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Chapter 1

General Introduction

     Pressure is a thermodynamic parameter of great importance for altering

the physical and chemical states of materials as fundamental as temperature.

For example, water crystallizes to ice under ' pressure, as it freezes to ice at

low temperature, Because pressure favors the denser state, these ices are not

the same; the high-pressure ice has denser structure than low-temperature

ice.1)

     The concept of pressure dates back to Boyle's formulation of his gas

laws. Similarly to temperature, pressure has been used routinely to explore

the response of chemical systems in varying thermodynamic states, primarily

in the gas phase. Much work was done throughout the last century In 1946

Bridgman2) (1882-1961) won the Nobel Prize in Physics for the invention of

an apparatus to produce extremely high pressures, and for discoveries in the

field of high-pressure physics. He invented the Bridgman anvil apparatus and,

over a period of 40 years, he investigated the propenies of an enormous

variety of materials up to about 3 gigapascals (GPa, equal to 30,OOO

atomospheric pressures) at room temperature.

     In the last few decades, high-pressure experimental techniques have

undergone an explosive revolution. 3' 4) About 30 years ago the static

compression data of noble and diatomic gases were limited to several GPa

but now the compression of these materials to hundreds of GPa has become

common. This advancement has been closely associated with the
development of the megabar diamond-anvil cell (DAC),5) which has achieved

pressures exceeding 5 megabars (500 GPa). The heart ofthe DAC is a pair of
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diamond anvils which squeeze a metal gasket with a hole in which a sample

and a ruby (for pressure measurement) are placed in a pressure medium

(Figure 1-1). Single-crystal diamonds are used as anvils not only because

diamond is the hardest material available, but also because perfect diamonds

are transparent to most electro-magnetic radiation over a wide range of

wavelength from far infrared to y-rays. Therefore, diamond anvils are

"windows", as well as pressure containers, for in-situ measurements of

physical properties including X-ray diffraction and optical spectroscopies.3)

     The number of probing techniques applied for performing in situ

observations of materials contained in the DAC is continuously growing.

Electrical conductivity measurement is well established, providing direct

evidence of insulator-to-metal transitions.6' 7) Optical studies take advantage

of laser beams that can be easily focused on the micrometric samples inside

the DAC, and are widely employed. For example, besides or in addition to

Raman and Brillouin spectroscopies, both frequency and time resolved laser

induced fluorescence have been applied to high-pressure research. Infrared

and UV-VIS absorption spectroscopies have become necessary research

methods with the DAC, when the access to molecular vibrational and

electronic states is required. X-ray diffraction (XRD) is probably the most

common investigation approach and is the main source of direct information

about the structural changes occuning in the system when the pressure is

raised. NMR spectroscopy experiments have also been performed on samples

inside the DAC, 8-ii) although the maximum pressure is limited in neutron

scattering experiments which still require samples of larger dimensions with

respect to those contained in the DAC,i2)

     At present, high pressure provides scientists with a powerfu1 method of

tuning the volume ofa sample and the consequent properties ofthat sample

2
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Figure 1-1 The heart ofa diamond anvil cell
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in a controllable and reversible manner. 2' 3' i3-i5) The application of high

pressure can produce stmctural, electronic and other phase transitions,

polymerization of organic substances, and many other phenomena. A feature

of the modern development of the high-pressure field is the widespread

application ofhigh-pressure methods in many branches ofphysics, chemistry,

and biology. The high-pressure techniques, developed in the last few decades,

could represent an important tool also for polymer chemistry. As described

below, when appropriate conditions are achieved under high pressure a

chemical reaction can be induced in crystals or dense fluids of molecules

containing unsaturated bonds. The reaction takes place without the use of

catalysts, radical initiators or solvents and, in most of the cases, the reactant

entirely converts to a product which can be recovered at ambient conditions.

The growing need for production methods with a reduced environmental

impact invigorates the search for new synthetic approaches in polymer

chemistry.

     Among a number of high-pressure studies, behavior of molecular

materials at high pressure has been one of the most interesting subjects,

because large compression can be reached on molecular materials. For

instance, in the P phase of solid nitrogen, compression from O to 1 GPa

results in a volume reduction of 25 O/o.i6) Moreover, the free-energy change

(pressure-volume work) associated with the compression of several hundreds

GPa can be more than 1OeV, which exceeds the bond energy of the strongest

molecular bond. This imparts dramatic changes in chemistry of molecular

systems. Because of pressure-induced changes in chemical affmities, the

reactivities of otherwise familiar elements and compounds are totally altered,

and entirely new classes of materials with unusual combinations of physical

properties may be formed.
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     Molecular materials are characterized by strong intramolecular

interactions as opposed to weak intermolecular van der Waals interactions.

The compression of a molecular fluid or gas induces phase transitions to a

molecular solid. With a further increase in pressure, the intermolecular and

intramolecular distances become comparable and typically solid-state

reactions take place with accompanying molecular dissociation,

     The evolution of molecular bonds towards their ultimate destruction at

high density can occur over widely different pressures, depending on bond

strengths and intermolecular interactions. For unsaturated bond systems,

irreversible reactions generally occur; polymers have been obtained from a

number of molecular solids such as carbon disulfide,i7) carbon monoxide,i8)

cyanogens C2N2,i9) cyanoacetylene H-C=-C-C=-N,20) and a number of

hydrocarbon compounds, For triple- and double-bond aliphatic hydrocarbon

molecules, such as acetylene or ethylene, polymerization occurs at relatively

low pressures (a few Gpa).2i-26) Aromatic compounds are expected to be

more stable; pentacene was observed to polymerize around 3o Gpa27•28) and

benzene around 23 GPa,29-34) On the other hand, for saturated bond systems,

transition to atomic structure sometimes occur. For example, iodine

undergoes a pressure-induced insulator-metal transition near 16 Gpa, 35, 36)

and methane breaks down to form diamond at pressures between 10 and 50

GPa and temperatures of about 2000 to 30oo K.37)

     Behavior of hydrogen bond under pressure is a very interesting subject,

because high pressure provides a means of controlling the length of the

hydrogen bonds in order to investigate the potential energy curves of

hydrogen-bonded protons. In other words, pressure is the most important

external parameter to examine the effect of hydrogen bond on physical

property and crystal structure of molecular materials. A hydrogen bond is a
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type of attractive intermolecular force that exists between two partial electric

charges of opposite polarity. Although it is stronger than most other

intermolecular forces, the hydrogen bond is much weaker than both the ionic

bond and the covalent bond. The hydrogen bond possesses some degree of

orientational preference, not like a simple attraction between point charges. It

can exist between two parts ofthe same molecule and figures as an important

constraint on such molecules' overall shape within macromolecules such as

proteins and nucleic acids.

     High-pressure behavior of ice is fundamental to a number of problems

in chemistry and physics for a long time. In particular, much works has

focused on the behavior of hydrogen bond in ice under compression. For

example, Pauling suggested that the shrinkage of the distance between

oxygens in an O-H-O linkage to 2.35 A would produce symmetric hydrogen

bonding.38) In the symmetric state the proton lies midway between the two

oxygens, Extending Pauling's earlier conjecture, Holzapfel provided a simple

model based on a double Morse potential, estimating a transition pressure of

35-80 GPa, or a critical O-O distance of 1--2.44 A.39) Recent development of

high-pressure technique enables us to observe directly hydrogen-bond

symmetrization of ice.

     The purpose of the present work is to clarify the nature of chemical

bonds, especially the reactivity of covalent bonds and the role of

intermolecular hydrogen bonds under pressure. As previously mentioned, the

development of the diamond-anvil cell enables us to reach more than 100

GPa and to provide crucial information on the behavior of hydrogen-bonded

                                                                ,materials. In this thesis, three systems having strong or weak hydrogen bonds,

ice (H20), hydrogen sulfide (H2S), and acetylene (C2H2), were selected

(Table 1-1), and the phase transitions and chemical reactions of these systems

6



are examined under pressure. Simple molecular systems were selected,

because the simple systems are usefu1 to characterize the reaction processes

and to compare experimental results with theoretical calculations. One

system was ice, the most typical hydrogen-bonded molecular solid. As

mentioned above, there has been considerable interest in the hydrogen-bond

in ice under pressure. In ice, every H20 molecule is H-bonded with four other

molecules (two through its two lone pairs, and others through its two

hydrogen atoms). In high-pressure ice, the hydrogen-bond symmetrization

was expected to observe using megabar DAC, Another system is hydrogen

sulfide, a sister molecule of ice having weaker hydrogen bonds than ice. The

high-pressure behavior of hydrogen sulfide was compared with that of ice.

An understanding of the differences in high-pressure behavior between H20

and H2S will provide insights into the nature of chemical bond. Still another

is acetylene, the simplest molecule having C=-C triple bond and very weak

hydrogen bond. Acetylene was chosen because it was reported that hydrogen

bond plays an important role in chemical reaction of acetylene under

       21)pressure.

     Most of the experimental information concerning the reaction of

simple molecular systems under pressure has been gained by vibrational

spectroscopy.40) Thus, infrared absorption spectroscopy with DAC was

mainly used in this thesis. Infrared spectroscopy is often preferable to Raman

spectroscopy since the measurement teclmique does not interfere with the

reaction. In Raman spectroscopy the strong excitation light source can

drastically affect the reaction evolution and the kind of reaction products.

Furthermore, in constant pressure experiments the sample thickness is

assumed to be fixed, and the measurement of the intensity of the absorption

bands offers a direct determination ofthe amount oftransformed material.

7



Table 1-1 Comparison among H20,

          Hydrogen bond

H2S, and C2H2

Number ofunsaturated bond

H20

H2S

C2H2

strong

weak

weak

zero

zero

one (C=-C triple bond)
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     This thesis is constructed with the following chapters concerning

pressure-induced phase transitions and chemical reactions of the simple

molecular materials.

     In Chapter 2, Infrared spectroscopy with a large optical-aperture

diamond anvil cell will be presented. The DAC for Infrared spectroscopy

should be designed to meet precise requirements simultaneously, regarding

its optical characteristics and its high-pressure performance.4i) The design of

DAC, the characteristics of diamond anvils, the monitoring method of high

pressure, and the infrared and Raman systems will be explained in this

chapter.

     In Chapter 3, hydrogen-bond symmetrization of ice will be surveyed

using Infrared spectroscopy. Identification of such a transition has been

inconclusive because of the difficulty of the H sublattice at the requisite

pressures.42' 43) Fortunately, vibrational spectroscopy provides crucial

information on the behavior of ice at ultra-high pressure, in particular, the

evolution of hydrogen bonds. The transition was finally identified by infrared

spectroscopy near 60 GPa.

     In Chapter 4, high-pressure behavior of hydrogen sulfide will be

explained. Hydrogen sulfide, H2S, is a chemical analogue of H20 ice, but in

spite of this basic similarity, there are significant difference in features such

as the strength of hydrogen bonding and the phase diagram. For example,

H20 molecules are packed tightly via hydrogen-bonded networks, while H2S

exhibits rotational molecular disorder at low pressure solid phase.29)

Moreover, molecular dissociation instead of hydrogen-bond symmetrization

was observed in H2S under pressure.

     In Chapter 5, molecular dissociation of deuterium sulfide under

pressure will be discussed. The D2S sample enables us to assign vibrational

                               9



peaks through the isotopic shift and to get further information about

molecular dissociation. The experiments suggest that H2S and D2S have the

tendency toward decomposition to the elements and that sulfur plays an

important role in molecular dissociation.

     In Chapter 6, the high-pressure behavior of sulfur was investigated by

infrared spectroscopy in comparison with H2S and D2S. In the sulfur study,

Infrared spectroscopy takes an advantage of avoiding the laser-induced phase

transitions. Sulfur is a molecular material consisting of puckered Ss

molecules at ambient and low pressures. The ring structures remain

essentially undistorted to 10 GPa, but progressively 1arger rings form with

increasing pressure, and metastable amorphous phases and photochemically

induced structures may be produced.44) The investigation of H2S and D2S

suggested that new S-S bonds will form under pressure, thus,

pressure-induced polymerization reaction would be expected for sulfur.

     In Chapter 7, phase transitions and chemical reactions of acetylene

under pressure will be discussed. The high-pressure polymerization of

acetylene was firstly reported by Aoki et al. monitoring the room temperature

reaction by Raman spectroscopy.2i) However, the Rarrian spectra of

polyacetylene are very sensitive to resonance enhancement and this could

make the identification of the reaction products uncertain. To cope with this

problem the reaction was investigated by infrared spectroscopy.

     In Chapter 8, summary and conclusions will be presented.
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Chapter 2

          Infrared Spectroscopy with a Diamond Anvil Cell

2-1. Introduction

     Infrared spectroscopy is an immense field of study of low-energy

excitation in matter. Primarily it concems phonons and molecular vibrations,

Low-energy electron states such as impurity levels in semiconductors,

inter-band transitions, superconductor gap transitions, and many other

phenomena are studied by infrared spectroscopy. This is a very important

technique complementary to Raman scattering, which has different selection

rules. A combination of infrared and Raman studies has clearly shown that

the phase transition of hydrogen at 150 GPa is connected with discontinuous

change occurring in the intramolecular vibration.i' 2)

     Infrared spectroscopy was comparatively less used than other methods

in very high-pressure studies until 1990s. For instance, Ferraro3) and

Johannsen4) discussed the problems of interfacing a diamond anvil cell

(DAC) with an infrared spectrometer, or an interferometer. The main cause of

the diffriculty is the low effTiciency of incident infrared radiation. The standard

beam diameter at a commercial spectrometer is several mm at the sample

stage, whereas the gasket hole of the DAC measures 300 pm or less in

diameter. Hence, the gasket hole acts like a diaphragm and the most part of

the incident beam is stopped by it without being used for infrared

measurements. There are several attempts to carry out infrared study without

any focusing optics. 5'7) However, it is necessary for the infrared measurement

using a 50-pm or less diameter gasket hole at high pressures, say, at 1OOGPa,

to use a focusing device that improves vastly the signal-to-noise ratio.

15



     Various devices have been used as focusing optics: KBr, CaF2, NaCl

lenses and beam condensers consisting of aspherical mirrors3) or on-axis

Cassegrain-type beam condensers.8) This latter device, which is used in the

present work, is the most convenient for optical adjustments. Contrary to the

lenses, the Casegrain-type beam condenser consisting ofmirrors is free from

the refractive index dispersion, and therefore, it gives access to a wide

spectral range. However, such condenser optical system requires sufficiently

1arge optical apertures which are unfavorable for the DAC with respect to its

mechanical strength. Namely, the DAC used for infrared spectroscopy is

designed so as to make the best compromise between the two opposite

requirements, large optical aperture and good mechanical stability. Recently,

the membrane diarnond anvil cell with an internal membrane unit and other

kinds of miniature cells have also been designed for infrared spectroscopy.

9,10)

     This chapter is allocated to the description about the instrumentation

that the author used for vibrational spectroscopy under high pressures. The

DAC, the characteristics of diamond anvils and the monitoring method of

high pressure will be described. Then, the infrared and Raman systems with

this cell will be presented, The performances and possibilities of the systems

will be described in Chapters 3 to 7.

2-2. Diamond Anvil Cell for Infrared Spectroscopy

2-2-1. Small Diamond Anvil Cell

    The pressure cell described here was designed and built to meet precise

requirements simultaneously, regarding its optical characteristics and its

high-pressure performance. The following are the requirements for the DAC

16



by the optical path ofthe Cassegrain optics (see Figure 2-8).

      (1) The optical aperture ofboth sides ofthe DAC must be greater than

or equal to that ofthe Cassegrain mirror; it is 2 Å~ 23.50 here.

      (2) The thickness of the DAC must be less than twice the working

distance of the Cassegrain, here: 2x20 mm.

      (3) The sample-side faces of two diamond anvils must be kept parallel

to each other under a load. This is required to achieve high pressure.

     The above requirements can be solved using a small diamond anvil cell

(Figures 2-1 and 2-2) and a gearbox (Figure 2-3). The cell has a

piston-cylinder assembly, combined with the hemispherical tungsten carbide

seats as diamond mount plates on the body. The total height of the cell is 30

mm (or 20 mm) and the optical aperture of the tungsten carbide seat is 500,

which fu1fi11 the requirements (1) and (2). The cell has guiding pins to

prevent the piston from rotating and to keep a clearance of 1Opm between the

fixed and movable pistons. A load is applied with the aid of the gearbox,

which fu1fi11 the requirements (3), and it is fixed with three clamping screws

of the cell. Owing to the mechanical stability and excellent parallelism

between diamond anvils, the pressures up to 100 GPa were easily obtained

with this cell and gearbox.

2-2-2. Selection of Diamond Anvils

     The diamond anvils are type IIa stones (nitrogen free) whose infrared

absorption bands lie in the range 1800-2600 cm-i (two-phonon spectrum of

the diamond) as shown in Figure 2-4. For the present studies the anvils had a

standard Drukl<er shape or a beveled cut shape. As shown in Figure 2-5, a

standard Drukker shape with culet diameter ofO.3-O.5 mm, 1-1.2 mm height,

and 2-3 mm table diameter, was used up to 50 GPa, and a beveled cut shape

17



Figure 2-1. Photograph of smaj1 diamond anvil cell designed for infrared

microspectroscopy. The total height of the cell is 30 mm (left-hand side) and

20 mm (right-hand side).
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     Figure

gearbox.

2-3. Gearbox for loading. The small DACis set inside this
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with culet diameter of O.12 mm (inner) and O.3 mm (outer), 1.5 mm height,

and 3 mm table diameter, was used up to over 1OO GPa. The access holes in

the tungsten carbide seat are O.8 mm in diameter. For easy optical

adjustments of the sample position with the infrared setup, the cell was

designed in such a way that the diamond culets were close to the geometrical

center of the DAC main body.

     Because the diamond windows are nearly opaque in the frequency

range from 1800 to 2400 cm-i, the quality of the spectra was poor in this

range. Thus, the reference spectrum ofpotassium bromide (KBr) in DAC was

subtracted from a raw spectrum of sample in DAC. KBr is nearly transparent

over the whole infrared region and is used as an ordinal infrared window. In

order to improve the spectral quality in 1800 to 2400 cm'i range, the pressure

which is nearly equal to the sarnple pressure was applied to KBr. An example

is shown in Figure 2-6.

2-2-3. Monitoring of High Pressures

     The most common approach to the measurement of the local pressure

in the, DAC is the ruby fiuorescence method. This measurement is based on

the determination of the extremely intense Ri emission line of ruby. This line

is narrow and undergoes a very large frequency shift on varying pressure (see

Figure 2-7). A few micrometric ruby grains are added to the sample and their

fluorescence can be probed with a blue laser bearn through the diamond

window. ii) The ruby scale is a kind of secondary standard pressure calibration

method and it has been calibrated up to 200 GPa against primary shock-wave

standard.i2) The laser power employed to excite the ruby fluorescence ranges

from O.1 to 10 mW depending on the pressure value. In the study of the

pressure induced chemical reactions involving conjugated or more generally
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unsaturated molecules, even low laser power less than O.1 mW was used to

prevent the chemical reaction.

2-3. Description of the Infrared System

     As mentioned above, the DAC described in the previous section was

designed for use with beam condensers consisting of on-axis Cassegrain

mirrors. We used a commercial system, HORIBA FT-530 micro FT-IR

spectrometer equipped with a liquid nitrogen cooled MCT (HgCdTe)

photoconductive detector as shown in Figure 2-8. The opposed Cassegrain

mirrors of this system have 16Å~ magnifications, a O.4 numerical aperture,

and a working distance of2Å~20 mm. With this system the diameter of the

infrared beam spot on the sample is O.1 mm. A variable knife-edge targeting

aperture, which is placed at the conjugate point (see Figure 2-8) of the sample

after the output Cassegrain mirror, allows us to select a desired area (25 Å~25

pm or more) of the sample for infrared analysis. The DAC was mounted on

an X, Y, and Z••axis sarnple stage. The spectral range of the system extends

from 450 to 4400 cm-i (with a wide-band MCT detector) or from 700 to 4400

cm-i (with a narrow-band MCT detector). Each spectrum was Measured after

about one hour on pressurization. It should be noted that a similar microscope,

equipped with a bolometer is very efficient for investigation in the far

infrared region. Specifically, the use of a synchrotron radiation source i' i3)

would be very powerfu1 in this case.

2-4. Description of the Raman System

     Figure 2-9 shows the schematic diagram ofthe experimental system for

in situ Raman scattering measurement for a DAC. The Raman scattering is

measured using a single monochromator SPEX 270M, which is a 270 mm
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Figure 2-9. 0ptical system for Raman spectroscopy. Laser beam comes from

the circle at left below and go through BS (beam splitter) and Objectives to

DAC. The backscattered light is collected through the same Objectives and is

detected with CCD Detector. Filter A is a band-pass filter to cut the emission

line of argon ion laser and Filter B is a holographic notch filter to weaken the

intensity of initial 488-nm beam. Light and CCD camera were used for

microscopic observation to align the beam and the sample.
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focal length spectrograph with a wavelength resolution of O.1 nm at 546.07

nm. The excitation laser is a 200 mW argon ion laser at 488.0 nm. The laser

beam is focused into the center of the DAC with an objective lens ofa 200

mm focal length, a O.35 numerical aperture, and a 20 fold magnification

(Nikon, CF M PIan SLWD 20Å~). The backscattered light is collected

through this lens and two holographic notch filters with an optical density 4.0

(Kaiser Optical Systems, Inc., HSNF-488-1). The optical density 4.0 filter

can weaken the intensity of initial 488-nm light to 10-4. The filters were

placed in front of the entrance slit of the monochromator to block the laser

excitations. Raman spectra were recorded vvith a liquid nitrogen cooled CCD

detector SPEX SPECTRUM ONE (800Å~2000 pixels) covering a
wave-number region of 3000 cm-i at one time with a spectral resolution of

2.3 cm-i. The frequencies of Raman bands were calibrated both with spectral

calibration lamps (Xe, Ne, Kr) and with emission lines ofthe argon laser.
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Chapter 3

Phase Transitions in H20 under Pressure

3-1. Introduction

     Ice is a typical hydrogen-bonded molecular material and has an

exceedingly rich phase diagram as shown in Figure 3-1. The rich phase

diagram reduces to two known molecular ice phases, ice VII and VIII, above

about 2 GPa.i) Ice VII has the body-centered cubic (bcc) structure in which

each O atom is bonded to four of the eight nearest neighbors by hydrogen

bond in a tetrahedral arrangement (Figure 3-2), The orientation of the water

molecules is random, apart from short-range order imposed by obeying the

local "ice rules" that "There are two hydrogens adjacent to each oxygens"

and "There is only one hydrogen per bond." The low-temperature ice VIII

has the same atomic arrangement as ice VII, but the water molecules and the

associated dipole moments possess long-range-order.

     The symmetrization of hydrogen bond in ice is intimately related to the

quantum motion of protons known as tunneling and has been one of the

major subjects in the chemistry and physics of water over a half century.i'7)

The energy potential for the proton motion along the hydrogen bonded O-O

axis can be described as a double-minimum potential with an energy barrier

on the midpoint. As oxygen atoms are pushed closer by applying pressure,

the potential barrier will gradually be depressed and eventually the potential

may converge into a single-minimum at a sufficiently high pressure.

Hydrogen-bonded protons initially located at asymmetric positions about one

third of the O-O distance8) will be relocated to the symmetric midpoints

(Figure 3-2). Water molecules dissociate to form an "atomic crystal"
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consisting of hydrogen and oxygen atoms, and hence the picture of ice as a

moleculcrr crystal breaks down entirely. Here, an "atomic crystal" means that

the component pieces ofthe crystal are not molecules but atoms.

     The transition into symmetric ice (ice X) has ambiguously been

confirmed in spite of affirmative theoretical results; their predicted transition

pressures are below one hundred GPa, which is attainable with the

conventional diamond-anvil cell teclmique. The microscopic transition

mechanism has been investigated previously using semiempirical methods 2'5)

and very recently using ab initio quantum mechanical methods.6'7)

Holzapfe13) predicted a transition to symmetric hydrogen bonding in ice VII

at pressures between 35 and 80 GPa. Lee et al 6' 7) calculated the transition

pressure into ice X to be 49 GPa, starting from a proton ordered structure of

ice VIII. The predicted pressure in ice VIII can be applied to the

symmetrization in ice VII without major corrections, because ice VII has a

crystal structure very close to that of ice VIII. A number of high-pressure

experiments have been performed to explore the symmetric ice and several of

them reported some indications of the phase transitions in both ice VII and

VIII at about 50 GPa, which were interpreted in relation to the

hydrogen-bond symmetrization, It is an anomaly in the Bri11ouin frequency

of ice VII9) or an appearance of a new lattice vibrational peak in Raman

spectra of ice vm.iO' ii) very carefu1 Raman measurements, however,

revealed recently that the phase transitions associated with the

hydrogen-bond symmetrization do not take place either in ice VII at room

temperature or in ice VIII at low temperature.i2• i3)

     The structural study of ice by X-ray diffraction has provided hopefu1

results on the hydrogen-bond symmetrization, although the obtained

structural information was limited to the compression of oxygen lattice. The
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bcc lattice ofoxygen atoms in phase VII was found .to exist over a very wide

pressure range at least to 128 GPa. At this pressure the O-O distance along

the hydrogen bonding decreases to O.228 nm.i4) This value is sufficiently less

than O.24 - O.25 nm of the threshold distances theoretically predictedi'6) for

the symmetrization transition and slightly shorter than the O-O distances in

some molecular crystals in which the hydrogen-bond symmetrization is

realized at 1 atm.i5) In fact, X-ray diffraction data provided no information

about the proton sublattice. Therefore, it is very likely that the

symmetrization would already take place with keeping its bcc lattice in the

pressure range explored.

     Infrared absorption spectroscopy is one promising method to

investigate the hydrogen-bond symmetrization in ice. A water molecule has

three fundamental vibrations: the symmetric and asymmetric OH stretching

vibrations, vi and v3, and the OH bending vibration, v2.i6) In molecular solids,

all of these vibrational modes are both infrared and Raman active, and their

pressure behavior can fundamentally be investigated by either spectroscopy.

This biactivity in the vibrational motions should be altered in association

with the transition into symmetric ice. These three molecular vibrations are

converged into two lattice vibrational modes, one distortional twisting motion

of hydrogen atoms (vD) and one translational motion of coupled oxygen and

hydrogen atoms (vT), and both vibrational modes are not Raman active but

infrared active.ii' i7) Infrared absorption measurement is expected to give

more clear insight into the hydrogen-bond symmetrization. The molecular

and lattice vibrational modes of ices VII, VIII, and X are schematically drawn

in Figure 3-3. Some infrared measurements of ice were made, and the

pressure dependence of the fundamental and combination bands were

reported. The measured pressure range, however, was limited to 2o Gpa i6• i8)
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distortional twisting motion of hydrogen atoms; and vT, translational motion
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and recently extended to 40 GPa, i9) still below the expected symmetrization

pressures. This chapter presents results from infrared measurements on ice

beyond 1OO GPa and their analysis.

3-2. Experimental

     High-pressure infrared spectra were measured at room temperature

with a diamond-anvil cell (DAC) (see Chapter 2).20) Because of very strong

absorption from ice, preparation of a thin film in the DAC was required to

obtain unsaturated spectra available for quantitative analysis of the spectral

profile. The disconnected piston and cylinder of the DAC were cooled with

liquid nitrogen in a glove chamber purged with dry nitrogen gas. Ice films

were prepared by condensation of evaporated water on the top surface of one

diamond anvil with a fixed metal gasket, and successively the gasket hole

was fi11ed with pressure transmitting medium. The DAC was quickly

assembled and was left in the glove box for a few hours until warming up to

room temperature. Xenon (Xe), potassium bromide (KBr), and

tetrachloromethane (CC14) were used as the pressure media. The former two

are transparent over the whole wave-number region measured, while the

latter is transparent above 1000 cm-i. The water molecule shows the

absorption peaks associated with the molecular vibrations at the high

frequency region above 1000 cm-i at modest pressures and hence the

spectrum is not significantly disturbed from the absorption of a pressure

medium of CC14, in particular, at relatively low pressures.

     The diamond anvils used were type II-a with a beveled cut shape. The

culet diameter was O.1 mm and the thickness was 1,5 mm. Although diamond

itself has strong absorption in the wave-number region of 1800 - 2400 cmdi,

such thin anvils allow a few percent of incident light to pass through and
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hence collection of the overall spectral profile. The initial thickness of an

indented metal gasket was about 25 pm. The sample hole with an initial

diameter of 30 pm, which was made on the gasket with an electric discharge

machine, was enlarged to 50 - 60 pm in diameter during compression.

Transmitted beams were collected through an optical mask typically with a

passing area of25 Å~ 25 pm2 in order to reduce degradation ofspectra due to

the pressure gradient in the specimen. A microscope FT-IR spectrometer

covering the wave-number region from 700 to 5000 cm-i was used with a

spectral resolution of 4 cm-i. The pressure was measured by the ruby

fiuorescence method.2i)

3-3. Results and Discussion

3-3-1. Spectral Change and Analysis

     Absorption spectra of ice VII were collected with Xe medium up to 86

GPa, with KBr medium up to 112 GPa, and with CC14 medium up to 107 GPa.

These experiments provided results consistent with each other and ruled out

the possibility of the formation of chemical compounds between ice and the

pressure media. Typical spectra of ice pressurized with KBr are shown in

Figure 3-4. Because the diamond windows of the pressure cell are nearly

opaque in the frequency range from 1800 to 2400 cm-i, the quality of the

spectra was poor in this range. The symmetric and asymmetric stretching

peaks overlapped entirely to forrn an inseparable broadened peak. The central

position ofthe overlapped peaks shifted from about 2840 to 1700 cm-i when

the pressure increased from 27.2 to 50.9 GPa. The peak shift was

accompanied with an enormous peak broadening. A new absorption band

appeared in the low frequency region around 800 cm-i at 64.7 GPa (see
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Figure 3-5), growing a definite peak on further compression. As described in

detail later, the transition from ice VII to X was observed at 62.1 GPa. Two

absorption peaks clearly seen at about 1400 and 1000 cm-i in the top

spectrum (measured at 1 12 GPa) were hence assigned to distortional (vD) and

translational (vT) lattice modes in ice X. The asymmetrically deformed vD

peak became sharp at pressures above 64.7 GPa, while the OH bending

vibrational peak, which stayed at nearly the same position of 1550 cm-i,

disappeared at about 45 GPa,

     The observed increases in intensity and peak asymmetries may arise

from interference, namely Fano interference, between stretching (vi and v3)

and rotational vR modes. The unperturbed spectral features of the stretching

mode can be extracted by subtracting an interfered peak shape fitted with a

Fano function 22'23) from an original spectrum. An interfered peak shape is

described with a function of frequency di as

        I oc (q+e)2!(1+e2),

where q is a line-shape parameter and 6 is a normalized energy given by

(to-cDo) l r, with too and F being an unperturbed frequency and a line width

parameter, respectively. Figure 3-5 shows the absorption spectra obtained by

this spectral processing. The absorption peak, which was located at 1700

cm-i in the spectrum measured at 50.9 GPa, collapsed to an enormously

broadened peak by further compression. The peak position for such a

collapsed peak was estimated from a peak-profile fitting with a given peak

width on the assumption ofa Lorentzian shape. The calculated peak positions

were, for example, 1200 and 900 cm-i for the spectra measured at 55.9 and

59.5 GPa, respectively. A remarkable change in spectral profile was observed

at 64.7 GPa: a new absorption band appeared around 800 cm-i and showed a

gradual increase in intensity and a shift to higher frequencies as pressure
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increased. These spectral changes suggest that a phase transition takes place

in the 59.5 to 64.7 GPa pressure range, likely in association with the

hydrogen-bond symmetrization.

     The observed peak shifts with pressure are plotted in Figure 3-6. The

OH stretching frequency (vi and v3) decreases at an initial rate of -30 cm-i/

GPa, intersecting the bending v2 and rotational vR frequencies at about 48

GPa and 56 GPa, respectively. Around 60 GPa the OH stretching frequency

went below the measuring limit of 700 cm-i. The frequency at ambient

pressure dio and the pressure coefficient k were obtained as 3549 cm-i and

1.91 Å~ 104 cm-2 IGPa, by fitting the observed frequencies with the following

phenomenological fuction, co = (coo2 - kp)i/2, where p is the pressure. The

frequencies (vT) alternatively measured in the high-pressure region above 90

GPa were fitted with a quadratic form, giving tp= -1411 + 33.5p - O.113p2.

The OH bending (v2) frequency is insensitive to pressure. A slight increase

above 30 GPa may be attributed to asymmetric deformation in the peak shape,

The bending frequencies plotted were obtained from the apparent peak

maxima of the resonant peaks, which were shown to be shifted slightly

toward a higher frequency.23) The rotational frequency (vR) shows a

monotonic increase from 830 to 1260 cm-i as the pressure increases from 20

to 60 GPa. The variation ofthe frequency becomes small after the conversion

to the distortional lattice mode (vD) at 62 GPa.

     The width y and line-shape parameter q, which were obtained for the

asymmetrically deformed rotational vR peaks, are plotted as a function of

pressure along with those of the uninterfered peaks obtained by fitting with a

Lorentzian function (Figure 3-7). Thus obtained y shows a monotonic

decrease with pressure from 180 cm-i at 2 GPa to 20 cm-i at 100 GPa. In

contrast, g increases with pressure and its values seem to be divided into two

42



rE
o

'N.

>o co =Uo -L

3500

3000

2500

2000

1500

1OOO

5oo

o

o
o

o Vl,V3

o

    V2

asAmpalsA

D

VR
[g5P di

  o
oo

o
o
o

AlgfAys A

,,g[n

o

   m iilii (e

di1DO

       o

-- --

HO  2

v

-

D

--1 1-

•VT

o 20 40 60 80
Pressure / GPa

1OO 120

Figure 3-6. 0bserved peak frequencies plotted as a function of pressure.

Symbols: vi, symmetric OH stretching vibrations; v3, asymmetric OH

stretching vibrations; v2, OH bending vibration; vR, rotational vibration; vD,

distortional twisting motion of hydrogen atoms; and vT, translational motion

ofcoupled oxygen and hydrogen atoms.

43



TE
O
N.
 >

200

150

1OO

50

 o

mm
 u

 m
N o o

   a
  o

u

a

 Da

  -1

   -

a

m
m

-

.

        -

         -     1 --
    i -e
      B
     " -:- "
i-- 1
 o o
mo u o -- -,s 1 aei!" .

- S.FLlibpm

      M@g

1--   -
  -
   - -

1

 P [b

aeo De

4

3.5

3

2.5

2A
1.5

1

  ,
O.5

o

      O 20 40 60 80 100 120
                 Pressure / GPa

Figure 3-7. Variations in the peak width y(open squares) and peak shape

parameter q (closed squares) with pressure.

44



regions below 1.5 and above 2.0. This increase in q indicates that the

asymmetric rotational peak changes gradually into a symmetric peak. At the

limit of 1/q=O the interference effect vanishes and the asymmetrically

deformed peak shape converges into a symmetric Lorentzian shape. This

tendency can be seen in Figure 3-4, although the asymmetric shape still

remains at 1 12 GPa. Additional pressure of several tens GPa may be required

beyond 1OO GPa for complete removal ofthe asymmetric shape.

3-3-2. Phase Transition and Hydrogen-bond Symmetrization

     The observed infrared spectra suggest that a phase transition takes

place at about 62 GPa and this transition is associated with the

hydrogen-bond symmetrization, as described below.

     The phase transition can be detected as a tum in the pressure

dependence of the stretching frequency. The stretching frequency decreases

sublinearly with increasing pressure, falling toward zero around 60 GPa. The

turn to an increase in the stretching frequency was not evidently observed in

the spectra because of the peak broadening and the limit of low frequency

region measured. However, the appearance of the new peak and its shift to a

high frequency with pressure indicated unambiguously a phase transition to

the symmetric ice at a pressure between 59.5 and 64.7 GPa. We adopt here

the midpoint of the two pressures, that is, 62 GPa. The transition pressure can

also be estimated as an intersecting point between the fitted curves for the

OH stretching and translational lattice modes, which leads to a slightly high

pressure of 65 GPa. The transition pressure of 62 GPa is lower by 10 GPa

than that previously estimated from the Raman frequencies in a relatively

narrow pressure range up to 2s Gpa.i3)

     Disappearance of the OH bending v2 peak is another spectral feature
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indicating the occurrence of the hydrogen-bond symmetrization. This peak

showed a gradual decrease in intensity with pressure and eventually

disappeared below 50 GPa. The peak-vanishing pressure was not exactly

determined from the observed spectra owing to the very weak peak-intensity.

It should be noted that the bending peak once disappeared was not observed

again after the phase transition. If the bending peak recovered the intensity at

higher pressures, it should appear at a frequency close to 1500 cm-i. As seen

in the spectnm measured at 112 GPa in Figure 3-4, such the third peak was

not observed. The phase transition is thus accompanied by the disappearance

of the OH bending peak.

     The vibrational mode analysis has predicted only two infrared-active

lattice modes for the symmetric ice.ii' i7) One is a translational (vT) vibration

associated with opposite displacements of hydrogen and oxygen atoms and

the other is a rhombohedral distortion (vD) of the tetrahedron of hydrogen

atoms with one oxygen atom at the center (see Figure 3-3). The former

corresponds to the OH stretching vibration in the molecular phase, while the

latter is related to the OH bending and the molecular rotational vibrations

which converge into one degenerated lattice mode at the transition point.

Only two peaks were observed in the spectra measured above 100 GPa in

consistent with the results of the vibrational mode analysis. ii' i7) The peaks

located at about 1400 and 1000 cm't are consequently assigned to the

distortional (vD) and translational (vT) vibrational modes in ice X,

respectively.

     The transition pressure determined from the present infrared

measurement is in good agreement with that obtained from the analysis ofthe

equation of state for ice. The volume compression data obtained by X-ray

diffraction was analyzed in detail using a universal eqation of state, and was
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found to be divided into three regions with two phase transitions at 40 and 70

GPa.24) On the basis ofpreviously reported Raman and Brillouin data, 9'ii) the

lower-pressure transition was interpreted as the hydrogen-bond

symmetrization and the higher-pressure transition as a new transition of the

symmetric ice. There is great uncertainty about this interpretation. The

change in the equation of state at 40GPa is small to such an extent that it can

be ignored, but the change at 70GPa is much significant and distinct. A

very recent X-ray diffraction measurement of ice VII confirmed a similar

anomaly in the equation of state at 66GPa again.25) Taking the present

infrared results into account, it is reasonable to attribute the phase transition

at 70 GPa rather than that at 40GPa to the hydrogen-bond symmetrization.

     It is interesting to examine the hydrogen-bond symmetrization from the

viewpoint of the crystal structure. From the X-ray diffraction data, the

hydrogen-bonded O-O distance at 62.1 GPa is calculated to be O.240 nm; the

symmetrized OH distance is O.120 nm. These values are very close to those

of theoretical calculations predicting the symmetrization at the threshold

O-O distances of O.23-O.24 nm. A recent neutron diffraction study of D20

ice VIII, which is a deuteron ordered phase derived from a slight distortion of

the bcc lattice, of ice VII, revealed a very small pressure dependence of the

OD bonding, 4 Å~ 10'5 nmlGPa.26) If we adopted the same pressure

dependence for ice VII with an initial OH distance of O.099 nm, the OH

distance would extend by about 18 O/o at the transition pressure of 62.1 GPa.

Such an abrupt extension should produce some kinds of discontinuous

change in vibrational property, in particular, in the OH stretching vibration.

Such discontinuous change does not agree with what actually observed in the

present infrared measurement. The latest calculation ofthe hydrogen bonding

in ice shows that the OH bonding distance increases linearly as a result of
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potential deformation, being accelerated by higher pressures.27) In such case a

continuous relocation ofprotons to the symmetric positions may take place. A

second-order like nature still remains for the hydrogen-bond symmetrization.

Low-temperature infrared measurements of phases VIII and X are required to

clarify the transition mechanism in relation to the hydrogen-bond

symmetrization.

3-4. Conclusion

     Infrared measurements at room temperature have shown that the

hydrogen-bond symmetrization occurs at 62 GPa in ice. The OH stretching

frequency initially located at 3500 cm-i at ambient pressure falls toward zero

around 60 GPa. A new absorption band appears in the low frequency region

below 800 cm'i at about 65 GPa, growing a definite peak with a continuous

shift to higher frequencies by further compression. Such a turn in the pressure

dependence of the stretching frequency is a piece of evidence for the

transition from ice VII to symmetric ice X. The OH bending peak disappears

before the transition. Two absorption peaks persist above the transition

pressure, being assigned to a translational and distortional lattice vibrations in

ice X. The transition to ice X can be interpreted as a kind of moiecular

dissociation, because H20 molecule did not exist after the transition.
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Chapter 4

Phase Transitions in H2S under Pressure

4-1. Introduction

     Pressure--induced molecular dissociation provides crucial insights into

chemical bonding. Atomic and molecular solids are the extreme structures for

the solid state. When molecules consisting of atoms connected by strong

covalent bonds condense, van der Waals forces and other weak

intermolecular interactions govern the physical properties of the resulting

molecular solids. Characteristics of individual atoms are buried in the

molecules. Molecular dissociation releases atoms to forrri an "atomic solid"

whose physical properties depend more directly on characteristics of

constituent atoms. Thus, atomic and molecular solids with the same

composition may behave very differently. The molecu!ar dissociation of solid

hydrogen, which is predicted to occur at several hundreds GPa accompanied

by metallization, i' 2) is one representative example ofthis behavior.

     Hydrogen sulfide, H2S, is a hydrogen-bonded molecular solid at

ambient pressure and low temperatures. Hydrogen bonds align the molecules

in this solid just as they orient H20 molecules in the ices. By destroying these

hydrogen bonds at high pressures, molecular dissociation should take place

with a change in the structure of solid H2S.

     Molecular dissociation in H20 ice at high pressures was very recently

identified by optical reflection3) and absorption measurement 4) as described

in Chapter 3. For water, dissociation coincides with symmetrizing the

hydrogen bond. That is, above 60 GPa, the protons in solid H20 move to the

middle between neighboring O atoms, and intact H20 molecules are no
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longer obvious. This dissociation and hydrogen-bond symmetrization is well

characterized as a displacive phase transition with soft-mode behavior for the

proton-related vibrations. These results for H20 suggest that its sister

molecule, H2S, should also dissociate at high pressures. However, it is

uncertain whether the dissociation mechanisms would be similar and how

large pressure would be required for the dissociation.

     Phase transitions in solid H2S have been studied by Raman 5' 6) and

Brillouin scattering, 7) X-ray diffraction 8) (see Figure 4-1) and infrared

absorption9) up to 50 GPa from 30 to 300 K. All of the phases studied are

molecular solids, differing by arrangements of molecular orientations. No

experimental evidence for molecular dissociation has been reported in these

studies. However, a dramatic change in the electronic state of H2S

accompanied the IV-V transition, was recently observed at 27 GPa and

ambient temperature.8) The transparent and colorless IV phase becomes black

and opaque, suggesting an apparently 1arge decrease of the bandgap energy.

This possible precursor of metallization motivated us to study H2S to 100

GPa, in search of what might be a metallic hydrogen-bonded system.

4-2. Experimental

     Infrared spectra of solid H2S were measured with a diamond-anvil

cell.iO) The 30-pm diameter, 20-pm thick sarnple chamber was machined in

the metal gasket by electrical-discharge methods. When the H2S fi11ed the

chamber, the spectra were saturated, which prevents determining the

positions and intensities of the peaks. We, therefore, prepared thin films of

H2S by packing most of the sample chamber with potassium bromide, KBr,

cooling the cell with liquid nitrogen below 170 K, and condensing gaseous

H2S (purity 99,9990/o) on the surface of the KBr. These operations were done
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in a nitrogen-purged glove box.ii) KBr is transparent from 700 to 6000 cm-i

at these pressures.

     Infrared spectra were measured with a microscope FT-IR spectrometer

with 4 cm-i spectral resolution. The reference spectra of potassium bromide

(KBr) in DAC under pressures corrected absorption by the diamond anvils.

Pressures were determined from fluorescence spectra of a ruby chip buried in

the KBr.i2) A thin film was studied to 1OO GPa and 297 K, and a rather thick

film was examined to 50 GPa.

4-3. Results and Discussion

     All three fundamental vibrational modes of the H2S molecule are

infrared active. In the gas phase, the infrared bands due to vi (symmetric

stretch), v2 (bending), and v3 (antisymmetric stretch) modes are observed at

2615 cm-i, 1183 cm-i, and 2623 cm-i, respectively. Hydrogen bonding and

other solid phase effects slightly modify the wavenumbers ofthese bands; for

instance, at 140 K and ambient pressure, vi, v2, and v3 modes appear at 2550,

1770, and 2562 cm'i, respectively.

     Figure 4-2-a and Figure 4-2-b show spectra of a thin film of H2S. At

pressures below 42 GPa, the strong vi and v3 peaks appeared between 2300

to 2500 cm'i while the weak v2 bending peak was missing. The vi and v3

peaks disappeared at higher pressures, and a new broad peak appeared around

1300 cm'i. We interpret the disappearance of the SH stretching peaks as

showing a phase transition involving dissociation of H2S molecules. Above

the transition pressure, an absorption band starting around 6000 cm-i (O.74

eV) also developed gradually, The absorption extended toward lower energies

as the pressure increased and it covered the entire infrared spectral region at

90 GPa. This phenomenon suggests band-gap closure or metallization. This
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phenomenon suggests band-gap closure or metallization. The specimen

transmited no light at pressures above 96 GPa.

     Spectra of a thick H2S film (Figure 4-3) to 50 GPa more clearly

showed the character of the transition near 40 GPa. The vi and v3 stretching

peaks occurred near the absorption ofdiamond windows ofthe high-pressure

cell and were saturated. They provided little useful information about the

phase transition pressure. We used the appearance of the new peak at lower

wavenumbers than the stretching peaks in the spectrum at 46 GPa to locate

the V-VI phase boundary.

     Figure 4-4 shows the pressure dependences of the vibrational

frequencies of H2S. The frequencies vi and v3 decreased at the ratio of --3.5

to -5.3 cm-i GPa-i, suggesting that the SH covalent bonds weaken slightly

and the hydrogen bonds become slightly stronger as the molecules approach

each other. The frequency ofthe v2 bending mode increa.sed slightly up to 46

GPa.

     The 46 GPa transition can be interpreted in terms of molecular

dissociation. The disappearance of the SH stretching vibrations implies that

the SH bonds have ruptured, and that the molecules have been dissociated

into H and S atoms which probably have significant ionic character. We

interpret the new strong broad band near 1300 cm'i as a lattice vibrational

mode of the atomic solid, although we cannot assign this mode more

definitely until the crystal stmcture of phase VI is known. However, this

mode may correspond to the distortional vibration of the OH4 tetrahedron in

symmetric ice 3' 4) which derives from the OH bending mode when OH •" O

hydrogen bonds symmetrize. In parallel with the H20 case, the v2 mode of

H2S seems to convert to a lattice mode without changing frequency at the

V-VI transition. However, both the intensity and width ofthis peak changed

                               57



   1.2

    1

   O.8
oo=di
P O.66
.8

<
   O.4

   O.2

    o

v latt

     1
49.6 GPa

46.0GPa

42.9 GPa
37.3 GPat

Vl , V3

        O 1000 2000 3000 4000
               Wavenumber / cm-i

Figure 4-3. Infrared absorption spectra measured for a thick film ofH2S to 50

GPa. The curves are not offset in the venical direction.

58



TE
o
N>o=o=Uo-L

2500

2000

1500

1OOO

`ii :•i':l,;::ti7 vg il

     ii 'v i    ,,,], i ian i
eee "i2ee" "l "" ""moma eta e ;/

 motecu/arl atomic :meta/iic
     ll                      e  IV-N,<-V",<t-- Vl -l<-----

      O 20 40 60 80 100 120
                Pressure / GPa

Figure 4-4, Frequencies of the peaks of the infrared spectrum of solid H2S

plotted vs. pressure to 96 GPa.

59



at the phase boundary, The v2 mode ofthe molecular phase is very weak and

narrow,9) while the lattice mode ofthe dissociated phase is broad and strong.

     At about 96 GPa, the entire specimen became opaque, even in the

infrared region, and no vibrational spectrum was able to be detected. We

interpret this change as a transition to a metallic phase. Because there is no

definite information on the location and bonding state of the H atoms in the

metallic state, it is difficult to identify whether segregation into atomic

hydrogen and sulfur phases take place.

     A likely mechanism for the molecular dissociation transition of H2S is

dispiacement of the protons from the original hydrogen bonded axes, as

depicted in Figure 4-5-(a). In the molecular phase V, H atoms lie on the line

joining S atoms by hydrogen bonds. Beyond 46 GPa, the H atoms move from

the hydrogen-bond axes in forming an atomic solid. Because H atoms are

much smaller than S atoms (the ratio of atomic radii rH ! rs is roughly O.3),

the H atoms can occupy the interstices among the S atoms. This atomic

arrangement in the dissociated solid phase brings each S atom in contact with

most neighboring S atoms, forming S-S bonds. This mechanism differs from

the dissociative transition in H20 which proceeds continuously without

deviation ofH atoms from the line of hydrogen bond. The H atoms remain in

the middle between neighboring O atoms in the atomic phase of H20, as

shown in Figure 4-5-(b), Similarities of the optical properties between solid

H2S and sulfur at very high pressures also support the proposed

interpretations of the 46 and 96 GPa transitions of H2S. The absorption edge

of solid sulfur decreases linearly with pressure from 1.1 eV at 40 GPa to O.65

eV at 70 GPa, and the reflectivity of sulfur suddenly increases at 95 GPa,

where it metallizes.i3) Solid H2S was already black at 40 GPa, with an

absorption edge well below 1 eV. As shown in Figure 4-2-b, the electronic
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absorption spectrum of H2S extended across the infrared region at about 96

GPa. The parallel behavior suggests that S-S bonds form in the dissociated

phase of H2S just as they do for the high-pressure atomic phase of S. That is,

S-S bonds may determine the electronic states of both solids with the H

atoms having only a slight infiuence on the electronic states of H2S near 1OO

GPa.

     The vibrational spectra of H20 and H2S also behave differently near

their dissociation transitions. For ice, the frequencies of the vi and v3

stretching modes decrease very rapidly from 3000 cm-i to nearly Ojust below

the transition pressure, about 60 GPa. Beyond the transition, the frequency of

the lattice mode of the dissociated phase which develops from these

stretching modes gradually increases from zero. That is, for H20, the

proton-related vibrations show soft-mode behavior during this second-order

like dissociation process. H2S showed no similar soft-mode behavior. The vi

and v3 modes of H2S decreased by less than 300 cm-i up to the pressure of

the abrupt, first-order like dissociation transition.

     In the pressure region below 46GPa, hydrogen atoms determine the

molecular arrangements in solid H2S through forming hydrogen bonds. On

the contrary, S atoms govern the electronic properties and crystal structure of

the atomic phase, above 46 GPa. The continuous metallization of H2S, which

follows this molecular dissociation transition at higher pressures, presents a

new aspect of dissociation-metallization processes in simple molecular solids.

The behavior of H2S differs from the (nearly) continuous changes of structure

and electronic states observed for ice 3'4) and halogens.i4'i6) precise structural

studies, including atomic positions and even electron densities, will be

required to clarify the mechanisms of molecular dissociation and

metallization.
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4-4. Conclusion

     Infrared spectra at high pressure and room temperature reveal that

molecular dissociation and metallization occur in solid H2S near 46 and 96

GPa, respectively. The disappearance of SH stretching bands in the

2300-2500 cm-i region and simultaneous appearance of a lattice vibrational

mode around 1300 cmffi indicate the molecular dissociation. Above 46 GPa, a

low-energy electronic absorption band develops and eventually extends

throughout the infrared region studied (700-6000 cm-i). Thus, metallization

of solid H2S seems to occur by closing a band gap originating from S-S bond

formation in the dissociated phase. The molecular dissociation of H2S is a

first-order transition with the protons moving from the axes of the hydrogen

bonds. This differs from the second-order like dissociation of H20 molecules

that occur in ice when those hydrogen bonds symmetrize.
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                           Chapter 5

   Phase Transitions and Chemical Reactions in D2S under Pressure

5-1. Introduction

     Deuterium sulfide (D2S), a deuterium isotope of H2S, is also a

hydrogen-bonded molecular material. Its sample enables us to assign

vibrational peaks through the isotopic shift and to get further information

about molecular dissociation of H2S. When hydrogen atoms are replaced by

deuterium atoms, the frequencies of vibrations are altered because of the

two-fold increase in mass. In addition, the detection of the presence or

absence ofthe similar isotope effect on the transition behavior will provide us

a criterion for the phase transition mechanism of solid H2S. In the case of ice,

the transition pressures relating to hydrogen-bond symmetrization are found

to be higher in D20 by 1O-15 GPa than in H20.i-3)

     As described in Chapter 4, the disappearance of S-H stretching peaks

and the simultaneous appearance of a lattice vibrational peak near 46 GPa

indicate molecular dissociation of H2S.4) Although the mechanism of

molecular dissociation in H2S is yet to be fu11y described, recent reports have

provided usefu1 information. X-ray powder diffraction revealed that the

structure of phase IV (11-28 GPa) is tetragonal D4h20- I41 lacd, and that its

first nearest S-S distance is shorter than twice the van der Waals radius of

sulfur.5) This suggests the possibility of the formation of S-S covalent bonds

above 28 GPa, because the first nearest S-S distance is expected to become

much shorter with increasing pressure. In addition, Raman studies of H2S

have found that lattice vibrational peaks change notably at IV-V transition.6)

It is considered that molecular dissociation begins around 27-35 GPa on the
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basis of the Raman data. This dissociation pressure is about 15 GPa lower

than that found from infrared measurements in Chapter 4.

     To clarify the mechanism of molecular dissociation in solid H2S, We

asked ourselves (1) what happens in the chemical bonds above 28 GPa; (2)

whether S-S covalent bonds form above 28 GPa; (3) what initiates molecular

dissociation. This chapter describes infrared and Raman studies on solid D2S

undertaken with a diarnond-anvil cell in the hope of answering these

questions. As is well-known, Rarrian and infrared spectroscopy plays

complementary roles, and the following remarks may be pertinent here.

     Raman measurement is helpfu1 to confirm the formation of S-S bonds,

if the S-S stretching modes appear in the frequency region below 600 cm-i,

which is diffTicult to observe by infrared spectroscopy. However, the

information provided by Raman measurement concerns mainly the surface

region of a sample of solid H2S. On the contrary, infrared spectroscopy can

detect changes in the bonding state, occuning not only on the surface but also

in the inner part ofa sample.

5-2. Experimental

     Commercially available gaseous D2S (97 atomQ/o D) was used without

further purification. A 100-pm diameter and 50-pm thick sample chamber

was drilled in a metal gasket (PK). The chamber was fi11ed with solidified

D2S. Infrared absorption spectra were measured with a microscope FT-IR

spectrometer. The spectral resolution was set to 1 cm-i, and each spectrum

was accumulated 400 times. A reference spectrum of KBr in DAC at high

pressure was used to compensate for the absorption by the diarnond anvils.

The 488 nm line of an argon ion laser was used for Raman excitation.

Back-scattered light from the sample was analyzed using a single
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monochromator and two holographic notch filters. The apparatus to perform

infrared and Rarrian experiments has been extensively described in Chapter 2.

Pressures were measured from shifts of fluorescence line from ruby chips

embedded in the sample.7)

5-3. Results and Discussion

     Figure 5-1 shows changes in infrared absorption spectra of D2S

measured up to 54 GPa. Because the diamond windows of the pressure cell

are nearly opaque in the frequency range from 1800 to 2400 cm-i, the quality

of the spectra was poor in this range. Deuterium substitution reduced the

fundamental frequency by a factor of about 11V2. Broad peaks observed

around 1700 cm-i were assigned to the fundamental S-D stretching modes

(vi and v3), and the peaks at 842 cm-i and 3590 cm'i at 8.8 GPa were

assigned to a bending v2 and the overtone of the stretching modes (2vsD),

respectively. Peaks around 2500 cm-i originated from S-H stretching modes

of impurity HDS. On increasing pressure to 10 GPa, the v2 peak became

sharp, the 2vsD peak split into two peaks, and a combination peak (v2 + vL,

vL: lattice vibrational peak) appeared at 1160 cm-i. These spectral changes

correspond to an orientational disorder-order phase transition (I'-IV) noted in

earlier studies.8• 9)

     On further compression to 27 GPa, a new shoulder peak appeared at

3585 cm-i, the high-frequency side ofthe original 2vsD. Furthermore, in the

region ofthe bending mode, another peak appeared at 32 GPa at 870 cm-i, 25

cm-i lower than the position of the original v2. These new peaks gradually

grew in intensity as the pressure increased and coexisted with the peaks

belonging to phase IV up to 54 GPa. Deuterium substitution also reduced the

frequencies of the new peaks: the peaks of D2S are at 847 and 3537 cm-i at
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40 GPa, while those of H2S are at 1176 and 4768 cm-i at the sarne pressure.

The ratio vH2s / vD2s was close to V2 (1.39 and 1.35), indicating that these

peaks originate from the vibrational modes involving S-D stretching,

probably v2 and 2vsD. Figure 5-2 shows the Raman spectra of D2S measured

up to 35 GPa. The stretching peak split into two narrow peaks, vi and v3, and

the vL peak appeared at 10 GPa. These spectral changes indicate that an

order-isorder transition takes place at 10 GPa, which is consistent with

previous work.8' 9) Weak v2 peaks were observed at around 800 cm-i and 900

cm"i. On further compression to 27 GPa, two peaks appeared at around 480

cm-i and 500 cm-i, as shown in Figure 5-3, Corresponding peaks were also

investigated by Raman scattering from H2S, 6) and the peak positions for H2S

and D2S were found to be almost the same. Hence, these two peaks are

assigned not to S-D vibration but to S-S or lattice vibrations. The color of

the sample gradually changed from almost transparent to orange, dark red,

and black above 27 GPa. Owing to the opaqueness, the incident laser beam

could hardly penetrate the sample. Thus, all Raman peaks became weak.

     The pressure shifts of the infrared and Raman frequencies are

illustrated in Figure 5-4. The stretching peaks (vi, v3, and 2vsD) slightly

shifted to the low frequency side, and the bending peaks v2 shifted to the high

frequency side with increasing pressure. The pressure behavior of infrared

and Raman peaks of D2S was similar to that of H2S.8-iO) The stretching vi

peak shifted at the ratio of -5,2 cm'i 1 GPa in phase IV of D2S. This pressure

dependence is remarkably small compared with the value of-58 cm-i 1 GPa

for the O-H stretching vi peak of solid ice, which suggests that the S-H

covalent bonds weaken slightly and the hydrogen bonds become slightly

stronger with compression.

     As a result ofthe movement ofa gasket hole in the culet, pressure
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Figure 5-2. Raman spectra of solid D2S up to 35 GPa at room temperature.
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arrows mark the new Raman peaks assigned to S-S stretching modes.
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gradients across the sarnple increased during pressure release. These pressure

gradients led to different Rarnan spectral features, depending on the position

of a specimen. In the part at higher pressure, several signals were detected

mainly at 100-600 cm-i (Figure 5-5-a) and should be assigned to the S-S

stretching modes. Raman spectra observed in the pressure range from 25 tol9

GPa resembled those of the high-pressure low-temperature (hplt) phase of

sulfur, which was reported as a metastable phase obtained above 12 GPa by a

low-power laser radiation for an ordinary crystalline sulfur.ii) The peak

positions ofthe present sample, 221, 471 and 506 cm-i at 19 GPa, correspond

well to those of the hplt phase, 222, 469, and 504 cm-i at the same pressure.

One broad feature observed at 5.4 GPa at 1OO-600 cm'i was similar to that of

helical sulfur.i2) The Raman spectra dramatically changed at O.1-O.2 GPa: six

sharp peaks appeared at 100-600 cm'i. All six peaks correspond well to

intramolecular vibration of Ss ring molecule, and the peaks centered at 154,

188, 220, 247, 439, 474 cm-i are assigned to E2, Bi, Ai, E3, E3, Ai species,

respectively. t3)

     In the part at lower pressure, Raman peaks were observed in both S-D

and the S-S stretching regions (Fig. 5-5-b), indicating that S-D and S-S

bonds coexisted in the sample. The peaks observed at 1600-1900 cm'i were

different from those observed in the loading process: the vi peak appeared to

be much stronger than v3, and several peaks overlapped with the original vi

and v3 peaks. The additional peak observed at the iow frequency side of vi

could be assigned to the S-D stretching peak of sulfanes (hydrogen

polysulfides), D2Sx, A broad peak observed around 1800 cm-i in the pressure

range of 5-O.1 GPa was at almost the same position as the peak in phase I,

indicating that some D2S molecules returned to phase I. Spectral changes in

the 1OO-600 cm-i region ofFigure 5-5-b are similar to those ofFigure 5-5-a.
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Figure 5-5-a. Raman spectra of D2S measured for the part of the sample at
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     Contrary to the Raman spectra, infrared spectra of solid H2S did not

show such significant spectral differences between the high-pressure and

low-pressure parts. For example, the S-D stretching peaks, vi and v3, with

almost the same intensity were observed in both parts. This is because S-D

bonds persisting inside the sarnple gave dorninant features in the transmission

spectra of the both parts. A smaller amount of the phase-IV peaks remaining

in the part at higher pressure (Figure 5-6-a) only indicates dissociation that

proceeded more in the part at higher pressure than at lower pressure.

Unreacted D2S evaporated when the sample was released to ambient pressure,

and some solid remained. The solid showed no detectable peak in the

mid-infrared region studied, although sulfur has an infrared peak (2vio) at

870 cm-i at ambient pressure.i4)

     Infrared absorption and Raman scattering are complementary

techniques, and a comparison between vibrational frequencies of H2S and

those of D2S helps to assign every peak of the spectra. We will interpret the

observed infrared and Raman spectra and then propose a model which can

consistently explain the molecular dissociation process in H2S and D2S on the

basis of infrared, Raman, and X-ray diffraction data.i5)

     Two new infrared peaks observed at 3585 and 870 cm-i above 27 GPa

(Figure 5-1) suggest that some D2S molecules are arranged in a different

manner from those of phase IV in the pressure region above 27GPa. These

peaks do not originate from a dissociated phase where the S-D bonds are lost,

but should be assigned to the fundamental bending and overtone S-D

stretching vibrations. The S-D stretching peak usually shifts to lower

frequency with increasing pressure, since intermolecular hydrogen bonds

become stronger as the molecules approach each other. Thus, the appearance

ofthe new overtone at a higher frequency than the overtone band ofphase IV
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indicates that the hydrogen bonds of some molecules become weak around

27 GPa. Further, the continuous softening (low-frequency shift) of the

overtone vibrations with pressure indicates that the S--D...S hydrogen-bond

system still exists above 27 GPa, as in the case of H2S.iO) The lower position

of the bending peak also indicates weakened intermolecular interaction.

Intensity changes in the infrared absorption peak reflect the change in volume

of its related chemical species. Thus, the observed increase in the intensity of

the two new peaks with pressure (Figure 5-1) suggests a gradual increase in

the amount of an additional chemical species. The coexistence of the new

peaks with the peaks of phase IV up to 54 GPa indicates that additional and

original chemical species coexist from 27 to 54 GPa.

     0n the other hand, several Raman peaks observed in the 1OO-600 cm-i

region suggest that decomposition of D2S to sulfur begins around 27 GPa.

Those peaks probably originate from S-S covalent bonds, indicating

formation of sulfur. The occurrence of sulfur also explains the drastic change

in lattice vibrational peaks investigated by Raman experiment on H2S.6) The

Rarrian spectral changes observed in the 1OO-600 cm-i region during pressure

release process suggest that the following structural changes take place in

some parts of the sample; the hplt phase of sulfur appears at 25GPa, helical

suffur around 5 GPa, and then Ss rings near 1 atm. This interpretation is

based on the similarity ofthe Raman spectra between the present sample and

those of sulfur, although the Raman spectra of sulfur at high pressures have

not been well defined yet. Helical sulfur was reported to have a chain

structure, while the molecular structure of hplt phase is not clear. The Ss

molecule is a puckered eight-atom ring and is most stable at arnbient pressure

and temperature. It was reported that the characteristic features of the Ss ring

appear also from high-pressure phases of sulfur when unloading to 1 atm.ii)
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     Here we consider the process in which D2S molecules dissociate under

pressure to produce finally Ss cyclic molecules. The structure of phase IV

will yield usefu1 information in explaining the process, since the molecular

dissociation occurs around 27 GPa in phase IV. There is a weak interaction

between the nearest sulfur atoms in phase IV in which the molecules form

spiral chains along the c-axis,5) and the first nearest S-S distance is 3.050 A

at 14.0 GPa, only O.1 A longer than the sum of "constant energy radii" of

sulfur. Huggins introduced the concept of "constant energy radii" in an

equation relating interatomic distances to bond energies.i6) When the

interatomic distance is longer than the sum of "constant energy radii", there is

no bonding nature between the atoms. It is natural to imagine that as S-S

distances become shorter on funher compression, S-S covalent bonds are

formed. In addition, the similar transition pressures of H2S and D2S suggest

that the approach of S atoms causes molecular dissociation to form helical

sulfur with its chain structure. In the unloading process, the helical sulfur

may not revert to D2S but change to the Ss cyclic molecule.

     Very recently X-ray diffraction experiments on solid H2S were

performed up to 50 GPa.i5) The diffraction patterns indicate that several

phases coexist above 28 GPa, which is consistent with the present infrared

and Rarrian results on D2S. These phases are: phase IV of H2S, phase II of

sulfur, amorphous phase, and undefined crystalline phase. The amorphous

phase can involve both H2S and sulfur molecules. No diffraction peaks ofthe

undefined crystalline phase overlapped with peaks of ct- sulfur or P- sulfur.

On the basis ofthese X-ray results, it is inferred that the infrared peaks due to

S-D bonds observed above 27 GPa correspond to the amorphous or

undefined crystalline phase of D2S, and the Raman peaks due to S-S bonds

correspond to the phase II or amorphous phase of sulfur.
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     The outcome of the above discussion is sumarized in Figure 5-7,

which schematically shows changes in molecular structure and bonding

manner of D2S with increasing and decreasing pressure. When D2S molecules

in phase IV (a) are compressed above 27 GPa, S-S covalent bonds form

between the nearest S atoms, resulting in (D2S)x chains (b). Then, deuterium

must be removed from (D2S)x chains to produce Sx chains (c). In the

unloading process, Sx chains change to Ss cyclic molecules (d). Sulfur atoms

could be tetracoordinated in the (D2S)x chains (b) and bonded to two

deuterium and two sulfur atoms like SF4, where four bonding electron pairs

and one lone pair together form a trigonal-bipyramidal molecule. The sulfur

atoms are assumed to be at apical positions, and two deuterium atoms and

one lone pair of electrons at equatorial positions, since the more

electronegative ligand prefers to occupy the apical position i7) and the ligand

which forms the covalent bond with a central atom such as hydrogen and

methyl groups prefers to coordinate in the equatorial position.i8) The apical

bonds have shown to be three-center four-electron bonds in a

trigonal-bipyramidal molecule. When the (D2S)x chains are formed, the

deuterium atoms move from hydrogen-bond axes, resulting in the weakening

of hydrogen bonds. Thus, the (D2S)x chains (b) explain the infrared peaks

observed above 27 GPa, which is consistent with the appearance of the

Raman peaks due to S-S stretching modes.

5-4. Conclusion

     Experiments using a diamond-anvil cell show that deuterium sulfide

(D2S) dissociates to form sulfur at pressures above 27 GPa and at room

temperature. Raman-scattering spectroscopy indicates the presence of the

S-S bonds of the high-pressure phase of sulfur above 27 GPa, although
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infrared-absorption spectroscopy indicates the presence of the S-D bonds of

both polymeric and unreacted D2S. Judging from the experimental results of

D2S and the previous Rarrian data of H2S, it is suggested that molecular

dissociation begins in H2S also around 27 GPa. Similarity in the dissociation

pressure of H2S and D2S suggests that correlation between sulfur atoms has

the key to the molecular dissociation process in H2S and D2S.
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                           Chapter 6

             Phase Transitions in Sulfur under Pressure

6-1. Introduction

     Sulfur is a molecular crystal having the orthorhombic phase S-I, ct-

sulfur under ambient conditions. The molecules are crown-shaped rings

consisting of eight sulfur atoms. Although the S-I phase of sulfur has no

unsaturated bonds, reconstruction of molecular forms is expected to occur for

sulfur under pressure, because it has a 1arge number of allotropes and

molecular forms including ring (S6, Ss, Si2, etc.) and chain structures.i) In

addition, sulfur was formed from H2S and D2S at pressures above 27 GPa and

room temperature as described in Chapters 4 and 5. When S-S distances

become shorter on compression, reconstruction of S-S bonds will be

expected to occur.

     Pressure-induced structural transitions have been observed for sulfur

under pressure and at room temperature using X-ray diffraction techniques.

Akahama et aL found that the orthorhombic phase S-I transforms into a

crystal phase S-II at 26.5-34 GPa via an amorphous phase, and further to a

base-centered orthorhombic phase S-III at 83 GPa.2) Luo and Ruoff reported

the finding ofsimilar phase transitions,3'4) Optical transmission and reflection

studies have shown that the transition to the S-III phase is near to the

insulator-metal transition at 95 GPa.5) On further compression at 162 GPa,

sulfur transforms to a P- Polonium structure.4) Neither crystal systems nor

lattice constants are known for the S-II phase; only the pressure dependence

of the interplanar spacings (d-values) were reported. For the S-III phase, the

crystal system (base-centered orthorhombic structure) and the pressure
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dependence of d-values were reported. Molecular structures, namely the

atomic positions in the unit cell, have not yet been determined for both the

S-II and S-III phases.

     The crown-shaped Ss rings are stable up to at least 12 GPa, Luo et aL

showed by Raman spectroscopy with low laser power that the crown-shaped

S rings remain intact under pressures of up to 12 GPa.6) Anderson reported by

infrared absorption spectroscopy that no breakdown of the Ss ring molecules

into chains occurs below 10 GPa.7) The Ss ring molecules can be broken,

however, under very high pressures. The Raman spectrum of a sample that

was compressed to 212 GPa and then decompressed to O GPa, was different

from the spectrum ofthe original Ss ring molecule.4)

     The Raman technique is very usefu1 for understanding the molecular

structure of sulfur, but it has the property of causing laser-triggered

photoinduced transitions, especially under pressure. For example, Hafner et

al. measured Raman spectra of sulfur at up to 50 GPa and found two different

kinds ofphotoinduced transitions at about 12 GPa.8) Luo et al. suggested that

the absorption of energy to dissociate the Ss units is a result of a

pressure-induced narrowing of the band gap.6) Yoshioka et al. reported that

the use of a laser with sufficient power causes the dissociation of Ss ring

molecules and a transition to an S6-featured phase at a pressure lower than

the structural transition pressure.9) Eckert sumrriarized the effects of

experimental conditions, such as the energy of the incident laser, on the phase

transition phenomena ofsulfur.iO)

     One of the purposes of the present work is to understand, at the

molecular level, the pressure-induced transitions of sulfur in the absence of

laser excitation. Infrared spectroscopy should be able to probe the structure of

sulfur without inducing photoinduced transitions, since the samples are
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exposed to low-energy photons only. In this chapter, we report the changes

that occur in Ss ring molecules during the transitions from the S-I phase to

amorphous and high-pressure S-II phases. We propose the molecular

structure of the S-II phase on the basis of the present results and of the

previously reported X-ray and Raman studies.

6-2. Experimental

     Orthorhombic crystalline sulfur with a purity of 99.99990/o was

commercially obtained (from Wako Pure Chemical Industries, Ltd.) and used

without further purification. The sample and small ruby chips were placed in

the hole of a metal gasket (a spring steel, PK) sandwiched between diamond

anvils. No pressure-transmitting media were used. Infrared absorption spectra

of sulfur were measured at pressures in the range 1-58 GPa at room

temperature using a micro FT-IR spectrometer (measuring range 4504400

cm-i ). Pressures within the sarnple were determined from the
pressure-induced shifts of the ruby fluorescence line.ii) The sample was

exposed to laser power below O.1 mW. The focusing spot of the laser on the

sample was 5-1O pm in diameter.

     To get additional information about molecular structure, Raman

scattering spectra also were measured for the sample during the unloading

process, but only at pressures lower than 3.1 GPa (see Chapter 2 for the

experimental setup). To avoid a photoinduced transition, the laser power at

the sample was kept below 1 mW.

6-3. Results and Discussion

     The infrared spectra of sulfur changed during compression up to 57

GPa as shovvn in Figure 6-1. Two peaks were observed at 1.1 GPa: the vs
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mode (S-S stretching) at 470 cm-i and the 2vio mode (the overtone of

stretching) at 856 cm'i. These peaks shifted continuously to higher

frequencies upon loading (increasing pressure). The intensity ofthe signal of

the 2vio mode decreased with increasing pressure. In the pressure range

between 20 and 35 GPa, where an amorphous phase was reported2'3) by an

X-ray diffraction study, no absorption peaks were observed in the spectra

other than broad features at around 500 cm-i. This broad feature indicates a

loss of a molecular structure with one characteristic S-S distance, and

suggests that the Ss ring molecules were broken. Because the sensitivity of an

MCT detector drops precipitously at wavenumbers lower than 500 cm-i, we

could recognize the broad features around 500 cm'i only above 10 GPa.

Several absorption lines observed above 10 GPa in the range between 400

and 500 cm'i must be noise. On compression above 37 GPa, the pressure

range of the S-II phase,2) four peaks appeared at around 530, 700, 800, and

1000 cm-i. The sharp absorption peak at around 530 cm-i indicates an

occurrence of one characteristic S-S distance above 37 GPa. The special

feature of the spectra above 37 GPa is the appearance of two strong peaks at

around 700 and 800 cm-i, which are absent in the spectra of Ss ring

molecules. The same infrared pattern was observed when the pressure was

increased from 37 to 58 GPa.

     The shifts of infrared frequency with pressure are shown in Figure 6-2.

The data were fitted by second•-order polynomials in pressure (P) up to 18

GPa as follows:

          vs = 467 + 4,3p- o.o7 p2,

         2vio = 843 + 10.9p- O.24i

The observed data correspond well to the linear equations reported in the

literature7) at O - 8 GPa (see Figure 6-2), although the observed peak
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positions of vs have uncertainty because the spectral quality below 550 cm-i

was poor. Only very small pressure dependence was observed for the

positions of the peaks that appeared above 37 GPa. These shifts are fitted by

linear functions as follows:

   v(s3o) = 51O + O.4 p, v(7oo) = 667 + O.8 p, v(soo) = 813 - O.3 p, and

   v(iooo) == 964 + 1.0p.

     A strong hysteresis was observed in the infrared spectra of sulfur

during the unloading process. The pattern observed only above 37GPa on

loading remained during decompression down to 5 GPa, and then changed to

one peak at 519 cmMi at 3.1 GPa as shown in Figure 6-3-a. The Raman peak

at this pressure (3.1 GPa, Figure 6-3-b) was very similar to the peak observed

for amorphous sulfUr at pressures above 5 GPa and temperatures below 200

K.i3) This amorphous sulfUr is consideredi2) to be a broken Ss ring that adopts

a helix-like structure. On further decompression to 1.8 GPa, two peaks

appeared in the infrared spectra at around 450 and 880 cm'i that are distinct

from the frequencies for the v2 and 2vio peaks of the Ss ring molecules (see

Figure 6-1, at 470 and 856 cm-i at 1.1 GPa). This feature suggests that a

molecular structure other than an Ss ring appears at 1.8 GPa. In the Raman

spectra at 1.8 GPa, we observed both the S-S stretching peaks at around 450

cm'i and the weak bending peaks at 100-300 cm-i. The stretching peaks had

several components, probably of an Ss ring and helical sulfUr structures as

mentioned below, while the bending peaks are characteristic of an Ss ring

molecule.

     In the Raman spectra at 1 atm, the coexistence of two kinds of peaks

was clearly observed (Figure 6-4): some belong to an Ss ring, but others,

namely four peaks at 262, 276, 426, and 459 cm-i,do not. Both the relative

intensities and positions of these four peaks correspond well to the helical
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sulfur structure Sp reported by Eckert et al. (263, 276, 422, and 458 cm'i).i2)

They are also similar to the Sn chains reported by Ward.i3) The Raman

spectra (Figure 6-3-b) indicate that helical sulfur and Ss ring molecules

coexist at 1.8 GPa and that the helical molecules change to Ss rings during

decompression. That is to say, the intensity of the Raman peaks belonging to

Sg-ring molecules increased when the recovered sample was kept at ambient

temperature and pressure. This recovery of the intensity of Ss peaks has been

reported frequently for sulfur (e.g., see ref. 8).

     We have obtained the following results based on our infrared and

Rarnan experiments on sulfur:

   (1) The infrared peaks from an original orthorhombic structure

disappeared in the amorphous region, at 20-35 GPa, suggesting the

decomposition of Ss ring molecules within this range of pressures.

   (2) New peaks appeared with the transition from the amorphous to the

S-II phase (above 37 GPa). Their peak positions were different from those of

Ss ring molecules, suggesting another molecular structure.

   (3) During the unloading process, helix-like sulfur appeared at 3.1 GPa

and then helical sulfur and an Ss ring molecules appeared at 1.8 GPa. The

helical sulfur converted to an Ss ring upon further decompression.

     What is the molecular structure in the high-pressure phase S-II? The

sharpness of the infrared peak observed at 530 cm-i and the reported

crystalline X-ray pattern of the S-II phase2) indicate that the S-II phase

consists of one molecular species with one characteristic S--S distance. One

possible molecular structure is helical sulfur with different pitch from that of

the helix-like sulfur that appeared at 3,1 GPa during decompression or that of

the helical sulfur observed at 1.8 GPa. Another possible molecular structure

is that of sulfur in a six-membered ring. It is difficult, however, to identify the
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molecular structure ofphase II from the present data.

6-4. Conclusion

   The vibrational spectra of solid sulfur have been studied at pressures up

to 58 GPa at room temperature using a diamond anvil cell, The infrared peaks

from an original orthorhombic structure disappeared in the 20-35 GPa region

(in an amorphous region), suggesting the decomposition of Ss ring molecules

in this pressure range. New peaks appeared above 37 GPa (in a high-pressure

S-II phase) with peak positions different from those ofSs ring molecules. The

S-II phase probably consists of molecules and not of atoms.
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Chapter 7

Phase Transitions and Chemical Reactions in C2H2 under Pressure

7-1. Introduction

     High-pressure behavior of molecular solids is of fundamental

significance to understand the nature of chemical bonds. Molecules weakly

bonded by the van der Waals force approach each other rapidly by application

of pressure and intermolecular interactions may become comparable in

strength to intramolecular ones at sufficiently high pressure. Reconstruction

of chemical bonding often takes place in molecular solids under such

conditions, Polymerization, for instance, is expected for unsaturated

molecules when they are pushed closer to threshold values of intermolecular

distances. Pressure-induced polymerization has been observed for several

kinds ofmolecules with triple bonds such as acetylenei), hydrogen cyanide2),

cyanoacetylene3), and cyanogen4). Among them, acetylene is the most

appropriate molecule for a detailed investigation of the reaction mechanism

because ofthe simplicity in its molecular structure and bonding nature.

     In the acetylene molecule, the triple bond is constructed with one s and

two p bonds. The hybridization of carbon atoms is considered to be the sp

state, being expected to change into the sp2 and further into the sp3 state as

polymerization proceeds. Previous Raman measurements revealed that the

reaction occurs in the molecular-crystalline orthorhombic phase at room

temperature and pressure above 3.5 GPa, accompanying a color change from

colorless transparent to deep redi). The major reaction products were trans-

and cis-polyacetylene. X-ray diffraction suggested that the arrangement of

acetylene molecules is favorable for forrnation of the trans-polymer through
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the trans-opening of the triple bond5). These experimental results, however,

are still insufficient to clarify the reaction mechanism. Resonance or surface

effects on Raman spectra sometimes hide an overall structural feature of

specimens owing to strong enhancement in scattering intensity of a particular

species such as conjugated polymers.

     In this chapter, we will describe the pressure-induced phase transition

and polymerization in solid acetylene studied by infrared absorption

spectroscopy. Infrared spectroscopy is another powerfu1 technique to

investigate reaction processes, and provides complementary structural data

on reacting materials or reaction products. The polymerization mechanism in

solid acetylene will be discussed on the basis of observed infrared spectra.

7-2. Experimental

7-2-1. Samples

     Acetylene gas of 98 O/o purity was commercially obtained (from Kanto

Acetylene Gas Kogyo Co., Ltd.). After removing acetone and water through a

sodium hydrogen sulfite solution and granular calcium chloride, purified gas

was condensed in a diamond-anvil cell (DAC) cooled with liquid nitrogen.

The solidified acetylene was loaded in the small hole of a metal gasket and

sandwiched between the opposing diamond anvils. The gasket was made of

50 pm-thick stainless steel or 100 pm-thick Inconel X-750, in which a

200-300 pm diameter hole was drilled with a microdrilling machine. Several

ruby chips were enclosed together with the specimen in the gasket hole for

pressure measurement. The cooled DAC was left in a glove chamber

purged with nitrogen gas for an hour until it wamied up to room temperature,
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7-2-2. Measurement of Infrared Spectra under Pressure

     A small diamond anvil cell (DAC), 30 mm in diameter and 20 mm in

thickness, was used for the high-pressure infrared absorption measurements6).

The optical openings of the DAC were 60 degrees for both incident and

transmitted infrared light, matching well those of the micro focusing optics of

a FT-IR spectrometer. Type-IIa diamonds 1,2 mm thick were mounted in the

cell, allowing spectral measurement over the whole frequency range from

700 cm-i to 5000 cm-i. Though diamond has strong absorptions due to two

phonon bands around 1800--2400 cm-i, such thin diamond anvils transmit ten

percent ofthe incident light even for this absorption region.

     Transmission infrared spectra were taken for a 1OO pm x 1OO pm area

of the specimen with a microscope FT-IR spectrometer having an MCT

detector (HORJBA FT-530). The spectral resolution was set to O.5 cm'i and

the number of accumulations to 400. Spectra of acetylene were obtained by

subtracting the reference spectrum of the empty DAC from the measured raw

spectra. Pressures were determined using the frequency shift of the Ri ruby

fiuorescence line (7.53 cm-i / Gpa) 7).

     A liquid phase, cubic phase, and orthorhombic phase of acetylene

could be produced as the pressure was increased to 1 GPa. Chemical reaction

partly began at about 4 GPa and proceeded very slowly over the wide

pressure range up to 14 GPa. It took about one day at each measuring

pressure to complete the reaction. The reaction process was monitored by

infrared spectra at a pressure interval of 1-2 GPa.

7-3. Results
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7-3-1. Phase Transitions ofAcetylene

     The infrared spectra ofthree molecular phases - a liquid, cubic, and

orthorhombic phases - were observed at pressures to 4 GPa. Measured

absorption peaks were those associated with the fUndamental and

combination bands of intramolecular vibrations. A transition, for instance,

from the cubic to the orthorhombic phase caused slight changes in peak

position and width, but no significant variation in the spectral feature. Phase

transitions were rather clearly detected by microscope observation, and hence

we determined transition pressures for the coexisting two-phase states which

were prepared by carefu1 pressure tuning under a microscope. The

determined pressures of O.7 and 1.0 GPa for the liquid to cubic and the cubic

to orthorhombic transitions, respectively, were in good agreement with those

previously determined by Raman and X-ray measurementsi'5).

     One typical spectrum measured for the orthorhombic phase is shown in

Figure 7-1. The pressure was 1.1 GPa, just above the transition pressure. The

observed peaks correspond well to those ofpolycrystalline films measured at

1 atm and 63 K8). At this low temperature, acetylene is known to form the

orthorhombic structure. No additional peak was observed in the spectrum

besides the absorption from acetylene. Acetone and water were completely

removed through the purification process. The five major peaks were

assigned to two fundamentals (v3 and vs) and three combination bands (vi+

vs, v3 + v4, and v4 + vs). The peak position and mode assignment of each

peak are listed in Table 7-1.

     Variations of the peak frequencies with pressure are plotted in Figure

7-2. 0nly the v3 band due to an anti-symmetric C-H stretching mode shows

a negative frequency shift. The frequencies of the other peaks increase with

pressure. Ajump in frequency accompanied by the phase transitions was
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Table 7-1 Infrared frequencies oforthorhombic acetylenea

Crystalline
1 .1 GPa ! cm-i

Crystallineb

63K/cm-1
AssignnientC

4104.0 vw,sh
4082.6 w

3868.3 w

3401.1 vw

3236

1388

s

s

1282.0 w

762 vs

4094
4076
3867
3863
3857
3429
3331
3226.3

3220.5

2726
2064
1422

1390

1377

1280

881

847
768.8

760.6

747.5

w,sh

W
w,sh

W
w,sh

VW
W
vs
w,sh

vw
vw
m,sh

s

m,sh

W
vw,b

vw,b

vs

vs

s

Vl + V5

V3 + V4

Vl + VT

V2+V4+V5
V3
v3 (c13)

V2 + V5

V2 + VT

V4 + V5

2 v4

V5 + VR

VS + VR'

vs

aSymbols: s=strong; m=medium; w=weak; v=very; b= broad; sh=shoulder.
bReference 8. C vi: C-H symmetric stretch. v2: CEC symmetric stretch. v3:

C--H anti-symmetric stretch. v4: C-C-H symmetric deformation. vs: C-C-H

anti-symmetric deformation.
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transition pressures for the liquid to cubic and cubic to orthorhombic phase,

respectively.
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clearly observed for the combination v4 + vs and fundamental v3 bands. In

the case ofthe v4+vs band, the magnitude of the frequencyjump was about

6.0 cm'i and 9.7 cm'i at the liquid-cubic and cubic-orthorhombic phase

transitions, respectively. Frequency decreases in the v3 mode at the transition

points indicate successive strengthening of the intermolecular hydrogen

bonding between neighboring molecules, whose molecular arrangement

changes significantly with the phase transitions9' iO). There exists a weak

hydrogen bond between the triple bond and hydrogen atom in adjacent

acetylene molecules, and a T-shape configuration of dimers in the

orthorhombic structure is preferable for formation of strong hydrogen

bonding.

     The frequencies of the infrared-inactive vi and v4 modes were

estimated from the observed frequencies of the infrared-active modes.

Subtractions ofthe fundamental vs and v3 frequencies from the combination

vi+ vs and v3+ v4 gave the vi and v4 frequencies, respectively. They are

plotted in Figure 7-3. The v i band, a syrrrrnetric C-H stretching, showed a

decrease in the frequency at the transition points and with increasing pressure,

in a manner similar to the anti-symmetric C-H stretching (v3). This

high-pressure behavior of the vi band agrees with that measured by Raman

scattering,ii) indicating again gradual strengthening of the hydrogen

bonding. The estimated frequency ofthe C-C--H symmetric deformation (v 4),

also showed a pressure variation similar to that of the corresponding C-C-H

anti-symmetric deformation (v s).

     Significant frequency deviations were observed above 4 GPa of

polymerization pressure (Figures 7-2 and 7-3). The observed peaks in this

pressure range are due to unreacted acetylene molecules. It is notable that

their frequencies deviated far from the extrapolated values in the
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orthorhombic phase and are close to those of the liquid phase. This

tendency is very clearly seen in the fundamental vi, v3, v4, and vs modes,

and suggests that the molecular arrangement is not retained in -the

orthorhombic crystal. T-shaped configurations are broken to randomly

oriented configurations in the neighborhood of the reaction sites at the

beginning of the reaction and such disordered domains expand as the

polymerization proceeds.

7-3-2. Polymerization ofAcetylene

     Polymerization was observed in the orthorhombic phase at 4.2 GPa.

Figure 7-4 shows infrared spectra of the reacting specimen. The diamond

windows of the pressure cell are nearly opaque in the frequency range from

1800 to 2400 cm-i, so that the quality of the spectra was poor in this range.

New peaks appearing at 3000 cm-i, 1600 cm-i, and 1OOO cm'i were assigned

to C-H stretching, C=C stretching, and CH deformation vibrations,

respectively. Their peak intensities increased very slowly with time. Peak

growth stopped in several tens ofhours after the appearance ofthe new peaks

in the spectra.

     The amount of the reacted monomer was estimated from the observed

change in peak intensity, Two singlet peaks at 4102 and 3882 cm'i, vi+ vs

and v 3 + v 4 combination bands, respectively, were chosen for this estimation.

At 4.2 GPa these peaks showed a reduction by 24 O/o in the intensity, that is,

76 O/o of the monomers still remained. One reason for this incomlplete

reaction is a pressure drop with the volume reduction accompanied by

polymerization; the measured pressure decreased to 2.7 GPa from the initial

value of4.2 GPa after 70 hours. We increased pressure to recover the initial

pressure of4.2 GPa. However, no significant change in the spectral profile,
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such as successive growth in the new peaks, was observed, and hence further

compression beyond the initially reached pressure was required to restart the

    .reactlon.

     Infrared spectra measured at various pressures are shown in Figure 7-5.

The reaction was accelerated by further compression. The combination bands,

v i + vs and v3 + v4, disappeared when the pressure was increased to about

10 GPa. Even the v3 and vs fundamental bands that had shown saturated

absorption at low pressures almost disappeared at about 14 GPa. Instead, the

absorption from the reacted monomers such as the C-H stretching peaks

around 3000 cm-i increased with pressure. The polymer peaks seem to stop

growing above 10 GPa, while the monomer peaks gradually disappear. The

reaction still proceeds at such high pressures.

     We turn our attention to the intensity change of two C-H stretching

peaks of polymerized acetylene appearing around 3000 cm-i; one peak at

2900 cm-i can be assigned to a C-H stretching of saturated hydrocarbons and

the other at 3100 cm-i to that of unsaturated hydrocarbons with C-C double

bonds. Their intensity changes with time and also with pressure provide a

valuable insight into the reaction mechanism. As seen in Figure 7-4 the

higher frequency peak appeared in advance of the lower frequency peak, then

the two peaks grew gradually with time at almost the same rate. It suggests

that double bonds were formed in the initial stage of polymerization at 4.2

GPa and successively saturated bonds were produced.

     Pressure variations of the peak intensities obtained for the two C-H

stretching modes are plotted in Figure 7-6. For two fu11y overlapped peaks

measured above 6.8 GPa, we obtained the individual peak height and width

by fitting the observed peak profiles with Lorentzian functionsi2), wherein

their peak widths were estimated from those obtained for the v i + v s or
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v3 + v4 singlet peaks. As seen in Figure 7-6, the peak intensity for the

saturated C-H stretching mode increased significantly with increasing

pressure up to 14 GPa, whereas that for the unsaturated C-H stretching one

stayed at an almost constant value. The intensity ratio increases from 1:l at

4.2 GPa to about 2:1 at 14 GPa.

     The infrared spectrum of the product at atmospheric pressure after

release is shown in Figure 7-7. There were three kinds of C-C bonding,

trans- C=C, cis- C=C, and saturated C-C bonds. The peak at 2917 cm-i was

assigned to the C-H stretching mode of saturated hydrocarbon and the

shoulder at the higher frequency side of it was assigned to the C-H stretching

ofa trans- C=C bond. In the region below 2000 cm-i, peaks related to the

C-H out-of plane bending vibrations of trans- and cis- C :C bonds, and the

C-H deformation vibration of saturated hydrocarbons were observed. The

small peak from the monomer still remained at 3251 cm-i. Tentative

assignments of the observed peaks are listed in Table 7-2. The C-H bending

mode of trans-C =C bond appeared at a low-frequency of 981 cm-i compared

with that of trans-polyacetylene, which suggests that no conjugated chains or

only short conjugated chains were formed during compression.

7-4. Discussion

     We summarize the experimental results obtained for the polymerization

of acetylene.

1. Polymerization started at 4.2 GPa in the orthorhombic phase. C-C double

bonds were formed at the initial stage ofthe reaction and soon the formation

ofsaturated C-C bonds was followed.

2. Upon further compression beyond 4.2 GPa, the amount of saturated C-C

bonds predominantly increased, while that of C=C bonds remained constant.
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Table 7-2 Infrared frequencies ofpolymerization product at 1 atm

   Frequency 1 cm-i

polymera polyacetyleneb

Modedescription

 3250.7

 shoulder 3013(t)

 2917.1

 1635.6

 1448.3

 1330.4 1329(c)

  981.1 1015(t)
  908.3

  845.6

  746.1 740(c)

aThis work. bReference 13.

C-H anti•-symmetric stretch of

C-H stretch

C-H stretch

C==C stretch

C-H deformation

C-H in-plane deformation

C-H out-of-plane deformation

C-H deforrnation

C-C stretch

C-H out ofplain deformation

acetylene

trans-C=C

saturated C-C

C=C
saturated C-C

cis-C=C

trans C=C

saturated C-C

chain molecule

cis- C=C
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The amount of monomer decreased as polymerization proceeded, but small

amounts ofthe pristine monomer still remained at 14 GPa.

3. The reaction product contained trans- C=C, cis- C=C, and saturated C-C

bond. Polymers with long conjugated chains were not produced.

     Some possible reaction paths for the solid-state polymerization are

drawn in Figure 7-8. Through these reaction paths CEC triple bonds are

converted successively to C=C or C-C bonds. First, a reaction takes place

between two neighboring molecules to form a diene backbone. There are two

possible reaction sites for the following attack of acetylene monomer. An

addition reaction at the end site extends the conjugated backbone and no

saturated C-C bond is formed tpath a), On the other hand, additions at b site

develop a side chain attached to the saturated carbons (paths b). Thus the

following addition reactions would extend conjugated chains or form

cross-linked networks depending on the reaction sites. Trans-type reactions

are demonstrated in Figure 7-8; similar reaction paths are expected also for

cls-type reactlons.

     It is interesting to see how the numbers of double and single bonds

change along these reaction paths. In paths b, the number of single bonds

increases by two, while that of double bond does not change; one consumed

double bond is compensated with one new double bond formed in an attached

monomer. In contrast, the number of double bonds increases one by one

along with an extension ofconjugated chains in path a. The present infrared

results indicate that the polymerization proceeds along path b in solid

acetylene. The single bond increases in number with pressure, while the

double bond shows no significant increase (Figure 7-6). Such reaction paths

allow formation of cross-linked polymers consisting of double and single

C;C bonds and limit the extension ofthe conjugated linear chains. The
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b a

a

b

Figure 7-8. Some possible paths for the polymerization reaction of acetylene.

Path a and b illustrate the reaction between acetylene molecule and a part of

the already formed chain.
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structures of a polymer thus prepared through the speculated reaction paths

seem to agree with the observed infrared spectra; the spectrum of the

recovered specimen showed presence of trans- C=C, cis- C=C, and saturated

C-C bonds. Cross-linked polymers consisting of sp2 and sp3 hybrid orbitals

are formed by solid-state polymerization ofacetylene.

     Polymerization would proceed in such a way that the acetylene

molecules panicipate in addition reactions one by one to construct disordered

cross-linked polymers. It is not a cooperative reaction in which every

molecule polymerizes simultaneously along preferable reaction paths in the

crystal; a cooperative reaction may lead to formation of linear polymers. The

frequency shifts in molecular vibrations observed for the reacting specimen

above 4 GPa (see Figures 7-2 and 7-3) indicate that the molecular

arrangement in the orthorhombic crystal was broken during the

polymerization. Hence, a well-ordered reaction, which sometimes produces

crystalline polymers as observed in diacetylene crystalsi4), is no longer

expected for acetylene.

     Here, we compare the results of the high-pressure infrared absorption

measurement with those obtained by Rarrian scattering, and show that the

infrared spectra provide an overall structural feature for the polymerization

process. In the previous Raman study by Aoki et al.,i) a sequential reaction

process (i.e., the formation of conjugated polymers above 3.5 GPa and

further polymerization of saturated polymers by compression beyond 6 GPa)

was suggested. The infrared spectra observed in the present study, however,

indicate that both conjugated and saturated polymers were formed

simultaneously when the reaction was initiated at 4.2 GPa. This difference

between Raman and infrared experiments can be attributed to the resonance

effect in Raman scattering, which significantly enhances the Rarnan
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intensities of conjugated polymers through the coupling of excitation light

with the electronic stateiS). The scattering intensity for non-resonant saturated

polymers is so weak that their Raman peaks were not detectable.

     Finally, we may point out the difference between the solid-state

polymerizations of acetylene and benzene, which both have the same atomic

composition, (CH)n ; n=2 for acetylene and n=6 for benzene. Benzene

compressed to 30 GPa transforms to a disordered cross-linked polymer by

opening the aromatic ringsi6). Unlike acetylene, benzene showed no

significant change in infrared pattern during a pressure increase; the

polymerization reaction was recognized in the course of decreasing pressure.

Polymerized benzene was shown to have activated C-terminals. C==O or C-O

stretching peaks were observed in the infrared spectrum of polymerized

benzene exposed to air at atmospheric pressure. For the polymerized

acetylene the intensity of C-H stretching peaks remained almost constant and

neither C=O nor C-O stretching peaks were observed (Figure 7-7). The

amount of activated terminals should be very small in polymerized acetylene

compared with that in benzene. These differences may be related to the

mobility of a molecule in association with solid-state reaction. Acetylene is

so small that it can move to an activated site even in the dense solid and form

a covalent bond. A broken benzene ring, on the other hand, seems too large to

have enough fiexibility for the formation ofa bond at the reaction site.

7-5. Conclusion

     High-pressure infrared spectra of acetylene were measured with a

diamond-anvil cell at room temperature and pressures up to 13.7 GPa.

Transitions from a liquid to a crystalline cubic and to a crystalline

orthorhombic phase were observed in the molecular phase at O.7 GPa and 1.0
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GPa, respectively. Polymerization occurred in the orthorhombic phase at 4.2

GPa, accompanied by the appearance of new peaks indicating the formation

of C=C double and saturated C-C single bonds. The saturated single bonds

showed an increase in quantity on further compression beyond 4 GPa, while

the double bonds showed no significant change. The spectrum of the reaction

product recovered from 14 GPa indicated formation of cross-linked polymers

containing trans- and cis- C= C, and saturated C-C single bonds.
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Chapter 8

Summary and Conclusions

     The present thesis has dealt with the phase transitions and chemical

reactions that occur in simple hydrogen-bonded molecular solids of H20, H2S,

and C2H2 under pressure. Interrnolecular interactions may become

comparable in strength to intramolecular ones at sufficiently high pressure.

Thus, the compression of the molecular solids induces several phase

transitions and chemical reactions including hydrogen-bond

symmmetrization, molecular dissociation, ahd polymerization. Such

high-pressure behavior was investigated from the viewpoint of the

competition destabilization of intramolecular bonds by infrared and Raman

spectroscopy, with much attention paid to hydrogen-bonds. The conclusions

or findings obtained are summarized below,

* * *

Chapter 2

     Experimental technique of infrared microspectrscopy at high pressure

is described. A small diamond anvil cell was designed and built to meet

precise requirements simultaneously, regarding its optical characteristics and

its high-pressure performance. On-axis Cassegrain-type beam condensers and

a liquid nitrogen cooled MCT (HgCdTe) photoconductive detector are used

for infrared system. A reference spectrum is subtracted from a raw spectrum

of each test sample to improve the quality of the infrared spectra.
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Chapter 3

     Ice is the most typical hydrogen-bonded molecular solid, in which

strong hydrogen bonding and intramolecular interactions become comparable

at around 60 GPa; the hydrogen-bond symmetrization occurs in ice at 62.1

GPa. The OH stretching infrared frequency initially located at 3500 cm'"i at

ambient pressure falls toward zero around 60 GPa. A new absorption band

appears in the low frequency region below 800 cm-i at about 65 GPa,

growing a definite peak with a shift to a high frequency by further

compression. Such a turn in the pressure dependence of the stretching

frequency evidences the transition from ice VII to symmetric ice X. The OH

bending peak disappears before the transition. Two absorption peaks, which

are originated from the OH stretching and librational vibrations in ice VII,

persist above the transition pressure, being assigned to a translational and

distonional lattice vibrations in ice X.

Chapter 4

     Hydrogen sulfide is a sister molecule of ice having weaker hydrogen

bonds than ice. Infrared spectra at high pressure and room temperature reveal

that molecular dissociation and metallization occur in solid H2S near 46 and

96 GPa, respectively. The molecular dissociation was signaled to be the

disappearance of SH stretching bands in the 2300-2500 cm-i region and

simultaneous appearance of a lattice vibrational mode around 1300 cm-i. At

higher pressures, a low-energy electronic absorption band develops and

eventually extends throughout the infrared region studied (700-6000 cm'i).

Thus, metallization seems to occur by closing a band gap originating from

S-S bond formation in the dissociated phase. The molecular dissociation of

H2S is a first-order transition with the protons moving from the axes of the
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hydrogen bonds. This differs from the second-order like dissociation of H20

molecules that occurs in ice when those hydrogen bonds symmetrize.

Chapter 5

     High-pressure behavior of deuterium sulfide was investigated in order

to clarify the mechanism ofmolecular dissociation in H2S. Experiments with

a diamond-anvil cell show that D2S dissociates to form sulfur at pressures

above 27 GPa and room temperature. Raman-scattering spectroscopy

indicates the presence of S-S bonds of a high-pressure phase sulfur, helical

sulfur, and eight-membered cyclic sulfur. On the other hand,

infrared-absorption spectroscopy indicates the presence of S-D bonds ofboth

polymeric and unreacted D2S. The formation of sulfur from D2S can be

interpreted as reconstruction of chemical bonds at high pressures.

Chapter 6

     Sulfur is a molecular crystal having the orthorhombic form and the

molecules are crown-shaped rings consisting ofeight sulfur atoms at ambient

temperature and pressure. The vibrational spectra of solid sulfur have been

studied at pressures up to 58 GPa at room temperature using a diamond anvil

cell. The infrared peaks from an original orthorhombic structure disappeared

at 20-35 GPa (in an amorphous region), suggesting the decomposition of Ss

ring molecules at this pressure range. New peaks appeared above 37 GPa (in

a high-pressure S-II phase) with peak positions different from those of Ss ring

molecules. The S-II phase most likely consists ofmolecules and not of atoms.

In conclusion, Ss ring molecules are broken at 20-35 GPa (amorphization

pressure), and then changed to another form in the high-pressure S-II phase.

Further spectroscopic studies will clarify the molecular or atomic structure at
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the insulator-metal transition (95 GPa).

Chapter 7

     Acetylene is a very simple molecule having C-C triple bond and very

weak hydrogen bond. High-pressure infrared spectra were measured in a

diamond-anvil cell at room temperature and pressures up to 13.7 GPa.

Transitions from a liquid to a crystalline cubic and to a crystalline

orthorhombic phase were observed in the molecular phase at O.7 GPa and 1.0

GPa, respectively. Polymerization occurred in the orthorhombic phase at 4,2

GPa, accompanied by the appearance of new peaks indicating formation of

C=C double and saturated C-C single bonds. The saturated single bonds

showed an increase in quantity on further compression beyond 4 GPa, while

the double bonds showed no significant change. The spectrum of the reaction

product recovered from 14 GPa indicated formation of cross-linked polymers

containing trans- C=C, cis- C=C, and saturated C-C single bonds.

               ***
     As described in the present thesis, high-pressure behavior of H20, H2S,

and C2H2 are clarified. Strong hydrogen-bond restricts the intermolecular

geometry in H20 and induces hydrogen-bond symmetrization. On the other

hand, weak hydrogen-bond induces reconstruction ofchemical bonds in H2S

and C2H2, The author hopes that high-pressure techniques will be widely

used in the creation of new materials and new chemical reaction, including

novel polymers and polymerization.
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