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Abstract 

In this thesis, spectroscopic studies of the catalyzed nuclear spin conversion 

(NSC) of ortho-Hi molecules in solid H2 matrix and the high-resolution Fourier 

transform infrared (FTIR) absorption spectra of O2 and NO embedded in matrices of 

para-Y{2 crystals are presented. For NSC of ortho-U^, the catalyzed conversion rate 

was found to be diffusion-determined by setting up systematical kinetic studies of 

solid H2 samples dopant with O2 and NO. The factors affecting diffusion process 

were discussed; For the high-resolution FTIR of O2 and NO, sharp lines presumable 

due to rotational structure were observed. Based on the observation, preliminary 

analysis of the spectrum was discussed for O2 and NO, respectively. 



摘要 

在硏讀博士學位期間，我們搭建了一套以固態仲氫分子為基質材料的基質 

隔離高分辨紅外吸收光譜實驗儀器。我們研究了正氫分子在固態下，被氧氣和 

一氧化氮分子催化的核自旋弛豫現象，以及氧氣和一氧化氮分子在固態仲氫基 

質中的高分辨紅外光譜。對於前者，我們通過糸統的動力學研究，證實了正氣 

分子的催化核自選弛豫速度與該分子在固體裡的擴散相關，並闡釋了影響正氫 

分子擴散的因素；而對於後者，由於仲氫分子基質隔離實驗的種種優點，我們 

得到了催化劑分子，如氧氣和一氧化氮，在基質中的高分辨紅外吸收光譜，並 

對光譜的震動和轉動結構作出解釋。在這篇論文裡,相關的實驗和理論將得到 

詳細的闡釋和說明。 
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CHAPTER I. Introduction 

Matrix isolation spectroscopy has been developed into a very unique and powerful 

technique for spectroscopic studies for molecules since the 1930s. The earliest isolation 

experiments was conducted by Lewis and co-workers/ which involved UV-Vis able 

absorptions of species frozen in transparent, low temperature organic glasses. Later in 

1950s, George Pimentel，often referred as the "father of matrix isolation", initially used 

higher-boiling inert gases like xenon and nitrogen as the trapping media for reactive 

species and performed some important experiments which could be regarded as the 

prototype of the modem matrix isolation spectroscopy. After that, countless studies on 

matrix-isolation were carried out in the 1950s and 1960s. These researches included 

studying atomic species, mainly metal atoms, diatomics (e.g. C2, CN, LiF, NF, OH, OF, 

ScO, Si2, SiO and S2), triatomics (e.g. AI2O, BeF〗，BeCh, C3, CCO, CCI2, CNN, KrFi, S3 

and XeCl2) and tetra-atomic and larger species (e.g. CH3, CCI3, S4, SiFs and XeF4)’ with 

Ar, Kr, Xe, N2, O2, CH4, CO, SFg and numerous other molecules being the host 

materials. 3 

In addition to studies concerning small molecules in inorganic chemistry, larger 



organic molecules also drew substantial attention. In the 1970s, a number of 

investigations on the IR spectrum of cyclobutadiene isolated in argon and nitrogen 

matrices were reported.4.6 These initial works stimulated the applications of matrix 

isolation for mechanistic studies in organic chemistry in the next two decades. A detailed 

review can be found for those interested in this aspect^ Nowadays, with the development 

of commercially available cryostats and specialized spectroscopic techniques, 

challenging molecular systems with high impact in various disciplines have been studied, 

such as binuclear metal complexes, highly photolabile carbonyl oxides, and even DNA 

Q 

bases, etc. 

The success of matrix-isolation spectroscopy can be ascribed to the following 

reasons. First of all, the low temperature and the rigidity of the matrix minimize the 

motions of isolated species. In addition, only very few energy levels of the guest 

molecules are occupied at cryogenic temperature to simplify the spectral pattern in the 

spectrum, which may facilitate the assignments of the spectroscopic features. Secondly, 

the inert matrix environment minimizes the reactivity of the isolated species, resulting in 

prolonged lifetime, which makes it possible to characterize the reaction intermediates. 

Thirdly, the much higher density m the solid state compared to the gas phase should in 

principle improve dramatically the detectability of the isolated species. It is the 

combination of these advantages that makes the matrix isolation studies guide the way for 

the corresponding gas phase studies, providing new insights into chemical reaction 

mechanism. 

On the other hand, matrix-isolation spectroscopy also displays a number of 



limitations. The isolated species is subject to significant intermolecular interactions in the 

matrices. These interactions, which are anisotropic depending on the crystal structure of 

the matrix, not only give rise to additional splitting of energy levels to complicate the 

spectral pattern but also give rise to fast relaxation processes and homogeneous 

broadening of spectral transitions. Together with the inhomogeneous broadening arising 

from the various microscopic environment surrounded the isolated species as well as the 

possible amorphous structure in the solid matrix, serious spectral line broadening may 

wash out the fine structures of the molecular motions, as compared to the case in the gas 

phase study. The typical observed spectral width in the solid state is on the order of a few 

cm"\ In addition, matrix-isolated molecules may have limited degree of freedom for 

internal motion due to strong intermolecular interactions. It is common that only 

vibrational transitions can be observed in the spectrum of rare gas matrices.^ These 

limitations make the identification of unknown species much more difficult in case the 

corresponding gaseous data are unavailable. 

Solid para-Hz, in contrast, had been demonstrated in numerous spectroscopic 

experiments since the 1980s, a unique matrix material for spectroscopic studies at very 

high resolution.⑴-26 In these experiments, very sharp transitions were observed, allowing 

the rovibrational structures as well as crystal field splitting due to anisotropic interactions 

to be resolved. By analyzing the fine structures of the ro vibrational spectra, one can 

obtain a wealth of information on selection rules, intermolecular interactions, as well as 

relaxation process. 

The unprecedented spectroscopic properties of solid para-R2 matrix reflect how 



unique this system is. As the simplest molecular solid, solid H2 distinguishes itself from 

other conventional matrix materials such as rare gas and nitrogen by properties arising 

from the combination of light mass, small molecular size, large intermolecuJar separation, 

and weak intermolecular interactions,” Due to the large separation and weak 

intermolecular interactions, molecules isolated are only slightly perturbed in solid H2 

compared to the gas phase. The properties can therefore be elucidated from the first 

principle. 

Depending on the relative orientation of spin of the protons forming the molecules, 

H2 may exhibit a total nuclear spin of 0 or 1, corresponding to para-H: and ortho-Ri, 

respectively. In the ground electronic state, ortho-Yii and para-Yii occupy levels with 

opposite parity that makes the conversion between them forbidden under the 

Bom-Oppenheimer approximation. The light mass of H2, however, causes breakdown of 

the Bom-Oppenheimer approximation and very slow conversion between ortho and para 

species. As a result, H2 molecules with different total nuclear spin behave as distinct 

species and thus are called nuclear spin modifications. The relative abundance of these 

two species in the matrix dramatically affects the appearance of the spectra of isolated 

molecules. For pure para-Yi^ matrix at cryogenic temperature, molecular wavefunctions 

are spherically symmetric and thus anisotropic interactions vanish. However, trace 

amount of ortho~R2 is unavoidable in para enriched matrices. It is this small amount of 

ortho-Ri that makes solid para-H.2 a fascinating system. The weak anisotropic 

interactions due to ortho-H: give rise to a multitude of phenomena unique to solid 

para-Ba that have been extensively studied. 



The conversion between ortho and para-}^2, while usually very slow, can be 

catalyzed by the presence of paramagnetic molecules, which provide inhomogeneous 

magnetic fields. In solid H2 matrix the study of the conversion rate wi l l shed some light 

on the diffusion between the catalyst molecules and H2. On the other hand, only very few 

kinetic studies of ortho/para conversion of H2 have been reported. We therefore set out to 

systematically study the kinetics of catalytic ortho/para conversion of H2 in the solid 

state. 

During my residence as a Ph.D student, I was involved in constructing an 

experimental system for high resolution spectroscopy of solid hydrogen. Following the 

completion of the system, I investigated the kinetics of nuclear spin conversion 

dynamics of H2 in the solid state catalyzed by O2 and NO, respectively. In addition, the 

high resolution FTIR spectra of these two molecules embedded in solid para-Rj matrix 

were also obtained for the first time. 

In the rest of the thesis, I wi l l first discuss the properties of hydrogen in details in 

Chapter I I . This is followed by the detailed description of experimental apparatus, as well 

as experimental procedure in Chapter I I I . The kinetic studies of the nuclear spin 

conversion of H2 molecule in the solid wi l l be presented in Chapter IV, followed by the 

spectroscopic studies of O2 and NO doped in the solid H2 matrix in Chapter V. 



CHAPTER II. Properties of Hydrogen 

Hydrogen molecules, which are considered the simplest and most fundamental 

molecules of all, are composed of two protons separated by about 0.74 A and surrounded 

by two electrons. Over the years, properties of hydrogen have been studied due to their 

simplicity. Results from these studies have been well documented.^^ Some fundamental 

physical properties are listed in Table 1 H2 molecule and its isotopes form the simplest 

molecular solids due to the combination of the light mass, weak intermolecular 

interactions, and large intermolecular separation. On the other hand, properties of the 

solids are dominated by quantum effects, such as quantized molecular rotation and 

vibration and quantum diffusion of molecules, etc. To aid our discussions in the 

following chapters, some spectroscopic properties of hydrogen molecules and solid 

hydrogen are discussed below. 

Table 1: Tabulated physical properties of hydrogen molecule 

Molecular weight 2.0157 

Norma l boi l ing point 20.278 K 



Density at normal boi l ing point 

Triple point 

Pressure at tr iple point 

Density at t r ip le point 

Crit ical point 

Pressure at critical point 

Density at crit ical point 

Heat of vaporizat ion 

Heat of fusion 

Specific heat 

Thermal conduct iv i ty 

Viscosity 

Surface tension 

Dielectric constant 

Molar volume of solid at 4.2 K 

99.8% p-Ha 

n-H2 

0.07087 g/cm3 

13.813 K 

52.82 Torr 

0.07709 g/cm3 

32.976 K 

9.6976X10:' Torr 

0.03145 g/cm3 

4459X10” erg /g 

5.82 X I (T erg/g 

9.67X10' erg/g 

11.8X10' erg/cm s K 

135.4 micropoise 

1.93X10.' dyne/cm 

1.2285 

23.064 cmVmole 

22.820 cmVmole 



II.l Nuclear Spin Modifications of Hydrogen Molecules 
The coupling of the two spin-1/2 protons of a hydrogen molecule gives rise to two 

types of H2 corresponding to different total nuclear spin (I). Orhto hydro gen {ortho-Y{2) 

are those with parallel nuclear spin to give 1=1 and parahydrogen {para-lAi ) are those 

with anti-parallel nuclear spin to give 1=0. The Pauli principle requires that,^^ para-R^ 

molecules populate only the rotational levels with even J quantum number, while 

ortho-'R2 molecules populate only the rotational levels with odd J quantum number. 

Since the conversion of nuclear spin is strictly forbidden from the parity considerations 

under the Born-Oppenheimer approximation (adiabatic approximation), only extremely 

slow nuclear spin conversion occurs due to the breakdown of the approximation. In fact 

i t takes months for pam-H2 gas to reach thermal equilibrium mixture at room 

temperature. As a result, H2 molecules with different total nuclear spin can be 

practically treated as different species. They are often referred to nuclear spin 

modifications. According to the quantum theory of angular m o m e n t u m , t h e 1=1 

molecules have 2 / + 1 = 3 allowed M i projections while 1=0 molecules have only one. 

Thus, the 1=1 species is three times as abundant as the 1=0 species at high temperature 

with M i called basically degenerate. Traditionally, the more abundant nuclear spin 

modification is termed ortho while the less abundant one para. In the case of H2, 

para-lAi is species with even J and 1=0 and ortho-Hz is the species with odd J and 

1=1, at a ratio of 1 to 3 at room temperature. 

This abundance ratio keeps unchanged even i f H2 molecules are cooled from room 

temperature to cryogenic temperature, because of the extreme slow conversion rate 



between ortho and para species. Each nuclear spin modification wi l l reach the 

Boltzmann distribution respectively as the temperature dropping down, i.e. para-H〗 

populating essentially the / = 0 rotational state while ortho-Ki populating essentially 

the J = l rotational state to give an ortho/para ratio of 3:1 at cryostat temperature. The 

conversion between onho-R2 and para-H2 can be catalyzed by paramagnetic materials, 

o t 

which provide a non-uniform magnetic field. In preparing para-tmichtd samples of 

hydrogen for our experiments, an inline ortho-para converter was installed in our gas 

handling system. The detailed discussion w i l l be presented in Chapter III. The kinetic 

studies of ortho-para conversion of H2 molecules in the solid state catalyzed by the 

paramagnetic dopant molecules, O2 and NO, w i l l be presented in Chapter IV and 

Chapter V . 

11,2 Spectroscopic Properties of Hydrogen Molecules 
Pure rotational and rovibrational transitions of H2 are forbidden due to the lack of 

permanent or vibration-induce dipole moment. However, transitions via quadrupole 

mechanism and Raman scattering have been observed . In addition, transitions due to 

intermolecular multipole-induced-dipole interactions have also been observed in high 

pressure gas as well as in the condensed phases.⑴ The non-spherical charge distribution 

in H2 molecules leads the existence of multipole moments, which induce dipole 

moments on the nearby molecules. In the case of high pressure gas, two interacting H2 

molecules act as a unit to absorb light that leads to a spectral transition. For instance, the 

quadrupole moment of molecule 1 induces a dipole moment on molecules 2 due to its 



isotropic and anisotropic polarizabilities. The induced dipole moment then interacts 

with the oscillating electric field associated with light to cause a spectral transition on 

molecule 1 (known as single transition) or on both molecules 1 and 2 (known as double 

transitions). Single transitions are often due to the isotropic polarizability in which 

molecule 2 simply serves as an antenna for the absorption of light for molecule 1 even 

though molecule 2 does have the induced dipole moment. In the case of double 

transitions, both molecules change quantum states by absorbing one photon. By 

applying this idea to the solid state and taking into account the point symmetry of 

crystal environment, Van Kranendonk established a rigorous theory to interpret the 

rovibrational spectrum of solid hydrogen. Dipole moments induced by mutipole 

moments of different order are responsible for different infrared transitions according to 

the selection rules. The lowest three nonzero multipole moments of H2 are quadrupole 

(4-pole), hexadecapole (16-pole), and tetrahexacontapole (64-pole), which give rise to 

j2(AJ = 0) and S{AJ = 2) branches, U{AJ = 4) branch, and W{AJ = 6) branch 

single transitions, respectively. Compare to the usual multipole transitions, the 

multipole-induced transitions have the same selection rule but much stronger intensity 

that makes them observable in the solid state. To date, 128 pole-induced transitions with 
o 

AJ = 8 has been reported. The long range multipole-multipole interactions split the 

otherwise degenerate M j levels corresponding to different orientation of the molecules 

in the solid state. The narrow linewidth in solid hydrogen allows the splitting to be 

resolved. This opens a new system for direct probing of the anisotropic intermolecular 

interactions using high resolution spectroscopy. For more detailed discussion of the 

10 



theoretical aspects of rovibrational spectroscopy of solid hydrogen, a number of 

excellent reviews are available.'。，"’【“ 

11.3 Properties of Solid Hydrogen 
Properties of solid hydrogen have been extensively studied and documented in 

many aspects for years,瓜^’!？ has been known that H2 crystals are formed in either 

hexagonal close-packed or face-centered cubic structures, with the nearest neighbor 

o 

distance of 3.79 A. Because of the weak intermolecular interactions and large 

intermolecular separations, H2 molecules in crystals retain their identity with properties 

not too different from those in the gas phase. Interactions in solid para-Ri are mainly 

isotropic dispersion interactions. Since the 7 = 0 rotational wavefunction has a 

spherical shape, para-Ri molecules in the J = 0 state have no permanent electric 

moments of any order. In other words, anisotropic interaction is absent in pure para- l^ i 

crystals. On the other hand, orf/ io-Hi molecules occupying the / = 1 rotational 

quantum, number have a small permanent quadmpole moment. As a result, the small 

ortkchlh concentration in para-enriched H2 crystals leads to the electric 

quadrupole-quadrupole (EQQ) interactions, which are the most dominant anisotropic 

interactions in the crystal. 

As mentioned above, properties of solid hydrogen are dominated by quantum 

effects. Like He, solid hydrogen is considered a translational quantum crystal that is 

signified by the large compressibility. The exceptional softness of solid H2 allows its 

density to be doubled from its zero pressure value by applying a pressure of 20 kbar, 

11 



whereas such pressure change only results in a few percent increase in other solids.^^ In 

addition, solid H2 exhibits large amplitude of zero-point lattice vibration.^^ The mean 

amplitude of the zero-point lattice vibration in solid para-Ri amounts to almost 20% of 

the nearest intermolecular distance. Molecules are therefore not sharply located at the 

equilibrium lattice sites. Because of these properties, impurity molecules with size much 

greater than that of H2 can fit into the lattice sites of solid H2 without causing much 

crystal defect. 

Solid hydrogen displays unusually high thermal conductivity which may be 

ascribed to its large zero-point lattice vibration. The thermal conductivity of 

j^^ara-enriched solid hydrogen containing 0.2% ortho-H: is 50 Wm'^K"^ at 4.2 K，川 

which is comparable to that of Cu, and is almost one order of magnitude greater than 

those of rare gas crystals.^^ The high thermal conductivity of solid para-Hj allows fast 

thermal exchange with the surroundings. This property is particularly important for the 

annealing process of matrix material. For instance, the fast dissipation of excess energy 

produced in the photolysis of molecules in solid H2 is crucial in stabilizing the 

photofragments in the H2 crystal. 

Molecule in solid H2 is only slightly perturbed by the solid state environment as 

shown in numerous experiments. Molecules in solid H2 are expected to have internal 

motions, such as rotation and vibration, like in the gas phase. Based on thermodynamic 

considerations, Pauling predicted the hindered rotation of H2 in the solid.^^ 

Rovibrational spectra of solid H2 were observed in the 1950s. The spectral pattern of the 

spectra indicates that H2 molecules have nearly free rotation and vibration. As a result, 

12 



both J and v remain good quantum numbers. The weak anisotropic intermolecular 

interactions, on the other hand, give rise to the fine structures in the spectra. These 

interactions are also responsible for many other observed effects such as 

multipole-induced dipole and relaxation processes. 

In forming a j!7ara-enriched H〗crystal from the gas state, the spatial distribution of 

metastable ortho-Ri molecules is expected to be completely random. On the other hand, 

the EQQ interaction between pairs of ortho-Wo molecules gives lower energy. The 

thermodynamic equilibrium therefore favors the formation of ortho-}^2 pairs. It has been 

observed that the pair configuration can be achieved by keeping the crystal in a 

1 o • 

prolonged time. This phenomenon, known as rotational diffusion, has been ascribed to 

quantum mechanical resonant conversion of an ortho-para to para-oft ho pair by 

intermolecular magnetic dipole-dipole interaction. A rate constant of about 2 hours'^ 

was predicted using this model, which is consistent with the experimental observations. 

II.4 Solid Hydrogen as Matrix Material 
One of the most important considerations of matrix isolation spectroscopy is the 

choice of the matrix material. Factors influencing the choice of dopant/host combination 

include: spectral compatibility, chemical reactivity, dopant isolation efficiency, and 

stringency of cryogenic requirements for achieving thermally stable low vapor pressure 

samples.36 Common matrix materials such as rare gases and N2 all share the common 

characteristics of being chemically inert, and low vapor pressure, free of absorption 

spectra that would interfere with spectroscopic detection of the isolated species, rigid. 

13 



Argon and nitrogen are readily and cheaply available, being obtained in large quantities 

by fractional distillation of liquid air. The other rare gases are more expensive, being 

present in the atmosphere only in very small amounts. Over the years, lots of 

spectroscopic studies of stable and unstable species using these matrix materials can be 

found in literature. 

In most spectroscopic studies using rare gases and N2 matrices, rotational structures 

were not resolved due to both homogeneous and inhomogeneous line broadening. The 

rigidity of these matrix materials also increase the chances of trapping dopant molecules 

in the interstitial holes instead of lattice sites, resulting in amorphous structure and 

inhomogeneous broadening. For instance, vibrational transition of CO in Kr and Xe 

matrices exhibits a typical width of 2 cm].37 

The absence of fine structures in vibrational bands limits our understanding of the 

detailed interactions and dynamics of molecules in condensed phases. In addition, the 

rigidity of these conventional matrices may limit the studies of chemical reactions at 

cryogenic temperatures, as strong interactions from the surrounding matrix molecules 

O 

may significantly distort reaction potential surfaces from those in the gas phase. As a 

result, the mobilities of matrix-isolated molecules are significantly reduced to allow 

diffusion that is necessary for reactions at cryogenic temperature. 

Solid H2 has never been considered as a good matrix material until recently. As 

discussed above, the softness, low melting point, and high vapor pressure at cryogenic 

temperature of solid H2 makes it difficult to prepare a sample of matrix with good optical 

quality. Nevertheless, high resolution spectroscopic work of solid H2 in the later 1980s 
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have demonstrated that optically transparent samples of more than 10 cm long can be 

prepared by depositing gas on a cold surface at about 7 Together with the 

exceptionally narrow observed linewidth, solid para--}l2 has presented its potential as a 

matrix material for high resolution spectroscopy. The large lattice constant and the large 

amplitude of zero-point lattice vibration in solid hydrogen provide more free space for 

guest molecules than other matrices. For instance, the intermolecular distance in solid 

pam-H2 (3.79 A ) is considerably large than the interatomic distance in solid Ne (3.16 A), 

as wel l as other rare gas solids, while the pair potential between H2 molecules is similar to 

that between Ne atoms. Moreover, the large lattice constant of solid para-H2 results in 

weak intermolecular interactions between the dopant molecules and matrix molecules 

compared wi th those in rare gas matrices. Together with the large Deb ye frequency of 

lattice vibration of solid pam-Hi , the lifetime of a guest molecule in excited states 

becomes much longer in pam-H】 matrix. This may be qualitatively ascribed to the origin 

of the sharp spectral linewidth observed in solid para-H】. In some cases, the spectral 

linewidth is sharp enough to resolve not only J structure but also the M structure due 

to the orientation of the molecules in the anisotropic crystal f ield environment.^^ The 

analysis of such fine structures promises rich information to shed light on understanding 

intermolecular interactions as well as molecular motion in the condensed phase. 

The laser studies of ortho-Yii, HD and D2 in para-YLi crystals marked the first 

examples of ultrahigh resolution matrix spectroscopy in These studies were 

followed by the work of CH4, where rotationally resolved lines with a typical width of 

〜300 MHz were observed and quantitatively analyzed. ̂ ^ Since these promising results, 
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attempts of studying a variety of stable and unstable molecules in para-Ri have been 

carried out. To date, molecules such as CH3F, CH4 have been reported 仙 In addition, 

atomic species such as H (D，T), N, B, 0，Xe, Kr, A l , Ag，Cu, Mg，Li inpara-U.2 have also 

been studied? 

While the chemical inertness of rare gas matrices is unrivaled, it has been shown 

experimentally that unstable species also have extremely long lifetime in para-Yii matrix. 

It has been known since the late 1980s that charged species last for days in solid 

para-R2 without observable decay. It has also been observed that hydrogen cluster ions 

H(H2)n十 have lifetime of days. This may be ascribed to the cryogenic temperature at 

which i t is difficult to acquire sufficient energy to initiate the reactions. The long 

lifetime allows the kinetic studies of reactions in solid hydrogen to be possible without 

using too sophisticated instruments. Dynamic studies of chemical reaction in para-Ki 

matrix have also been pursued. 
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CHAPTER III. Experimental Apparatus 

The experimental apparatus designed and built from scratch for the study of 

infrared spectroscopy of solid H2 is composed of a gas handling system, an inline 

ortho/para converter, and a home-made copper sample cell housed in a liquid helium 

cryostat which was modified from a commercial Dewar. A number of spectrometers 

including two commercial Fourier transform infrared spectrometers have been used for 

recording the spectra of samples. The details of these apparatus are discussed in this 

chapter. 

III.l Fourier Transformer (FT) Spectrometer 
The working principle of a Fourier transform infrared spectrometer is based on the 

interference effect of a Michelson interferometer. As shown in the Figure 111-1，a 

Michelson interferometer is composed of a beam splitter, a static mirror and a moving 

mirror. When a beam of broad band radiation enters the interferometer, it is split into 

two equal components by the beam splitter. Depending on the relative position of the 

moving and static mirrors from the beam splitter, the two components w i l l have certain 
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While the principle of FT spectroscopy was first introduced in 1911, commercial 
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Optical path difference x. Optical interference occurs by combining these two 

components again. The unique power spectrum f(x) of the combined components as a 

function of x is known as the interferogram, which has a complicated dependence on the 

optical path difference due to fact that the constructive and destructive interference 

occur at different x depending on the frequency of light. The frequency spectrum can 

then be obtained by performing a Fourier transformation of the interferogram, i.e., 

C 1 \ Inx 
I |«oo 一 

F 
A 

f{x)e 几 dx (IILl) 

Figure I I I - l : A Schematic of a generic Michelson interferomter 
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FTIR spectrometers became popular and affordable only after the advancement of 

computer technology in the ]970s.43 To date, the Fourier transformation can be 

completed in seconds using high speed computers. FTIR spectrometers have therefore 

become common bench top instruments replacing the conventional dispersive 

spectrometers to produce rovibrational spectra with improved resolution and sensitivity 

in much shorter time. This improvement can be realized by considering the different 

detection schemes in these two types of spectrometers. 

In a dispersive spectrometer, the power of a small frequency interval of a broad 

radiation source is selected using a small slit together with a dispersion device (such as a 

grating or a prism) and then measured by an infrared detector. The frequency spectrum is 

then obtained by putting together the power spectrum of all frequency intervals. This 

approach has a few drawbacks. First of all, the frequency selection greatly reduced the 

power reaching the detector, resulting in a much lower signal to noise ratio. The 

improvement of signal to noise ratio requires long data acquisition time. Secondly, the 

spectral resolution is determined by the width of the slit. A better resolution requires a 

narrower slit, resulting again a reduction of power reaching the detector. Since only a 

small spectral region was measured each time, the complete coverage of the radiation 

source wi l l require much time to complete. The required time gets longer with better 

resolution. 

These drawbacks are addressed in Fourier transform spectroscopy. The resolution of 

an FTIR spectrum is determined by the maximum path difference between the two optical 

beams. In common practice, the resolution (o) of an FTIR spectrometer can be estimated 



by the inverse of the optical path difference x 43 For instance, a spectral resolution of 0.1 

cm—i can be obtained by scanning the moving mirror for 1 cm, which can be completed in 

less than a second. The ultimate scanning speed of the moving mirror is restricted by the 

response time of the detector, and the speed of analog-to-digital data conversion. To date, 

spectrometers with a resolution of 0.001 cm'^ corresponding to an optical path 

difference of about 10 m, are commercially available. 

In FT spectroscopy, the total power of all frequencies emitted by the radiation 

source is measured by the detector simultaneously at all time. This multiplex principle 

results in better sensitivity, as first recognized by Fellgett/‘^ due to the fact that the actual 

measurement time for each frequency is the same as the measurement time of the whole 

spectrum for FTIR spectrometers whereas in dispersive spectrometers the actual 

measurement time for each frequency is much less than the measurement time of the 

whole spectrum. The gain in signal to noise ratio (S/N) using FTIR spectroscopy is sIn， 

where N is number of spectral segments needed to cover the entire spectrum in 

conventional spectrometers. In addition, the simultaneous measurement of all frequencies 

in FTIR spectroscopy gives rise to a much higher optical throughput (known as the 

Jacquinot Advantage) and thus lower noise level compared to dispersive spectrometers. 

The fast speed in FTIR spectroscopy makes it possible to apply signal averaging 

technique. Since the scanning speed of the moving mirror is determined by the response 

of the detector, with an appropriate detector, spectra with good S/N can be obtained by 

fast scanning and signal averaging (so-called coaddition) of a number of spectra in a short 

time. The improvement in S/N using signal averaging is Vn，where n is the number of 



spectra used for averaging. Since the resolution is not limited by the input aperture of the 

interferometer, the power level reaching the detector can be increased appreciably by 

choosing the appropriate aperture size. This again contributes to a better S/N in the 

spectra. 

The fast acquisition of spectra in FTIR spectroscopy is easily realized. The multiplex 

principle allows the detection for the entire spectral region at all time, which significantly 

shortens the time of acquiring data with good S/N. As discussed above, the improvement 

in sensitivity requires much less time in recording a spectrum to the desired S/N. The fast 

scanning mechanism in obtaining the interfere gram also contributes the speed 

accomplished by FTIR spectroscopy. 

In addition, FTIR spectrometer provides much better absolute frequency calibration. 

By employing a frequency-stabilized He-Ne laser as an internal standard to determine 

accurately the optical path difference x, accurate frequency calibration can be obtained 

after the Fourier transformation. This characteristic is known as the Connes Advantage. It 

is worth to note that the resolution of the resultant frequency spectrum has little effect on 

the absolute frequency calibration. 

In practice, there are many technical concerns in building an FTIR spectrometer. For 

instance, apodization is a mathematical procedure to minimize the fringes appearing at 

the wings of spectral transitions due to the finite optical path difference in the 

interfere gram, the choice of the apodization function may affect the effective resolution, 

lineshape, and linewidth. Other considerations include phase correction, numerical 

filtering, analog to digital sampling, etc. There are a number of excellent reviews for the 
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detailed discussion 43 

Two FTTR spectrometers from Bruker, namely the Vertex~70 and the IFS-120HR 

models, have been employed for our studies. The Bruker Vertex-70 model (Figure 111-2) 

covers the frequency range from 400 to 25000 cm"̂  with a unapodized resolution of 0.16 

cnf 1 using various combinations of sources, beam splitters, and detectors. In addition to 

usual data acquisition mode, the spectrometer is also equipped for time-resolved 

spectroscopy with step scan at a data acquisition rate of 200 MHz or rapid scan to 

obtain 60 spectra per second at resolution of 16 cm"'. In covering the spectrum of solid 

hydrogen and impurity species, a globar or tungsten source was used with a KBr beam 

splitter. A HgCdTe detector was used for recording spectrum from 600 to 5000 cm'^ 

while an InSb detector was used for recording spectrum from 1800 to 10000 cm]. Since 

the size of our cryostat is too bulky to fit into the sample compartment, the light beam 

was therefore sent out from the spectrometer to our sample and then detected using 

external detectors. A typical spectrum was recorded at 0.2 cm'^ apodized resolution with 

2000 coadditions. No improvement in the S/N was observed with coadditions more than 

2000 times. 
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Figure III-2: Real photo of a Bruker Vertex-70 FTIR spectrometer 

The Vertex-70 model was sufficient, m terms of spectral resolution, for studying 

the dynamics of nuclear spin conversion in our case However, in spectroscopic studies, 

transitions very often exhibited instrument-limited spectral width suggesting spectrum 

at higher resolution was needed for more accurate measurements For this purpose, 

collaboration with Professor Shuiming Hu of the University of Science and Technology 

of China (USTC) was established Using the Bruker IFS-120HR high resolution FTIR 

spectrometer (Figure III-3) and the complete experimental system for solid hydrogen 

matnx spectroscopy in Professor Hu's laboratory, high resolution infrared spectra of O2 

and NO were recorded The details of these experiments wi l l be discussed in the 

following sessions 
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Figure III-3: Real photo of a Bruker IFS-120 HR FTIR spectrometer 

The IFS-120HR achieves a highest unapodized spectral resolution of 0.0019 cm" 

due to an optical path difference of about 5 m. In order to reduce the noise during the 

long scanning of the moving mirror, the whole spectrometer housing was evacuated. 

The high vacuum in the spectrometer also reduces the background absorptions of 

atmospheric H2O and CO2 molecules. This feature is particularly useful in our studies of 

O2 and NO, since their transitions are located in the same region of atmospheric 

absorptions. Spectral at typical resolution of 0.01 to 0,005 cm"^ were taken using this 

spectrometer. Spectrum at higher resolution proved to be impractical because of the 

severe noise resulted. As shown in the following chapters, the improved resolution 

allows more features to be resolved. 

IIL2 Gas Handling System 
The gas handling system was designed and built for a variety of experiments of 

solid pam-H2. The overall schematic of the system is shown in Figure III-4. In a typical 

run, normal hydrogen (n-Hi) from commercial gas cylinder was first converted to 

para-Hi gas in an inline ortho/para converter A. The para-enriched H2 gas from the 
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converter was then stored in a stainless steel vessel B. The para-enriched H! and 

impurity gas was then mixed at desired ratio in the stainless steel vessel C depending on 

the experimental requirements. The solid sample was prepared by depositing the 

gas/mixture gas from vessel C to the sample holder D cooled at liquid He temperature. In 

the following sections, each part of the gas handling system wi l l be discussed. 
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III.2.1 Ortho/para H2 Converter 

The use of para-Hi is essential in reducing the intermolecular interactions and 

spectral widths of the matrix-isolated sample. As discussing in the previous chapter, the 

conversion from normal H2 (with an ortho/para ratio of 3 to 1) to para-lh cannot be 

achieved by simply lowering the temperatures without the presence of an inhomogeneous 

magnetic field. In the temperature range of 14 to 21 K, the ortho-para conversion in the 

absence of catalysts via collision mechanism (self-conversion rate) exhibits a rate 

constant of 5.3x10"^ requiring weeks to obtain a mixture of -99% para-Hi-

Physical methods, e.g. cryogenic distillation, are inapplicable for separating ortho and 

para species because their physical properties are almost identical. 

This ortho/para conversion rate can be greatly increased by using a suitable catalyst 

that provides an external inhomogeneous magnetic f ield around the absorbed hydrogen 

molecules so that fast equilibrium between the ortho-H2 and para-Hi concentrations can 

be achieved by lowering the temperature of the catalyst and adsorbed H2 molecules. 

Based on this approach, ortho/para converters consisting paramagnetic ferric oxide 

(Fe203) from C*CHEM as the catalyst were built for the production of pam-Hz from 

normal H2 gas. 

The schematic of ortho/para converter is shown in Figure III-5. The FezOs catalyst, 

in form of fine powder, was housed in a cylindrical stainless steel container with 5cm in 

diameter and 8cm in length. Two concentric stainless steel tubes of diameters 3/8 and 1/8 

inch with relief valves are connected to the container as the gas inlet and outlet lines, 
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respectively. As shown in the figure, the outer tube was soldered on the top cover of the 

catalyst container while the inner tube fitted with gas filter at the bottom to prevent the 

catalyst powder from entering the vacuum system was positioned at the lower cover of 

the container. The temperature of catalyst container was monitored using two diode 

sensors {Lakeshore Cryotronics) installed on its top and bottom covers. The whole 

container system was kept in a custom-designed liquid helium Dewar {Cry of ah, Inc.), 

cooled wi th l iquid Helium. During conversion, the temperature of the converter was 

controlled by its distance from the l iquid He level. The catalyst was initially activated by 

heating to a temperature range of 150 to 170。C for a few hours while passing through 

hydrogen gas to remove impurity gas molecules absorbed on the surface of the catalyst. 

After this process, the converter was evacuated for 24 hours before used. 

In the preparation of pam-H i gas, the Dewar was fi l led with l iquid Helium to about 

1.5 inch high while the container was raised above the l iquid He level to reach a 

temperature of -14 K. Normal H2 gas was then slowly added into the container while 

maintaining the temperature at 14-16 K. In order to maximize the mount of adsorbed gas, 

temperature fluctuation of the container was kept as small as possible. After the 

adsorption of H2 gas was complete as shown by the constant temperature sensor reading, 

the gas input valve was closed and the container was held at about 14 K for at least one 

hour to let the absorbed H2 gas to reach thermal equilibrium in the presence of an 

inhomogeneous magnetic field generated by the FezOs catalyst. In order to maximize the 

efficiency of conversion, the conversion temperature should be just above the triple point 

(14 K) to allow greater mobility of H2 molecules. Since the equilibrium ortho-Hi 



concentration varies from around 0.004% to 0.2% in the temperature range of 14 to 20 K, 

it is crucial to control the temperature in this range. To release the adsorbed gas after 

conversion, the container temperature (catalyst temperature) was raised to about 15 K 

(measured vby the bottom sensor). The valve of output was opened to allow the 

/7(3ra-enriched H2 gas f low to the storage container. Special care should be taken in 

controlling the temperature at this stage to avoid back conversion between para-ortho 

species due to rapid increase of temperature. The typical ortho-Ho content obtained 

following this procedure was about 0.05%. 

in .2 .2 Preparation of Sample Gas 

The sample gas used for matrix deposition was prepared at room temperature 

through a pre-mixture process, which allowed the />^ira-enriched H2 and dopant gas {e.g. 

O2 and NO) to mix thoroughly. This process was performed by using the two stainless 

steel vessels B and C, which were initially evacuated to <10' Torr before the experiment. 

They were linked by a V4 inch stainless steel tube, with a vacuum shut-off valve S to 

control the gas flow between them. In a typical run, the two vessels are isolated by 

closing the shut-off valve. Vessel B，serving as a para-Uz reservoir, was fi l led with 

freshly prepared para-tmichcd H2 gas to about 90 kPa. Depending on the experimental 

requirements vessel C was then fi l led with dopant gas to a pressure range of 0.1 to 20 Pa 

measured by a low-pressure membrane monometer. The gas in the vessel C was then 

allowed to reach a uniform distribution until the pressure reading reached a constant in a 

few minutes. The mixture was prepared by opening the valve S for a few seconds to 



allow the high pressure ji^ara-enriched H2 from vessel B to flush into the vessel C so that 

the desired mixing ratio was reached. This approach minimizes the possibility of back 

diffusion of the dopant gas into the para-Rz reservoir as result of short opening time and 

great pressure difference between the two vessels. The mixing ratio was approximately 

measured by the pressure reduced in the H2 reservoir and initial pressure of the dopant 

molecules in Vessel C. By comparing the final pressure of the mixture gas measured by 

a high pressure manometer and the initial pressure of the dopant, the accurate mixing 

ratio can be obtained. Using this premixing procedure, the error of the mixing ratio was 

estimated to be less than 0.1%, which was much smaller than other sources of 

experimental error that w i l l be discussed in the fol lowing chapter. 

III.2.3 Cryostat and Sample Cell 

The cryostat used for the experiments on campus was a modified version of the 

commercial HDL-8 Dewar from Infrared Laboratories, as shown in Figure III-6. The 

helium Dewar is composed of two cryogenic vessels. A l iquid N2 vessel is used to 

directly cool a radiation shield surrounding the l iquid He vessel and the cold work surface. 

A l l the interior Dewar surfaces were covered with aluminum foi l in order to provide 

additional shielding. Along the optical axis of the Dewar, two CaF2 windows of 1 inch in 

diameter were installed and sealed by o-rings to allow the passage of infrared radiation. A 

vacuum feedthrough on the Dewar housing was used for a stainless steel gas supply 

tube (1/16 inch ). A 2 0 0 - / / m diameter nozzle modified from a syringe needle was 

soldered at the end of the gas line for matrix deposition. 

31 



A home-made OFHC (Oxygen Free High Conductivity) copper sample holder of 

0.5 cm thickness was installed on the cold plate of the Dewar to maintain at or close to 4.2 

K with l iquid He f i l led in the can. A bore of about 1.5 cm inner diameter was cleared for 

the passage of l ight and attached with a BaFi windows using indium gaskets. The nozzle 

for mixture gas supply was placed at a distance of 1-1.5 cm in front of the BaF^ window. 

This distance was found to be optimal to produce a sample of uniform thickness with 

reproducible optical quality as observed from the absorption spectra. 

Figure I l l- L iquid hel ium Dewar that accommodates the sample cell 

Optical 
Window 

Liquid 
Nitrogen 

Liquid 
He 

Two silicon diode temperature sensors from Lakeshore Cryotronics, {DT670-SD) 
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were used to monitor the temperatures of the cold plate and the sample cell, respectively. 

It was found that both sensors displayed almost identical temperature even during the 

deposition process suggesting excellent thermal conduction in our system. Since there 

was no temperature control in our Dewar, we controlled the temperature of the 

deposition by controlling the rate of gas flow during the deposition process. 

On the other hand, the cryostat used at USTC was based on a refrigerator {Janis 

SHI-4-5) cooled by close cycle compressed helium gas. Due to the servo system of the 

temperature control unit, the cold finger of the cryostat always exhibits a temperature 

fluctuation of less than 0.05 K as measured by a silicon diode sensor from Lakeshore 

Cryostronics. The temperature fluctuation was expected to have litt le effect on the 

spectra. The lowest temperature achieved by the system was about 4.5 K，very close to 

that achieved in our l iquid helium Dewar system. The sample holder was installed on 

the cold finger of the refrigerator. The matrix sample was prepared in a similar fashion 

as described above. While the two experimental setups were not identical, samples 

prepared in these two systems appeared to be very similar spectroscopically, as shown 

in the spectra taken in both cases. 

IIL2.4 Preparation of Matrix-isolated Species 

In growing the solid sample, the mixture gas was f lowing at a rate of 8x10"® mol 

per second to deposit on the cold window of the sample cell. At this flow rate, the 

temperature of the substrate was about 0.1 K above the equilibrium temperature of 4.5. 

The low growth temperature is more desirable since the difference of melting points 
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between the dopant and para-Hi molecules is so great that high deposition temperature 

tends to produce large clusters of dopant molecules, resulting in samples with low optical 

transparency. Dopant molecules deposited on the substrate is expected to have no further 

diffusion at this low temperature. Because of the excellent thermal conductivity of solid 

hydrogen, the optical window and the OFHC copper, the temperature was maintained 

steadily throughout the deposition process of about 2 hour. Samples prepared this way 

were optically clear suggesting little strain in the solid. This was also confirmed by the 

observed linewidths in the infrared spectrum. 
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CHAPTER IV. Catalyzed Nuclear Spin 
Conversion (NSC) of H2 in 
the Solid State 

As discussed in Chapter I I nuclear spin modification behave as i f they are 

different molecules due to the fact that they occupy different rovibrational states and the 

conversion between them is very slow. Nevertheless, nuclear spin conversion (NSC), 

while slow, has been observed for various molecules. In the case of H2, the conversion 

has been studied in the gas phase as well as in the condensed phases in various 

experiments. In the gas phase, the conversion can occur during the collision process as a 

result of magnetic interactions. Since orlho/pam H2 occupy states with opposite parity 

while the magnetic interactions only connect states with the same parity, the conversion 

between ortho and para H2 is strictly forbidden under the Bom-Oppenheimer 

approximation (adiabatic approximation). However, the light nuclear mass of H2 leads 

to the breakdown of the Born-Oppenheimer approximation that mixes states with 

opposite parity. This small mixing gives rise to the very slow ortho-para conversion of 

H2. In the condensed phases, the conversion process can be attributed to the oscillating 
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gradient of the magnetic field provided by ortho-ll2 or paramagnetic molecules in the 

system. A handful of kinetic studies of both cases have been reported. The observed 

kinetics have been interpreted by a second-order rate law. In order to have a better 

understanding of the catalytic ortho-para conversion process, the effect of two 

paramagnetic species, namely O2 and NO have been systematically studied. The results 

of these studies are presented in this chapter. It is hoped that these studies wi l l lead to a 

better understanding on molecular diffusion and intermolecular interactions in solid 

hydrogen and isotopic species, a unique class of quantum crystals. 

IV.l Theoretical Background of NSC in H2 Solids 

IV.1.1 NSC of H2 Molecules in Gas-phase and Liquid-phase 

At the beginning of the last century, scientists were puzzled by two seemingly 

unrelated phenomena: the anomalous specific heat of hydrogen discovered by Eucken in 

1912, and the line intensity alternation in molecular spectra discovered by Mecke in 

1925. By discovering the existence of the two different nuclear spin modifications of 

hydrogen in 1929,"̂ ^ Bonhoeffer and Harteck provided the insight to uncover the 

solution of these two phenomena. In this experiment, the conversion rate between 

ortho-H: and pam-Hi was observed for the first time. In 1933, Wigner observed a 

dramatic enhancement on the NSC rate of H2 gas in the presence of paramagnetic 

species, whose enhancement effect was due to the generation of an inhomogeneous 

magnetic field that decouples the spins of the two protons of ortho-H? mo lecu les 46 In 



other words, the paramagnetic species serve as a catalyst for the conversion of nuclear 

spin modifications. Based on this idea, Winger proposed a theoretical model to account 

for the dependence of the observed conversion rate on the concentration of the 

paramagnetic substance using a collision mechanism: 

Where Z " is the collision efficiency that controls the catalyzed rate constant; JJ,̂  

and fip are, respectively, the magnetic moments of the paramagnetic species {i.e. 

catalyst) and of the proton; I is the moment of inertia of the hydrogen molecule; r is 

the collision distance. Winger's equation (TV.l) had been successfully applied to 

interpret a number of experimental observations. Farkas and Sassche found that 

homogeneous gas-phase conversion catalyzed by oxygen and other paramagnetic gases 

as well as the conversion catalyzed by paramagnetic ions in aqueous solution could be 

explained by the Winger's theory.^^ Harrison and MaDowell modified the Winger's 

theory to interpret the catalysis of the ortho-para conversion of hydrogen adsorbed on a 

paramagnetic surface at low pressures and liquid nitrogen temperatures.'^^ Extensive 

studies had been carried out along this way, making the ortho-para conversion of 

hydrogen molecules a useful tool for surface studies as the observed catalytic rates are 

often related to the surface properties. 

In addition to the gas-phase investigations, Wigner's model was also applied to 

catalytic ortho-para conversion of l iquid hydrogen adsorbed on a paramagnetic surface. 

For instance, Cunningham and Johnston conducted experiments to determine the 

influence of the magnetic moment and concentration of paramagnetic ions adsorbed on 
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the surface of alumina on the conversion rate of l iquid hydrogen. They found a linear 

dependence of conversion rate on the concentration of paramagnetic oxides.48 The 

interconversion of para-R2 and ortho-Hi catalyzed by paramagnetic complex ions in 

deuterated solvents at room temperature had been reported recently by Matsumoto and 

Espenson.49 An excellent linear correlation between the NSC rate constant and square of 

the magnetic moment of the solvated ions was found to support the collision mechanism 

proposed by Winger, 

IV.1.2 NSC of oHho-lh in Solids: the Self-diffusion Mechanism 

NSC of H2 molecule in the solids is not so straight forward as in the cases of the gas 

or l iquid phases since the translation motions of molecules are almost frozen out in the 

solids at cryogenic temperature. Since the magnetic dipolar interaction for the 

ortho-para conversion depends on r"^ according to Eq.(IV.l), assuming immobile 

molecules in the crystal lattice, one would expect a much smaller overall conversion 

rate in pure H2 solids compared to the cases in gaseous or l iquid phases. Furthermore, 

the catalytic effect of paramagnetic species on the conversion is also expected to be 

minimal since conversion occurs only for the ortho-H2 molecules in the vicinity of the 

paramagnetic molecules {e.g. O2) to form a sphere of pam-H: surrounding the O2 center. 

This sphere would poison the catalytic effect of O2 on the NSC process as the magnetic 

fields from O2 wi l l not be experienced by ortho-H: molecules located far away. 

However, as first observed by Motizuki and Nagamiya^®, the NSC rate was strongly 

enhanced by O2 molecules in the solids, in contrary to the above expectation that the 
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ortho-para conversion of Hz would be quenched in the solids due to the formation of 

para-Vii layers surrounding the catalysts molecules. These observations can only be 

understood by assuming mobile ortho-Hi molecules in solid H2. This interesting 

phenomenon, however, had not drawn much attention until the direct evidence of the 

ortho-Ua diffusion in the solids was discovered by Meyer and coworkers 1968.51 This 

milestone was setup by unexpected observations of the ablation of NMR signal of 

isolated ortho-Ri molecules, as well as the buildup of N M R signal for ortho~R2 pair, 

after a sudden drop of temperature. These unexpected results had puzzled Meyer's 

group until they studied the time evolution of N M R signal at different crystal 

temperatures. They found that the NMR signal from the isolated ortho-Ri decreased as 

the temperature dropped from 3K to QAK and reappeared to the original amplitude as 

the samples were re-heated to 3K The equilibrium was established with a time 

constant on the order of hours depending on temperatures and ortho-lch concentration. 

After being aware of the fact that the internal energy of isolated ortho-Vii pairs was lower 

than that of the isolated ortho-U: "singles",^^ they concluded that the decrease of NMR 

signals was due to the dimerization of ortho-VL2 molecules as the sample was warmed 

up. This phenomenon, called as ortho-R2 self-diffusion, was further confirmed and 

investigated through various optical experiments in other laboratories within a few 

years.53-55 

Following the experimental studies, theoretical basis of ortho-Yii self-diffusion in 

the solid hydrogen crystal based on the first principle was first investigated by Ebner and 

Simg，s.56 Two mechanisms, namely, quantum-mechanical tunneling and thermal 



activation over a potential barrier or vacancy motion were considered in their model, 

where a single quantum crystal calculation was used to determine the energy levels and 

barrier for a molecule adjacent to a localized vacancy in hep solid H2. The resulting 

diffusion coefficient exhibited a high-temperature form D = cw^/s , due to 

classical thermal excitation over a barrier. They also f ind a low-temperature term due to 

quantum-mechani cal tunneling with activation energy of 112K. While the 

high-temperature behavior was in great agreement with experiment, as mentioned above, 

the low-temperature behavior had yet been observed experimentally. Oyarzun and Van 

cn 

Kranendonk pointed out that, for most experimental situations, the / = 1 ortho-H: 

concentration was sufficient to reduce the quantum-mechanical tunneling by a factor of 〜 

10^ as a result of the EQQ interaction between ortho-R2 molecules to give a negligible 

rate constant of order 10® - W ^ h ' ^ In other words, it is difficult to fu l f i l l the energy 

conservation condition when, in an exchanging process, ortho-Ri reoriented or hopped to 

another lattice site, because the orientation energy is large compared to the exchange 

energy. 

Instead of "quantum-mechanical tunneling", Oyarzun and Van Kranendonk 
r o 

interpreted the self-diffusion effect occurred in the solids in a different manner. They 

proposed a mechanism involving a simultaneous conversion of an ortho-Hi/pcira-ih pair 

into a para-Hi!ortho-Ri pair. This simultaneous conversion was called "resonant 

ortho-para conversion" or "rotation diffusion". In a detailed calculation, a rate constant 

of order , in agreement with experiments, was determined for the self-diffusion. 
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IV. 1.3 NSC of orthO'Hz in Solids Catalyzed by Paramagnetic 
Species 

The self-diffusion of ortho-H: molecules in the solids state is responsible not only 

for the redistribution of ortko-Hz molecules in the crystals but also for the establishment 

of Boltzmann distribution between / = 0 and / = 1 H2 molecules due to NSC. The 

rate of NSC due to ortho-Ji〗 molecules is very slow, on the order of a few hours, as 

shown by Nagamiya in 1950s， In 1990s, Shevtsov and coworkers studied the 

ortho-para conversion of solid hydrogen with small amounts of O2 impurity in the 

temperature range 4 . 2 - I K using N M R and observed greatly enhanced NSC rates. 

They found that the conversion rate, which was substantially greater than that of the 

self-conversion process in pure solid H2, showed a strong dependence on temperature 

and the O2 content in the sample. By carefully checking the time evolution of the 

ortho-Hi contents in the solids, they found that the overall rate of the catalyzed 

conversion in the sample was determined by the relative diffusion of ortho-Hj and the 

O2 impurities with a diffusion coefficient obeyed an Arrhenius behavior 

DCT) = 3x10-11 / . This temperature dependence was interpreted in terms of 

vacancy-particle exchange by quantum tunneling through the intervening barrier. Few 

studies along this line were reported until Abouaf-Marguin and Vasserot demonstrated, 

using FTIR spectroscopy to study the ortho-para conversion rate at A2K for normal 

hydrogen samples double-doped with impurities H2O/O2, CH3F/O2, CH4/O2. While 

using a different monitoring technique, the observed conversion rate constants were 

consistent with the work by Shevtsov et al. 
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While the molecular diffusion in solid H2 has been explained by the 

vacancy-particle exchange process from an intuitionistic point of view, the catalytic 

effect of paramagnetic impurity molecules requires preferential approaching between 

ortho-I l l and catalyst molecules to form a pair. In the absence of intermolecular 

interactions, the pairing is achieved by random walk. On the other hand, intermolecular 

interactions wi l l accelerate this process. It is interesting how the catalytic conversion 

rate is affected by intermolecular interactions. 

In addressing the effect of intermolecular interactions on the NSC rate, systematic 

kinetic studies of NSC of solid H2 catalyzed by O2 and NO impurities, respectively, 

have been conducted. Compared to O2 molecule, NO possesses a stronger electric 

dipole moment but a weaker magnetic dipole moment. A stronger electric dipole 

moment of NO allows faster diffusion because of stronger intermolecular electrostatic 

interactions, while a weaker magnetic dipole moment results a shorter conversion 

separation. Accurate and systematic experimental studies to investigate these two 

opposing effects on the NSC rate no doubt provide a test ground for quantitative 

theoretical computations. In the following the details of the experiments and the results 

wi l l be discussed. It is hoped that these studies wi l l shed some light on the 

understanding of this phenomenon and provide reliable experimental data for 

establishing theoretical models. 

IV.1.4 Kinetic Model of Catalyzed NSC in Solid Hydrogen 

In Winger's theory, the actual conversion process is considered rate determining 
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step and thus the time required for molecules to approach each other is not taken into 

account. This is true only for molecules with great mobil i ty such as gaseous molecules. 

In practice, it has been shown that the assumption applies even for liquid H2 at 

cryogenic temperature."^^ In solid H2, however, the translational motion of molecules is 

transformed to lattice vibration, which wi l l not efficiently facilitate the formation of 

molecular pairs via translation. As a result, the encounter of two originally far separated 

molecules in the solid may require diffusion through the lattice sites. The diffusion may 

also involve tunneling through periodic lattice potential due to the light mass of H2 

molecules. 

In considering the diffusion to form a molecular pair, the relative diffusion 

coefficient D作,=1) + 1)。may be used, where D and D^ are the corresponding 

diffusion coefficients of the two molecules involved. In the case of ortho~¥ypara~R2 

pair, both D and D^ are the same and have to be taken into account. In the case of 

OJortho-Ri or NO/c»r汝0H2 pair, the catalyst molecules are so much bulkier and 

heavier that their mobilities in the solid are much lower compared to H2 molecules, i.e. 

D ^ « D . It is therefore reasonable to approximate the relative diffusion coefficient by 

that of H2 molecules, i.e. Z)̂ ；̂ Based on a random walk model, the diffusion 

coefficient of ortho-Hj in the solids has been expressed as 

D = - f - (IV.2) 

where a is the lattice constant and T̂  is the mean time for an ortho-Hi molecule to 

spend in one lattice site between successive jumps (i.e. " jump time"). Shevtsov and 

coworkers have found, in their temperature-dependent N M R studies, that the diffusion 



coefficient D could be fitted by an Arrhenius-type empirical equation 

(92 ±4 ) 
Z)( r ) = ( 2 ± l ) x l ( r i e x p em's-' (IV.3) 

T 

The diffusion-controlled catalytic NSC of ortho-U.2 can be understood using the 

fol lowing picture. An ortho/para conversion occurs only when the "lifetime" of 

ortho-Rj (^cc) under the influence of catalyst is shorter than the jump time z^. When 

Tec ̂  T j , the ortho-Hi molecule would hop to another site without NSC. In other words, 

the catalytic effect exists only when orf/io-H2 molecules and the catalyst molecules are 

adequately close that the magnetic interactions are strong enough to give rise to fast 

conversion. It is convenient to define the effective conversion radius R劝 for the 

catalyst molecule so that the catalytic conversion rate constant is expressed as,̂ ^ 

Kc 二切'Reff.D.n (IV.4) 

where n ^ r i j a ^ is the number density of the hep lattice site. Equation(IV.4) 

establishes a connection between the experimentally rate constant k̂ ^ with 

microscopic variables 尺功,and D . It is obvious that greater magnetic interaction 

gives rise to a greater 愤 .According to Silvera and Shevtsov et al, the value of 也. 

is estimated below, 

\1/12 

Tel (IV.5) 

by accounting for the number of nearest neighbors in hep crystals. The catalytic lifetime 

T̂ ^ is estimated from the self-conversion lifetime T化 by comparing the magnitude of 

magnetic interactions for ortho-Wi/ortho-Ri pair with or/Zzc-Hi/X (X stands for catalyst 

molecule) pair. Since the interaction is proportional to the magnetic dipole moments of 
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the pair, we expect that 

f \2 / r K // //-. I n 
(IV.6) Tsc ~ 丑cc ~ 

I 

I V J 

The value of is related by the experimental rate constant k沉 of self-conversion by 

(IV.7) 
dC J12C 

二 一C 
dt I T 

\ SC y 

where C is the mole fraction of ortho-~R2 in the solid. The equation above assumes 

NSC occurs only that the catalyst and ortho-Ri molecules are nearest neighbors. The 

factor 12 accounts for number of nearest neighbors in hep crystals. Based on the 

experimental value of 众亿 reported by Silvera/® T̂^ was estimated to be 2.4x10^5, 

For different catalyst molecules, we can estimate 功 according to the procedure 

discussed above. Together with the experimental rate constant k^^，we may obtain the 

corresponding diffusion coefficient D that provides some insights into the interactions 

between catalyst/orf/ic-Hi pair. 

IV.2 Kinetic Studies of NSC of Solid H2 with O2 and NO 
Dopants 

IV.2.1 Experimental Details 

The general experimental setup has already been described in the previous chapter. 

Here we wi l l describe the detailed experimental conditions for the kinetic studies. Since 

the NSC kinetics is expected to be temperature-dependent, it is necessary to maintain a 

constant temperature throughout a time span of a few days for each experiment. This 
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was achieved by using a liquid helium bath under atmospheric pressure. The OFHC 

copper used for the cell as well as the helium container reduces the temperature gradient 

between the bath and the sample. Since the temperature effect on the NSC of H2 in the 

solids was not the main interest of our studies, it was desirable to carry out all kinetic 

measurements at a constant temperature. As measured by a silicon temperature sensor 

installed on the sample cell, the experiments were carried out at a temperature of ~5K. 

Based on the previous studies, this temperature range gives a rate constant that is long 

enough for kinetic measurements with reasonable accuracy. At temperature below 4K, 

clustering of ortho-H2 due to intermolecular EQQ interactions leads to non-uniform 

distribution of ortho-'H.2 in the solids that may complicates the experimental conditions. 

In a normal run, the solid samples were deposited at a temperature of 5K so that samples 

wi th excellent optical quality and uniform thickness were obtained, as shown in our 

previous work. In order to keep the kinetic measurements consistent for both O2 and NO 

impurities, the temperature was kept at 4.8士0.037^ for a few days for collecting each 

set of kinetic data. As discussed below, the uncertainty in temperature is expected to 

give rise to an error of about 10%. 

The initial ortho-Hi content and concentration of paramagnetic species in the 

solids are of great importance in the accuracy of the kinetic studies. The initial ortko-Hi 

content was controlled at a few percent so that ortho-U.2 molecules are well isolated by 

para-Ri molecules in the solid and each set of kinetic measurements can be completed 

in no more than a few days. In addition, this ortho-Ri content w i l l not significantly 

broaden the spectral transitions, and yet provide good S/N to reduce the error in 
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measuring integrated intensities in the spectra for determining accurate ortho-Rj content. 

The choice of concentrations of paramagnetic impurities, was made based on the same 

criteria as in the case of ortho-Ri, i.e. uniform and well-isolated distribution, proper 

experimental duration and sufficient S/N. After performing a series of trials, it was 

found that the paramagnetic impurities should be on the order of a few thousand ppm in 

the solids as the clustering of impurity molecules that occurs at higher concentration 

severely reduces the optical quality of the samples. The typical procedures of premixing 

the gas sample and solid H2 crystal deposition has been described in Chapter I I and 

therefore w i l l not be repeated here. 

IV.2.2 Observations 

Figure IV-1 shows the absorption spectrum, at a spectral resolution of 0.2 cm" , of 

solid para-enriched H2 doped with 1500 ppm O2. The initial onho- tk content was 

determined to be 4% based on the method introduced in the fol lowing section. While 

the optical path was purged with dry N2 gas, the residual atmospheric water and CO2 

exhibit strong absorptions around 1600 cm'' and 3750 cm' ' , that may mask any useful 

information in these regions. In order to minimize this affect, a background subtraction 

routine was performed so that the interference of the atmospheric absorptions could be 

scaled down to an acceptable level, i f not completely eliminated, for studying the 

absorption signals due to the presence of O2. 
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While the fundamental region {i.e. 4000~5000cm" ) of H ! in the solids appeared to 

have the usual pattern with the zero-phonon Q and S branches and the associated 

phonon bands (Qj^ and Sr ) as shown in Figure IV-2, the detailed structure of the Q 

branch, however, appeared to be a bit different from that of pure solid hydrogen. As 

shown in the inset of 

Figure IV-3, the amount of ortho-Yii molecules in the solids dramatically changes 

the appearance of the Q branch region of -4150 cm' \ In spectrum a, the Q branch 

was very weak in a pure solid hydrogen sample with 99.95% para-Hi- Spectrum b was 

taken from a sample of -99.9% p a m - H i doped with a few ppm of CO. It is seen that the 
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Figure IV-1 ： Mid- infrared (1400-5000 cm-i) spectrum of solid para-enriched 
H2 doped w i t h 1500 ppm O2. 
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Q ( l ) transition at -4147 cm" appears with complicated structure while the Q(0) 

transition at -4153 cm'^ does not show much intensity. Trace a shows the spectrum of a 

sample containing 4% ortho-Ylz. The 0 ( 0 ) transition has become much more 

prominent because its intensity is included by ortho-H〗 molecules. In addition, the 

+ + double transitions (at 4736 cm—丄）associated with ortho-}i2 

also gain much intensity. Moreover, the presence of excessive ortho-Ri in the sample 

also significantly broadens the spectral features in the spectrum. 

Figure IV-2: Raw infrared spectrum of H2 fundamental band range of 
para-enriched H2 solid doped w i th 1500 ppm O2 taken immediately after 
deposition. 
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According to Boltzmann distribution, the equilibrium ortho-Yi^ content in solid H2 

OQ 

should be less than 0.01%. Since the premixed gas for matrix deposition had an 

ortho-Ri content of a few percent, the solid sample freshly prepared at ~5K wi l l have 

ortho-Ri in excess with respect to Boltzmann equilibrium because of the slow 

ortho-para conversion. By monitoring the time evolution of the ortho-Ri content to 

reach thermal equilibrium in the presence of paramagnetic species, the time constant of 

ortho-para conversion can be determined. In order to monitor the temporal change of 

ortho-]^! molecules in the solids, successive spectra of the H2 fundamental band were 

recorded at different time after the sample deposition. In Figure IV-4, the Q(0) + 5'q(1) 

+ double transitions recorded at different time are shown. The numbers 

4200 4400 4600 4800 

Frequency (cm"^) 

Figure IV-3: Infrared spectrum of Hz fundamental band at 4.8 K, [a] sample 
contained 4% orf/^o-Hz and 1500 ppm O2； [b] previous pure para-Wi sample of our 
group. 
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shown in the low right of the diagram correspond to the time (in unit of minute) after 

the deposition when the acquisition of the spectrum starts. In the presence of 3000 ppm 

of O2, the intensities of the Q (0) + Sq (1) & 0 (1) + S^ (1) transitions drop dramatically 

after about 2000 minutes. Since these transitions involve simultaneous excitation of 

para-Ri^ortho-Hi and ortho~R:Jortho-Ui pairs, respectively, the reduction of ortho-U: 

content w i l l no doubt reduce their intensities. Similarly, the intensity of the Q branch 

transitions also drops with decreasing ortho-H: content. As pointed out by Van 

Kranendonk, ortho-Ri molecules not only directly give rise to the transition at 

-4147 crrf i but also induce the Q ( 0 ) transition at -4153 cm'' by a simultaneous 

reorientation. The temporal change of the transition located at 4153 cm'^ is 

shown in Figure IV-5. 
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More interestingly, the inevitable trace water content in the samples also exhibited 

transitions due to the formation of clusters H20(H2)n as shown in Figure IV-6. Because 

of the ortho-para conversion, the relative intensity of the sextet structure around 1595 

cm'i changes drastically. The peak at 1594 cm'^ became the strongest after 30 hours of 

ortho-para conversion in the presence of 3000 ppm of O2. The detailed assignments of 

these transitions can be found elsewhere.^' 
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Figure IV-4: Infrared absorption spectra: t ime evolution of Q̂  (0) + (1) & 

(2i(l) + ^o(l) t ransit ion of para-enriched solid H2 doped w i t h 3000 ppm O2. 
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Figure IV-5: Time evolution of Q(0) and Q( l ) transit ion of para-enriched solid 

H2 doped w i th 3000 ppm O2. 
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IV.2.3 Determination of the ortho-Hz concentration in the solids 

In order to study the kinetics of NSC in solid H2, it is necessary to determine the 

ortho-H2 content in solids. Several approaches, involving different experimental 

techniques, have been developed over the years. The commonly used methods include 

(a) thermodynamic methods which exploit the dependence of the free energy on the 

statistical distribution of ortho-}i2 in the l a t t i c e , o r detect the dependence of the 

thermal conductivity of the solids on the ortho-Hi contents； "̂̂  (b) NMR technique which 

monitors the characteristic spectrum intensity of the isolated ortho-Ui molecules,^^ or 
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Figure IV-6: Absorpt ion spectra of the V̂  band of H20:〔ort/io-H2〕n clusters at 

4.8K just after deposition and 30 hours after deposition in a sample of 
para-enriched solid H2 doped w i th 3000 ppm O2. 
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measure the free induction decay (FID) signals at proton frequency; ^ (c) infrared(IR) 

spectroscopic methods which record the transition intensities due to ortho-VLi molecules 

in the samples. The spectroscopic approach facilitated by the high resolution and high 

sensitivity afforded by modem FTIR spectrometers, is capable of providing accurate 

measurements of ortfio-lh contents with a relatively simple setup, making it an 

excellent choice for studies of NSC of H2. 

The determination of ortho-H: concentration in the solids using spectroscopic 

approach is based on the measurement of observed integrated intensities of certain 

ortho~R2 transitions such as S{V)，U{1') and Qfi) lines.^^ According to the 

Beer-Lambert law, as shown in the following equation: 

a = — In 
nL^ 

A(y) = ln 

/ o � 
liv), 

m 
h(y) 

(IV.8) 

(IV.9) 

where a (in cm^/s) is the theoretical integrated absorption coefficient; L (cm) is 

the length of optical path; V (cm'^) is the transition frequency; Iq (v) and / (v ) are 

the init ial and final l ight intensities respectively; A(v) is the absorbance of the 

transition. Because of the short optical path of matrix samples and the weak absorption 

of single transitions as a result of the low concentration of ortho-Hi, great error is 

expected in measuring the corresponding integrated intensity. In order to solve this 

problem, Abouaf-Marguin and Vasserot have recently established an empirical law to 

determine the ortho-Ri concentration based on the integrated intensities of double 

transitions.66 Based on their model, the ortho and para concentration can be determined 
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using a simple empirical relationship, 

C„ 1.05x7? 
(IV. 10) 

C + C 0.55+ 
0 p 

where C。and C^ are the mole fractions of ortho-lh and pam-H: respectively and 

R is the ratio of integrated intensities of the Q (0) + 5̂。（1) & Q (1) + S。(1) transitions at 

4736 cm-i and the Q ⑴ + & 0 ( 0 ) + 6；(0) transitions at 4505 cm' \ i.e. 

A(4505)t/v . The accuracy of the law has been supported by the 

excellent f i tt ing results for their dynamics data (see Fig.3 in ref.^^). According to 

Abouaf-Marguin and Vasserot, the main source of uncertainty arising from the 

determination of R value, as integrated intensity measurements depended on the 

choices of baseline and integration limits. Thus a systematic shift in the integrated 

intensities might exist between different personnel in performing the measurements. 

However, this error has no effect on the kinetic studies. By comparing the ortho-H: 

content of a 0.5 mm sample determined from this empirical method and the Q ( l ) 

transition, we found that both approaches gave comparable results. This method is 

therefore adopted in our kinetic studies as the experimental conditions of both cases are 

similar. 

However, as shown in Figure IV-2, the Q(0) + 5q(1) &!2i(1) + >Ŝo(1) transitions in 

our experiments appeared too strong (almost saturated), to give an accurate integrated 

intensity A(4505)£/v . We thus applied another empirical relationship, found by Tarn 

67 
and Fajardo from their hundreds of spectra of 90 different pure and doped samples, 

j A{45Q5)dv / j A(4840)(^v = 13,0 土 0.4 (IV. 11) 

where A(4840)fi?v is the integrated intensity of 5,(0) + iS'Q(0) transition of solid Hi , 



whose absorbance is suitable for the accurate calculation of integrated intensity. 

The ortho-VLi concentration in the solid H2 f i lm samples of our experiments can 

therefore be calculated using the following equation: 

C . = 
1.05X 

« 
'A(4736)dv^ Z ( 1 3 . 0 x 'A{AUO)dv) 

0.55 + jAi4736)dy^ / (13 .0X 'A(4840)£ /V) 
(IV. 12) 

The kinetics of catalyzed-NSC process were therefore obtained from the time 

evolution of the ortho-Hi concentration determined from Eq.(IV.12). 

IV.2.4 Results and Discussions 

By processing the successive spectra based on the procedure discussed above, the 

ortho-lAi concentration of the solid sample at different time was determined. Figure IV-7 

shows a typical decay curve of ortho-Wi in a sample doped with 2500 ppm O2. Each 

black dot denotes the ortho-Hi concentration at the moment of starting the acquisition 

of the spectrum. The calculated initial ortho-Hi concentration was coincided with that 

of the premix value, suggesting the reliability of the above mentioned method. The 

concentration of ortho-^2 gradually approached zero as time proceeded. While the 

catalytic ortho-para conversion in a bimolecular process, the decay rate of ortho-lh is 

expected to fol low first order kinetics, i.e. C, = C^e'"^ since the concentration of O2 is 

expected to remain unchanged. As shown in Figure IV-7, the least-squares fitting was 

excellent wi th a correlation coefficient R of 0.999, supporting the assumption of first 

order exponential decay. As previously stated, the depletion of ortho-Ri results from 

two parts—self conversion process induced by the nuclear interaction between onho-H】 
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molecules and catalyzed conversion process induced by the magnetic moments of 

impurity molecules. It is therefore written as: 

$ = — k j : 、 k j : C p (IV.13) 

where C and C^ are the concentration of ortho-YLi and paramagnetic species 

respectively;众此 is the self-conversion rate constant while k̂ ^ denotes the 

catalyzed-conversion rate constant. According to the previous studies of Schmidt^^ and 

Shevtsov59, the typical values are k̂ ^ ~ and k̂ ^ -10"^ , respectively. 

The first term of equation (IV.13) thus could be neglected. This approximation should be 

applicable in our case, in which C is less than a few percentages and therefore the 

probability of having two ortho-Rj molecules close enough to interact magnetically is 

very low. By neglecting self-conversion effect, (IV.IS) becomes, 

$ 二-KcCCp (IV.14) 

Since C” is constant throughout the process, it can be absorbed into k。。to give 

an observed rate constant b based on the equation above. Solving this equation gives 

C = (IV. 15) 

where Cq is the initial ortho-lAi concentration in the solids and b , the effect rate 

constant, is defined as, 

b 衫 取 ( r v . i 6 ) 

where 7] is lifetime of conversion process. 
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Figure IV-7: The decay of ortho-Hi concentration [black dots] and the f i t ted curve 
(red〕shows the f i rst order kinetics. 
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After obtaining b from the ortho-Ri decay curve, k^^. can be determined by 

dividing b with C^. By recording the decay of ortho-Ri at different C^ to obtain the 

corresponding b values, we can determine k^^ by least-squares fitt ing from the plot 

of b vs. Cp. Figure IV-8 shows the plot for O2 impurity. For each concentration of O2, 

the experiments were repeated 2-3 times to ensure the consistency of data. The O2 

contents varied from 1500 ppm to 4000 ppm. In addition to the concentration listed in 

the figure, we also have tried samples with even lower O2 concentration, e.g. 500 ppm, 

and even higher concentration, e.g. 4500 ppm. However, 500 ppm sample required 

much longer time for collecting the kinetic data, which introduced extra experimental 

error due to the long-term instrumental stability. The situations for higher O2 
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concentration were even worse. Because of the low solubility of O2 and the great 

difference melting point between O2 and H2, excessive O2 in the solid H2 led to serious 

aggregation, which jeopardized the optical quality of samples. It is seen from Figure 

IV-8 that in the region between 1500-3000 ppm, a linear relationship between b and 

Cp was obtained to give a k̂ ^ of -0.809 mirT、The conversion rate constant for 

samples containing 4000 ppm, as shown in the figure, deviates from linearity with much 

higher error compared to lower concentration. We therefore, limited our investigation 

between 1500 ppm and 3000 ppm. 

The error mainly arises from data processing, e.g. the choice of integration limits, 

the choice of the baseline, etc. The overall error, however, can still be estimated by 

comparing the results from the same data set processed by different individuals. The 

discrepancy between the results coming from different individuals could be treated as 

the total systematical error. Following that way, one of my colleagues and I have 

performed such test independently. The b value we obtained for a certain condition 

was within a few percentages and thus a maximum overall error of 10% was estimated. 

As shown in the figure, the discrepancies among the results from different trials on the 

some condition all fall in the region of error bar, suggesting reliable results with great 

reproducibility. We thus fitted the values of b as linear function of C^ as described 

above to obtain k̂ ^ from the slope. In our experiments of solid H2 doped with O2 

impurity at 4.8 K, the catalyzed rate constant k̂ ^ was determined to be 0.809 mm'\ 
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Figure IV-8: Observed decay constant vs. different O2 concentration in the solids 
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The value of the k̂ ^ for O2 from our study agrees well with that obtained by 

Shevtsov's group at the same temperature (fig. 6 in though the experiments were 

carried out in totally different manners. The ortho-Ri content was determined using 

N M R relaxation signal in Shevtsov's experiments. And within one sample period, they 

performed a series of N M R measurements with changing the sample temperature in 

order to investigate the temperature effect. Therefore, the k̂ ^ they obtained at 4.8 K 

actually corresponded to one portion rather than the whole conversion process. On the 

other hand, our k̂ ^ value was about five times larger than that obtained by 

Abouaf-Marguin, et al.^^ in similar experiments at 4.2 K, compared to our studies at 4.8 

K. The large discrepancy in k̂ ^ may be accounted by the difference in temperature. It 

has been pointed out that higher temperature could speed up the H2 diffusion in the 
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solids. In addition to the temperature difference, k⑶ value was determined by 

Abouaf-Marguin et al. using no more than two sets of C^^ and the relationship 

between k^ and C^^ was not clearly shown. 

The linear relationship between the k̂ ^ and C^̂  obtained in our experiments 

confirms the NSC process follows the second order kinetics as proposed. O2 can be 

considered as immobile in the solid H2 because of much heavier weight whereas 

ortho-H2 can diffuse through the solids. Once the ortho-Hi molecule encountered or 

moved close enough to an O2 molecule, it converts to a pam~li2 molecule due to the 

magnetic interaction of O2. The more O2 in the solids, the higher chance that ortho-para 

conversion occurs, and therefore the greater overall catalyzed conversion rate constant. 

In order to understand the driving force of the diffusion of ortho-H】 in the solid, we 

also studied the ortho-para conversion of solid H2 catalyzed by NO. Because of the 

electric dipole moment of NO, whose interaction with ortho-Ri is expected to be 

stronger to give rise to a faster diffusion. On the other hand, the smaller magnetic dipole 

moment of NO should require closer interaction separation for the NO/ortho-H2 pair. 

Depending on which factor dominates, it is expected that the observed NSC rate may 

either increase or decrease. 

Using the same procedures as in the case O2, the kinetic studies of solid H2 doped 

with 0.1-0.3% of NO were carried out, For samples with NO concentration higher than 

0.2%, the optical quality greatly reduced. The plot of b vs. C^ (Figure IV-9) shows 

that the linear f i t can only be obtained with C^ no more than 0.2%. The least-squares 

fit gave a value of k̂ ^ =2.185 m in " ' , almost 2.7 times of that for O2. Compared to O2, 



NO is much more efficient in catalytic NSC while having a smaller magnetic dipole 

moment. This suggests the ortho-YLi diffusion rate may be greatly accelerated towards 

NO. 

Figure IV-9: Observed decay constant vs. different NO concentration in the solids. 
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Figure IV-10: A comparison of observed rate constants of NSC catalyzed by O2 
and NO molecules. 
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As shown in Figure IV-10, in the range from 1000 ppm to 3000 ppm of catalyst 

molecules, the conversion rates are linearly proportional to the concentration of catalyst 

in both NO and O2 cases. However, the solid samples also appeared to have lower 

optical transparency at higher catalyst concentration and the catalytic efficiency dropped 

from the trend of linearity. This indicated the formation of aggregates of catalyst 

molecules at concentration greater than -3000 ppm. Since the degree of aggregation 

may vary depending on the condition of matrix deposition, it is not surprised to obtain 

rates with greater fluctuation in this concentration range. At lower catalyst concentration, 

however, the linearity of the catalytic efficiency suggests that those molecules were well 

separated and randomly distributed in solid hydrogen matrices. 
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According to Winger's theory, the conversion rate constant is proportional to the 

square of the magnetic moments of the paramagnetic species jJ^. It therefore comes as 

a little surprise that NO is a more efficient catalyst for NSC since NO has a smaller 

magnetic dipole moment. For NO with one unpaired electron in the ^H electronic 

ground state, the spin-orbit coupling gives rise to two substates ：！!^: and ^n.^j ‘ 

corresponding to parallel and anti-parallel coupling of spin ( I ) and orbit ( A ) angular 

momenta, respectively. The magnetic moments of NO in these substatets are expressed 

= + g 椒 (IV.17) 

with the electron g factor g^ ~ 2.0023 and //g representing the Bohr magneton. 

Since the 屯state lies 123 cm'' above the state, it is expected that most NO 

molecules are in the state at -SK. In the state with anti-parallel coupling 

(i.e. Z and A have opposite sign), the net magnetic dipole is close to zero due to the 

cancellation of magnetic moments. On the other hand, O2 molecules with 2 unpaired 

electrons in the state is expected to have a magnetic dipole of about 2//^ 

according to Eqiiation(IV.17). It has been shown experimentally that the molar magnetic 

susceptibility of NO is smaller than that of O2 by a factor of 2.4 at room temperature. 

However, NO with a smaller magnetic dipole moment gives rise to a greater NSC rate 

constant in our experiments in which a ratio of k^f : =2.7 :1 has been obtained. 

According to Equation(IV.4), is related to 祈 and D , parameters specific to 

different catalyst molecules. As discussed in the kinetic model, R劝 is on the order of 

a that gives little effect on different k。。. The great difference in k^^ for O2 and NO is 
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therefore due mainly to different D values. Since the two experiments were carried out 

at slightly different temperatures that w i l l give rise to different D values in both cases. 

From the observed difference of T^勸-T^^ ^ 0.03^ , a change of less than 10% in the 

rate constant is expected due to the change in diffusion coefficient using Equation(IV3). 

In other words, the greater k̂ ^ in the case of NO cannot be explained by temperature 

effect. 

In order to ensure our observation is genuine, we deduced, in the case of O2, the 

value of Do^ = 6 . 9 x 1 • from Equation(IV.4) using ~\.5a estimated 

from Equation(IV.5). This value compared favorably using the value obtained from the 

empirical Equation(IV.3) by Shevtsov et al. It should be noted that the diffusion 

coefficient obtained here has nothing to do with the O2 concentration as long as it is low 

enough so that the random walk assumption is not violated. In the case of NO, the same 

approach was applied to obtain D^^ = 2.1xlO"'Vm^ using R也 • 〜 l . l a and 

kcc = 0.036,1 

The greater diffusion coefficient for NO compared to O2 may be ascribed to the 

fact that there are stronger electrostatic interactions between NO/ort/zc-Ha pair. The 

nonzero electric dipole moment of NO gives rise to dipole-induced dipole interaction 

that may cause a preferential direction for diffusion compared to the case of 

Oilortho-H^i pair, in which electric quadrupole-quadrupole interaction is dominant. 

However, quantitative investigation of the effect of electrostatic interactions on 

diffusion coefficient in solid hydrogen may require Monte Carlo calculations, which is 

beyond the scope of our study. It is hoped that our observations wi l l stimulate some 
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theoretical and computational studies on this interesting issue. 
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CHAPTER V. Infrared Spectra of O2 and 
NO in Solid Para-Hz 

It has been known in recent studies that solid hydrogen possesses unique properties 

to facilitate spectroscopic studies at unprecedented resolution. The high resolution 

rovibrational spectra of molecules in solid hydrogen reveal not only the motions of 

molecules in the solid but also details of isotropic and anisotropic intermolecular 

interactions in H2 matrices. Nevertheless, the high resolution spectra observed in the H2 

matrix system are often too complex to be interpreted based on the existing theory, 

reflecting how little is known. In addition to studying the catalytic effect of O2 and NO on 

the nuclear spin conversion of solid hydrogen, we also recorded their rovibrational 

spectra in solid hydrogen. It was hoped that studies of these simple diatomic molecules 

wi l l shed some light on the understanding of the spectra of larger molecules. 

V.l Infrared Spectra of O2 in Solid H2 Matrix 
As a homonuclear diatomic molecule, rovibrational transitions of O2 are dipole 

forbidden. In the solid state, however, the intermolecular interactions give rise to 
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multipole-induced dipole that is responsible for the infrared transitions of O2. This is the 

same mechanism for the infrared transitions of H2 molecules in the solid state, as 

discussed in Chapter I I . The infrared spectrum of O2, while predicted to be observable, 

has yet to be reported, probably due to the small induced dipole moment. Following the 

observation of 02-catalyzed NSC of H2 molecules in the solid, we also attempted the 

search of the infrared transition of O2 in the same system. 

V.1.1 Theoretical Background 

O2 is composed of two nuclei with spin 7 = 0 (Bosons). The ground electronic state 

of O2 is X^Lg corresponding to zero projection of total electronic orbital angular 

momentum along the molecular axis with a spin multiplicity of 3 arising from the two 

unpaired electrons. The angular momentum coupling scheme in O2 therefore follows the 

Hund's Case (b) in which the spin-orbit coupling is much less important than the 

spin-rotation coupling. The quantum number J for the total angular momentum can be 

obtained from rotational quantum number N and electron spin quantum number S 

using the triangular rule. In the case of O2 with 5 = 1, each rotational level spit into a 

triplet corresponding to J = N + 1, N , and N - l , respectively. According to the Pauli 

principle, only rotational energy levels with odd N are populated for O2 molecules 

while levels with even N are forbidden. The schematic diagram of rotational energy 

levels is depicted in Figure V-1. 

69 



Spin-rotation 
interaction 

While infrared transitions of O2 are forbidden, the rotation-vibration energy levels 

have been studied using Raman spectroscopy.^^ The low lying electronic transitions in the 

near infrared region have been extensively investigated for photodynamic therapy. 

Spectroscopic studies have confirmed the energy pattern in Figure V-1. 

V.1.2 Observations 

Based on the Raman studies of gaseous O2, we expect its fundamental frequency 

should be around 1550 cm"\ Because of the strong atmospheric water absorption in this 

region, it is difficult to observe the much weaker O2 transitions. In order to reduce the 

background absorption, the optical path was purged with dry N2 gas. Figure V-2 shows 

the infrared spectrum (at a spectral resolution of 0.2 cm'^) of a solid H2 sample containing 

Figure V-1: Schematic diagram of rotational energy splitt ing pattern of O2 in gas 
phase. The grey dashed lines correspond to the forbidden rotational energy levels. 
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about 5000 ppm O2 and 3.6% oriho-Ri content. The dotted and solid traces correspond to 

the spectra taken before and after sample deposition, respectively. A weak transition at 

1551.9 crrf i was found, in addition to atmospheric water lines, after the deposition of 

solid sample. The intensity of the new feature increased gradually during the deposition 

process to reach a maximum value, which was still very weak, with a transmittance less 

than 10% after a deposition time of a few hours. Search of other transition in the region 

was unsuccessful. Judging from the observed frequency and linewidth of ~ 0.18 c m ] 

(FWHM), it was assigned to the pure vibrational transition of O2 induced by nearby 

ortho-lh molecules. Comparing to the gas phase value of Vq =1556.384 cm'V^'^^ the 

observed frequency was about 4.5 c m ] lower, a typical figure for molecules in solid H2 

matrix. Since the observed linewidth appeared to be instrumental l imited and the 

seemingly asymmetric profile of the peak indicated that there might be unresolved 

features, studies at higher spectral resolution was necessary for a more careful 

investigation. 
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Figure V-2: Infrared spectrum of fundamental band of O2 trapped in the solid H2 
matrix recorded at a spectral resolution of 0.2 cm-i. 

In collaborating with Professor Shuiming Hu in University of science and 

technology of China, we recorded the infrared spectrum at a resolution of -0.008 cm'^ 

using a Bruker IFS-120 HR FTIR spectrometer with an ultimate resolution of 0.0013 cm'^ 

In order to reduce the linewidth broadened by anisotropic interactions, the ortho-R2 

content was reduced to about 〜0.05% by using two separated flows premixed in the gas 

line, as discussed in Chapter I I I Figure V-3 shows the high resolution infrared spectrum 

of O2 (3300 ppm O2) in para-Ha matrix. The clean background shown in the spectrum 

was ascribed to evacuating the air in the entire optical path in the spectrometer system to 

minimize the atmospheric absorptions. The peak shown in low resolution spectra split 

into a doublet with different intensity at 1551.745 cm"' and 1551.787 cm'^ respectively. 

The observed spectral linewidth was about 0.03 cm"^ 
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It is noteworthy that recording high resolution FTIR is very time time-consuming. 

Since the resolution is inversely proportional to the scanning distance of the moving 

mirror of the spectrometer, spectra at a resolution of 0.008 cm"' requires a factor of 25 

more time in each scan compared to a resolution of 0.2 cm"\ Moreover, the longer 

scanning distance also produces more noise because of the imperfection of the mirror 

alignment of the spectrometer and mechanical noise of mirror scanning. 

The raw transmittance spectra obtained for producing Figure V-3 required a total 

data acquisition time of -10 hours. However, even with such long acquisition time, the 

S/N ratio was still around 5. It was practically infeasible to have longer scans for better 

signal to noise ratio. Solids with higher O2 concentration usually appeared a bit opaque 

with poor optical quality due to the aggregation of O2 molecules. Further investigation 

of the transition has been limited by the low S/N of the spectrum at this stage. Attempt 

at studying the polarization dependence of the transition was inconclusive also because 

of the poor S/N. 
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Figure V-3: Infrared spectrum of fundamental band of O2 in solid H2 matrix at a 
spectral resolution of 0.008 cm-i. 
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V.1.3 Preliminary Analysis and Discussion 

There is little doubt that the observed transition was due to the pure vibrational 

transition of O2 based on the narrow spectral width and the observed frequency. It has 

been known that rotational energy is dissipated to the lattice much more efficiently 

compared to vibrational energy. As a result, rovibrational transitions exhibit much 

broader linewidth as shown in the case of S^(1) and S^(0) transitions of solid 

para-enriched H2. The quantitative understanding of transition frequencies and the 

splitting are yet to be done with just too little experimental information. While the 

observed linewidth was broader than the instrumental resolution of 0.008 cm' \ it wi l l 
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still be possible to have unresolved features i f the crystal f ield splitting is less than the 

observed linewidth, as in the case of ^^(l) and 5^(0) of H2 in the solid.^^ To unravel the 

possible unresolved features, we plan to employ the tone-burst laser spectroscopy with 

better resolving power to investigate this transition and its polarization dependence. 

These studies w i l l provide the necessary information for the definite assignment. 

Although the observations provide very l imited information at this stage, the 

discovery of the infrared transition of O2 molecule in the solid H2 matrix is a great 

endeavor of experiment. While the results to date are preliminary, it is no doubt 

promising for further experimental and theoretical investigations. 

V.2 Infrared Spectrum of NO in Solid H2 Matrix 

V.2.1 Theoretical Background 

As an important constituent of the Earth's atmosphere, Nitric oxide together with 

NO2 plays a vital role in the photochemical production of ozone in troposphere. The 

spectroscopic studies of NO had been known for years with experimental data well 

documented in the Hitran database to provide a good reference for spectroscopic 

constants of NO molecules. 

Recent studies of NO in the condensed phase and in solid matrices, include the 

vibrational characterization of NO and its dimmer in the solid neon，?̂  the NO related 

photochemistry and the diffusion of H atom in solid pam-lh’ and the hyperfine 

interaction between NO and He in superfluid helium droplet.^^ 
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NO is an open shell molecule with one unpaired electron corresponding to 

electronic ground state. The strong coupling between the electron spin and orbital angular 

momenta {S and L) along the intemuclear axis is a typical Hund's case (a) coupling 

scheme. The projections of S and L ( ^ and A ) combine to produce the projection of 

total electronic angular momentum Q. = Z + A parallel to the intemuclear axis. ^ and 

N , the rotational angular momentum, form the total angular momentum of the system 

J. Since Z =1/2 and A =1，we have Q = 3/2 or ^ = 1/2, respectively. Therefore 

the ^ n state splits into two sub states, and and the rovibrational energy 

states of NO splits into two branches accordingly.Figure V-4 shows a schematic diagram 

2n 
of rotational states of NO molecules. Since the state lies 178 K in energy above 

2n 
the 〃2 state, it is expected that the equilibrium population of the former is 

insignificant at 4.5 K. As pointed by Herzberg, states with A = 1 splits into a doublet, 

known as A -type doubling, due to both the interactions between rotational motion and 

electronic motion. This phenomena has been observed in the gas phase, as well as in the 

superfluid He droplet environment.^^ 

Because of the possession of permanent electric dipole moment, the rovibrational 

transitions of NO are infrared active. The detection of fundamental transitions was 

undemanding as the intensities of the features built up rapidly, in contrast to the case of 
02. 
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Figure V-4: The rotational levels of ^n state of NO in Hund's case (a). The 
lowest state of ^n^/j is higher than that of ^ n " � b y 178 K in energy. 

J 
B/2 

11/2 

9/2 
9/2 

7/2 • 

5/2 

3/2 
1/2 n, 

7/2 

5/2 

ImK 
U 

V.2.2 Observation 

The experimental setup and conditions were almost identical to that used for O2 

studies, except that the NO concentration in the solid was much less than that of O2, only 

on the order of a few ppm. Figure V-5 shows the typical fundamental transitions of NO 

embedded in solid para-Hz matrix in the region of 1874 cm'^ at a resolution of 0.2 cm'^ 

The NO concentration in the sample was 10 ppm and the ortho-lh content was less than 

0.05%. As denoted in the spectrum, the features in the spectrum could be divided into 4 

groups based on their time evolution during the sample growth. Peaks denoted by B came 

out first and gained the strongest intensity during the deposition. It was located at 1873.80 

77 



cm . 

Group A and Group C each has three peaks (one singlet and one doublet), whose 

frequency distribution were seemingly symmetric with respect to peak B. The frequency 

shifts of these peaks from B, as indicated in the top area of the figure, clearly illustrate this 

mirror image distribution. Unlike the doublet of A which is clearly resolved, the doublet 

of C begin to emerge with each other due to higher intensity. A l l three groups of peaks 

share reasonably sharp linewidths on the order of 0.2 cm"^ (FWHM). 

Peak D, unlike the other features, exhibited a much broader linewidth with an 

atypical line shape that could not be ascribed to either Gaussian or Lorentzian functions. 

The attempt at f inding the corresponding feature of D on the low frequency side of B was 

unsuccessful even with samples of greater thickness and higher NO concentration. 

The overall spectrum remained unchanged at a resolution of 0.008 cm人 In addition, 

no observable change was found by using 100 ppm of NO. The temperature change, 

however, gave rise to some changes in relative intensity of the line, as shown in Figure 

V-6. It is clear that group C，together with peak B gained intensities at lower temperature 

while group A lost its intensity. This observation suggested that peaks B and C might be 

due to states at lowest energy. 
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Figure V-5: Infrared spectrum of NO trapped in solid para-Fb matrix. The NO 
concentration used in this sample was 10 ppm, and the ortho-H2 impur i ty was less 
than 0.5% 
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Figure V-6: Fundamental transitions of NO trapped in the solid Hz matrix at 5 K 
(red trace] and 3.5 K[black trace], respectively. 
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V.2.3 Preliminary Analysis and Discussion 

By comparing the matrix spectrum with the corresponding gaseous spectrum (at 70 

K) based on the data from Hitran database as shown in Figure V-7, we made some 

tentative assignments on the observed transitions. As discussed above, we expected that 

all the transitions were due to levels in the ^Tlm electronic state. Judging from line width 

and temperature effect, transition B was assigned to the 2(0.5) line, whose frequency 

was lowered by 2.27 cm"^ from the corresponding line in gas phase. As shown in Figure 

V-4, J = 0.5 is the lowest energy level, which is expected to be more populated at lower 

temperature to give rise to stronger transitions. Based on the same temperature effect, 
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group C was assigned to the 7?(0.5) transition. The splitting may be due to different M 

projections in the J manifold which cannot be determined unambiguously at this stage. 

Group A lines reduced intensity at lower temperature, indicating that they are due to 

excited levels. They were therefore assigned to F(1.5) transitions. 

Peak D observed at the highest frequency has a distinct nature compared to other 

transitions. First of all, it appeared to be much broader with a spectral width of 0.8 

In order to investigate whether it was related clusters of NO, we carried out experiments 

using different NO concentration but no observable change was found. In addition, 

cluster absorptions are usually lower in frequency compared to monomer absorptions, as 

reported in the case of neon m a t r i x I t is unlikely this peak is due to clusters of NO. The 

asymmetry of the line shape suggested possible unresolved structure that broadened the 

overall linewidth. After examining its temperature effect, we tentatively assigned it to the 

尺(1.5) line with unresolved structure. The complete tentative assignments, as listed in 

Table 2’ are consistent wi th the gaseous spectrum. 
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Table 2: Tentative assignments for IR spectrum of NO in solid Hz matrix 

Symbols Assignments Frequencies (cm" 

A P(1.5) 

1868.86 

1869.28 

1870.48 

B <2(0.5) 1873.80 

C i?(0.5) 
1877.12 

1878.29 

1878.68 

D /?(1.5) 1880.70 

There is little doubt that we have observed the rotational structure of the 

fundamental band of NO molecules in solid para-E.2 matrix. Based on the preliminary 

assignment, the band is down-shifted by 2.27 cm'^ from the gas phase value due to solid 

state perturbation. In addition, a reduced rotational constant, about 1.1 cm"\ 67% of the 

gas phase value, was estimated from the distribution of P(1.5), 0(0.5)，i?(0.5) and 

transitions. Nevertheless, more experimental and theoretical studies are yet to 

be done in order to have definite assignment. In summary, our observations indicated 

that NO molecules rotate in solid pcim-lh matrix with little hindrance like other smaller 

molecules such as CO and CH4. 
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Figure V-7: A comparison of gaseous spectrum (upper curve, from Hitran 
database) and the matrix spectrum [lower curve] of NO in the fundamental region. 
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