel to the 

b- axis.

The 131Xe nuclear quadrupole coupling constants provide additional 

information about the effect of an additional Ne atom on the Xe-NH3 interaction. As 

the Xcc value of the trimer is relatively insensitive to the van der Waals vibrational 

motions, it is expected to be equal to the sum of the corresponding values of the Ne- 

131Xe and 131Xe-NH3 dimers if  pairwise additivity of this property and unchanged NH3 

internal dynamics from the Xe-NtL dimer to the Ne-Xe-NH3 trimer are assumed. The 

Xcc value of the 131Xe-NH3 dimer in the ground state has not been experimentally 

determined, however, we can estimate it as -1/2Xaa since NH3 undergoes nearly free 

internal motion in the dimer. This is a reasonable assumption because the asymmetry 

parameters, 77 = \Xbb~Xcc\lXaa, of the 131Xe nuclear quadrupole coupling constants about
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the a- axis are relatively low even for the niilower states (-0.08) in which the NH3 

internal motion is more hindered. The summation of %cc values for 22Ne-131Xe (-0.194 

MHz) and 131Xe-15NH3 (-1.207 MHz) gives a value of -1.401 MHz, very close to the 

value of -1.454 MHz in the 22Ne-131Xe-15NH3 trimer. This suggests that the effective 

orientation of NH3 with respect to the Xe atom in the trimer stays similar as in the 

dimer and the additional Ne atom does not have a dramatic effect.

6 . 6  Summary

An ab initio PES of the Xe-NH3 complex was constructed at the CCSD(T) 

level o f theory. The global minimum is at a roughly T-shaped structure with the Xe 

atom located in the direction between two H atoms. The energy barrier at the N end 

was found to be lower than that approaching the three H face center. Rotational 

transitions within the EOo and niilower states for the Xe-14NH3 and Xe-15NH3 

isotopomers and the EOo state for the deuterated isotopomers were measured and 

assigned. Two inversion components were observed for each state except for the ‘s’ 

component o f the EOo state o f the isotopomers containing 14NH3 and I5NH3 containing 

due to its spin statistical weight of 0. Nuclear quadrupole hyperfine structures arising 

from the 14N and 131Xe nuclei were detected and analyzed. The observed spectra 

indicate nearly free internal rotation of NH3 unit within the complex. They also 

suggest that the n i i lower state has lower energy than the unobserved Eli state, in 

contrast to the case of Ar-NH3 . A detailed physical explanation for this behavior 

requires further wavefunction calculations and bound state determination. Rotational 

spectra of the Xe-(NH3 ) 2  complex could not be observed, possibly due to the low yield
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in the molecular expansion. Instead, several a- type and b- type transitions of the 

ground state were measured for the Ne-Xe-Nfh complex. The structural and harmonic 

force field analyses performed using the determined spectroscopic constants indicate 

that non-additive three-body effects are present in this system. Analyses o f the 14N and 

131Xe nuclear quadrupole coupling constants suggest that the NH3 unit continues to 

undergo nearly free internal rotation motion and that the presence of Ne has little effect 

on the orientation of NH3 with respect to the Xe atom.
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Table 6-1: Ab initio interaction energies (in cm'1) of Xe-NHb.

R / A ■Q II o o

oOIIqs 15° 30° 45° 60° 75° 90°
3.6 88.39 108.1 177.0 283.0 368.1 357.9 244.1
3.7 -5.6 6.7 50.0 115.7 165.7 153.3 75.7
3.8 -66.3 -59.0 -33.3 5.2 32.2 19.6 -32.2
3.9 -103.4 -99.6 -85.5 -65.2 -52.8 -64.4 -97.9
4.0 -124.0 -122.3 -116.0 -107.3 -104.0 -114.2 -134.8
4.1 -133.2 -132.9 -131.4 -130.1 -132.2 -140.6 -152.4
4.2 -134.7 -135.3 -136.9 -139.8 -139.9 -151.6 -157.3
4.3 -131.3 -132.3 -135.6 -140.9 -147.3 -152.6 -154.2
4.4 -124.8 -126.1 -130.1 -136.5 -143.3 -147.3 -146.4
4.5 -116.5 -117.9 -122.2 -128.9 -135.5 -138.4 -135.9

6 =  105° 120° 135° 150° 165° 180°
3.6 105.3 14.2 -16.1 -8.1 10.7 19.8
3.7 -14.6 -71.7 -89.1 -82.5 -69.9 -63.9
3.8 -88.9 -123.0 -132.3 -127.6 -119.8 -116.1
3.9 -131.7 -150.6 -155.1 -152.2 -148.0 -146.0
4.0 -153.3 -162.3 -164.0 -162.8 -161.2 -160.5
4.1 -160.7 -163.6 -163.8 -163.9 -164.3 -164.4
4.2 -159.1 -158.3 -158.0 -159.1 -160.8 -161.5
4.3 -152.1 -149.2 -148.7 -150.6 -153.2 -154.3
4.4 -141.9 -138.1 -137.7 -140.1 -143.2 -144.5
4.5 -130.3 -126.2 -125.9 -128.7 -132.1 -133.5

R /A

OII

0OII<5> 15° 30° 45° 60° 75° 90°
3.6 106.7 166.4 252.2 312.8 290.3 185.9
3.7 5.8 42.8 94.8 128.6 108.1 36.8
3.8 -59.7 -38.0 -8.6 7.9 -9.9 -56.1
3.9 -99.9 -88.5 -73.9 -68.2 -83.1 -113.8
4.0 -122.6 -117.8 -112.6 -113.4 -125.3 -144.2
4.1 -133.1 -132.5 -133.0 -137.4 -146.8 -157.4
4.2 -135.4 -137.4 -141.1 -147.2 -154.4 -159.5
4.3 -132.4 -135.7 -141.2 -147.9 -153.2 -154.5
4.4 -126.1 -130.0 -136.3 -142.8 -146.5 -145.5
4.5 -117.9 -122.0 -128.2 -134.3 -136.9 -134.5

0 =  105° 120° 135° 150° 165° 180°
3.6 67.5 -5.4 -21.1 -10.4 10.4
3.7 -39.9 -84.8 -94.5 -84.1 -70.1
3.8 -105.3 -131.6 -135.9 -128.7 -119.9
3.9 -142.0 -156.1 -157.4 -152.9 -148.0
4.0 -159.4 -165.6 -165.5 -163.2 -161.2
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Table 6-1: (continued).

R / k <p= 15°
0= 105° 1 2 0 ° 135° 150° 165° 180°

4.1 -164.0 -165.4 -164.7 -164.2 -164.3
4.2 -160.5 -159.1 -158.4 -159.2 -160.8
4.3 -152.2 -149.4 -148.8 -150.7 -153.2
4.4 -141.4 -137.9 -137.6 -140.1 -143.2
4.5 -129.3 -125.7 -125.7 -128.7 -132.0

R / k ■e ii u> © o i

0=0° 15° 30° 45° 60° 75° 90°
3.6 103.2 141.0 180.1 187.0 139.3 54.9
3.7 3.4 25.6 46.3 44.2 7.2 -50.6
3.8 -61.3 -49.5 -40.5 -47.4 -75.6 -114.2
3.9 -100.9 -95.8 -94.2 -103.2 -124.3 -149.3
4.0 -123.2 -122.3 -124.9 -134.3 -149.8 -165.1
4.1 -133.4 -135.1 -139.8 -148.8 -159.9 -168.5
4.2 -135.5 -138.6 -144.3 -152.3 -160.0 -164.0
4.3 -132.4 -136.0 -142.0 -148.9 -154.0 -155.0
4.4 -126.0 -129.8 -135.5 -141.3 -144.5 -143.4
4.5 -117.8 -121.4 -126.6 -131.4 -133.1 -130.9oO.—iII 1 2 0 ° 135° 150° 165° 180°
3.6 -19.1 -51.2 -43.5 -16.1 9.7
3.7 -97.8 -115.6 -107.6 -8 8 . 0 -70.6
3.8 -143.1 -151.8 -144.5 -131.2 - 1 2 0 . 2

3.9 -165.7 -168.8 -162.9 -154.6 -148.2
4.0 -173.3 -173.2 -168.8 -164.2 -161.4
4.1 -171.4 -169.5 -166.6 -164.8 -164.4
4.2 -163.6 -161.0 -159.3 -159.6 -160.9
4.3 -152.6 -149.7 -149.1 -150.8 -153.2
4.4 -140.0 -137.3 -137.5 -140.1 -143.2
4.5 -127.0 -124.6 -125.4 -128.6 -132.0

R / k

o1/1II

0=0° 15° 30° 45° 60° 75° 90°
3.6 99.7 116.0 111.4 70.9 3.0 -63.6
3.7 1 . 0 8 . 6 -0 . 1 -33.7 -84.0 -129.7
3.8 -62.8 -60.7 -71.1 -98.3 -134.9 -165.6
3.9 - 1 0 2 . 0 -103.1 -113.7 -135.2 -161.4 -181.3
4.0 -123.8 -126.7 -136.6 -153.4 -171.7 -183.9
4.1 -133.8 -139.4 -146.3 -159.2 -171.5 -178.3
4.2 -135.7 -139.7 -147.3 -156.9 -164.8 -168.0
4.3 -132.5 -136.3 -142.7 -149.6 -154.4 -155.1
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Table 6-1: (continued).

R / k

Ow~>II

oOII 15° 30° 45° 60° 75° 90°
4.4 -126.0 -129.6 -134.7 -139.7 -142.2 -141.3
4.5 -117.7 -120.9 -125.0 -128.4 -129.3 -127.4

0=  105° 1 2 0 ° 135° 150° 165° 180°
3.6 -99.4 -95.1 -62.3 -21.7 9.0
3.7 -151.5 -145.0 -120.3 -91.8 -71.1
3.8 -177.9 -171.0 -153.0 -133.8 -120.5
3.9 -187.4 -180.9 -168.3 -156.2 -148.5
4.0 -186.1 -180.4 -172.1 -165.2 -161.5
4.1 -178.1 -173.4 -168.4 -165.4 -164.5
4.2 -166.3 -162.6 -160.2 -159.9 -160.9
4.3 -152.7 -150.0 -149.4 -150.9 -153.2
4.4 -138.5 -136.6 -137.3 -140.1 -143.2
4.5 -124.6 -123.4 -125.0 -128.5 -132.0

R /A <p= 60°

oOII 15°

OOcn 45° 60° 75° 90°
3.6 98.3 105.8 83.8 25.5 -49.6 -109.3
3.7 0 . 1 1.7 -18.7 -64.1 -119.1 -160.2
3.8 -63.5 -65.3 -83.4 -118.2 -157.7 -185.4
3.9 -102.4 -106.0 -121.5 -147.8 -175.7 -193.6
4.0 -124.1 -128.5 -141.3 -160.9 -180.1 -191.1
4.1 -133.9 -138.5 -148.9 -163.1 -175.9 -182.1
4.2 -135.8 -140.2 -148.4 -158.5 -166.6 -169.4
4.3 -132.5 -136.4 -142.9 -149.8 -154.5 -155.1
4.4 -126.0 -129.5 -134.4 -139.0 -141.2 -140.4
4.5 -117.7 -120.7 -124.3 -127.2 -127.7 -126.0

0=105° 120° 135° 150° 165° 180°
3.6 -130.9 -112.7 -70.1 -24.1 8.7
3.7 -172.5 -156.8 -125.5 -93.4 -71.3
3.8 -191.6 -178.7 -156.4 -134.8 -120.7
3.9 -196.0 -185.7 -170.5 -156.9 -148.5
4.0 -191.1 -183.2 -173.4 -165.7 -161.6
4.1 -180.7 -174.9 -169.1 -165.7 -164.5
4.2 -167.3 -163.3 -160.5 -160.0 -160.9
4.3 -152.7 -150.0 -149.4 -151.0 -153.2
4.4 -137.9 -136.3 -137.2 -140.1 -143.2
4.5 -123.7 -122.9 -124.8 -128.5 -132.0
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Table 6-2: Measured transition frequencies and determined spectroscopic constants of the EOoa state of Xe-NH3 isotopomers.

U6Xe-NH3 lj4 Xe-NH3 1J2Xe-NH3 uvXe-NH3

r-r F ’-F” K)bs
(MHz)

A va
(kHz)

Vobs
(MHz)

Av
(kHz)

K>bs
(MHz)

Av
(kHz)

K)bs
(MHz)

Av
(kHz;

1 - 0 0 - 1 4039.4476 0 . 0 1 4046.0626 0 . 2 4052.8783 0 . 1 4063.4890 -0 . 1

2 - 1 4039.4822 2.5 4046.0983 2 . 2 4052.9134 1.7 4063.5242 2 . 2

1 - 1 4039.5015 0.4 4046.1192 0 . 6 4052.9344 0.4 4063.5442 0.3
2 - 1 3-2 8078.3017 -2 . 2 8091.5312 -2 . 2 8105.1609 -1.4 8126.3755 - 1 . 6

2 - 1 8078.3017 -3.7 8091.5312 -3.8 8105.1609 -3.0 8126.3755 -3.2
3-2 4-3 12115.8099 1.7 12135.6474 1.7 12156.0842 1.4 12187.8955 1.5

3-2 12115.8099 0 . 8 12135.6474 0 . 8 12156.0842 0.5 12187.8955 0 . 6

4-3 5-4 16151.3435 0 . 1 16177.7873 0 . 1 16205.0237 0 . 1 16247.4264 0 . 1

4-3 16151.3435 -0.5 16177.7873 -0.5 16205.0237 -0.4 16247.4264 -0.5

B  /MHz 
Z)j/kHz 
H] /kHz 

/ m (14N) /MHz 
cr/kHz b

2019.7968(3)
27.59(4)
0.005(1)
0.071(2)

1.7

2023.1054(3)
27.76(4)
0.008(1)
0.075(2)

1.6

2026.5134(3)
27.85(4)
0.007(1)
0.074(2)

1.2

2031.8190(3)
28.12(4)
0.012( 1)
0.073(2)

1.4
A  V K>bs Ifcal.

b Standard deviation of the fit.

oVO



Table 6-3: Measured transition frequencies and determined spectroscopic constants of

the EOoa state of 131Xe-NH3 and 131Xe-15NH3 isotopomers.

J ’-J’

131-Xe-NH3 131Xe-°NH 3

’ F\ F ’ - F\ ”, F ” Vobs A va 
(MHz) (kHz)

F ’-F " V0bs Av
(MHz) (kHz)

1 - 0 0.5, 1 .5 -1 .5 , 2.5 4055.7902 -3.2 0.5 -1 .5 3863.0119 -0 . 2

2.5, 3 .5 -  1.5,2.5 4056.2722 4.8 2.5 -1 .5 3863.4938 - 1 . 1

1.5, 2 .5 -1 .5 , 2.5 4056.8690 - 1 . 6 1.5 -1 .5 3864.0975 - 1 . 0

2 - 1 0 .5 ,1 .5 -1 .5 , 2.5 8111.0425 -0.7 0.5 -1 .5 7725.5419 0 . 0 2

1.5 ,2 .5 -1 .5 ,2 .5 8111.6419 2 . 2 1.5 -1 .5 7726.1450 -0.5
3 .5 ,4 .5 -2 .5 , 3.5 8112.0667 -0.3 3.5 -2 .5 7726.5765 -0 . 1

0 .5 ,1 .5 -0 .5 , 1.5 8112.1200 -0.4 0.5 -0 .5 7726.6316 3.3
2.5, 3 .5 -2 .5 , 3.5 8112.6650 - 1 . 8 2.5 -2 .5 7727.1786 -1.5
1.5, 2 .5 -0 .5 , 1.5 8112.7178 0.9 1.5 -0 .5 7727.2331 1 . 2

3-2 4.5, 5 .5 -3 .5 ,4 .5 12166.4915 -3.1 4.5 -3 .5 11588.4055 -0.7
3 .5 ,4 .5 -2 .5 , 3.5 12166.4915 -1.7 3.5 -2 .5 11588.4055 -0.7
2.5, 3 .5 -1 .5 ,2 .5 12166.6425 2 . 6 2.5 -1 .5 11588.5551 -0.5
1 .5 ,2 .5 -0 .5 ,1 .5 12166.6425 2.3 1.5 -0 .5 11588.5551 -0.5

4-3 5 .5 ,6 .5 -4 .5 , 5.5 16218.9164 2.5 5.5 -4 .5 15448.4121 -2 . 2

4.5, 5 .5 -3 .5 ,4 .5 16218.9164 3.2 4.5 -3 .5 15448.4121 -2 . 2

3 .5 ,4 .5 -2 .5 , 3.5 16218.9790 -2.9 3.5 -2 .5 15448.4867 2.4
2 .5 ,3 .5 -1 .5 ,2 .5 16218.9790 -2.9 2.5 -1 .5 15448.4867 2.4

B  /MHz 2028.2502(2) 1931.8581(1)
Dj /kHz 27.51(3) 25.125(5)
Hj /kHz -0.004(1)

Xe) /MHz 2.385(1) 2.414(1)
^ a(14N) /MHz 0.074(-)b

a  /kH zc 2.4 1.5
A v  V0b s  Vca].

b Fixed to the value of 1 3 2Xe-NH3 during the fit. 
0 Standard deviation of the fit.
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Table 6-4: Measured transition frequencies and determined spectroscopic constants of the f ll  is states of Xe-NH3 isotopomers.
T55Xe-NH3

TJFXe-NH3
T3IXe-NH3 Xe-NH3

J ’-J" F ’-F ’ K>bs

(MHz)
Ava

(kHz)
K)bs

(MHz)
Av

(kHz)
Vobs

(MHz)
Av

(kHz)
Vobs

(MHz)
Av

(kHz)
2 - 1 2 - 1 7833.9836 -1.7 7846.3250 - 1 . 6 7859.0327 -1.4 7878.8134 -1 . 8

3-2 7834.0925 1 . 8 7846.4312 1.7 7859.1416 1.5 7878.9222 1.9
1 - 0 7834.2449 -0 . 1 7846.5841 -0 . 1 7859.2928 - 1 . 0 7879.0741 -0 . 1

3-2 3-2 11752.0548 5.5 11770.5777 5.4 11789.6490 4.6 11819.3442 5.9
4-3 11752.0731 -5.5 11770.5954 -5.4 11789.6739 -4.6 11819.3617 -5.9

4-3 4-3 15695.7958 -0.7
5-4 15671.0931 0 . 1 15695.8098 1 . 0 15721.2660 -0.03 15760.8863 1 . 0

3-2 15671.0931 -0 . 1 15695.8098 0.4 15721.2660 0.03 15760.8863 - 1 . 0

B  /MHz 
A /k H z 
A /kH z 

*flfl(14N)/MHz
IZ U UN) - 

Z cc( 14N ) | /M H z

^ I4N )b
cr/kHz0

a Av= V o b s- Veal.

1958.3828(5)
-17.37(5)
-0.067(2)
-0.350(4)
0.326(16)

-0.931
3.3

b Asymmetry parameter 77 = \%bb-Xcc\!Xa, 

c Standard deviation of the fit.

1961.4655(5)
-17.64(5)
-0.070(2)
-0.343(4)
0.346(16)

-1.009
3.1

1964.6425(5)
-17.66(5)
-0.064(2)
-0.352(4)
0.311(16)

-0.884
2.8

1969.5838(5)
-18.19(5)
-0.071(2)
-0.349(4)
0.325(16)

-0.931
3.6
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Table 6-5: Measured transition frequencies and determined spectroscopic constants of the 111 ia states of Xe-NH3 isotopomers.
1156V _ XTTT 134°Xe-NH3 Xe-NH3 TT1Xe-NH3 Xe-NH3

J ’-J” F ’-F’ Vobs

(MHz)
A va

(kHz)
V0bs

(MHz)
Av

(kHz)
Vobs

(MHz)
Av

(kHz)
Vobs

(MHz)
Av

(kHz)
2-1 2-1 7916.0852 -0.8 7928.6928 -0.3 7941.6752 0.4 7961.8853 -0.7

3-2 7916.2008 0.1 7928.8078 -0.5 7941.7889 -1.3 7962.0014 0.5
1-0 7916.3175 0.7 7928.9255 0.8 7941.9079 1.0 7962.1172 0.2

3-2 3-3 11873.5307 1.6 11892.4395 1.3 11911.9137 0.8 11942.2308 1.1
2-1 11873.6194 -1.3 11892.5292 -1.0 11912.0047 -0.4 11942.3206 -0.8
4-3 11873.6194 -2.0 11892.5292 -1.7 11912.0047 -1.1 11942.3206 -1.5

4-3 4-3 15830.2155 1.5 15881.3972 0.1
5-4 15830.2272 -1.5 15855.4429 0.0 15881.4117 -0.1 15921.8353 0.0

B /MHz 1979.1302(4) 1982.2826(4) 1985.5277(4) 1990.5804(4)
Z)j/kHz 10.59(5) 10.67(5) 10.62(5) 10.63(5)
Hj/kHz -0.017(2) -0.015(2) -0.015(1) -0.015(2)

2Toa(14N) /MHz -0.369(2) -0.371(2) -0.371(2) -0.370(2)
cr/kHz b 1.3 0.8 0.8 0.8

A V V0bs Vca). 

b Standard deviation of the fit.
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Table 6-6: (continued).

I l l Is niia
J ’-J” F} F ’ - F\ ”, F ’ Vobs

(MHz)
Av

(kHz) F\ ’, F ’ - F\ ”, F ’ Vobs
(MHz)

Av
(kHz)

3-2

4-3

3 .5 ,4 .5 -2 .5 ,3 .5 11799.5242 -5.2 3.5, 2 .5 -2 .5 ,1 .5 11922.0777 1.4
2.5, 3 .5 -1 .5 , 2.5 11799.5429 1.2 2.5, 3 .5 -1 .5 , 2.5 11922.0777 -0.1
3 .5 ,3 .5 -3 .5 ,2 .5 11799.9597 0.6 3 .5 ,3 .5 -3 .5 , 3.5 11922.5127 2.0
3.5, 3 .5 -3 .5 ,4 .5 11799.9597 -0.4 3 .5 ,4 .5 -3 .5 ,4 .5 11922.5127 -1.5
3.5, 3 .5 -3 .5 , 3.5 11799.9597 -3.8
3 .5 ,4 .5 -3 .5 ,4 .5 11799.9782 -2.9
5.5, 5 .5 -4 .5 , 4.5 15734.1980 -0.7 3 .5 ,4 .5 -3 .5 , 4.5 15894.4373 0.6
5.5, 6 .5 -4 .5 , 5.5 15734.2155 3.8 5.5, 6 .5 -4 .5 , 5.5 15894.6252 4.9
5 .5 ,4 .5 -4 .5 , 3.5 15734.2155 2.7 5 .5 ,4 .5 -4 .5 , 3.5 15894.6252 4.5
4.5, 5 .5 -3 .5 ,4 .5 15734.2951 -0.9 4.5, 5 .5 -3 .5 ,4 .5 15894.7026 -3.6
4.5, 3 .5 -3 .5 , 2.5 15734.2951 -2.8 4.5, 3 .5 -3 .5 , 2.5 15894.7026 -4.3
3.5, 3 .5 -2 .5 , 3.5 15734.3123 1.6 3 .5 ,4 .5 -2 .5 , 3.5 15894.7537 -0.1
3 .5 ,4 .5 -2 .5 , 3.5 15734.3423 -0.9 3 .5 ,2 .5 -2 .5 ,1 .5 15894.7537 -2.7
3 .5 ,2 .5 -2 .5 ,1 .5 15734.3423 -3.7

A V Vobs Vca].



Table 6-7: Spectroscopic constants of the fl li  states of 131Xe-NH3.

n i i s n i l .
B !MHz 
Dj /kHz 
tfj/kH z 

^ flfl(13 1Xe)/MHz 
| ^ ( 1 3 1X e ) - ^ c(131Xe)| 

/MHz

1966.2630(2)
-17.85(2)

-0.0661(7)
3.360(2)

0.258(3)

1987.1850(2)
10.65(3)

-0.0138(8)
3.374(3)

0.258(4)

;7(1 3 1Xe)a 
Z«a(14N) /MHz

I M 14N ) - ^ 14N)I
/MHz

0.0768
-0.347(3)

0.327(3)

0.0765
-0.340(3)

*7(14N) 
cr/kHz b

-0.942
3.0 2.9

a Asymmetry parameter 77 = \Xbb-Xcc\lXaa 
b Standard deviation of the fit.
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Table 6-8: Measured transition frequencies and determined spectroscopic constants of Xe-15NH3 isotopomers.

134Xe-15NH3136Xe-,5NH3 U2Xe-15NH3 12yXe-l5NH3

J ’-J” K)bs
(MHz)

A va
(kHz) s

1
1'w'

Av
(kHz)

V0bs

(MHz)
Av

(kHz)
V0bs

(MHz)
Av

(kHz)
SOoa

1-0 3846.6714 0.2 3853.3008 0.3 3860.1285 -0.7 3870.7586 -0.4
2-1 7692.7441 -0.4 7706.0021 0.9 7719.6567 0.5 7740.9128 0.4
3-2 11537.6225 0.3 11557.5009 -1.3 11577.9785 -0.1 11609.8545 -0.2
4-3 15380.7064 -0.1 15407.2040 0.4 15434.4943 -0.01 15476.9803 0.03

B  /MHz 1923.3854(2) 1926.7002(2) 1930.1148(2) 1935.4300(2)
D]/kHz 24.909(9) 24.994(9) 25.094(9) 25.232(9)
cr/kHz b 0.3 0.8 0.4 0.3

m ,s
2-1 7479.0950 0.0 7491.5170 0.0 7504.3119 0.0 7524.2253 0.0
3-2 11219.1466 0.0 11237.7921 0.0 11256.9919 0.0 11286.8767 0.0

B /MHz 1869.7065(5) 1872.8104(5) 1876.0081(5) 1880.9845(5)
A  /kHz -8.40(3) -8.61(3) -8.73(3) -8.98(3)
cr/kHz 0.0 0.0 0.0 0.0

mla
2-1 7549.5656 0.0 7562.2296 0.0 7575.2733 -2.3 7595.5765 -1.8
3-2 11323.6398 0.0 11342.6359 0.0 11362.2024 2.6 11392.6567 2.0
4-3 15148.2671 -0.8 15188.8752

©©i

5 /MHz 1887.4859(5) 1890.6519(5) 1893.9140(3) 1898.9896(3)
A  /kHz 11.81(3) 11.81(3) 11.89(1) 11.88(1)
cr/kHz 0.0 0.0 2.0 1.6

t oH-*
Os

^ V  M)bs ffcab

b Standard deviation of the fit.



Table 6-9: Measured transition frequencies and determined spectroscopic constants of

the f i ll  states of 131Xe-15NH3 isotopomers.

J ’-J” F ’-F"

n i l . niia
V0bs

(MHz)
A va

(kHz)
V)bs

(MHz)
Av

(kHz)
2-1 0.5-0.5 7510.0043 4.0 7581.0884 2.6

1.5-0.5 7510.4448 -6.2 7581.5353 -4.8
3.5-2.5 7510.6357 0.5 7581.7224 -0.6
2.5-2.5 7511.0882 2.2 7582.1804 3.0
1.5-1.5 7511.1552 -0.2 7582.2447 0.8
2.5-1.5 7511.4771 -0.2 7582.5676 -0.9

3-2 1.5-1.5 11266.2659 -1.0 11371.6606 -0.4
2.5-2.5 11266.6042 -2.0 11372.0007 -1.4
4.5-3.5 11266.7041 -0.1 11372.0996 -1.8
1.5-0.5 11266.7220 4.5 11372.1213 6.1
3.5-2.5 11266.9103 -4.4 11372.3087 -4.0
2.5-1.5 11266.9306 2.5 11372.3285 1.9
3.5-3.5 11267.3660 0.6 11372.7668 -0.3

B  /MHz 1877.6396(2) 1895.5765(2)
Dj /kHz -8.87(1) 11.72(1)

*flfl(131Xe) /MHz 3.368(3) 3.381(3)
l* » (131X e)- 0.237(4) 0.253(4)

0.0704 0.074
c /k H z c 2.9 2.8

* Cc(131X e)|/M H z
;7(131X e)b 0.0704 0.0748

lAv= v0bs- vcai.
>

c Standard deviation of the fit
b Asymmetry parameter i] = \xbb-Xcc\!Z*
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Table 6-10: Measured transition frequencies and determined spectroscopic constants o f Xe-ND3 isotopomers.

'JbXe-ND3 IJ4Xe-ND3 1J/Xe-ND3 m Xe-ND3
t >> V̂ bs A v  Vobs A v  Vobs A v  Vobs A v

(MHz) (kHz) (MHz) (kHz) (MHz) (kHz) (MHz) (kHz)
SOos

2-1 7004.4910 -0.3 7017.7063 -0.5 7031.3191 -0.7 7052.5108 -1.0
3-2 10505.5422 0.3 10525.3614 0.6 10545.7758 0.8 10577.5567 1.1
4-3 14005.1582 -0.1 14031.5754 -0.2 14058.7844 -0.3 14101.1447 -0.3

B IMHz 1751.2822(3) 1754.5866(3) 1757.9906(3) 1763.2895(3)
Di /kHz 19.92(1) 19.99(1) 20.08(1) 20.20(1)
<j/kHzb 0.3 0.5 0.6 0.9

EOoa
2-1 7004.2406 i © 7017.4552 -0.2 7031.0656 -0.9 7052.2580 -0.6
3-2 10505.1668 0.3 10524.9845 0.3 10545.3969 1.0 10577.1756 0.6
4-3 14004.6383 -0.1 14031.0742 -0.1 14058.2803 -0.3 14100.6358 -0.2

B /MHz 1751.2195(3) 1754.5237(3) 1757.9271(3) 1763.2263(3)
Dj/kHz 19.91(1) 19.98(1) 20.06(1) 20.21(1)
cr/kHz 0.2_________________ 02_________________ 08 _________________ 05

A v  — V0b s — Veal-

b Standard deviation of the fit.

K>c—* 
00



Table 6-11: Measured transition frequencies and determined spectroscopic constants of

131Xe-ND3.

EOos EOoa

J ’-J” F ’-F ” Vobs
(MHz)

A va
(kHz)

Vobs
(MHz)

Av
(kHz)

2-1 1.5-1.5 7037.7625 2.6 7037.5063 1.0
3.5-2.5 7038.2161 -0.1 7037.9609 -2.7
0.5-0.5 7038.2680 -3.0
2.5-2.5 7038.8627 7.6 7038.6096 4.3
1.5-0.5 7038.9061 I U> 00 7038.6571 -3.2

3-2 4.5-3.5 10556.1696 0.8 10555.7910 0.7
3.5-2.5 10556.1696 0.8 10555.7910 0.7
2.5-1.5 10556.3225 -4.5
1.5-0.5 10556.3225 -4.6

4-3 5.5-4.5 14072.6609 1.4 14072.1559 0.7
4.5-3.5 14072.6609 1.4 14072.1559 0.7
3.5-2.5 14072.7335 -0.2 14072.2288 -0.9
2.5-1.5 14072.7335 -0.2 14072.2288 -0.9

B !MHz 1759.7287(1) 1759.6656(2)
D} /kHz 20.120(6) 20.117(6)

2 fflfl(131Xe) /MHz 2.556(3) 2.567(3)
a tkHz b 3.5 2.4

A V  Vobs Veal'
I .

Standard deviation of the fit.
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Table 6-12: Measured transition frequencies and determined spectroscopic constants of Xe-ND2H isotopomers.

1JbXe-ND2H 1J4Xe-ND2H IJ2Xe-ND2H 1̂ Xe-ND2H

J ’-J” Vobs
(MHz)

Ava
(kHz)

Vobs
(MHz)

Av
(kHz)

Vobs
(MHz)

Av
(kHz)

Vobs
(MHz)

Av
(kHz;

SO oos

2-1 7319.0548 -0.6 7332.2734 -0.7 7345.8873 -1.1 7367.0819 -0.7
3-2 10977.1742 0.7 10996.9966 0.8 11017.4129 1.3 11049.1958 0.8
4-3 14633.6001 -0.2 14660.0188 -0.3 14687.2293 -0.4 14729.5924 -0.3

B /MHz 1829.9518(3) 1833.2572(3) 1836.6616(3) 1841.9612(3)
A  /kHz 23.49(1) 23.59(1) 23.68(1) 23.82(1)
(7/kHz b 0.5 0.6 1.0 0.6

SOoOa

2-1 7319.2596 -1.2 7332.4771 -1.1 7346.0896 -1.0 7367.2835 -0.8
3-2 10977.4850 1.4 10997.3049 1.3 11017.7187 1.2 11049.5003 1.0
4-3 14634.0167 -0.4 14660.4322 -0.4 14687.6421 -0.4 14730.0015 -0.3

1842.0114(3) 
23.79(1) 

0.7
Av = Vobs-  Veal-

b Standard deviation of the fit.

B /MHz 1830.0029(3) 1833.3080(3) 1836.7118(3)
D j/kHz 23.46(1) 23.56(1) 23.64(1)
a/kH z 1.1 1.0 0.9

o
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Table 6-13: Measured transition frequencies and determined spectroscopic constants o f Xe-NDH2  isotopomers.

J ’-J ’

Xe-NDH2 T3TXe-NDHz Xe-NDH2 Xe-NDH2
Vobs

(MHz)
Ava

(kHz)
Vobs

(MHz)
Av

(kHz)
Vobs

(MHz)
Av

(kHz)
Vobs

(MHz)

SOoQa

Av= V o b s -  Veal-

b Standard deviation of the fit.

Av
(kHz)

2-1 7668.9335 0.7 7682.1473
EOoos

-1.2 7695.7595 0.4 7716.9472 -0.4
3-2 11501.7696 -0.8 11521.5893 1.5 11541.9973 -0.4 11573.7722 0.5
4-3 15332.6534 0.2 15359.0646 -0.5 15386.2674 0.1 15428.6159 -0.2

B /MHz 
Dj /kHz 
cr/kHz b

1917.4504(3)
27.15(1)

0.6

1920.7551(3)
27.25(1)

1.2

1924.1586(3)
27.35(1)

0.3

1929.4569(3)
27.50(1)

0.4

2-1 7670.7760 -0.8 7683.9915 -0.04 7697.6026 -0.2 7718.7935 -0.6
3-2 11504.5433 0.9 11524.3588 0.04 11544.7701 0.3 11576.5481 0.7
4-3 15336.3605 -0.3 15362.7717 -0.01 15389.9754 -0.1 15432.3282 -0.2

B /MHz 1917.9106(3) 1921.2150(3) 1924.6186(3) 1929.9177(3)
Ds/kHz 27.05(1) 27.14(1) 27.24(1) 27.39(1)
a/kHz 0.7 0.03 0.2 0.5

K>K)



Table 6-14: Measured transition frequencies and determined spectroscopic constants of

131Xe-ND2H.

J ’.J ” F ’-F ”
EOoos EOoOa

Vobs
(MHz)

A va
(kHz)

K>bs
(MHz)

Av
(kHz)

2-1 1.5-1.5 7352.3364 -2.3 7352.5358 -2.5
3.5-2.5 7352.7860 -1.0 7352.9892 -0.7
0.5-0.5 7352.8446 3.9 7353.0475 3.4
2.5-2.5 7353.4172 2.7 7353.6259 3.7
1.5-0.5 7353.4641 -4.2 7353.6713 -5.1

3-2 4.5-3.5 11027.8084 0.9 11028.1149 1.5
3.5-2.5 11027.8084 0.9 11028.1149 1.5
2.5-1.5 11027.9631 0.2 11028.2698 -0.2
1.5-0.5 11027.9631 0.2 11028.2698 -0.2

4-3 5.5-4.5 14701.1077 1.2 14701.5182 1.6
4.5-3.5 14701.1077 1.2 14701.5182 1.6
3.5-2.5 14701.1777 -1.6 14701.5880 -2.0
2.5-1.5 14701.1777 -1.6 14701.5880 -2.0

B  /MHz 1838.4000(1) 1838.4507(1)
Dj /kHz 23.729(6) 23.710(6)

2faa(131X e)/M H z 2.510(3) 2.529(3)
<j /kHz b 2.4 2.7

A V Vobs Vfcai.
I .

Standard deviation of the fit.
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Table 6-15: Measured transition frequencies and determined spectroscopic constants of

131Xe-NDH2.

j ’-r  f ’- f "

EOoos E0(X)a

M>bs
(MHz)

A va
(kHz)

M>bs
(MHz)

Av
(kHz)

2-1 1.5-1.5 7702.2258 -0.9 7704.0615 -0.6
3.5-2.5 7702.6563 -1.9 7704.5013 -0.3
0.5-0.5 7702.7139 3.9 7704.5566 2.2
2.5-2.5 7703.2609 -1.4 7705.1156 -1.4
1.5-0.5 7703.3147 0.5 7705.1705 0.7

3-2 4.5-3.5 11552.3919 0.3 11555.1640 -0.5
3.5-2.5 11552.3919 0.3 11555.1640 -0.5
2.5-1.5 11552.5407 -0.5 11555.3166 -0.2
1.5-0.5 11552.5407 -0.5 11555.3166 -0.2

4-3 5.5-4.5 15400.1391 0.1 15403.8489 -0.3
4.5-3.5 15400.1391 0.1 15403.8489 -0.3
3.5-2.5 15400.2091 0.0 15403.9211 0.5
2.5-1.5 15400.2091 -0.01 15403.9211 0.5

B /MHz 1925.8968(1) 1926.3570(1)
A  /kHz 27.410(6) 27.296(6)

*aa(131Xe)/MHz 2.417(3) 2.461(3)
£7/kHz b 1.6 1.0

Av V0bs Mai* 
b Standard deviation of the fit.
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Table 6-16: Measured transition frequencies of 20Ne-Xe-14NH3 isotopomers.

% e -^ X e -■14n h 3 ^°Ne- Xe-14NHi
J ’Ka’Kc- F ’-F” Vobs A va Vobs Av
J ”Ka "Kc (MHz) (kHz) (MHz) (kHz)
2 o2 -loi 1-0 4740.5171 6.6 4761.1563 6.8

2-2 4740.5171 2.3 4761.1563 2.7
3-2 4740.5413 0.1 4761.1827 0.9
2-1 4740.5413 -3.8 4761.1827 -2.9
1-1 4740.5845 -1.7 4761.2281 -1.5

2l2-lll 2-1 4413.1481 -3.7 4431.3079 -4.3
3-2 4413.1828 2.7 4431.3451 2.7

2 h - 1 io 2-1 5138.3784 -3.1 5162.8619 -3.3
3-2 5138.4183 2.4 5162.9005 -0.8
1-1 5138.4757 -0.8 5162.9626 1.1

3<)3-2o2 2-1 7023.9188 -4.5 7053.2525 -4.3
4-3 7023.9309 -0.7 7053.2647 -0.7
3-2 7023.9418 2.3 7053.2745 1.1

3l3-2l2 3-2 6598.0149 -2.4 6624.8533 -1.5
4-3 6898.0234 0.6 6624.8619 1.0
2-1 6598.0348 4.2 6624.8717 3.0

3 i2 -2 h 2-1 7683.0209 -3.1 7719.2727 -2.4
3-2 7683.0209 -4.0 7719.2727 -2.9
4-3 7683.0386 5.1 7719.2905 5.9

4 o4 -3 o3 3-2 9214.8547 -0.6 9251.3763 0.2
5-4 9214.8547 -5.0 9251.3763 -4.4
4-3 9214.8741 3.9 9251.3948 3.6

4l4-3l3 3-2 8759.7341 -0.3 8794.8504 -0.3
4-3 8759.7341 2.3 8794.8504 2.4
5-4 8759.7341 1.9 8794.8504 1.9

4i3-3i2 3-2 10195.2118 3.1 10242.5637 2.6
4-3 10195.2118 -1.4 10242.5637 -1.9
5-4 10195.2118 -3.0 10242.5637 -3.6

5l5-4i4 6-5 10895.0935 0.3 10938.0860 0.1
4-3 10895.0935 -0.6 10938.0860 -0.7
5-4 10895.0935 -1.3 10938.0860 -1.4

lii-Ooo 0-1 4996.7620 -1.4 5000.5566 0.0
2-1 4996.8488 -0.2 5000.6432 -0.1
1-1 4996.9063 0.3 5000.7008 -0.3

2 l2 -loi 1-0 7021.8613 2.3 7033.1506 0.9
3-2 7021.9217 1.4 7033.2145 1.4
2-1 7021.9798 0.5 7033.2728 0.01

3l3-2o2 4-3 8879.4015 -0.4 8896.8930 0.8
3-2 8879.4483 -3.1 8896.9389 -3.1

3o3-2l2 4-3 4742.5519 -0.6 4781.2336 -0.5
A V  V0b s  Veal-
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Table 6-18: Measured transition frequencies of Ne-131Xe-15NH3 isotopomers.

J ’Ka'Kc- 
J ”Ka "Kc

% e - m Xe-■ NHi % e - 1JIXe-■i:>NHi

F ’-F” Vobs
(MHz)

A va
(kHz)

Vobs
(MHz)

Av
(kHz)

2()2-1oi 1.5-1.5 4466.1876 1.8
3.5-2.5 4648.9584 -0.0 4466.500 1.5
2.5-2.5 4466.9605 0.3
1.5-0.5 4466.9840 -3.1

2l2-lll 3.5-2.5 4155.9755 -0.7
2.5-1.5 4156.4239 2.5

2n-l  10 0.5-0.5 4845.2320 -0.03
1.5-0.5 4845.3143 0.9
3.5-2.5 4845.5819 0.8
2.5-2.5 4845.6607 -1.8
1.5-1.5 4845.9684 -0.2
2.5-1.5 4846.0266 0.3

3o3-2o2 1.5-1.5 6885.2885 0.7 6614.9650 -0.9
2.5-2.5 6885.4461 0.1 6615.1208 0.5
4.5-3.5 6885.6613 -0.7 6615.3267 3.4
3.5-2.5 6615.3405 -5.5
1.5-0.5 6615.4302 3.4
2.5-1.5 6885.7917 -0.9 6615.4485 -1.0
3.5-3.5 6886.1676 0.8 6615.8075 0.6

3l3-2l2 4.5-3.5 6212.9860 1.9
1.5-0.5 6213.0172 -2.9
3.5-2.5 6213.0999 -0.1
2.5-1.5 6213.1352 -0.8

3i2-2h 1.5-0.5 7244.5747 0.1
4.5-3.5 7244.6093 0.5
2.5-1.5 7244.6914 0.2
3.5-2.5 7244.7247 -0.7

ln-Ooo 1.5-1.5 4861.1259 0.8 4666.9497 -1.5
2.5-1.5 4861.2336 -1.7 4667.0335 0.9
0.5-1.5 4861.3243 0.9 4667.0999 2.3

2 l2 -loi 1.5-1.5 6572.1270 -1.8
2.5-1.5 6572.3869 -1.7
3.5-2.5 6572.4704 0.4
0.5-0.5 6572.5658 -0.5
2.5-2.5 6572.8320 -1.8
1.5-0.5 6572.9317 1.7

3l3-2o2 4.5-3.5 8318.9537 -1.1
3.5-2.5 8318.9793 5.7
1.5-0.5 8319.0559 -4.3
2.5-1.5 8319.0806 1.6

aAv= V o b s- Vcai.
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Table 6-19: Spectroscopic constants o f Ne-Xe-NH3 isotopomers.

% e - ‘% e - 20Ne-12yXe- 2TSJe- Xe- % e - 1J1Xe- ^ e - r a Xe- Ne-U2Xe- 22Ne-131Xe- 22Ne-12yXe-
l4NH3 14n h 3 I5n h 3 15n h 3 ,5n h 3 15n h 3 15n h 3 15n h 3

Rotational Constants (MHz) and Planar Moments (amu A 2)

A 3984.2160(8) 3984.2601(8) 3869.481(1) 3870.362(1) 3869.514(1) 3714.169(1) 3714.1871(8) 3714.224(1)
B 1375.4871(5) 1382.4007(5) 1348.5665(7) 1351.679(2) 1355.4916(7) 1295.5534(4) 1297.8224(3) 1302.4682(4)
C 1012.6873(4) 1016.4379(4) 990.5439(5) 990.851(1) 994.2828(5) 951.6433(3) 952.8687(4) 955.3780(3)

Pa 369.8102 367.9714 377.1749 376.6792 375.2589 392.5394 391.8572 390.4669
Pb 129.2373 129.2346 133.0286 133.3661 133.0260 138.5199 138.5198 138.5164
P c -2.3920 -2.3907 -2.4222 -2.7894 

Centrifugal Distortion
-2.4208 

Constants (kHz)
-2.4520 -2.4519 -2.4505

Dj 17.681(7) 17.837(7) 16.33(1) 16.47(1) 15.751(7) 15.81(1) 15.908(8)
D j  K -1.1(1) -1.2(1) 3.1(1) 2.9(1) -1.6(2) -1.3(2) -1.2(2)
dx -5.78(2) -5.82(2) -5.35(2) -5.35(2) -5.062(6) -5.10(1) -5.112(6)
d2 -0.54(7) -0.43(7)

Hjk. 0.139(7) 0.126(7) 0.14(1) 0.16(1) 0.16(1)
N Nuclear Quadrupole Coupling Constants (MHz)

Xaa -0.101(1) -0.107(1)
Xbb 0.190(2) 0.193(2)
Xcc -0.089(2) -0.086(2)

Xe Nuclear Quadrupole Coupling Constants (MHz)
Xaa 1.887(3) 1.781(1)
Xbb -0.442(5) -0.327(2)
Xcc -1.445(5) -1.454(2)

Standard Deviation (kHz)
a 2.6 2.4 1.2 0.9 2.4 1.1 2.1 0.9

NJK)



Table 6-20: Van der Waals bond lengths, stretching frequencies, and force constants

for the SOq/SOoo states of Xe-NH3 isotopomers.

SOoa state 136Xe-NH3 li4Xe-NH3 132Xe-NH3 13lXe-NH3 129Xe-NH3
*(A ) 4.067 4.067 4.067 4.067 4.067

vs (cm'1! 36.5 36.4 36.5 36.7 36.4
ks (N m' ) 1.19 1.18 1.18 1.20 1.18
XOoa state 136Xe-15NH3 134Xe-15NH3 132Xe-15NH3 131Xe-15NH3 129Xe-15NH3

R (  A) 4.064 4.064 4.064 4.064 4.064
vs (cm'1! 

fe(Nm4)
35.7 35.7 35.7 35.7 35.8
1.19 1.19 1.19 1.19 1.19

20os state 13bXe-ND3 l34Xe-ND3 132Xe-ND3 131Xe-ND3 12̂ Xe-ND3
R{A) 4.064 4.065 4.065 4.065 4.065

vs (cm'1! 34.6 34.7 34.7 34.7 34.8
ks (N m ) 1.24 1.24 1.23 1.23 1.23
ZOoa state 136Xe-ND3 134Xe-ND3 132Xe-ND3 131Xe~ND3 l29Xe-ND3

R (  A) 4.065 4.065 4.065 4.065 4.065
vs (cm'1) 34.6 34.7 34.7 34.7 34.7

f e (N m ') 1.24 1.24 1.24 1.23 1.23
SOoos state 136Xe-ND2H 134Xe-ND2H 132Xe-ND2H 131Xe-ND2H 129Xe-ND2H

r (A) 4.067 4.067 4.067 4.067 4.067
vs (cm'1! 34.1 34.1 34.1 34.1 34.2

l , ( N m ' ) 1.14 1.14 1.14 1.14 1.14
ZOooa state 13bXe-ND2H 134Xe-ND2H 132Xe-ND2H 131Xe-ND2H m Xe-ND2H

R (A) 4.067 4.067 4.067 4.067 4.067
vs (cm'1! 34.1 34.1 34.2 34.2 34.2

ks (N m ) 1.14 1.14 1.14 1.14 1.14
ZOoos state 136Xe-NDH2 134Xe-NDH2 132Xe-NDH2 131Xe-NDH2 12yXe-NDH2

r (A) 4.069 4.069 4.069 4.069 4.069
vs (cm'1! 34.0 34.0 34.0 34.1 34.1

f c ( N m ) 1.08 1.08 1.08 1.08 1.08
ZOooa state l36Xe-NDH2 134Xe-NDH2 132Xe-NDH2 131Xe-NDH2 129Xe-NDH2

R (  A) 4.068 4.068 4.069 4.069 4.069
vs (cm"1) 34.1 34.1 34.1 34.1 34.2

ks (N m' ) 1.09 1.09 1.09 1.09 1.09
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Table 6-21: Comparison of ab initio and experimental values of derived parameters for

132Xe-NH3.

*(A ) vs (cm'1) &S(N m '1)
experimental

values EOoa state 4.067 36.5 1.18

Global minimum 3.941 42.7 1.63
(0=105°,  p  = 60°) 
Symmetric Xe-H3N

ab initio 
values

geometry
(0 = 0°, <p= 0°)

Symmetric Xe-NH3

4.234 32.5 0.95

geometry 
(0 =  180°, q>= 0°)

4.155 35.9 1.15
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Table 6-22: Comparison o f calculated quartic centrifugal distortion constants of Ne-Xe-NH3 from harmonic force field analysis 

with experimental values.3

2UNe-132Xe-14NH3 26N e-^X e-l4NH3 % e - i^X e-lsNH3
Exp. calc. exp. calc. exp. calc. exp. calc.

Dj 17.681(7) 17.548 17.837(7) 17.703 16.33(1) 16.36 16.47(1) 16.51
Dj k -1.1(1) -0.9 -1.2(1) -0.6 3.1(1) 2.9 2.9(1) 3.2
di -5.78(2) -5.87 -5.82(2) -5.94 -5.35(2) -5.51 -5.35(2) -5.58
d2 -0.54(7) -0.87 -0.43(7) -0.88 -0.84 -0.86

22Ne-132Xe-■15n h 3 22Ne-131Xe- 15n h 3 22Ne-129Xe-■15n h 3
exp. calc. exp. calc. exp. calc.

Dj 15.751(7) 15.747 15.81(1) 15.80 15.908(8) 15.896
Dj K -1.6(2) -1.7 -1.3(2) -1.6 -1.2(2) -1.4
dx -5.062(6) -5.302 -5.10(1) -5.324 -5.112(6) -5.368
d2 -0.78 -0.78 -0.79

a All constants are in kHz.
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CHAPTER 7 Microwave Spectra of the Open-Shell X e-02 van 

der Waals Complex: A Direct Measure of the Magnetic Coupling 

of the Xe Nucleus with the 0 2 Electron Spin

7.1 Introduction

Interactions of Xe with paramagnetic centres are believed to be one of the 

mechanisms which cause rapid spin relaxation of hyperpolarized 129Xe (nuclear spin /  

= 1/2) in nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) 

experiments. Such a relaxation process happens, for example, when Xe binds to 

paramagnetic Fe ions in some proteins. The main contributor to spin relaxation in the 

lung space is the interaction of Xe with oxygen (O2) molecules.1,2 A consequence of 

the spin relaxation is a reduction of the 129Xe nuclear spin polarization and, therefore, a 

decrease o f the NMR signal. Paramagnetic centres also cause large and sensitive 

responses in the 129Xe chemical shifts. Much larger chemical shifts were observed in 

paramagnetic than in diamagnetic systems.3,4,5 Utilizing this property, 129Xe can be 

used to detect the presence and distribution of paramagnetic centres in the material or 

system under investigation.

In order to understand the shielding response of Xe to paramagnetic centres, 

several NMR studies were carried out in a test system consisting of Xe atoms in
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oxygen gas(C>2 electron spin S  = I ) . 6 ,7 ’8 Fermi contact interaction, due to the presence 

of unpaired electron spin density at the Xe nucleus, was found to be the major 

contribution to the large paramagnetic 129Xe shift. This spin density is mainly caused 

by the overlap between the 5 s orbital of the Xe atom and one singly-occupied 7ig* 

orbital of the O2 molecule. 6  The magnetic dipole-dipole coupling of the Xe nucleus 

with the unpaired electron distribution on O2  is responsible for the relaxation of 129Xe 

nuclear spin in O2 gas. 7 Vukovic et al. performed a calculation of the intermolecular 

hyperfine tensors including both Fermi contact and magnetic dipolar parts . 8

Microwave spectra of the Xe-C>2 complex could provide a more detailed insight 

into the intermolecular interactions, especially the magnetic coupling of the Xe nucleus 

with the electron spin of O2 . Fermi contact and dipole-dipole coupling constants have 

been determined for a system, Xe-NC>2 , and were used to probe the unpaired electron 

delocalization within the complex. 9  Despite the simplicity o f the O2 structure, there are 

very few spectroscopic studies of 0 2 -containing van der Waals complexes, mainly 

because of the presence of the two unpaired electrons in the O2 molecule which 

complicates the spectra. Only the (0 2 ) 2  (Ref. 10, 11, and 12) and Ar- 0 2  (Ref. 13) 

spectra were observed in the infrared or visible regions at low resolution, and O2 -N2 O 

spectra were observed using high resolution infrared spectroscopy. 14 There has not 

been a report o f high resolution microwave study of an 0 2 -containing complex yet. 

There are several challenges for microwave studies. First o f all, interactions of the 

magnetic moment of the O2 molecule with Earth’s magnetic field will give rise to 

complicated Zeeman structures in the rotational spectra. Secondly, due to the presence 

of the electron spin of O2 , the interpretation of rotational spectra demands an
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appropriate angular momentum coupling scheme to account for the coupling of 

electronic and rotational motion. An appropriate effective Hamiltonian used to 

determine rotational energy levels has therefore to be established. Two effective 

Hamiltonians were developed for 0 2 -containing complexes. Hund’s case (a) 

coupling15 was used in a rigid system, the O2 -N2 O complex. The electron spin angular 

momentum S  is quantized along the O2 molecular axis with projection quantum 

number E. The total rotational angular momentum J  of the complex and its projection 

K  onto the intermolecular axis, similar as those for a closed-shell symmetric rigid rotor, 

stay uncoupled with the electronic spin wavefunction [see Figure 7-1(a)]. The effective 

Hamiltonian16 based on this coupling scheme was successfully used to explain the 

observed infrared spectra of O2 -N2 O . 14 For a more floppy rare gas- 0 2  complex, a 

coupling scheme similar to Hund’s case (c) was used. 15 The rotational angular 

momentum N  of the O2 monomer [instead of the electronic orbital angular momentum 

in Hund’s case (c)] is first coupled to the electron spin angular momentum S. The 

projection K  of the resultant angular momentum Ja onto the intermolecular axis is then 

added to the end-over-end rotational angular momentum L  of the complex, resulting in 

the total angular momentum of the complex, J  [see Figure 7-1 ( b ) ] .  Assuming a T- 

shaped structure of a rare gas- 0 2  complex, a model describing its rotation-vibration- 

electronic spin states was proposed in the 1980’s based on this coupling scheme, 1 7 ,1 8  

however, so far it has not been tested against experimental rotational spectra.

In this chapter, the microwave study of the Xe- 0 2  complex is presented.

•5
Rotational spectra of Xe- 0 2  within the ground S' electronic state were recorded. An 

ab initio potential energy surface (PES) of Xe- 0 2  was constructed to find the
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(a)

(b)

Figure 7-1: Angular momentum vector coupling diagram used for (a) O2 -N2 O, Ref. 16 

and (b) rare gas-0 2 , Ref. 17.
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equilibrium structure of the complex. A resulting T-shaped structure at the global 

minimum validates the use of the proposed model from Refs. 17 and 18 to assign and 

analyze the spectra of Xe-0 2 . The spectroscopic results were used to extract 

information about the geometric and electronic structure of the complex. In particular, 

the determined nuclear quadrupole and magnetic hyperfine constants provide detailed 

insight into the interactions of the Xe nucleus with the electron spin of O2 .

7.2 Ab initio potential energy calculation

7.2.1 Computational details

Potential energies of the Xe- 0 2  complex were calculated at the spin 

unrestricted coupled cluster level of theory [UCCSD(T) ] 1 9 ,2 0 ,2 1  using the MOLPRO 

2002.6 package of ab initio programs. 2 2  The restricted open-shell Hartree-Fock 

(ROHF) function was used as reference wavefimction. The aug-cc-pVQZ-PP basis 

set2 3  was chosen for the Xe atom and the aug-cc-pVTZ basis set2 4  for O atoms. The 

basis sets were supplemented with (3s3p2d2flg) midbond functions, with the 

exponents a*, otp = 0.94, 0.34, 0.12; c^, af = 0.64, 0.23; a% = 0.35 2 5  The interaction 

energies were calculated using supermolecule approach. The full counterpoise

0f\correction was applied to eliminate basis-set superposition error. The O2 monomer 

was fixed at its experimental equilibrium structure, with an 0 - 0  distance of 1.2074 

A . 2 7 The position of the Xe atom was defined in a polar coordinate system (R , 0), with 

the origin of the system at the center-of-mass (c.m.) of the O2 unit; 0= 0°  corresponds 

to a X e-00  linear configuration and 0 -  90° corresponds to a T-shaped configuration. 

The Xe- 0 2  PES was calculated on a grid of 315 points. The radial grid includes 45

238

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



points from 3 to 1 0  A, and the angular grid has 7 points with 9 from 0 ° to 90° in steps 

of 15°. The calculated interaction energies are given in Table 7-1.

7.2.2 Discussion of the calculation results

The calculated PES has the global minimum at a T-shaped structure (R = 3.9 A, 

9  = 90°) with a well depth of 138.2 cm'1. A shallow local minimum with energy 

of -115.0 cm ' 1 was found at a linear configuration (R = 4.4 A, 9 = 0°). These two 

minima are connected by a transition state at R = 4.4 A, 9 = 30°, with an energy 

o f -113.3 cm'1. The small energy difference (1.7 cm'1) between the transition state and 

local minimum indicates a very flat potential around the region from 9 = 0° to 30°. A 

contour plot of the potential is shown in Figure 7-2. The resulting T-shaped structure at 

the global minimum is in accord with the semi-empirical potential constructed by 

Aquilanti et a / . 2 8  The minimum obtained in this work has a 4% shallower well depth 

and 1% longer van der Waals distance compared with that o f the potential by Aquilanti 

et al. (R = 3.87 A, £ min = -144.1 cm ' 1) . 2 8

7.3 Spectral search, assignments, and analyses

The angular momentum coupling scheme used here for the Xe- 0 2  complex 

follows that used in Refs. 17 and 18, and is illustrated in a vector diagram shown in 

Figure 7-1(b). The 160 2  monomer follows the Bose-Einstein statistics, which requires 

the total wavefunction to be symmetric under an interchange of the two equivalent 160  

nuclei. 1 6 0  has nuclear spin of zero, and therefore only a symmetric spin function of 

1 6 0 2  molecule results. In the ground3 XT electronic state, the electronic and vibrational
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<L>
&

X (Xe) / A

Figure 7-2: Contour diagram of the ab intio potential energy surface of Xe-0 2 . 

Potential energies are given in cm'1.

wavefunctions are antisymmetric and symmetric, respectively. As a consequence, only 

antisymmetric rotational wavefunctions are allowed, i.e., the rotational quantum 

number N  of the 1 6 0 2  monomer should be odd. Following the above coupling scheme 

and spin statistics, van der Avoird developed a model to predict the energy level 

pattern for a rare gas- 0 2  complex. 17 This model is based on a T-shaped rare gas- 0 2  

structure, in accord with the structure of ab initio global minimum of Xe- 0 2  obtained 

in section 7.2. Eigenstates of the energy levels associated with N  = 1 were determined 

using this model. 17 Excited states with N  > 1, i.e., states with excited O2  internal 

rotation, are not expected to be populated in a supersonic beam experiment because of 

the low temperature (1-2 K) of the molecular expansion. A schematic diagram of the 

predicted energy level pattern is redrawn from reference 17 in Figure 7-3. Each level is
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Figure 7-3: A schematic diagram of the predicted energy level pattern for rare gas -  O2 , 

redrawn from Ref. 17.
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labeled by J, [AT|, and parity. Even/odd parity corresponds to symmetric/antisymmetric 

combinations of different wavefunctions with the same |X| value. With the electron 

spin quantum number S  = 1, Ja and K  can have three possible values, 0, 1, and 2 (J„ = 

N  + S ) . Therefore, a total of six K  stacks results, with each |AT| quantum number having 

two stacks o f even and odd parities, respectively. The two stacks with different parities 

are well separated for |X| = 0, while near degenerate for \K\ = 1 and 2. The small 

splittings of |X| = 1 or 2 stacks are a result of a Coriolis perturbation.

The sample mixtures used for generating the Xe- 0 2  complex consisted of 1% 

Xe and 1% O2 in Ne backing gas at about 5 atm. Initial transition frequencies were 

predicted based on a pseudodiatomic approximation. The Xe-c.m.(0 2 ) distance was 

estimated to be 4.14 A, the same as the bond length of Ar-Xe. 2 9  The rotational constant 

B  and the / =  2-1 transition frequency o f the 1 3 2Xe- 0 2  complex were thus predicted to 

be 1144.8 MHz and 4579.2 MHz, respectively. The spectral search began with the J  = 

2-1 transition. A set of transitions at 4.7 GHz with spacings characteristic for different 

Xe isotopes were first located. These transitions were assigned to the |X| = 0 stack with 

even parity. A method to confirm the assignment to the |AT| = 0 stack is to locate the J=  

1 - 0  transition, however, this transition for Xe- 0 2  is out of the frequency range of the 

spectrometer. Instead, the corresponding transitions for the Ar- and Ne- 0 2  complexes 

were searched and the J -  1-0 transitions were found. 3 0  This supports the assignment 

of the observed transitions of Xe- 0 2  to the |X| = 0  stack by assuming that the energy 

level patterns for Ar- 0 2  and Ne- 0 2  are similar as that for Xe-0 2 . Extensive searches 

for other K  stacks were conducted but without success, probably due to the low 

population within these stacks. Higher J  transitions for the ground |X| = 0 stack (even
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parity) were located straightforwardly. The observed transitions show Zeeman 

structures arising from interactions o f the magnetic moment o f O2  with Earth’s 

magnetic field. An example spectrum of the J  = 2-1 transition of 1 3 2Xe-C>2 is given in 

Figure 7-4 (a). These Zeeman structures, each spreading over 100 kHz, were reduced 

by the use o f Helmholtz coils. Three mutually perpendicular pairs o f Helmholtz coils 

were positioned outside the chamber to generate a nearly homogeneous magnetic field 

in the area where the microwave radiation and the molecular expansion interact. Each 

pair consists of two parallel and identical circular magnetic coils that carry equal 

electrical current flowing in the same direction and are placed symmetrically along a 

common axis. The electrical current in each pair of coils can be adjusted individually 

so that the generated magnetic field can cancel out Earth’s magnetic field. The use of 

Helmholtz coils has effectively removed Zeeman structures or at least reduced the 

splittings to a magnitude below the instrumental spectral resolution (full-width at half­

height ~7 kHz). The J -  2-1 transition of 1 32Xe-C>2 observed with the use o f Helmholtz 

coils is shown in Figure 7-4 (b) and has only two components which are due to the 

Doppler effect.

The transition frequencies were taken as the average of the Doppler 

components measured with the use of Helmholtz coils, and are given in Tables 7-2 and 

7-3. These frequencies were input in Pickett’s SPFIT suite of programs31 to determine 

the rotational constant B  and the centrifugal distortion constants Dj and Hj (see Table 

7-2) using a pseudodiatomic approach. The spectra of the 1 2 9Xe-C>2 and 1 31Xe-C>2 

isotopomers are complicated by the hyperfine structures due to the Fermi contact and 

the dipole-dipole couplings between the electron spin of O2  (S = 1) and the nuclear
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Frequency /MHz

Figure 7-4: Spectra of J  = 2-1 transition of 132Xe-C>2 recorded using 20 averaging 

cycles. Spectrum a) shows Zeeman structures and spectrum b) is recorded with the use 

of Helmholtz coils leaving only two Doppler components.
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Figure 7-5: A spectrum of J =  2-1 transition of 1 29Xe-C>2 showing magnetic hyperfine 

structure. This spectrum was recorded using 100 averaging cycles.

spins of 129Xe (I  = Vi) and 131Xe (I = 3/2). An example spectrum of the J  -  2-1 

transition of 1 2 9Xe-C>2 is shown in Figure 7-5. The electric quadrupole interaction of 

the 131Xe nucleus is a further contributor to the hyperfine structure o f 1 3 1Xe-C>2 . For 

these two complexes, the most intense component for each J  transition was used to 

determine B, A , and Hj constants. In the above fitting procedure, the electron spin- 

spin (A) and spin-rotation constants (y) were not included because the rotational levels
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within the |AT| = 0  stack (even parity) do not contain information about these two 

constants according to the calculated eigenstate energies by van der Avoid. 17

The hyperfine constants of the 1 29Xe- 0 2  and 1 31Xe-C>2 isotopomers were 

determined in separate fits from those for the rotational and distortion constants 

determinations. The Hamiltonian representing the hyperfine interaction between

T9electron and nuclear spins is expressed as follows:

H Vs = bFI • S  + c/3 (I2S 2 - I  S )  (7-1)

Here, bp and c are the Fermi contact and the dipole-dipole coupling constants, 

respectively. The observed spectra of 129Xe-C>2 and l3 1Xe-C>2 do not have sufficient 

information to determine bp and c constants independently. A parameter, b = bp -  c/3, 

was determined instead. For 13 1Xe-C>2 , the 131Xe nuclear quadrupole coupling constant 

Xaa was also obtained. The fitting procedure utilized the coupling scheme of I  + J = F .  

The electron spin-spin (A) and spin-rotation (y) constants were fixed at the

TT 190experimental values of the O2 monomer. The hyperfine frequencies of Xe- and 

131Xe-C>2 and the determined b and Xaa values are listed in Table 7-3.

7.4 Discussion of the experimental results

The rotational and centrifugal distortion constants were determined for five 

Xe- 0 2  isotopomers. The van der Waals bond length R between Xe and c.m.(0 2 ) can be

calculated using R = . A value of 4.06 A was obtained. The isotope effects
8 #  /z5>

upon Xe substitution are negligible. Compared with the Xe-N2  complex (R = 4.21 A, 

see Chapter 3), which also has a T-shaped structure, the R value of Xe- 0 2  is 0.15 A
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smaller. This is consistent with the shorter equilibrium distance of Xe- 0 2  (Re = 3.90 A) 

compared to Xe-N2  (Re = 4.10 A, see Chapter 3) obtained from ab initio PESs. The 

distortion constants D} (45-47 kHz) of Xe- 0 2  are three times larger than those of Xe- 

N2 (14 kHz). This is somewhat unexpected since the similar depths of the Xe-N2 and 

Xe- 0 2  global minima suggest similar rigidity of these two systems. The possible 

reason is that the observed |X| = 0  stack of Xe- 0 2  is mixed with the nearby |AT| = 1 

stack of the same parity by a Coriolis interaction. As a result, the energy levels within 

the \K\ = 0 stack are compressed and deviate from the typical semi-rigid rotor pattern. 

This phenomenon was found to be more pronounced in the Ar- and Ne- 0 2  systems.

A free 131Xe atom does not have a nuclear quadrupole interaction because of its 

spherically symmetric electronic charge distribution. The observed quadrupole 

hyperfine structures in the 1 31Xe- 0 2  complex arise from the distortion of Xe electron 

distribution by the presence of O2 . Like closed-shell Xe complexes discussed in 

previous chapters, the electric multipole moments of O2 and the dispersion interaction 

between Xe and O2 both contribute to the electric field gradient at the Xe nucleus. An 

additional contribution, unique for the open-shell systems, comes from the unpaired 

electron distribution around the Xe nucleus, due to the overlap between the 5p orbitals 

of Xe with one singly-occupied ng* orbital of O2 . 9 In order to estimate the 

contributions from all three effects, I first calculated the %aa constant arising from the 

electric multipole moments of O2 using equation (7-2) : 3 4

X a a = - eq o ( l - r ) Q x e /h (7-2)
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Here, qo is the electric field gradient component along the intermolecular axis 

generated by the multipole moments of the O2  at the site o f Xe nucleus. Only the 

electric quadrupole moment Q = -0.4 D A (Ref. 35) of O2 was considered, and higher 

order electric moments were neglected. The brackets indicate averaging over the large 

amplitude angular motions. With R = 4.06 A, a Stemheimer shielding factor y= -152 

(Ref. 34), and the 131Xe nuclear quadrupole moment Qxe = -0.12 b ,36a Xaa value 

of -0.290 MHz was obtained for a T-shaped configuration (8  = 90°). The difference 

between the experimental value [0.624(2) MHz] and this calculated Xaa value is 0.914 

MHz, contributed by the dispersion interactions, the unpaired electron density in the 

Xe 5p orbitals, and zero-point vibrational effects. The value of 0.914 MHz has the 

same magnitude as the Xaa value of the 1 3 1Xe-20Ne [0.3878(9) MHz], 1 31Xe-Ar 

[0.7228(36) MHz], and 1 3 lXe-Kr [0.7079(86) MHz] complexes, in which the 

dispersion contribution to Xaa dominates. 2 9  The 0.914 MHz difference is also in accord 

with the estimated contribution from the dispersion effect (0.828 MHz, see Chapter 3) 

to Xaa of 1 31Xe-15N2 . Therefore, I expect only a small contribution from the unpaired 

electron density in the Xe 5p orbitals to the Xaa value of 1 3 1Xe-C>2 , in the order of 0.1 

MHz or even smaller. The corresponding constant is 252 MHz for the metastable P2 

5p5 6s state of the Xe atom, in which the unpaired electron is in a pure 5p orbital. A 

constant of 0.1 MHz corresponds to a spin population of 0.04% in the 5p orbital.

The magnetic hyperfine parameters, b = bF -  c/3, were determined for both 

1 2 9Xe-0 2 [0.42(2) MHz] and 131Xe-02 isotopomers [0.095(4) MHz]. The 129Xe / 131Xe 

ratio of b is -4.4, which agrees reasonably well with the 129Xe / 131Xe magnetic g  factor
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ratio (-3.4) . 3 7  The difference between these two ratios could be a consequence of the 

large uncertainties of the determined parameters or zero-point motion effects. The 

magnetic hyperfine parameters were used to estimate the unpaired electron spin 

population in the Xe atomic orbitals due to the overlap with one singly-occupied 7ig* 

orbital of O2 . The main contributor to the isotropic Fermi contact term is the spin 

population in the Xe 5 s orbital, and the spin population in the 5p orbitals gives rise to 

the anisotropic dipole-dipole term . 3 8  As the Fermi contact and the dipole-dipole 

constants can not be determined independently, the interpretation of the magnetic 

hyperfine parameters can not achieve its fullest potential. According to the ratio of the 

corresponding constants in the Xe-NC>2 complex9  and the XeF radical,38’391 assume 

that the two constants in the Xe- 0 2  system are on the same order of magnitude. Based 

on the magnitude of the determined b constant, the Fermi contact and dipole-dipole
I

constants were approximated to be in the order o f 0.1 - 1 MHz for Xe. The atomic

19QXe Fermi contact parameter is 67,790 MHz when the unpaired electron is in a pure 

5 s orbital and the dipole-dipole parameter is 1,340 MHz when the unpaired electron in 

a pure 5p orbital. 4 0  Therefore, I estimate a spin population of 0.00015-0.0015% in the 

Xe 5s orbital and 0.007-0.07% in the Xe 5p orbital for the Xe- 0 2  system. The 

estimated spin population for the 5p orbital is in accord with the value obtained from 

the 131Xe nuclear quadrupole coupling constant.

This spin population estimation can only be considered as a fairly crude 

approximation for a number of reasons: 1. the Fermi-contact and dipole-dipole 

constants can not be determined independently; 2 . a more accurate determination of 

the b constants requires a more accurate electron spin-spin constant X due to the
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relatively high correlation of these two constants; 3. contributions to the magnetic 

hyperfine structures from other effects, for example, charge transfer o f the unpaired 

electron into the Xe 6 s orbital and overlap of other Xe atomic orbitals with the O2 

molecular orbitals, can not be ruled out. More information about the magnetic 

interactions requires further spectroscopic studies to determine highly accurate 

constants and quantum chemistry calculations to provide detailed insight into the 

nature of the interactions.

7.5 Summary

An ab initio potential energy surface of the Xe- 0 2  complex was constructed at 

the UCCSD(T) level o f theory. The global minimum was found at the T-shaped 

structure. Rotational transitions of the Xe- 0 2  complex within the ground 3 S' electronic 

states were measured and assigned. The obtained rotational constant was used to 

determine the van der Waals bond length. The nuclear quadrupole coupling constant 

and magnetic hyperfine constants were used to estimate the unpaired electron spin 

population in the Xe 5s and 5p orbitals. The determined magnetic hyperfine constants 

can shed light on the Fermi contact and the dipole-dipole interactions, and therefore 

constitutes a step towards the understanding of large paramagnetic NMR shift and spin 

relaxation in the Xe- 0 2  system.
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Table l- \:A b  initio interaction energies (in cm'1) of Xe-02.

R t  A 0 ° 15° 30° 45°

cO

75° 90°
3.00 8951.26 8168.29 6297.10 4308.74 2664.39 1681.19 1352.87
3.10 6272.16 5723.49 4449.97 3001.10 1772.64 1096.20 839.09
3.20 4334.98 3953.57 3056.63 1991.35 1178.48 683.39 484.75
3.30 2946.82 2683.60 2063.71 1316.34 736.63 397.02 244.55
3.40 1961.47 1782.03 1370.55 833.61 445.85 207.28 85.38
3.50 1269.25 1147.42 845.99 496.97 211.08 38.77 -16.88
3.60 788.55 707.25 504.25 267.73 74.05 -41.78 -79.58
3.70 459.20 405.86 272.06 114.15 -14.30 -90.81 -115.23
3.80 237.17 202.76 116.02 14.61 -68.37 -117.25 -132.69
3.85 156.16 128.85 59.96 -21.27 -86.78 -124.61 -136.65
3.90 90.85 69.36 15.15 -48.77 -99.94 -129.00 -138.24
3.95 38.59 21.90 -20.24 -69.90 -109.24 -131.35 -137.97
4.00 -2.81 -15.60 -48.23 -86.13 -115.36 -131.56 -136.25
4.10 -60.21 -67.29 -85.27 -105.65 -120.84 -127.89 -129.73
4.20 -93.00 -96.34 -104.84 -113.73 -119.31 -120.71 -120.72
4.25 -102.83 -105.02 -109.83 -114.94 -116.98 -116.36 -115.73
4.30 -109.37 -110.45 -112.84 -114.58 -113.97 -111.75 -110.58
4.40 -115.02 -114.66 -113.34 -110.59 -106.32 -101.96 -100.15
4.50 -113.93 -112.74 -109.27 -103.95 -97.61 -92.11 -89.98
4.60 -108.79 -107.17 -102.58 -95.94 -88.62 -82.62 -80.39
4.70 -101.41 -99.61 -94.57 -87.44 -79.80 -73.75 -71.54
4.80 -92.99 -91.18 -8 6 . 1 1 -78.97 -71.45 -65.58 -63.50
4.90 -84.32 -82.58 -77.68 -70.86 -63.72 -58.31 -56.26
5.00 -75.85 -74.20 -69.67 -63.31 -56.66 -51.70 -49.81
5.20 -60.51 -59.15 -55.44 -50.17 -44.66 -40.59 -39.06
5.40 -47.82 -46.77 -43.80 -39.61 -35.16 -31.95 -30.73
5.60 -37.73 -36.90 -34.59 -31.30 -27.77 -25.27 -24.32
5.80 -29.82 -29.21 -27.43 -24.86 -22.05 -20.13 -19.39
6 . 0 0 -23.67 -23.22 -21.72 -19.74 -17.79 -16.16 -15.56
6.25 -17.92 -17.55 -16.51 -15.04 -13.51 -12.36 -11.94
6.50 -13.70 -13.45 - 1 2 . 6 8 -11.56 -10.42 -9.56 -9.24
6.75 -10.59 -10.40 -9.82 -8.99 -8 . 1 1 -7.46 -7.23
7.00 -8.28 -8.13 -7.68 -7.04 -6.38 -5.88 -5.71
7.25 -6.54 -6.42 -6.08 -5.58 -5.09 -4.68 -4.55
7.50 -5.24 -5.13 -4.85 -4.50 -4.09 -3.78 -3.67
7.75 -4.22 -4.14 -3.93 -3.63 -3.31 -3.06 -2.97
8 . 0 0 -3.43 -3.36 -3.19 -2.95 -2.70 -2.50 -2.43
8.25 -2.80 -2.75 -2.61 -2.42 -2 . 2 2 -2.07 -2 . 0 0

8.50 -2.31 -2.27 -2.15 -1.99 -1.83 -1.71 - 1 . 6 6

8.75 -1.92 - 1 . 8 8 -1.78 - 1 . 6 6 -1.52 -1.41 -1.38
9.00 -1.60 -1.56 -1.49 -1.38 -1.27 - 1 . 2 0 -1.15
9.25 -1.34 -1.32 -1.25 -1.16 -1.07 - 1 . 0 1 -0.96
9.50 -1.13 - 1 . 1 0 -1.07 -0.98 -0.91 -0.84 -0.81
9.75 -0.96 -0.93 -0.91 -0.83 -0.77 -0.71 -0 . 6 8

1 0 . 0 0 -0.82 -0.78 -0.76 -0.70 -0 . 6 6 -0.61 -0.58
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Table 7-2: Measured transition frequencies and determined spectroscopic constants o f Xe- 0 2  isotopomers.

J ’-J”

136Xe-02 134Xe-02 132Xe-02 Xe-02 ^ X e -0 2

Hibs
(MHz)

Ava
(kHz)

H bs
(MHz)

Av
(kHz)

H bs
(MHz)

Av
(kHz)

V0bs
(MHz)

Av
(kHz)

H bs
(MHz)

Av
(kHz)

2 - 1 4735.0504 4.0 4747.9132 4.1 4761.1584 -3.4 4767.8988 -2.5 4781.7813 0.7
3-2 7099.8695 -4.6 7119.1364 -4.6 7138.9761 -0.4 7149.0875 3.8 7169.8615 -0 . 8

4-3 9461.4686 1.4 9487.1072 1.5 9513.5077 3.4 9526.9660 -2 . 1 9554.6058 0.3
5-4 11883.7058 1.5 11900.4955 0.4 11934.9507 0.06
6-5 14248.5784 -3.6 14309.8836 -0.04
7-6 16607.2025 1 . 2

B 1MHz 1184.1210(3) 1187.3403(3) 1190.6610(2) 1192.3457(4) 1195.8214(3)
Ds /kHz 44.93(1) 45.38(1) 46.428(8) 46.38(3) 47.13(1)
tfj/kHz 0.01622(8) 0.0119(5) 0.0158(2)
cr/kHzb 3.6 3.7 2 . 6 2.5 0.5

A v  Vobs~ H al.
b Standard deviation of the fit.

K>c*
t o



Table 7-3: Measured hyperfine frequencies and corresponding hyperfine constants of

129Xe-02 and 131Xe-02.

J ’-J”

1 29Xe-0 2 1 3 1Xe-0 2

F ’-F ” K>bs
(MHz)

A va
(kHz) F ’-F ” Vobs

(MHz)
Av

(kHz)
2 - 1 1.5-0.5 4781.7639 3.1 0.5-1.5 4767.6539 - 1 . 0

2.5-1.5 4781.7813 0 . 6 1.5-1.5 4767.8031 -0.7
3.5-2.5 4767.8988 -0.4
2 .5-1.5 4767.8988 -4.9
2.5-2.5 4768.0752 4.3
1.5-0.5 4768.0752 -2 . 1

3-2 2.5-1.5 7169.8471 2 . 1 1.5-2.5 7148.8886 0.7
3.5-2.5 7169.8615 -3.1 2.5-2.5 7149.0366 4.2

4.5-3.5 7149.0875 2.7
3.5-2.5 7149.0875 -1.7
2 .5-1.5 7149.1340 1 . 8

1.5-0.5 7149.1340 -2.7
4-3 3.5-2.5 9554.5848 -3.4 5.5-4.5 9526.9660 5.2

4.5-3.5 9554.6058 -1.5 4.5-3.5 9526.9660 0.9
3.5-2.5 9526.9839 -3.6
2 .5-1.5 9526.9839 -7.9

5-4 4.5-3.5 11934.9249 -1.5 4.5-4.5 11900.4755 -0 . 8

5.5-4.5 11934.9507 5.9 6.5-5.5 11900.4955 3.8
5.5-4.5 11900.4955 -0.4
4.5-3.5 11900.5125 1 . 8

3.5-2.5 11900.5125 -2.5
6-5 6.5-5.5 14309.8836 - 1 . 1

X /MHz 59501.33b
//M H z -252.59b

Xaa /MHz 0.624(2)
b M H z 0.42(2) -0.095(4)
cr/kHz0 2.9 2.4

aAv= Vobs- Veal.
b Fixed at the experimental values of the 0 2 monomer, Ref. 33. 
0 Standard deviation of the fit.
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CHAPTER 8 Conclusions

•X* W  *x* »x» »x* »x» *x* «x* »x* *x* «x*

Motivated by achieving molecular level interpretations o f in vivo 129Xe 

NMR/MRI results, I completed my thesis work which provides fundamental details for 

our understanding of Xe-molecule interactions. In this work, I report high resolution 

microwave and ab initio studies of seven Xe containing van der Waals complexes, 

namely Xe-N2, Xe-CH4, Xe-H2 0 , Xe-(H2 0 )2, Xe-NH3, Ne-Xe-NH3, and Xe-02. The 

selected binding partners of Xe are main constituents of air and the human body, or 

closely related to important functional groups of proteins in living tissues. Both 

experimental and theoretical results have been discussed in detail in Chapters 3 to 7. In 

the following, I summarize some significant results achieved in this work:

1. From the pure rotational studies, I obtained structural information about the 

investigated complexes. For all seven complexes, van der Waals distances were 

estimated from the obtained rotational constants. The observed rotational spectra of the 

Xe-N2  complex indicate that the two N nuclei are equivalent and thus a T-shaped 

structure of the complex was concluded. The Xe-02  complex is another system that 

contains a homonuclear diatomic. Although a definite structure o f this complex could 

not be determined from the experimental results, the observed spectra are in accord 

with the energy level diagram calculated from a model assuming a T-shaped structure 

of the complex. 1 For two investigated van der Waals trimers, Xe-(H2 0 ) 2 and Ne-Xe-
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NH3, triangular structures of the complexes were concluded based on the experimental 

rotational constants by considering the H2O and NH3 moieties as spheres.

2. In addition to the structural information, the recorded rotational spectra 

provide details about the features of the interaction potential energy surfaces and 

internal dynamics of the complexes. For the Xe-CHU, Xe-HaO, and Xe-NEb complexes, 

different tunneling states were observed, indicating nearly free internal rotation of the 

CH4 , H2 O, and NH3 units and the inversion motion of NH3 within the corresponding 

complexes. Comparisons of spectroscopic parameters of these complexes with those of 

CH4, H2 O, and NH3 binding to other Rg atoms has established a connection between 

the size and polarizability of the Rg atom and the features o f the interaction potentials. 

For example, less pronounced Coriolis perturbation was found in the j  = 1 , X  = 0 state 

of Xe-CHU compared to Kr-CH4  (Ref. 2), indicating an increased angular anisotropy of 

the potentials in going from Kr-CEU to Xe-CFU. In the case o f Xe-NEb, transitions 

within the I I l i lower state were observed while those within the 21 1 state could not be 

detected. This suggests that in Xe-NEb the niilower state has a lower energy than the 

21 1 state, in contrast to the Ar-NEb case. 3 The puzzle about 2 1 i/Illilower energy level 

reordering upon the substitution of Ar with Xe still remains. This stimulates further 

theoretical studies of the interaction potentials and corresponding wavefunctions for 

each tunneling state.

3. The microwave studies of the Xe-(EbO) 2  and Ne-Xe-NEb trimers provide 

experimental evidence for non-additive three-body effects. In the case o f the Xe- 

(EbO) 2  trimer, it was found that the Xe-EbO van der Waals bonds are shorter and 

stronger compared to the Xe-EbO dimer, suggesting a crucial contribution from an
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attractive electrostatic interaction. In contrast, the van der Waals bonds in the Ne-Xe- 

NH3 trimer are longer and weaker than the corresponding dimers. This indicates that 

the repulsive triple-dipole dispersion term is dominant in this case. The detailed 

characterization of the variations of the structure and vibrational dynamics in going 

from the dimers to the corresponding trimers constitutes a first step towards the 

understanding o f the interactions between Xe and its bulk phase surroundings.

4. The experimentally determined nuclear quadrupole coupling constants 

arising from the 131Xe (nuclear spin /  = 3/2) nucleus and magnetic hyperfine constants

due to the 129Xe ( / = 1/2) and 131Xe nuclei are exquisite probes o f the electrostatic

111environment of the Xe atom. The Xe nuclear quadrupole coupling constant provides 

a measure of the distortion of the spherically symmetric electronic charge distribution 

of a free Xe atom by the presence of the surrounding molecules. The main 

contributions to these coupling constants come from the electric multipole moments of 

the binding partners and dispersion interactions. From these constants, information 

about the distribution and orientations of the surrounding molecules can be obtained. 

Large amplitude internal motions of the CH4, H2 O, and NH3 subunits in the Xe-CIL, 

Xe-F^O, Xe-NH3 , and Ne-Xe-NFL complexes are evident from the relatively small 

131Xe coupling constants. Compared with Xe-ELO dimer, the coupling constants along 

Xe-ELO bonds in the Xe-(H2 0 ) 2  trimer are an order of magnitude larger, suggesting 

that the H20  internal motions are largely hindered in the trimer by interaction with the 

second water molecule. The large value of the off-diagonal coupling constant Xab in the 

Xe-(H2 0 ) 2  trimer provides evidence for the different orientation of the two H20  

molecules with respect to the Xe atom. The information about the electronic
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environment of the Xe atom with one and two surrounding H2 O molecules can be 

extrapolated to generate a picture of the electronic structure o f the Xe atom as a 

function of the number o f surrounding water molecules. In addition to the 131Xe 

nuclear quadrupole coupling constant, the 129Xe and 131Xe magnetic hyperfine 

constants were also determined for the open-shell Xe-C>2 system. These constants are a 

direct probe of the interactions between the nuclear spin of Xe and the electron spin of

O2 . These interactions are the major contributors to the large paramagnetic 129Xe NMR

« 1 *70shift and the Xe spin relaxation in the human lungs in MRI experiments.

5. The spectroscopic studies of Xe containing complexes were complemented 

by ab initio calculations. This combined experimental and theoretical approach allows 

to gain further insights into the nature of the Xe-molecule interactions. In the Xe-N2 

study, the rotational spectra derived from ab initio potential energy surfaces were 

directly compared with the recorded spectra. This enabled me to construct a scaled ab 

initio Xe-N2 potential of “microwave accuracy”. For the other investigated Xe 

containing complexes, although no quantitative comparison was attempted between 

experimental and calculated rotational spectra, the ab initio results still provided an in- 

depth understanding of the systems and afford qualitative explanations for some 

experimental observations. For example, in the Xe-H20  study, a comparison of 

structural parameters and force constants obtained from experiment and an ab initio 

potential indicate the non-negligible contributions o f anti-hydrogen bonded and non- 

planar configurations to the wavefimctions; The dipole moment calculations for Xe- 

CH4 can explain the pronounced intensity enhancement observed for they = 2, K  = 1 

transitions; The optimized geometries for Xe-(H2 0 ) 2  support the effective structure
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that resulted from reproducing the experimental 131Xe nuclear quadrupole coupling 

constants.

In general, the present work has furthered our understanding of Xe-molecule 

interactions. A further step towards the goal of achieving an interpretation of 129Xe 

NMR/MRI results on the microscopic level would be the study of interactions o f Xe 

with more complex biomolecules. A systematic study of Xe in larger clusters by 

gradually increasing the number of surrounding molecules would also be necessary to 

understand the non-additive many-body effects, which are important in the simulation 

of Xe in in vivo environments. The Xe-host site interaction potentials have to be 

generated based on the above studies. These interaction potentials are ingredients for 

the construction of the corresponding magnetic shielding surfaces that are required for 

an interpretation of the NMR/MRI data.
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