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Abstract

The vtbrational spectra (IR, Raman) of (1l6-~~COzCH3)Cr(COh, (116
­

4HsC02CH3)Cr(COh(CS), [Pt(NH3)4][PtC~] (MGS), [Pt(ND3)4](PtC4] (MGS-D),

[Pt(NH3)4][PtBr4] (MGS-Br), ReH7(dppe) (dppe = 1,2-bis(diphenylphosphino)ethane)

and CpCo(4,JL) (Cp = cyclopentadiene) have been studied under pressures up to

-45 kbar. The magnitude and direction of the pressure-induced shift of the Raman­

active v(eO) and v(CS) vibrational modes of (116-CdlsCÛ2CH3)Cr(COh and (116
­

4HsCG,.CH3)Cr(CO)2(CS) indicate an increase in the amount of x-backbonding to

the CO and CS ligands under pressure, the increase being greater to the CO ligand

than to the CS ligand. Wavenumber vs. pressure plots revealed a phase transition in

both the tricarbonyl and thiocarbonyl complexes between 10-15 kbar. For

CpCo(CoJL), discontinuities in the wavenumber vs. pressure plots at 10 kbar indicate

a phase transition al this pressure, most lilcely involving rotation of the Cp ring.

Insertion of the Co atom into the cage does not occur under compression; a shift to

higher wavenumbers was observed for ail the Raman and IR vibrational modes of

CpCo(C&JL) and the parent fulleride, CoJL, Phenyl ring rotation is thought to occur

in ReH7(dppe) under compression. Three pressure regions, from ambient pressure to

-16 kbar, between 16 and 29 kbar and above 29 kbar, were identified from the

wavenumber vs. pressure plots. A broad, weak feature in the IR spectrum appears

from 5 kbar. increasing in intensity with increasing pressure. This peak has been

assigned to the v(HH) mode of a coordinated dihydrogen ligand. Re(,,2-H2). Ring

rotation may assist the pressure-induced dihydride..dihydrogen interconversion. The

pressure-tuning IR study of MGS and its derivatives probed the intermolecular

interactions, in particular the interactions of the NH3 groups and investigated the

hypothesis that hydrogen bonding of the type N-H--CI exists in MGS. Splitting of the

IR bands at ambient pressure, and a negative pressure shift of the bending 8s(NH3)

mode under compression, indicates hindered motion of the NH3 groups. Finally,

powder X-ray diffraction patterns of the pseudoscheelite salt potassium chromate,

K2Cr04 , have been recorded up to 52 GPa (520 kbar). A graduai decrease in the
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relative întensity of severa! diffraction peaks is consistent with disordering of the

chromate tetrahedra under compression. Sînce the tetrahedra are small compared to

the cavity in which they are locate<!, pressure-induced orientational disordering can

occur initially without disruption of the metal sub-lattice. Pressure-induced

disordering of the Bx..-tetrahedra is the tirst step in the amorphization of A2B~

compounds.
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Résumé

Les spectres vibrationnels (IR, Raman) des complexes (116
_

CJlsC02CH3)Cr(COh, (116-CdisCÛ2CH3)Cr(CO)z(CS), [Pt(NH3)4][PtClc) (MGS),

[Pt(ND3)4)[PtC4) (MGS-D), [Pt(NH3).][PtBr.] (MGS-Br), ReH,(dppe) (dppe =1,2­

bis(dlphénylphosphino)éthane) et CpCo(~)(Cp = cyclopentadiène) ont été étudiés

sous pression jusqu'à -45 kbar. L'amplitude et la direction des déplacements des

modes vtbrationnels actifs en Raman v(CO) et v(CS) des complexes (116
­

4HsC02CH3)Cr(CO)3 et (11 6-CtHsCÛ2CH3)Cr(CO)2(CS) sous pression, montrent une

augmentation de l'effet retour du métal aux ligands CO et CS dcr-+ 1t*co.cs sous haute

pression. L'augmentation est plus importante poUf le ligand CO que pour le ligand

cs. Les courbes de dépendance des nombres d'ondes en fonction de la pression

révèlent une transition de phase à la fois dans le cas des complexes tricarbonyles et

thiocarbonyles située entre 10-15 kbar. En ce qui concerne le complexe CpCo(~),

des discontinuités, observées au niveau des courbes de dépendance des nombres

d'ondes en fonction de la pression, à 10 kbar indiquent une transition de phase à cette

pression. Cette transition met certainement en jeu la rotation du ligand Cp.

L'insertion de l'atome de Cobalt dans la cage n'a pas eu lieu sous l'effet de la

pression; tous les modes vtbrationnels Raman et IR. du complexe CpCo(~) et de

son dérivé~ ont été déplacés vers les hautes fréquences. Une rotation des ligands

phényles semble avoir lieu dans le complexe ReH7(dppe) sous haute pression. Trois

domaines de pression ont été délimités à partir des courbes de dépendance des

nombres d'ondes en fonction de la pression; de la pression ambiante à -16 kbar, entre

16 et 29 kbar et au-dessus de 29 kbar. Une large bande de faible intensité est visible

sur les spectres IR. à partir de 5 kbar. L'intensité de ce pic augmente avec la pression.

Il a été attribué au mode v(HH) d'un ligand dihydrogène, Re(112-H2). TI se peut que la

rotation des groupements phényles favorise la conversion induite par la pression du

ligand dihydrure en ligand dihydrogène. Les études IR sous haute pression du sel de

Magnus et de ses dérivés ont mis l'accent sur les intéractions intermoléculaires, en

particulier les intéractions liées au groupements NH3, et ont permis d'approfondir
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l'hypothèse de l'existence de liaisons hydrogènes du type N-H-CL Un dédoublement

des bandes IR à pression ambiante ainsi qu'un déplacement vers les basses fréquences

du mode de déformation as(NH3) sous haute pression, suggèrent une rotation

encombrée des groupements NH3• E~ les digrammes de diffraction X du sel de

chromate de potassium. K2Cr04 , ont été enregistrés jusqu'à 52 GPa (520 kbar). Une

diminution graduelle de l'intensité relative de plusieurs pics de diffraction est

significatif d'une diminution de l'ordre dans les tétrahèdres du chromate sous pression.

Du fait de la petite taille des tétrahèdres par rapPOrt à la cavité dans laquelle ils se

trouvent, ils peuvent de désordonner sous reffet de la pression sans influencer au

début la sous-maille du métal. Le désordonnement des tétrahèdres du type B~ induit

par la pression, est la première étape vers l'amorphisation de composés du type

A2B~.
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Note OD UBits

The following units have been used in this thesis for historical reasons. Their

definitions and SI equivalents are given below:

Physical Quantity Symbol SI Unit UnitUsed

wavenumber t' -1 cm-I (= 100 m- I)m

pressure p Pa (Nm-2) kbar (= 108 Pa)

force constant k Nm-1 dyne cm-I (= l<rNm-l)

bond length. r. m À (= 10-10 m)

ceU constants a.b,c m À{= IO-lo m)

In the text of this thesis. the unit of vibrational wavenumber is often referred

to as vibrational frequency (v). These quantities are directly proportional to one

another. v=cv, where c is the speed oflight.

Chapters 3-6 use the pressure unit kbar. Chapter 7 uses the pressure unit GPa,

the SI unit. This difference cornes about from tradition. where 1 GPa:: 10 kbar. In

the literature. the unit GPa is more often used in high-pressure X-ray studies.

particularly where the pressures used exceed 100 kbar or 10 GPa. Furtbennore. in

France. the SI pressure unit is much more widely used than kbar.
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Chapterl

Pressure-tuniD( Spectrpscopy 01 InOrganic Compounds:

A SUmma" 01 the Put 15 Years1

1.1 Introduction

Compared to temperature, pressure is a much less explored physical variable.

The diamond-anvil cell (DAC) is probably the most widely known bigh-pressure

device for scientific studies. A1though the DAC offers only a tiny sample volume, the

simplicity of its design, the range of attainable pressures, and the wide variety of

experiments possible make the DAC very attractive for the study of aU kinds of

materials under compression. After nearly forty years since its development by Alvin

Van Valkenburg and Charles Weir, then al the National Bureau of Standards in

Washington D.C. [1], the DAC bas found its way into many areas of research and

scientific analysis ranging from Pbysics and Chemistry to Geology, Biochemistry and

Forensic Science. Diamond-anvil cells, capable of achieving pressures of the order of

500 kbar to 1 Mbar, have alIowed geologists to determine the high-pressure structures

of minerais and to relate geophysical phenomena to pressure-induced phase transitions

in minerais [2]. In Materials Science, the use of more modest pressures, up to 200

kbar, has afforded insight into strllcture-property relationships of solids, for example,

of magnetic materials, and in the pressure-tuning of the band-gaps in semiconductor

materials [3]. More recently, high hydrostatic pressures produced in DACs have led

to the synthesis of new compounds. e.g., the solid state polymerization of acetylene at

-142 kbar, and the synthesis ofsp2-bonded carbon nitrides [4].

Compression of a rnaterial results in a decrease in sample volume, a decrease in

inter- and intramolecular and atomic distances and so an increase in orbital overlap.

The perturbation of the orbitais will depend on the type of orbital involved. Pressure-

1 C. M. Edwards and 1. S. Butler, Coord. Chem. Rev., in preparation.
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tuning studies of the Vlbrational and electronic levels of a material permit an

examination of its optical, electrical, magnetic and chemical properties.

ln 1984, Ferraro published bis classic book entitled uVibrational Spectroscopy

at High Extemal Pressures: The Diamond-anvil Cenn [5], in which he descnbes the

effect of high, extemal pressures on a wide variety of inorganic, coordination, and

organic and biological compounds. Sïnce then, a nomber of concise reviews have

appeared, notably by Drickamer [6], who has focused bis attention on pressure-tuning

electronic spectroscopy. The construction and techniques associated with high­

pressure devices have aIso been reviewed, e.g., sec refs. [7) and [8].

The present review is directed towards a summary of pressure-tuning IR,

Raman and electronic spectroscopic studies of selected coordination and

organometallic compounds, which have afforded some particularly interesting results.

The review is by no means exhaustive, but offers an overview of the work done in this

area over the past 15 years and the type of results that cao he obtained. Many

coordination compounds have been studied by high-pressure X-ray diffraction

techniques as weil, but these results are not included here.

1.2 The Diamond-anvil CeU

The opposed-anvil, lever arm design consists of two polished diamonds with

flat faces, between which the sample is placed in a gasket. Pressure is applied by

simply turning a screw which forces the diamond anvüs together. There are severa!

comrnercially available DACs. One of the mast commonly used is that built by High

Pressure Diamond Optics, Tucson, Arizona. The P-ll type DAC is suitable for

pressure-tuning Raman and Fr-IR measurements up to -70 kbar. Figure 1.1 shows a

schematic of the design of the eeU. The diamond anvils are mounted on hardened steel

and held in alignment in a cylinder as pressure is applied. The Super pressure ceU cao

achieve much higher pressures, up to 700 kbar; its design is based on a piston-cylinder

arrangement, with the diamond-anvils on tungsten carbide mauots.
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(b)

t
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•
Figure 1.1. Schematic of the diamond-anvil eeU from High Pressure Diamond Optics.
(a) Side view. (h) The diamond-anvils and gasket.
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ln the DAC, the diamonds act as bath the pressure bearing medium and the

optical window. The transparency of diamonds over the whole range of the eletro­

magnetic spectrum, except vacuum UV, aDows the study of materials directly in the

DAC at high, static pressures, not ooly through visuaI techniques and refractive index

measurements, but by scattering techniques, e.g., X-ray diffraction, Brilloiun

scattering, and by various spectroscopies including IR absorption and reflection,

fluorescence and Raman. For Fr-IR. and Fr-Raman wor~ the selection of the

diarnonds is particularly important. In the case of IR., the purest diamonds with no

nitrogen impurities, type lIa, are preferred. Unfortunately, these diamonds have a

tendency to cleave easily and so do not always make the best high-pressure anvils.

The strongest anvils seem to contain a reasonable amount of eveoly dispersed,

nitrogen platelet impurity, tyPe 1, but tbis impurity causes considerable absorption in

the mid-IR region. Even type II diamonds absorb in the mid-IR, in the 2000-1900

cm- I region, as shown in Figure 1.2. Cell designs, which use just one diamond anvil,

and/or 1800 scattering geometry, can minirnize the amount of absorption. For Raman

studies, the diamond anvils are often screened for low fluorescence. Type lIb

diamonds, the most eXPeosive, have been shown to be hetter in sorne cases, but

generally it is more a case of luck~ Another high-pressure window rnaterial that has

been examined is sapphire. Compared to tyPe fi diamonds, sapphire windows show

much less fluorescence over a range of laser excitation lines. However, the use of

sapphire anvils is limited to a maximum pressure of -12 kbar. Gem-cut single crystal

cubic zirconia anvils have recently been investigated for high-pressure optical cells [9].

A maximum pressure of 132 kbar was achieved, which was dePendent on the pressure

transmitting medium and the gasket material employed. Background florescence and

Raman scattering from the anvils was eliminated and IR SPectra could he recorded

between 4()(X) and 1500 cm-I without interference.

The introduction of gaskets has pennitted the study of single crystals and

fluids, since it has provided a sample chamber. The gasket also creates more

hydrostatic conditions, minimizing pressure gradients across the sample area (la].

Gaskets, made from stainless steel or inconel, for example, are Often pre-indented
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Figure 1.2. Mid-IR absorption spectrum oft~ lia diamond anvils in a DAC, showing the
strong absorption band in the 2400-1900 cm" region.
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before drilling the central sample hole. The thickness of the gasket and the size of the

driIled hole will determine, in part, the maximum pressure that can he achieved. As

DACs are pushed to reach ever increasing pressures, the culet face of the diamond

anvil becomes smaller and so does the gasket bole. For instance, diamond anvils with

50 J.1m faces are required for multi-megabar experiments, requiring gasket bole

diameters as small as 2S J.UIL

ln most high-pressure devices, the pressures are generated in the uni-axial

sense, and pressure transmitting mediums are required to translate the pressure ioto a

stress that is distnDuted uniformly. Pressure-transmitting media are especially

important for experiments above 100 kbar, wbere significant pressure gradients cao

develop. Pressure-transmitting media can he gases, tluids or solids. They need to he

chemically inert, have zero penetration into the sample or construction materials, have

zero compressibility and he easy to handle and contained within the high-pressure

enclosure. Gases are the most difficult to work with since more excessive technical

design of the high-pressure device is required. They are, however, advantageous

because of their low viscosity. Fluids are the most practical choice for pressure­

transmitting media in the DAC. Pure, single component liquids tend to crystallize at

relatively modest pressures, whereas a mixture of liquids can he taken to pressures

well above the freezing pressure of the individual components. Onder compression,

the viscosity of such mixtures tends to rise exponentially, eventually forming a glass.

The viscosity of the mixture is important - if tao low, the sample will flow in the DAC

during analysis while, if tao large, other problems can arise. A damp mixture of

ethanol and methanol in a 4:1 ratio is one of the mast common pressure-transmitting

media used. At room temperature, the glass transition point is -104 kbar, but in sorne

cases the viscosity can become very large by -70 kbar. Other fluids used in the DAC

are Nujol and silicones. The choice of pressure-transmitting medium will depend on

the pressure range heing investigated. For example, silicone fluid can he used ta

create hydrostatic conditions up to 150 kbar, after which broadening of the Ri

fluorescence line of the ruby cahbrant (see below) has been reponed, probably as a
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result of distn"butions in stresses [11]. Above 225 kbar, the RI and R2 ruby

fluorescence peaks are difficult to distinguish as theyare broadened and overlap.

1.3 Pressure Calibration

The need for a secondary pressure gauge in the determination of the internai

pressures in DACs and other high-pressure devices became evident when it was

realized that the usual way in wbich pressure was determined, Le. force-over-area,

became unreliable al bigb pressures. High pressures are considered to be thase above

1 kbar (1()()() atm). Ideally, the pressure gauge must show a fairly linear response of

sorne property under high static pressures, and not require a large sample volume,

since the sample chamber of the DAC is obviously very small a1ready. The precision

of the gauge depends on both the precision with which the physical property can he

measured and the rate at which this property changes under compression.

One of the tirst reliable methods of pressure cahbration in the 100-300 kbar

range was an X-ray pressure gauge. NaCI is a higb symmetry solid, which shows a

continuous volume change under compression up to its phase transition to the CsCl

structure at 294 kbar. The lattice spacing of NaCI cao he used to the determine the

pressure by making use of the Decker equation ofstate for NaCI [12].

For pressure-tuning Vlbrational spectroscopy, an optical pressure gauge is

obviously more convenient and perhaps the mast weil known is the ruby fluorescence

RI line. At ambient pressures, the RI and R2 ruby fluorescence lines lie at 694.1 and

692.6~ respectively. A continuous calibration of the ruby RI fluorescence gauge

from 0.06 to 1 Mbar has been made, and the generally accepted equation for the

pressure dependence is P(Mbar) = (19.04/5){[(~ + ~)/Âof - 1 l, where Âo is the

wavelength measured at 1 bar [13]. Pressure differences or strain in the DAC can he

monitored by looking at the ruby R I-R2 doublet, which will broaden at high pressures

as a result of pressure gradients and/or strain.

The ruby fluorescence gauge is suitable for measurements with a visible laser

system. For pressure-tuning Ff-Raman spectroscopy, however, the NIR Nd3+:YAG
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laser emitting at 1064.1 nm is too far removed to excite the ruby fluorescence and

hence two Raman measurements would be required. For this reasony the development

of a new secondary pressure gauge for use in Fr-Raman measurements was needed.

A second drawback to the pressure-tuning Fr-Raman spectroscopie technique is the

need for a high-sample loading. Therefore, the possibility of using the 1332.5 cm-l

Raman-active hg phonon band of the diamond windows in the DAC was investigated

as a potential in-situ pressure calibrant. This method obviously does not require the

addition of material to the sample chamber and so a maximum loading of sample is

still possible. The Raman-active diamond Hne has been shown to have a linear

response to pressure over the 50-200 kbar range [14], and severaI mathematieal

models have been proposed to relate the effects of the pressure dependence of the

normal modes of vibration of solids to the pressure shift of the diamond line [15].

The shift of the Raman-active t2g phonon line of the diamond, as a possible internai

calibrant for Fr-Raman studies, has recently been investigated [16]. Under

compression, the stress in the diamond-anvil is concentrated in the region near the

sample-diamond interface, for the 0.001- -70 kbar range. As pressure discontinuities

in the diamond-anvil fonn perpendicular to the pressure axis, the diamond band at the

sample-diamond interface shifts with a linear response with inereasing pressure.

Since Raman scatter is collected in a 1800 geometry from the DAC, scattering from

ail depths of the diamond-anvil contributes to the diamond Hne and a band envelope

is observed. It is the wavenumber of the band half-front which is measured to

determine the pressure (Fig. 1.3); a linear least-squares fit was used to derive an

equation to relate the band half-front and the pressure. The pressure dependence of

the Hne shift is specifie for each DAC.

For pressure-tuning IR spectroscopy, the frequency shift of the antisymmetric

N-O stretching bands of dilute solutions of sodium nitrite and sodium nitrate ions in

sodium bromide are used to calculate the internai pressure [17]. The band positions at

ambient pressure are 1279.0 and 1403.1 cm-l, respectively. The pressure is related to

the shift, ~v/cm-l, of the wavenumber of the nitrite ion from zero pressure by
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Figure 1.3. Fr-Raman (Nd3+:yAG) spectrum of the Raman-active t11 phonon mode of
the diamond-anvil. The arrows indicate the band baIf-front used to calculate the
applied pressure (inset).
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Plkbar = 2.356(Av) - [1.334(Av)exp(Av/92)] and to the shift~ Av/cm-l~ of the

frequency of the nitrate ion by Plkbar =1.775(Av) - [0.7495(Av)exp(AvnS)].

1.4 EfJects of Pressure on Vibrational and Electronic Spectra

1.4.1 Metal-Carbonyls and Otber Complexes with 1t-Backbonding Ligands

The bonding between a metal and carbonylligand has dual character. A metal

~ carbonyl cr-bond is formed by using an unshared pair of electrons on the carbon

(Fig. 1.4a) and the formation of a metal ~ carbon 1t-bond results from donation of

electrons from a filled Metal orbital of suitable symmetry into the 1t-antibonding

orbitai of the carbonyl ligand (Fig. l.4b). The bonding is synergic, which means that

as the extent of cr-donation increases, this will tend to promote an increase in the 1t­

backbonding, as the amount of electron density at the Metal center becomes too high.

The extent of cr-donation and 1t-backbonding cao he monitored in metal carbonyl

complexes by measuring the frequencies of the v(CO) and v(M-CO) stretching

modes. Increased 1t-backbonding will gjve a stronger M-C bond but a weaker, longer

<:=0 bond as electrons move into the 7t*-orbital of CO. The metal-carbon bonds have

much lower force constants than do CO groups and so~ under pressure, an increase in

the degree of 1t-backbonding from the Metal i5 expected~ increasing the population of

the 7t*-orbitals of CO. This situation should maoifest itself as a negative pressure

dependence of the v(CO) stretching frequency.

Adams and Ekejiuba first reported the effect of applied pressure on metal­

carbonyl interactions in 1982 [l8]. They were looking at the high-pressure Raman

spectra of Mn(CO)sBr up to 50 kbar. as part of a broad study of the phase behavior of

inorganic molecular crystals. Changes in the slopes of the wavenumber vs. pressure

plots indicated a phase transition at 24 ± 3 kbar. Ali the internai and lanice modes

showed a positive pressure dependence with the exception of V2. the a.. axial v(CO)

mode. which exhibited a small negative pressure shift from ambient pressure to 23

kbar of -0.067 cm-1 kbar-l
• Above 23 kbar. the pressure dependence became positive,
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0.239 cm-l kbar- l
• The other v(CO) modes showed continuous, but small, positive

pressure dependences over the pressure range studied.

Very similar behavior was found for other pentacarbonyl halide and

pentacarbonyl-methyl complexes, almost ail of which are isomorphous with

Mn(CO)sBr. The micro-Raman spectra of pentacarbonyl(chloro)rhenium(l),

Re(CO)sCI, from ambient pressure to -60 kbar, sbowed discontinuities in several

bands in the wavenumber vs. pressure plots [19]. Tbese were accounted for by a

second-order phase transition, as was observed for Mn(CO)sBr. For Re(CO}sCl, it

was shown that the al v(Coeq) mode shifts steadily towards higher energies with

increasing pressures and is insensitive to the phase transition. The al v(COU
} mode,

on the other hand, has a small, negative dv/dp value in the low-pressure pbase of

-0.0Il cm-l kbar-1
•

In contrast, neither Re(CO)sBr nor Re(CO)sI undergo a phase change under

compression ta 43 kbar [20]. The latter crystallizes in a different space group (Cmcm)

from its isostructural congeners (Pnma) due ta a different mode of packing, linked

presumably to the increase in halogen size from the bromide to iodide. AIl the modes

showed a hardening (increasing wavenumber) with the increase of pressure.

The positive dv/dp value for the equatorial CO groups and the smaller,

negative dv/dp value of the axial CO groups indicates that 1t-backbonding increases

preferentially to the axial carbonyl, trans to the halide group, compared to the

equatorial carbonyl groups. The pressure dependence of a v(CO) frequency is a

combination of two effects. First, the amount of 1t-backbonding can increase, which

causes a lowering of the CO stretching frequency. Secondly, the general effect of

compression is to decrease ail intramolecular distances, resulting in an increase in the

force constant and bence a positive shift in the CO mode frequency. When these two

effects are combined, increases in 1t-backbonding are usually recognized as very small

positive or negative pressure shifts. These observed results are summarized in Table

1.1.
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Re(CO),CIC Mn(CO),Brd Re(CO),Bre Re(CO),le Assignment

IQw-pressure hieh-pressure low-pressure high-pressure

phase phase phase phase

~ dv/dp ~ ~ ~ dYl4R ~ ~ ~ ~ ~ dmI»
21S1 0.38 a - 2139 0.139 a - 2156 0.30 2150 0.43 v(Co-'), a,

2090 0.36 a - 2088 0.3~8 a - 2088 0.30 - - v(CO), b,

2073 0.16 2078 0.31 2074 0.171 a - 2073 0.17 2014 0.28 v(CO), e

2031 0.11 2035 0.22 "

1960 -0.01 1961 0.15 1988 -0.061 0.239 1964 0.11 1984 0 v(COU), l,

1954 -0.01 b

1926 -0.11 b - v( IJCOU>,81

289 LIS b - 218 0.102 - 0.239 218 0.20 163 0.34 v(M-X)

•

Table 1.1. Wavenumber, v (cm-a) for the Raman-active v(CO) modes and the v(M..X) mode in M(CO),X, (M =Re, Mn; X =CI, Br, 1)
and their pressure dependence, dv/dp (cm"' kbar"'). • Siope unchanged after phase transition. b Peak too weak to meUUle. cRef. 22.
dRef. 21. eRef. 23.

...w
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The micro-Raman spectra of CH3Re(CO)s and CH~(CO)shave been studied

under pressures up to 40 kbar [21]. The vtbrational data showed that both complexes

undergo a second-order phase transition at -9 kbar for CH)Mn(CO)s and 22 kbar for

CH3Re(CO>S (Fig. 1.S). The pressure dependences of the v(CO) modes show a similar

pattern to those seen for the pentacarbonyl halides~ but the pressure dependences of

the modes appear to increase uPQn replacing an electron-withdrawing halide ligand

with an electron-donating methyl ligand. Prior to the phase transition~ the application

of pressure increases the extent of1t-backbonding preferentially to the axial CO ligancL

but to different extents for the Mn and Re complexes. At higher pressures~ the effect

of pressure on the 1t-backbonding is different for CH3Mn(CO)s and CH3Re(CO)s. The

v(Coeq) modes exhibit a positive shift with an increase in pressure for both complexes.

For CH3Mn(CO)s, the v(COu
) mode shows a negative pressure dependence up ta 9

kbar of -0.82 cm-I kbar- I
. Following the phase transition~ the pressure dependence

becomes positive~ 0.3 cm-1 kbar-1
• The v(COU

) mode of CH3Re(CO)s~ on the other

hand, shows a negative pressure reSPQose over the whole pressure range investigated~

becoming more negative after the phase transition: dv/dp = -0.15 and -0.33 cm- I

kbar-I
. These effects are due to the trans effect of the methyl group. Furthermore, the

application of external pressures preferentially enhances the 1t--effect of the methyl

ligand, in which the M-COu bond length is increased by increasing the population of

the axial carbonyl 1t*-orbitals through interaction with the metal du. and dyz orbitais,

over the a--effect. The a effect weakens the M-COax bond because of the presence of

the inductive methyl group which increases the electron density on the metal atom

through the a-bond. AIl the v(M-COU
) modes exhibited high positive pressure

dependences. These results are summarized in Table 1.2.

High-pressure studies on MzCO IO (M = Re, Mn) [22] and MnReCOlO [23]

present further evidence that the effect of pressure on the axial carbonyl groups is

dependent on the nature of the trans group. In R~COI0~ at the phase transition, which

involves a change in geometry from staggered to eclipsed~ the Raman-active axial
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CH,Mn(CO),b CH,Re(CO),b Assignment

low-Dressure phase Hilh-pressure phase low-pressure phase Dim-pressure phase

Ïa ~ Ïa dv/dp. Y. ~ ï. ~

~ cm"kbar"' ~ cm"khar" mL cm"kbar", më cm''kbar",

2110 0.46 a - 2126 0.44 2135 0.31 Vz. a•• V(COClll)

2050 0.69 2063 0.22 V.z. b.. v(C()'lI)

2036 0.00 2031 0.40 2042 0.24 2041 0.19 "
1915 -0.82 1961 0.30 1955 -0.15 1949 -0.33 v). a•• v(COU)

419 1.09 430 0.51 452 0.85 461 0.44 V1. ait v(MCH)

e

Table 1.2. Pressure dependences of the Raman-active v(CO) and v(M-CH]) modes for CH]M(CO)" (M =Re, Mn). • Indicates no
break in the slope at the phase transition. ~ef. 24.

...
0\
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v(CO) mode drops by 8 cm-l. Concurrently, the veRe-Cu) mode shifts upward by 17

cm-l. These changes imply that on becoming eclipsed the 1t-backbonding from the

rhenium Metal ta the axial carbonyl is sbarply enhanced. No sucb effect is observed

for Mn2COlO or MnReCOlO.

A series of metal tricarbonyl complexes has also been investigated to

determine the effect, if any, of changing the nature of the ancillary ligand on the Metal

and the pressure response of the carbonyl ligands. Tricarbonyl(1l5-

cyclopentadienyl)rbeniumCn, . CpRe(COh [24] and the analogous 115-

pentamethylcyclopentadienyl complex, Cp*Re(COh [25], were studied under applied

pressures up to 40-60 kbar. Both complexes show a phase transition at -9 kbar,

although they are probably of a different nature since they crystallize in different

space groups and the increase in intennolecular splitting is greater for the ..,5_

cyclopentadienyl complex than for the '15-pentamethylcyclopentadienyl one, as seen

from the increased factor group splitting in the former. For CpRe(CO)), two of the

Raman-active e v(CO) stretching modes at 1910 and 1904 cm-l showed negative

pressure responses in the low-pressure phase of -0.16 and -0.45 cm-l kbar-l,

respectively. The third component of the el v(CO) mode at 1935 cm- l was insensitive

to pressure initially, but showed a high positive pressure dependence, 0.39 cm-l kbar­

1, in the high-pressure phase. The pressure insensitivity and negative pressure

dependence point to an increase in 1t-backbonding from the rhenium Metal ta CO, in

the low-pressure phase. The other v(CO) bands displayed positive pressure

dependences. The effect of pressure on the v(CO) modes of (1l5-Cp*)Re(COh was

very similar. Only two components of the el v(CO) mode were clearly visible, the

low frequency band showing a negative shift, dv/dp = -0.22 cm-l kbar-l in the low­

pressure phase but 0.07 cm-I kbar- l in the high-pressure phase. The smaller pressure

shifts for the v(CO) modes for (lls-Cp*)Re(CO») compared to C'1s-Cp)Re(COh are

interesting, because, a priori, it would he expected that the

pentamethylcyclopentadienyl ligand would he capable of transferring greater

electronic charge to the Metal center than does the cyclopentadienyl ligand, thereby

affording increased 1t-backbonding ta the carbonyl ligands under pressure. These
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results imply a limitation to the extent of 7t-backbonding allowed between a metal and

a carbonylligand.

The thiocarbonyl ligand is also a 7t-acid like carbonyl but, because of different

relative energies of the HOMO and LUMO orbitals of the thiocarbonyl ligand

compared to the carbonyl ligand, CS is both a better a-donor and 7t-acceptor ligand.

But like CO, the metal-CS interactions can be perturbed by the application of pressure

and high-pressure studies have been conducted on several thiocarbonyl complexes in

order to probe the bonding interactions and study the influence of the ancillary

ligands. For example, Cr(CO)s(CS), (116-C~)Cr(COh(CS) [26] and

CpMn(COh(CS) [27] have been examined under high-pressure by both Fr-IR. and

Raman spectroscopy. The three complexes showed that the effect of pressure was a

complicated balance between the effect of compression on the intramolecular

distances, which results in a positive shift of all vibrational frequencies. and an

increase in the 1t-backbonding frorn the metal to the carbonyl or thiocarbonyl ligand.

Comparison of the results for Cr(CO)s(CS) and (116-C6~)Cr(COh(CS) indicates that

on replacing three carbonyl ligands with an electron donating ancillary ligand, a

benzene ring, the extent of 1t-backbonding increases to ail the carbonyl and

thiocarbonyl ligands, but that under pressure the increase of 1t-backbonding to the

carbonyls is greater than to the thiocarbonyl ligand (Table 1.3). Initially, the Cr-CS

interactions are stronger than the Cr-CO interactions, but the results again

demonstrate that there is a limii to the amount of electron donation possible through

1t-backbonding. We have recently measured the high-pressure Raman spectra of (116
­

C6HSC02CH3)Cr(COh and (116-C~sC02CH3)Cr(COh(CS) in arder to study the

influence of replacing the benzene ligand with, -C6ÜSC02CH3, which has an electron­

withdrawing character. These results are presented in Chapter 3.

Another 1t-acid ligand is tert-butyl isocyanide (CNBu-t). NMR studies indicate

that CNBu-t is a better a-donor, but poorer 7t-acceptor ligand compared to the

carbonylligand. Pressure-tuning infrared and Raman spectroscopy have been used to

examine the relative 7t-backbonding capabilities of the CO and CNBu-t ligands in

chromium(O) complexes [28]. Two complexes were studied, Cr(CO)s(CNBu-t) and
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6
-C6H6) (116-C6HSC02CH) (116

-C6IISC02CH) Assignment

Cr(CO)2(CSt Cr(CO»)b Cr(C(»2(CS)b
~ d v/dpI ~ d v/dpI v.cm" d v/dp.c v. cm" d v/dp,c

cm" kbar" cm" kbat' cm" kbar" '. kbar"cm

2088tll1 0.18 1962 031 1910 0.03,0.21 1962 0.01,0.11 v(CO)

201"" 0.22 1943 -0.59 1898 0.05,0.19 1912 -0.03, -0.34 v(CO)

2011-- -0.18 1908 0.59 1810 -0.03, -0.01 v(CO)

1989" -0.53 1856 -0.54 1855 0.08, - v(CO)

1289 -0.25 1211 0.85 1205 0.02,0.63 v(CS)

1260 -0.09 1192 0.37 1197 1.12 v(CS)

42r" 0.73 452 0.80 480 0,0.69 452.1 0.017,0.61 v(crCO)

422-- 0.82 474 - ,0.34 v(CtCO)

381 tll1 0.18 v(crCO)

352 0.10 432 0.41 429 0.04,0.3 v(crCS)

636 -0.46,0.33 646 0.11 663 0.04.0.46 a(crCO)

512 0,16 611 0.33 632 0.05, - 640 0.04,0.32 a(crCO)

481 0.21 600 0.12 623 - a(crCO)

340 - 521 0.21 592. -0.55, - a(crCS)

502 0.28 524 -0.16,0.26 3(crCS)

•

Table 1.3. Pressure dependence of selected Raman-active modes. ·Ref. 29. ~ef 30. cA phase transition was observed in the 10 lo 15
kbar range. The pressure dependence is given for the law-presure phase and the high-pressure phase.

...
~
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Figure 1.6. Raman spectra of Cr(CO),(CNBu-t) (a) and Cr(CO)4(CNBu-th (b) al four
different pressures. Reprinteci with permission from H. Li and 1. S. Butler. Inorg.
Cbem. 34 (1995) 1193-1197. Cl995 American Cbemical Society.
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cis-Cr(CO)4(CNBu-t)zy both complexes showing a second-order phase transition at

-Il kbar and -6 kbary respectively (Fig. 1.6). For Cr(CO)s(CNBu-t), the equatorial

v(CO) mode was more pressure sensitive than was the axial v(CO) mode, which was

essentially independent of pressure OOlow the transition pressure. After the phase

changey all three modes (alalt
, alcq and bI) showed a positive pressure shift of about the

same magnitude. v(eN) was more compressible in both the low-pressure and high­

pressure phases as a result of the greater anhannonicity of the CN vibration and the

larger bulk of the ligand itself. The fact that dv/dp [v(CN)] » dv/dp [v(CO)] in the

10w-pres8ure phase provides further evidence that CNBu-t has a lower 1t-acceptor

capability. The results for cis-Cr(CO)4(CNBu-th further demonstrate the geometrical

dependence of the pressure sensitivities of the v(COcq) and v(CO:1X) modes. The CO

groups trans to the CNBu-1 ligands would he expected to exhibit greater 1t­

backbonding effects and therefore have a smaller dv/dp value than do the v(COCQ)

modes. This is exactly what was observed.

The phase behaviour of sorne rnetal-cyano complexes has been studiedy and

the results show that the Metal 1t - CN 1t* interactions are increased under

compression in a similar manner to those for rnetal-carbonyl interactions [29]. For

instance, K[Au(CN)21 is one of the most stable and oost characterized two coordinate

complexes, with discrete, almost linear (N=C-Au-C=NT ions. Phase transitions,

indicated by large discontinuities in the pressure sensitivities of the Raman modes,

were observed at 6.6 and 10.5 kbar. In phase II, between 6.6 and 10.5 kbarythe v(CN)

modes in the 2175-2165 cm-1 region showed very strong negative pressure shifts of ­

3.43, -3.85 and -3.7 cm-I kbar-1
• Before and after the phase transition, these modes

exhibit typical, positive pressure sensitivities. The first-order phase transition at 6.6

kbar leads to a phase in which the 1t-backbonding to the CN ligand has a controlling

influence on the phase behaviour of the complexe

Metal-alkene bonding interactions are have dual character, the two bonding

interactions being synergically related, as for carbonylligands. One particularly well­

known example of metal-alkene coordination is in Zeise's salt, K[Pt(T\2-C2H2)Chl. In

arder for 1t-backdonation of electrons from the platinum to the 7t*-orbital on the
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ethylene to occur, a perpendicular geometry of the ethylene to the PtC!) plane is

required. High-pressure infrared and micra-Raman spectra were recorded for

K[Pt(112-C2H2)Ch], the dimer, [Pt(112-C2H2)Chh, and dichloro(l,5­

cyclooctadiene)platinum(m, Pt(COD)Ch [30]. Under compression the extent of 1t­

backbonding increased, as shown by the negative pressure dependences of the peaks

assigned to the v(C=C) stretching frequencies.

1.4.2 IsomerizatioD and Piezochromism

When extemal pressure is applied, the unit cell volume of the system

decreases and the intermolecular separations are reduced. The consequence of this is

changes in the lanice packing forces, incIuding cation-anion interactions, van der

Waals forces and hydrogen-bonding, which determine the specific configuration of

the molecule or ion. Under pressure, the delicate balance of the competing molecular

forces is disrupted and, if a second configuration of comparable stability exists, solid­

state isomerization can be induced.

Coffer et al. have shown that the green form of [Au9(PPh3)s] [PF6h, which cao

be viewed as a DTh fragment of an icosahedron l, could be transformed to the brown

fOrIn, which has a D4d centered-crown structure 2 [31]. Each form possesses its own

distinct electronic absorption spectrum in the solid state and changes in the spectrum

of the green forro of [AU9(PPh3)s][pF6h showed that, over the pressure range 45-60

kbar, isomerization to the brown form occurred. This piezochromic process was

reversible and was favored by changing cation-cation and cation-anion intermolecular

forces.

Rh2{JJ.-CI)zeCNCsH9)4{JJ.-AuPPh3)hcPF6h (3) exists as two isomers, a red

isomer, in which the two cIuster fragments adopt a trans, eclipsed conformation about

a central Rh-Rh bond, and a green isomer, which has a gauche, staggered

confonnation. Pressure-dependent electronic spectroscopy indicates that the two

isomers become geometrically similar at high pressures, inducing a confonnational

change around the Rh-Rh bond [32].



•

1

23

•

gaucbe

• =CNC.H,
3

P-2

o



•

•

•

24

Piezochromism has been observed in a large number of Cu(ll) complexes~

containing a variety of ligands [33]. For example~ complexes of the type [CuLJX2

[L =N,Ndiethylethylenediamine (dieten), ethylenediamine (en), X =BF41 adopt an

elongated~ tetragonal octahedral configuration with an approximately planar CuN4

arrangement and the anions occupying symmetric sites above and below the CuN4

plane (4). When Lis en, the anions lie perpendicular to the plane passing through the

copper cation. When L is dieten~ the anions lie off this perpendicular. Under

pressure, a molecular rearrangement in [Cu(dietenh)(BF4h occurs, in which a marked

decrease in the anion-molecular plane distance results together with a concomitant

increase in the interaction between the anion and cation [34]. These changes appear

as significant shifts of the bands in the electronic spectrum as the di orbital of copper

interacts with the anion (Fig. 1.7), and changes in the IR. spectr~ which correspond to

a lowering of the symmetry of the tetrahedral anion. At higher pressures, the structure

of the dieten complex becomes more like the low-pressure structure of the en

complexes.

Copper complexes of the type [Cu(dien)(bipyam)]X2.nH20 (dien =

diethylenetriamine, bipyam = 2,2'-dipyridylamine; X = cr, CI04-~ N031 show

continuous transformations from a distorted trigonal-bypyramidal structure to a

regular square- pyramidal conformation under the application of pressure [35].

Again, the electronic and IR. spectra provided evidence for the rearrangement. Other

five-coordinate Cu2+complexes show similar behavior under compression [36].

In the tetrachlorocuprate anion, [CuC4f-, the dihedral angle cao vary such

that geometries from nearly tetrahedral to square planar are possible, simply on

changing the cation. Bray and Drickamer have studied the effect of compression on a

range of X2+[CuC4f- complexes and their electronic spectra [37]. They found that

complexes with a large dihedral angle at ambient pressure, e.g., CS2(CuCI4), tended to

show an increase in dihedral angle under pressure, but a complex with a smaller

dihedral angle, e.g., [(nmpH)2][CuC4] (nmpH = N-methylphenethylammonuim)

showed an increase in dihedral angle. The general result was that, at higher pressures,

there was a much smaller range of dihedral angles for the complexes.
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Figure 1.7. Splitting of the one-elec:tron energy levels of the tf Cu2
+ cation in D41l

synunetry and the pressure dependences of the energies of the dz2 ---+ d.Z-y2 (â), du, dyz
-+ dx2-y2 (0), and dr.y ---+ dK2-y1 (Cl) electronic transitions in polycrystalline
[Cu(dietenh](BF4)2. Reprinted with pennission from K. L. Bray, H. G. Drickamer, E.
A. Schmitt and D. N. Hendrickson, J. Am. Chem. Soc., III (1989) 2849-2856.
©1989 Arnerican chemical Society.
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The interconversion of a metal-dihydride [M-(Hh] to a metal-dihydrogen [M­

(1'\2-H2)] occurs in several complexes in solution and has been demonstrated by tH

NMR spectroscopy [38]. It has recently been shown that the dihydride to dihydrogen

isomerization can be induced under compression at room temperature [39].

[(PP3)CO(H)2]X [pp] = P(C2HaPPhû3] contains NO hydride ligands when co­

crystallized with the BPI4- counterion, but shows the dihydrogen form when PF6- is

the counterion, Scheme 1.1. In solution, the dihydride is the stable fOrDl, regardiess of

anion. The dihydride complex is pale yellow while the dihydrogen complex is red.

Under modest pressures of just 6-10 kbar, the pale yellow dihydride complex

[(PP3)CO(H)2] BPI14 is transformed into the red dihydrogen complex. The

isomerization was seen visually by observing the colour change, in the visible

spectrum (Fig. 1.8), and in the Fr-IR spectrum. A disappearance of the v(CoH)

stretching mode was observed al the transition pressure. Chapter 5 focuses on the

high-pressure dihydride-dihydrogen interconversion in a neutrai rhenium

heptahydride complex, ReH7(dppe) [dppe = l,2-bis(diphenylphosphino)ethane].

H-H

•
Scbeme 1.1•
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Figure 1.8. Compression and decompression visible absorption spectra of
[(PP3)CO(H}2]BP~.
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1.4.3 Binuclear Complexes and Clusters

The metal-metal quadruple bond is typified by the [ReCIs]2- aniony which bas

an eclipsed confonnation of the two ReeL. halvesydespite the resulting steric effects.

The application of high pressures to salts of both [ReBrs]2- and [ReIs]2- causes torsion

from an eclipsed to a staggered conformation [4Oy41,42]. With increasing pressure, a

new band appears in the visible spectrurn, red-shifted from the well-known ô-+ ~*

transition of the eclipsed fonn. The new, low-energy peak is assigned to ô-+ a*
transition of the staggered conformation. The transformation from eclipsed to

staggered results in zero overlap of the dr.y-dxy orbitais. Morris et al. have studied the

electronic and resonance Raman spectra of eclipsed [RezXsf- (X =FyCI, Br)y as well

as the complex M02C~(PMe3)4, whose Dzd-interlocked phosphine-ligand geometry

contributes considerable torsional rigjdity up to 15 kbar [43]. The v(Re2) mode for

[Re2Xsf- in dichloromethane and v(Moz) for Mo2C4(PMe3)4 in cyclohexane showed a

continuous increase in frequency with increasing pressure. The shift in v(Re2) was

dependent on X, with F > Cl > Br. The shortening of the metal-metal bond was

significant in all the complexes. The change in Mo-Mo bond length was intermediate

between the bond length change in the [Re2Cls]2- and [Re2Brs]2- complexes. Although

the PMe3 ligands are larger than the halide ligands, the Dzd-interlocked phosphine

geometry mitigates this effect. The electronic spectra in solution showed a continuous

shift to lower wavenumbers. No new bands were observed as previously reported by

CarroI et al. [40]. The bands did broaden and changes in intensity were noted. A

pressure-induced torsional distortion was thought to occur in ail three rhenium

complexes, although [Re2CIs]2- and [RezBrs]2- had a greater tendency to distort. The

molybdenum complexy on the other handy did not undergo torsional distortiony

presumably due to sterie repulsion of the tertiary phosphine ligands.

The decacarbonyl complexes, Mn2C010 and Re2C010Y have a staggered

conformation in the soUd statey at ambient pressure. Under the application of

pressure, the IR spectra show changes consistent with a change in symmetry from D4d
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Figure 1.9. Raman spectrum of ~(CO)tOal (a) ambient pressure, (b) 16 kbar, and of
ReZ(CO)IO al (c) ambient pressure and (d) 16 khat. Reprinted with permission from D.
M. Adams, P. D. Hatton and A. C. Shaw, J. Phys., Condense Matter, 3 (1991) 6145­
6158. © 1991 American Chemical Society.
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to D4h (Fig. 1.9) [22]. The transition observed at -5 kbar for Re2COlO and -8 kbar for

Mn2COlO is due to torsion about the M-M bond to the eclipsed confonnation.

Pressure-tuning of the electronic states of Mn2COlO and Re2COlO has also been

investigated [44] bU4 since the electronic states have cylindrical symmetry, the phase

transition from the staggered to eclipsed form was not detected. However, a change

in the electronic spectrum was observed because of changes in the intramolecular

distances, which lead to increased overlap of orbitais and stabilization of the bonding

orbitais and a destabilization of the antibonding orbitais. The net result was a shift of

the cr ~ cr* and 7t~ 7t* bands towards higher energies~ increasing to a maximum.

Breaks in the wavenumber vs. pressure plots for the IR modes of MnReCO lO

indicate two phase transitions at -7 and -13 kbar. The low and high-pressure phases

have very similar spectr~ while the middle phase, between 7-13 kbar, has a

significantly different IR spectrum [23]. The v(Mn-Re) mode was particularly

sensitive to the phase transition, disappearing at 7 kbar, and a new band appearing at

.... 10 cm- I lower. At 13 kbar, this band showed a discontinuous shift of +8 cm- I
. These

changes suggest a transition from the staggered conformation to the eclipsed forro at 7

kbar, reverting back to the staggered conformation at pressures above 13 kbar, with a

shortening of the Mn-Re bond distance in the eclipsed conformation. The M(CO)s

units have C4v symmetry in both the staggered and eclipsed confonnations and so the

symmetry of the v(CO) modes are insensitive to the transition.

Dihalotetrakis(pivalaIto)dirhenium(llI) contains a Re-Re quadruple bond. The

electronic absorption spectra and high-pressure IR. spectra in the 1800-700 cm- I

region of Re2(piv)4Ch and Re2(piv),J3r2 (piv = 02CCMe3) for both the crystalline

solids and the complexes dispersed in a polymer matrix were recorded [45]. In the

electronic spectr~ a new band was observed to grow from ambient pressure on the

low-energy side of the Ô --+- ô* excitation (Fig. 1.10). Only above 40 kbar was a

decrease in the Ô~ ô* excitation band noted. In the IR spectra, three new bands were

observed at 1134, 1280 and 1697 cm- I for X =Br and at 1142, 1286 and 1697 cm- I

for X = Cl. Since the results were the same for both the crystalline solids and the



Figure 1.10. Alea of the low-energy peak (norma1jzed to 1 atm) and of the a~ a*
peak in polycrystalline RC1(piv).~ <a> and of R~(piv)4Cb in a PMMA matrix (b).
Reprinted with permission from R. T. Roginski, T. L. Carrait A. Moro%, B. R.
Whittlesey, J. R. Shapley and H. G. Drickamer, Inorg. Chem., 27 (1988) 3701-3709.
© 1988 American Cbemical Society.
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dispersed in polymer, the pressure-induced changes were due to intramolecular

changes, probably heing a change in the coordination of one of the pivalato ligands

from bidentate to monodentate, as sbown in Scbeme 1.2. The new IR band al 1697

cm- l is assigned to the v(CO) VIbration of the ketone. Other complexes bave shawn

similar behaviour upon chemical changes.

Metal clusters, in particular organometallic carbonyl clusters, have been used

as structural models for adsorbed organic species on metal surfaces. Inftared

measurements of molecules adsorbed to metal surfaces bave been used to complement

data from other surface techniques. Pressure-tuning spectroscopy on clusters bas been

useful in the assignment of Vlbrational bands of adsorbed species. CatTer et al. [46]

have studied a series of triosmium clusters with coordinated C2 hydrocarbon ligands

under high pressures up to 96 kbar. They found that for complex 5 the pressure

dependences of the bands foUow the order C-H stretch > C-C stretch > C-H ben~

with ail bands typically shifting to bigher energy. For clusters fi and 7, the order

changed to C-C stretch > C-H stretch > C-H bend, if the sbifts were considered in

terms of percent change. It was also found that the shift of the C-C stretch was

proportional to the frequency of the mode at ambient pressure. A similar high­

pressure IR. study on the a-pyridyl DlOiety in HOS](CO)IO(J,l,Tl2-NCslL) to 70 kbar aIso

showed that the dv/dp values varied as v(CC) > a(CH) [47].

•
s 6 7
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Metal-sulfido clusters are of interest, in particular ~(J13-S)8(PEt3)61l+(M = Fe,

n =2; M =Co, n = l, 0), due to their structural simüarity to clusters present in the

bulk metal sulfides known as Chevrel phases. The structural feature of Chevrel phases

is that they contain MOti clusters, and the origin of superconductivity is the Mo 4d

electrons which are strongly localized in the MOti clusters [48]. Pressure-tuning

spectroscopy bas been used to probe the electronic structure of the metal-sulfido

clusters [49]. The large blue sbifts of the observed peaks were due to intramolecular

effects since the same shifts were observed for Ft%(J.13-S)s(PEt3)62+ dissolved in PMMA

and as the crystalline fonn. Compared to the iron cluster, the cobalt cluster showed a

much smaller pressure dependence, attnbuted to weaker M-M interactions and a more

delocalized ligand character of the frontier orbitais.

1.4.4 Pressure-induc:ed Onler-disorder

Order-disorder transitions involving solids containing CH3 or NH3 groups cao

occur with temperature or pressure and involve molecular internal torsion. A Raman

study of the phase behavior of CH3HgX (X = Cl, Br, n was carried out up to

pressures of 40 kbar [50]. For CH3HgCI, three phase transitions were observed frOID

the Raman measurements at -l.5, 5.9 and again at - 6 kbar. Above 8 kbar there was a

single phase present which was stable up to 40 khar (Fig. l.lla). Three Becke lines

were observed when viewed under a microscope, which confirm the transitions as

fust-order. Becke lines arise from the combination of reflected and refracted light rays

at the junction of two rnaterials whose refractive indices are close in magnitude.

CH3HgBr shows a single transition at 12.5 kbar, seen readily in plots of Raman

wavenumber vs. pressure (Fig. l.llb). Two Becke Iines were observed for CH3HgI,

with the two phase transitions occurring at 5.0 and 11.5 kbar (Fig. 1.11c). In ail three

materials, the increase in pressure causes significant softening of the Ss(CH3) mode.

For the chloride and bromide, in the high-pressure phases, tbis mode hardens with

increasing pressures, while for the iodide the Ss(CH3) mode continues to soften under

pressure. The crystal structure detrmined for CH3HgCI has a tetragonal space
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group, which is incompatIble with the methyl groups and hence they must he

disordered, Le., there is unrestricted rotation about the Hg-C bond. The crystal

structure of CH3HgBr is simiIar but there is a definite departure from Iinearity of the

C-Hg-Br skeletoo. The methyl groups could he ordered or disordered. CH3HgI has a

crystal structure which is different again. The pronounced softening of the as(CH3)

mode indicates that the methyl groups are implicated in the transition. In the high

pressure phases, the SPectral complexity increases, with oew v(CH), S(CH3) and v(Hg­

Cl) bands appearing. These results suggest that, on the transition to phase m of

CH3HgCl, the methyl groups cease to he in essentially free rotation and become fixed.

The methyl groups in dimethyltin ditluoride, (CH3hSnF2, lie along the four-fold

crystal axis and have heen shown to he disordered by NMR and neutron scattering

[51]. A phase transition at low-temperature (70.4 K) involves a change in the

reorientational behavior of the methyl groups. AU the IR and Raman modes harden

under compression [52]. At -40 kbar, the dv/dp values change quite significantly for

the IR-active symmetric and antisymmetric Ô(CH3) modes, becoming essentially zero.

which inclicates that above the transition pressure the motion involved with tbis

vibration is less restricted. A shoulder on the degenerate ôas(CH3 ) mode is resolved

above the transition pressure. At bigher pressures, restricted rotation of the methyl

groups is lirnited and they become ordered, since the interactions between the methyl

groups increase as the molecules are packed closer together.

The (CH3)2TIX (X = Cl, Br, n complexes have been similarly investigated at

high pressures [53]. High-pressure IR. and Raman spectra revealed a phase transition

in aIl three complexes. The tirst transition, which again involves ordering of the

methyl groups, occurred at -15 kbar for the chloride and just below 10 kbar for the

bromide and iodide. A second transition was observed at higher pressures, 25 kbar for

the ch10ride, 27 kbar for the iodide, and 45 kbar for the bromide. This second

transition involves a doubling of the unit cell and bending of the [(CH3hnt ions. The

iodide and bromide a1s0 showed signjficant changes in the lattice region in the second

phase indicating a disruption of the mCl)n layers.
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The NH3 groups in the hexaamminenickel(TI) halides, [Ni(NH3)6]X2 ex =Cl,

Br, n, have considerable rotational freedom al ambient pressure. Several high­

pressure investigations using a variety of methods have detected phase transitions in aIl

three complexes. Electronic spectroscopy indicated a phase transition at - 70 kbar

[54], while a phase transition at 27 K and 5.6 kbar was observed in [Ni(NH3)6]12 by

inelastic neutron scattering [55]. Far-IR. measurements for hexaamminenickel(ll) and

hexaamminecobalt(lll) halides under compression also detected phase transitions,

which involved a lowering of symmetry [56]. No explanation for the nature of these

transitions was proposed.

A more recent high-pressure IR. investigation of the [Ni(NH3)6]X2 ex =CI, Br,

1) complexes were undertaken under hydrostatic conditions to obtain a better

understanding of their phase-transition behavior [57]. In all three compounds, the

vas(NH) and p(NH) modes shifted to higher wavenumbers with increasing pressure,

while the two NB3 bending modes showed negative pressure dependences (Fig. 1.12).

The magnitude of the pressure shift for the as(NH3) mode, -0.75 to -0.9 cm-1 kbar-1
,

was much greater than is usually observed for bending modes under compression,

indicating that tbis mode is strongly coupled to a soft mode. A phase transition,

detected by the splitting of the Vlbrational bands, was observed close to 51 kbar for X

= Cl and Br and 23 kbar for X = I. New bands were noticed, particularly on the high

wavenumber side of the as(NH3) mode, which gained intensity with further increases in

pressure. Less splitting in the iodide complex indicated a higher symmetry in the high­

pressure phase of this complex compared to that for the chloride and bromide

complexes. This splitting of the internai modes of the NH3 group indicates that the

transition involves an ordering of the NB3 groups. A similar effect was observed at

low temperatures, but the low-temperature phase and high-pressure phases are not the

SaIlle.

Ferrocene and other metallocenes exhibit phase transitions with changes in

temperature, generaUy of the order-disorder genre, involving rotational disorder of the

1t-cyclopentadienyl (Cp) ring and/or reorientational mechanisms. For example, at 169

K there is an order-disorder phase change in ferrocene, CP2Fe, followed at 163.9 K by
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Figure 1.12. Infrared spectra at various pressures and the pressure dePendence of
selected IR modes of (a) [Ni(NH3)6]Ch and (h) [Ni(NH3)6]BrZ. * = V3 of N03-.

Reprinted with pennission from D. M. Adams and 1. Haines, J. Phys. Chem., 95
(1991) 7068-7071. ©1991 American Cbemical Society.
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a first-order structural phase change to ferrocene-ll [58]. The initial IR. spectrom of

ferrocene at pressures up to 50 kbar showed a sluggish phase change between 10 and

16.5 kbar [59]. The most dramatic changes were observed for three bands normally

inactive under strict DSh symmetry, but which are permitted in the solid state. These

bands show a continuous increase in intensity with increasing pressures. The infrared

spectrum of [Cp2Fe]PF6 was recorded at various pressures up to 85 kbar [60]. Three

modes in particular showed interesting behavior under pressure (Fig. 1.13). The CH

bend, Vs. displayed a discontinuous change between 4.8 and 5.5 kbar. The CH bend,

V3, split ioto a doublet in the same pressure regime and a band at 1347 cm-l showed a

dramatic increase in intensity between 4.8 and 5.5 kbar, but changed very little above

5.5 kbar. Discontinuities in the pressure shift of the electronic transition bands were

aIso observed below 10 kbar. The dramatic changes in the IR spectra suggest that the

mechanism for this transition involved perhaps orientational order-disorder for the

[Cp2Fet cation. The solid-state IR spectra of ferrocene, CPlFe. nickelocene, Cp2Ni,

and ruthenocene, CP2Ru, exhibit significant changes upon compression to 120 kbar

[61]. The CH bend, Vs, shows a large continuous increase in intensity with pressure,

except for CP2Ru, in which a splitting of the band to a doublet is observed. The

antisymmetric ring breathing mode broadens considerably, as does the CH bend, VIS,

the latter eventually splits into a doublet for Cp2Fe and a triplet for Cp2Ni and CP2Ru

at high pressures. These observations have been explained by considering the result

of increased intermolecular coupling, since there are at least two molecules per unit

cell and there exist several coincidences between the IR and Raman frequencies. If

there is an intennolecular interaction that couples vibrational motions of the two

molecules a vibration, which is normally ooly Raman active, may become dipole

allowed and appear in the IR. As the coupling increases. already dipole-allowed

modes will be affected and increase in intensity. This model was used to explain the

observed changes of the increasing intensity of certain bands and a broadening of

others. New bands observed in the 900-800 cm-1 region at higher pressures are

coincident with nonnally Raman-active modes at ambient pressure. The observed
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Figure 1.13. Portion of the IR spectrum of polycrystalline (CP2Fe]PF6 at four different
pressures. Reprinted from Cbem. Phys. Lett., 143(6) R. T. Roginski, A. Moroz and H.
G. Drickamer, "High Pressure Spectro~opic: Study of Ferroc:enium
Hexafluorophosphate: Pressure-induced Order-disorder Transitions" (1988) 577-579,
with kind permission of Elsevier Science-NL, Sara Burgerhartstraat 25, 1055 KY
Amsterdam, The Netherlands.
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changes for the (CP2Fe]+ cation must then also involve an iDcrease in intennolecular

coupling.

PreSSure-tuniDg of the electronic levels of CP2Fe, [CP2Co]PF6 and CP2Ni

showed that the ligand field parameters, ÂI and Â2, for these metallocenes change with

pressure iD a manDer that iDcreases the magnitude of the splitting between the core

levels between 2 and 8% for a 100 kbar pressure change [62]. Simple ionic

compounds show larger changes of the arder 1 ta 15% in 100 kbar. The Racah

parameter, B, is almost independent of pressure for the meta1locenes, while, for iouic

compounds, B increases by 10-15% under compression up ta 100 kbar. These

differences have been attributed ta the already very large covalent character of the

metallocenes, the pressure not enhancing covalency. On the other band, compression

of ionic compounds increases the d-electron overlap with the ligand orbitais resulting

in a greater d-electron shielding and a decreased electron-electron repulsion.

It appears that under compression, ligands, which nonnally exhibit free

rotation under ambient conditions, become ordered most likely as a result of increased

intermolecular interactions.

1.4.5 Pressure-Tuning of Quasi One-Dimensional Materials

In halogen-bridged mixed-valence complexes of the general composition,

[M4][MX2~]Y4, a Iinear chain fonns with altemating long and short metal-ta­

halogen bonds: -PtB-Br-PtIV-Br--Ptu-Br-~-Br--Ptll.-Br-PtlV-Br:-. A

network of ligands and ions fonns a template to which the metal and X atoms tend to

adjust to a10ng the chain. The choice of L and Y will dramatically influence the

separation between Metal atoms, which appears ta detennine Peierls distortion, p (the

ratio of the short-to-Iong M-X bond lengths) and the charge-density wave (CDW)

state. The Raman-active chain mode, Vit associated with the symmetric M-X

vibration of PtlV and the energy of the bandgap, Eg, increase monotonically as p

decreases. The application of hydrostatic pressure is an ideal method for tuning p. A

combination of absorption and Raman spectroscopies, and diffraction techniques have
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been used to study the stnlcture and CDW state of these linear chain complexes under

applied pressure. These materiaIs are of interest because of their semi-conductor

properties; the cyanoplatinate compounds possess nearly metallic electrical

conductivities. These complexes have aIso aided in the development of the theory of

the one-dimensional state, 1-0 conduction properties, and associated phenomena such

as Peierls distortions and CDW.

A series of complexes of the type M(A)X3 [M = Pd, Pt; A = (NH3h,

(C2HsNH2)4, en, and X = Cl, Br, Il has been studied onder compression over a wide

range of pressures up to -150 kbar [63]. Conductivity measurements under pressure

showed an increase in conductivity, for ail the different types of complex. The rate of

increase, and a leveling off of the conductivity al higher pressures, was shown to he

dependent on the Metal, ligands and halide present. X-ray diffraction studies indicated

that compression in the chain direction was occurring, increasing orbital overlap in

the chain direction [62].

Spectral measurements revealed a red shift of the inter-valence, charge­

transfer (!Ver) band for the mixed valence complex

[pt(enh][Pt(enhBr21(S04h·6H20 with increasing pressure [64]. These results

indicate a decrease in the energy gap in the mixed valence Pt(ll) and Pt(lV) states,

leading to a system with essentiaIly Pt(Dl) and the bromide lying al the midpoint of

the platinum centers.

The Raman-active VI chain modes for the complexes

[pt(enh][Pt(enhCI21(CI04) [65] and Pt(Br)6(NH3)4 [66] have negative pressure shifts

with initial increases in pressure. These shifts are consistent with the template effect

and a preferential shortening of the long, weaker Pt(ll)-X bonds. For the ethyldiamine

complex [65], a continuous shift of the VI Pt-Cl stretch was observed to 30 kbar, at

which pressure a shoulder on the high wavenumber side of the band appeared (Fig.

1.14). This shoulder steadily gained intensity with further increases in pressure, al the

expense of the original band. The original phase was found to coexist with the new

high-pressure phase up to al least 60 kbar, the maximum pressure attained. The new

high-pressure phase was not identified. For the amine complex, three pressure
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Figure 1.14. Raman spectra of the Pt-Cl stretch mode of [Pt(enh][Pt(en)1~](C10.).

at various pressures. Reprinted with permission from N. Kurod~ M. Sakai, Y. Nishina
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Reprinted witb pennission from G. S. 1Canner, J. Tinta GammeL S. P. Love, S. R.
Johnson, B. Scott and B. 1. SWlDSOn, Phys. Rev. B, 50 (1994) 18682-18685.



•

•

•

47

domains were observed from ambient pressure to 9S kbar (Fig. 1.IS) [66]. From 1

bar to 30 kbar, VI decreased in frequency. Between 30 and 40 kbar, the slope was

essentially zero as each bromide was DOW mid-point between the platinum atoms,

these becoming equivalent. At even higher pressures, the sign of the slope changed

such that, above 80 kbar, VI exceeded the ambient pressure value. This result could

be because at shorter distances there is a repulsian between the Pt and axial Br leading

to a bending of the chains to afford a more zigzag structure, at high pressures. A

positive shift of the VI mode is observed in 3-D soIids, in the absence of a phase

transition.

High pressure absorption, luminescence and Raman spectroscopie studies of

Wolframs' red salt, [Pt(en)4][Pt(enhC41(Cl·H10)4 (en =ethylamine) [67] up ta 34

kbar showed a similar response to compression. A rapid decrease of the energy gap

below 20 kbar was explained by the increase in d(P("-Cl) as d~-Cl) decreases with

increasing pressures.

A more extensive study of the pressure dependence of the electronic sPectra of

quasi I-D semiconductors of the type K..[Ptl(P20sH~.J{]·3H20,X =Cl, Br, (Pt2X),

has been made by Stroud et al. [68]. The electronic spectnlm of these complexes

includes bands attributable to the reduced complex, [BU4N]4[Pt2(P20SH2)4] (Ptv, to

the oxidized complex, L[Pt2(P20sHû~21'2H20 (Pt2C1Û, and an intense IVer band­

The IVCT band corresponds to da* ~ da* electron transfer along the chain axis from

a Pt2 dimer ta an adjacent Pt2Xl dimer (Fig. 1.16(a». For PtzC1, the IVer band is

located at 18,600 cm-l, while in the more delocalized Pt2Br complex, it is found al

lower energy at 16,100 cm- I
. As the pressure is increased, the IVer band shifts ta

lower energy leveling off al -40 kbar for bath Ptzel and Pt2Br. The decrease was of

the order of -75 and -100 cm-1 kbar-I
, respectively. These changes are consistent with

a continuous change towards a more symmetric structure, with the halogen located

equidistant between adjacent Pt2 dimers, leading to a decrease in the energy difference

of da* on adjacent Pt2 dimers. Other spectral changes indicated a destabilizalion of

the dcs* and pa levels thraugh increased orbital overlap and d1p mixing, and a
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destabilization of the dx~-y2 level at high pressure through iocreased ligand field

interactions (Fig. 1.16b).

The effect of pressure 00 the cr --+ 0'* (vo =14.7 x 103 cm-1
) and Tt~ 0'* (vo =

20.8 x le3 cm-1
) metal-Metal charge transfer bands in the visible spectrum

Of[Pt2(NH3)4(CsHsNOhh(N03)S (8) dispersed in a polystyrenesulfonic acid (PSSA)

medium were measured up to 134 kbar [69]. Other platinum blue tetramers of this

type have been synthesized and characterized from which a correlation between the

average Pt4 chain length and the location of the two absorption bands in the visible

absorption spectrum was noted, the higher energy band showing a more significant

shift with varying chain length. Pressure-tuning of the complex

[Pt2(NH3)4(CsHsNOhhCN03)s revealed a dramatic blue-shift of both the bands with

increasing pressure: 1690 cm-1 and 2020 cm-1 for the 14.7 x 103 cm-1 and 20.8 x 103

cm-1 bands, respectively, over 120 kbar (Fig. 1.17). These results corroborate an

electronic model proposed for these complexes and confirm that the change in Pt-Pt

distance determines the shift of the absorption bands. A pressure-induced

disproportionation, as seen for the tetrarner in aqueous media, was observed in the

polymerie medium; a significant decrease in the area of the 14.7 x 103 cm-l band and

a concomitant increase of the 20.8 x 103 cm-1 band with increasing pressure was

observed. From calculations, the cr~ cr* transition (14.7 x 103 cm-1
) originates from

an orbital whieh involves a net bonding interaction between the inner two platinum

atoms and two antibonding interactions between the two sets of outer platinum atoms.

The 1t~ cr* transition, (20.8 x 103 em-1
) however, involves excitation from an orbital

of two separate weak 1t interactions between the outer and inner Pt-atoms and an

essentially non-bonding interaction between the inner Pt-atoms.

Earlier work on the partially oxidized tetracyanoplatinates, e.g.

K2(Pt(CN)4]Bro.3·3H20, showed the increasing conductivity parallel to the chain axis

with increasing pressures, and a concomitant decrease in the Pt-Pt distance along the

chain [70,71,72]. Magnus' green salt, [Pt(NH3)4][PtCLa], and related complexes,

contain planar [Pt(NH3)4f+ and [PtC4]2- units which stack in colurons in the crystal

forming Metal chains. The solid-state properties of these materials, e.g., anisotropic
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conductivity7 are due to the direct interaction between the metal atoms. Electrical7

spectral and X-ray diffraction measurements carried out at pressures up to -17 kbar

[73] show a continuous change in the lanice parameters and conductivities. The rate

of change was dependent on the metal and the initial metal-metal distance in the

chain.

Various metal-glyoxime complexes aIso stack to fonn one-dimensional

systems with the associated optical and electrical properties. A sharp absorption band

observed in the crystaIline state has been assigned to the optical nd ~ (0+ l)p

interbond transition. This transition is intensified in the crystal by borrowing intensity

from a metal-to-ligand charge-transfer excitation. A large7 red shift of this band7

-6xl0-3 cm-lover LOO kbar7 and considerable broadening was observed [74]. This

shift was originally ascribed to an electrostatic interaction. A rapid decrease in the

electricaI resistance of these complexes under pressure and the red shift of the

absorption band7 suggested a decreasing band-gap between the filled ndz2 valence

band and (n + 1)pz conduction band7as the inter-chain metal-rnetal distance decreased

[75]. Resistance minim~ as observed for many of the quasi I-D complexes, are the

consequence of a pressure-induced metai ~ ligand electron transfer. High-pressure

IR spectroscopy [76] showed a negative pressure shift of one v(CN) mode, with a

second v(CN) mode disappearing over 17 kbar. A negative pressure shift of the

v(CN) mode indicates an increase in 7t-backbonding from the metaI into a 7t*-orbital

of CN. A more recent high-pressure absorption study of Ni, Pd and Pt glyoximes

confirmed the shift to lower energy with increasing pressure of the nd ~ (n+ l)p

interband transition [77]. For the Ni and Pd glyoximes7 the shift tended to level at

higher pressure, but for the Pt complex a reversai of the shift7 at sufficiently high

pressures, was observed. The initiai resPQnse to pressure is to further stabilize the

excited state, (n + 1)P7 in the order Pt > Pd > Ni, due to the greater spatial extent of

orbitals with larger n-values. At sufficiently high pressures, the overlap repulsion of

the Pt p orbitais results in the observed blue shift. Intensity borrowing was thought to

be the major cause of the dramatic changes in the peak intensities with increasing

pressure.
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1.4.60thers

In the previous section, the pressure-tuning of the charge-transfer bands, or

more specifically, the IVCT band, of the quasi one-dimensional platinum complexes

and related complexes, was discussed. The effect of pressure on the charge-transfer

band or intervalence-transfer (If) band, corresponding to an inter-ionic electron

transfer, has also been studied. A series of 1',1'" -disubstituted biferrocenium cations

with severa! different substituents and counterions was examined at pressures up to

-150 kbar [78]. The rates of electron transfer varied from relatively valence trapped

for complex 9, to complex 10, which is valence detrapped. The influence of the anion

cao influence the rate of electron transfer, as cao temperature. Complex Il becomes

valence detrapped al high enough temperatures. Three different types of pressure

dependences of the energy of the rr band were seen, which reflected the different

arrangement of the anions and cations with respect to one another; altemating anions

and cations, cations located in the interlamellar region of c1ays and segregated cation

stacks, in which each cation stack is surround by four stacks of anions. An initial blue

shift of the lT band for complexes of altemating and intercalated cation structures

results from enhanced intermolecular interactions under compression. At high

pressures, a red shift of the rr band dominated in the complexes with altemating

stacks, due to increased intramolecular interactions and a reduction in the vibronic

coupling in the mixed-valence cation. For the salts with segregated cation stacks, a

red shift was observed over the whole pressure range. Similar results were found for

the IT bands of the bis(fulvalene)diiron monocation, in various media [crystallattice,

poly(methyl methacrylate) and a zeolite] [79]. The initial blue shift of the charge­

transfer bands arose from increased intramolecular interactions and the increase in the

energy separation of the bonding ground state and the antibonding excited states of

the IT transition with increasing pressure. At higher pressures, but to varYing degrees

in the different media, intermolecular effects becorne dominant.
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The charge-transfer salt, (CP2Cotr, shows a different response to pressure

when in solution and dispersed in solid media [80]. The X-ray crystal structure

indicates contact ion pairs for (Cp2ColT. In dichloromethane, a blue shift of the

charge-transfer band was observed while, in three polymeric media, red shifts of the

CT bands were observed. A blue shift can he accounted for as a result of increased

intermolecular and inter-ionic interactions through compression. The red shift of the

bands in polymeric media is in contrast to the blue shift observed for [Cp2Co]+PF6­

[62].

Although not recorded with a DAC, the charge-transfer band of the ion pair,

[Fe(CN)6]4-·DMV (DMV = dimethyl viologen), showed a red shift of -1700 cm-lover

a 10-kbar pressure range [SI l, in accord with a vibronic coupling model used to

describe mixed-valence compounds.

The use of luminescent tf transition metal complexes are of current interest as

photosensitizers in a number of areas. For luminescent complexes of the general

formula, fac-[SRe(CO)3Lt, the triplet excited state can he influenced by the ligands,

solvent environment, temperature, and pressure effects. The pressure dependence of

the eroissions from sorne Re(U complexes, fac-[(py)Re(COh(phen)]CF3S03 and fac­

[(QPVP)Re(COh(phen)]CF3S03 [82], and [Re(phenh(pYht and [Re(phenht [83]

has been determined. The luminescence characters arise from MLCT [Re ~ 1t*

phen] phosphorescence at room temperature, the excited state being a triplet state.

The emission peak maximum and relative intensity of the different Rem samples [81]

were shown to decrease with increasing pressures up to 70 kbar, the sample dissolved

in the polymer PVP (4-vinylpyridine) showing greater pressure sensitivity than did the

same complex dissolved in the polymer PAA [paly (arylic acid)] (Fig 1.18). The

increased polarizability of the excited state results in a decrease in the energy of the

transition, the difference in the polarizability of the medium influencing the decrease.

Thus, the lower polarizability of the POlymer substrate resulted in a reduced pressure

sensitivity of the emission. The close correlation between the change in peak energy

and intensity with pressure was explained using the energy gap law, which shows a

linear relation between InKnn the non-radioactive decay rate constant, and Eem, the
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emission energy. As Knr increases with pressure, lem, the luminescence intensity, will

decrease as Eem decreases.

In the biological field, the complexation of bio-ligands to a metal and the

subsequent change in the vibrational spectrum have provided important information

about the nature of the bonding involved, particularly in biological molecules where

several potential Iigating sites exist. High-pressure infrared studies up to 30 kbar of a

thiamine enzyme intermediate HBT (2-(a-hydroxybenzyl)thiamine chloride) and a

mercUl-y(m complex, Hg(HBnCh (12), revealed that the S-confonnation of the

thiamine enzyme was retained under complexation, its rigidity most Iikely due to

hydrogen bonding interactions [84]. The v(OH) mode at 3577 cm-1 in the

uncomplexed form showed a negative pressure shift, -0.39 cm-1 kbar-1 (Fig. 1.19),

indicative of an increased hydrogen bonding interaction under pressure.

Pressure-tuning IR and solution Raman studies of 17J3-estradiol [85] have

aided in the assignment of its vibrational spectrum. Furthennore, pressure-tuning

studies revealed hydrogen bonding in 17a-ethynyl-estradiol, which is disrupted upon

complexation of an a-[Cr(CO)3] fragment on the arene A-ring. The effects of

substitution appeared, however, to be localized to the ring of substitution, most Iikely

because of the ridged nature of the estradiol backbone.

A high-pressure resonance Raman study of the metalloprotein azurin, a blue

copper protein, showed that the structure of the protein was essentially independent of

pressure up to 36 kbar (86]. The very small shifts of the bands in the 600-100 cm- l

region, assigned to the Cu-protein interactions indicated four significant Cu-ligand

bonds. Above 36 kbar, a graduai decomposition of the protein occurred, when

exposed to laser Iight. Without exposure to Iight, the pressure-incuded changes were

reversible up to 70 kbar.

Pressure-tuning spectroscopy has been widely used in the study of hydrogen­

bonding interactions in a large number of organic and ionie eompounds. A negative

pressure shift of the hydrogenie streternng frequeney is observed as weak-medium

hydrogen-bonding increases in strength with inereasing pressure [87]. The results

from a recent high-pressure Fr-IR study on Magnus' green salt, [Pt(NH3)4][PtC14],
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and two derivatives, [Pt(ND3)4][PtC4] (MGS-D) and [Pt(NH3)4][PtBr4] (MGS-Br),

are presented in Chapter 4. They indicate that weak hydrogen-bonds of the type N­

H...CI are present in MGS at ambient pressure.

The presence of a hydrogen-bonded hydroxide ion in hydroxyapatites has been

a controversial subject for many years. In calcium hydroxyapatite, CalO(P0d6(0H)2,

or HAP, the 0 ...0 distance between two 011 ions in adjacent reticular planes is too

large (3.44 Â) for hydrogen bond formation, but the 0 ...0 distance between hydroxide

and phosphate oxygens is 3.068 Â. However, hydrogen bonding between negatively

charged species is expected to he very weak. The low v(OH) frequency in HAP

compared to Ca(OHh (3644 cm-I), Mg(OH)2 (3700 cm-I) and a low-pressure phase of

Li(0H)2 (3676 cm-I), for example, was used to argue that hydrogen bonding was in

fact present in HAP. A recent high pressure vibrational study on HAP and the

analogous calcium fluoroapatite, CalO(p04)~2, of FAP, concluded that hydrogen

bonding does not accur, or is very weak, in HAP [88]. The pressure-induced shift of

the internal vibrations of FAP were continuous up to 30 kbar, indicating the absence

of any pressure-induced structural transition. For HAP, a distinct break in the

v(cm-I) vs. P(kbar) plots at -20 kbar (IR and Raman) suggested the occurrence of a

structural change at this pressure. The dv/dp values for all modes in HAP were

positive, before and after the phase transition, with the exception of the OH librational

mode, for which dv/dp = -0.15 and -0.02 cm-I kbar-I, below and above 20 kbar,

respectively. This negative pressure shift of the OH librational mode is due to the

rotational motion of the OH groups in apatites, the barrier ta motion decreasing with

increasing pressure.

A novel route to the formation of endohedral fullerenes has been proposed

which involves insertion of an atom into the vacant cavity of the Cio fullerene via

formation of a temporary hole within the fullerene cage while the sample is subjected ta

high temperatures and pressures. This approach has already proved successful for

3He@C60. as weIl as Ne, Ar, Kr and even Xe. To allow insertion of a larger metal atom,

however, a larger hole must f"rrst be eut in the Cio framework. Rubin and co-workers

have recently succeeded in producing a 15-membered hole by the consecutive triple
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scission of a six-membered ring on the Cio surface via consecutive pericyclic reactions

[89] (13). Subsequent oxidative cobalt insertion affords the Co(III) organometallic

complex CpCo(4JL) (Cp =lls-CsHs) (14), in which an ethylene bridge acts as a ,,1­
handle to the metal, Scheme 1.3. Wc felt that it would he interesting to ascenain

whether, upon application of sufficient extemal pressures to CpCo(CMfL), the cobalt

atom might he encouraged to slip inside the fullerene cage through an Il-membered

ring. The results of the high-pressure study are presented in Chapter 6.

• 13

CpCo(CO)2
•

xytene. reflux

14

•

Ring rotation of a different kind was recently identified in the coordination

compounds PI4M (M =Si, Ge, Sn, Pb) [90]. A phase transiton. staning at -15 kbar,

resulted in a curved response i.e., curved wavenumber vs. pressure plots, for many of

the observed vibrational modes. The comPOunds have S4 symmetry at ambient

pressure, with the phenyl rings orientaled as in a helicopter propeller. As pressure is

applied above 15 kbar. the phenyl rings ratale continuously through ail angles, about

the M-C bond. Tbese results parallel thase for the free PPb3 ligand. where in the
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ambient pressure fonn the three phenyl rings are orientated differently. Under

pressure, changes in the vibrational mode frequencies are graduai and continuous,

suggesting a rotation of the phenyl rings through ail angles, resulting in a helical

arrangement of the phenyl rings at 50 kbar [91].

1.5 Concluding Remarks

This review, aIthough not exhaustive, covers much of the literature on

pressure-tuning spectroscopie studies during the last 15 years. Although the review

was limited to spectroscopie techniques (IR, Raman and absorption spectroscopy), it

reflects the wide range of coordination compounds studied and the subsequent

diversity of the results obtained. Following Chapter 2, in which the theory of

pressure-induced vibrationaI shifts and those of electronie transitions is considered in

more detail, Chapter 3 describes the high-pressure Raman study of two complexes

CTl6_C6HsC02CH3)Cr(COh and C..,6_C6HsC02CH3)CrCCOhCCS). As discussed in

Chapter 1, Section 1.4.1, under compression, the amount of 1t-backbonding Conn a

metal to CO or CS ligand can he changed. This study was made to further consider

the effect of the aneillary ligand, the arene ring, on the extent of 1t-backbonding.
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Cbapter2

Theo" and Emeriment

2.1 Vibrational Spectroscopy

2.1.1 The Effect of Pressure on Vibrations in SoUcis [1]

High-pressure infrared and Raman experiments involve the monitoring of the

effects, at a molecular level. of changes in the intra- and intermolecular distances that

are produced by pressure. The most noticeable effect is pressure-induced frequency

shifts. In a completely harmonie approximation, where the force constant operating

between two masses is truly a constant and independent of the distance between the

masses, the application of pressure would cause no observed frequency shift at all.

Therefore, the study of pressure-induced frequency shifts can he considered to he the

study of the anharmonicity of atomic and/or molecular interactions.

The frequency, bandshape and intensity of a normal mode of vibration is

govemed by the masses of the moving nuclei, the magnitudes of the restoring forces as

they are displaced along the normal coordinate, the distonion of the electron cloucls

that accompany the nuclear displacement. and the anharmonic coupling to other

vibrational modes. Under compression, the equihbrium spacing between the nuclei

changes, which distorts the electron cloud and the restoring forces, while the nuclear

masses are not affected. Isotopie substitution experiments. in which the mass changes

but everything else remains unaltered, are the complement to the pressure experiment.

The frequency shifts caused by the application of modest, hydrostatic pressures

do not usually significantly affect the fonn of the nonnaI coordinate. As the nature of

the vibration is not changed and the mass remains the same, then it is ooly the force

constant change that causes the frequency shift. Many studies focus on the change in

effective force constant that comes from the change in intemuclear spacing coupled

with the anharmonic nature of interatomic, and inter- and intramolecular interactions.
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It has been shown that, for both internaI and external modes of vibration, the pressure­

induced frequency shifts foRow directIy from the anbarmonicity of the bonds coupied

with the changes in intemuclear spacing caused by the pressure.

The general effect cao he seen in terms of an equihbrium spacing, Te, that

results from the balance hetween one composite attractive potential, VA, and one

composite repulsive potential, VR, wbich cao he adequately descnbed by

VA = -A - BCrt' +x)-D (2.1)

and

~=C+D~+~~ ~~

for sufficiently small deviations, x, from the equihbrium spacing. The total potentiai

energy, V, is

(2.3)

(2.4)

(2.5)

At equilibrium,

(av) -0
ax %=0 -

It is the force constant d2Vldi and its dependence on small displacements, x, from the

equilibrium position that are of interest. When x is zero, this gives the equilibrium

force constant, ko, and a general expression for d2Vldè written in terms of ko:

~~ =ko[1-(n+m+3)~J

This gives a completely general statement about the anharmonicity close to equilibrium

in a force constant that comes from a potentiai fonction that cao he adequately

described as the sum of attractive and repulsive contributions. When this expression is

expressed as the percent change in force constant in terms of the percent change in

distance,

the anharmonicity of the force constant is clear. If n = 6 and m = 12, as in the

Leonard-Jones potential fonction, and x = O.OIre, Le., a 1% deviation from rt',

•

Ale
-xIOO =-IOO(n+m+3)x/
k /~a

Ale
-xl00 = -(6+12+3) = -21%
ka

(2.6)

(2.7)
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Thus~ the initial rate of change of force constant for a Leonard-Jones potential function

cao he expressed as -21% for a 1% change in spacing. For strong covalent bonds, an

anharmonicity of -6% for a 1% change in lanice spacing bas been calculated and

determined by experiment.

These results indicate that weak interactions are more anharmonic than are

strong chemical bonds. However, even the strongest bonds, whether in small

molecules or in hard crystals, still show an anharmonicity of about -6% per 1% change

in spacing. This general statement for bond stretching VIbrations cao he extended to

bending VIbrations and both internal and extemal vibrational modes. The order of

frequency shifts with pressure is 1-3 cm-1 kbar-1 for extemal modes. For internai bond

stretching modes the range is 0.3-1 cm-1 kbar-I
• Bond-bending modes are less affected

and are of the order of 0.1-0.3 cm-1 kbar-1
• Any deviations from these values usually

arise because of the particular nature of the bonding interactions~ e.g. 7t-backbonding

interactions in organometallic complexes~ or intra- and inter-molecular interactions~

e.g., in hydrogen-bonding.

The volume dependence of a VIorational frequency is contained in the

Grüneisen parameter [2,3]. For a Vlbrational mode of frequency Vi, as a function of

volume V, occupied by the unit mass of a crystal~ the corresponding Griineisen

parameter Yi, cao he written as

- Vdv . -d(lnv;}Y' = 1 _ -~----.;.~

1 vidv d(In v)

This relation can he more conveniently written as

1 dln Vi
Yi=

les dp .

where les is the isotherma1 compressibility of the crystal

(2.8)

(2.9)

(2.10)

•
Values of Yi for IR and Raman bands ofmolecular crystals are typically 0.03 to 3.
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2.1.2 The efl'ect of pressure on electronie transitions [4]

The initial effect of compression is to stabilize a bonding orbital relative to its

antibonding combination, for a given molecular bond. For a transition from the

bonding ta the anubonding orbital, the energy of the transition increases (blue sbift) as

the pressure increases. However, in this simple model, the intermolecular interactions

experienced by the molecules in the crystal lattice or in solution are not taken into

account. The primary intermolecular interaction, for larger molecular ions, is an

attractive van der Waals force, which cao be expressed as:

E - -(al Œz/ R~ (2.11)

where R is the distance between the interacting species, al is the polarizability of the

molecule or bond, and a2 is the polarizability of the medium as seen by the electron

cloud of the molecule. In general, although not always, the molecule is more

polarizable when the electron is in the antibonding orbital since it is less tightly hound

when in the excited state. The contribution of the intennolecular interaction ta the

pressure shift of an electronic transition is a red-shift, i.e. ta lower energy. Many of

the examples of pressure-tuning electronic absorption gpectroscopy reveal the different

degrees of balance between the intramolecular and intermolecular forces.

2.1.3 Phase transitions

It is particularly interesting when the application of pressure induces a phase

transition from one crystalline fonn to another. Phase transitions cao be first-order or

second-order. The Gibbs free energy, G, is defined for a given mass of rnaterial by

G=U -TS +PV (2.12)

For two phases to he in thermodynamic equilibrium at a particular pressure and

temperature, the Gibbs free energy must he the same for the material in either phase.

A transition is referred to as 6first-order' if the mst derivative of the free energy is

discontinuous at the phase change, e.g., if there is a volume discontinuity, then tbis

indicates a fust-arder transition because V = (aG/8P)T. However, if there is no
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discontinuity in the fust derivative of G~ but there is a discontinuity in the second

derivative, then the transition is tenned 6second-order' or continuous. Thus, if the

volume changes continuously, but the compressibility shows a discontinuity, then this

is a second-order transition and K = -(IN)(ôV/ôPh =-(1N)(ô2G/ô2P). Plots of

frequency vs. pressure reveal discontinuities in the slope of the graph at the pressure

where a phase transition occurs.

Vibrational soft modes are often associated with a phase transition. A soft

mode is a vibrational mode~ the frequency of which goes to zero as the temperature or

pressure approaches the phase transition temperature or pressure. Structural phase

transitions are generally accompanied by crystal distortions or displacements of ions

and molecules, the Mean value of such a displacement corresPOnding to an order

parameter.

2.1.4 Bandshape and intensities as a fonction of pressure

There is no single straightforward hypothesis which can he used to treat

intensity and bandshape changes as a function of pressure in the way that the

frequencies were treated in terms of bond anharmonicities. For a given vibration, that

is both the IR and Raman active~ the frequency shift with pressure will he the same.

However, the band shape can he quite different and changes in a different way.

Intensities are complementary, but both may increase, decrease, or change in opposite

senses on the application of pressure. In most cases~ any bandshape or intensity

changes observed are small. Any significant changes are generally associated with a

phase change, Fermi resonance, soft modes~ hindered rotations, or, uni-axial pressure,

for example.

2.1.S Experimental Procedure

AIl the high pressure experiments reported in this thesis were perfonned using

a diamond-anvil cell from High Pressure Optics, Tucson, Arizon~ which was
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equipped with two type lIa diamonds. The sample was held within a centrally drilled

300-JlIll hole of a 260-J.Ull thick stainless-steel gasket. The gasket was heId in place

over one diamond anvil using plasticine. With the second diamond in place, pressure

was applied by simply turning the screw by band (Fig. 2.1).

The Fr-Raman spectra were recorded on a Bruker IFS-88 sPeCtrometer

equipped with a Bruker FRA-I06 Raman attachment coupled to Nikon Optiphot-2

microscope, with a 4x long-range objective to focus laser illumination and to collect

the backscattered radiation. A NIR Nd3+:YAG laser at 1064.1 nm was employed.

Typical laser powers were of the order of 50-250 mW. The infrared spectra were

measured on a Bruker IFS-48 spectrometer equipped with an A-590 microscope (15x

objective), a Sony colour video system and a liquid nitrogen-cooled Mer detector.

The antisymmetric v(NO) mode of the Nol- ion of NaN03 in a NaBr matrix

(0.2-0.4%) was used as the internai pressure calibrant for the Fr-IR. studies [5].

Pressure calibration in the Fr-Raman spectra was by-way-of the diamond t2g phonon

line, at 1332.4 cm-1 at ambient pressure [6]. Further details regarding the methods of

pressure calibration cao he found in Chapter 1, Section 1.3. For the pressure

calibration in the IR and Fr-Raman, errors of ± 1.2 kbar and ± 2 kbar, respectively,

are estimated.

Spectral manipulations were made using the Bruker oPUS~ software. Peak­

fit routines using the Levenberg-Marquardt iteration technique were used determine

accurate peak positions, particularly for overlapping peaks. Linear least-squares

analyses were used to determine the pressure dependence, dv/dp. Values for dv/dp

are quoted to 2 significant figures when the correlation coefficient, i, > 0.95. When

0.8 < r> 0.95, values for dv/dp are quoted to 1 significant figure. If i < 0.80, values

for dv/dp are quoted only if there are 10 or more data points.



Figure 2.1. The FT-IR micmscope lIId cti'mond-aDW œIL

•
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2.2 Powder X·ray Diffraction

2.2.1 The Bragg Law

X-rays have a high penetrating power that is ideal for studying solids. A

regular array of atoms is analogous to an optical experiment involving a diffraction

grating. A grating has a series of parallel Hnes. evenly spaced. which reflect the

incident beam resulting in a cooperative effect, with the interference patterns for each

pair of lines adding together to give an extended series of minima and maxima. A

two-dimensional grating will give a more complicated pattern, from which the

spacing between the two planes cao he derived. The crystal is a three-dimensional

lattice and thus produces an even more complicated pattern, but this cao he simplified

by considering the reflecting planes in the crystal. Many descriptions of x-ray

diffraction can be found in the literature, see for example reference [7].

d

Scheme 2.1. The Bragg Law for parallel planes.

In a 2-D array of atoms, as in Scheme 2.1, the incident beam is reflected,

partly from the top row and partly from the second. For constructive interference to

oceur, the path difference must he a multiple of the wavelength of the incident beam,

as expressed by Bragg's Law

•
nÂ. = 2d sina (2.13)



•

•

•

75

where d is the distance between the planes, Â. is the wavelength in À of the incident

beam and n is an integral. The diagram shows only two scattering planes, but implicit

here is the presence of many sets of parallel identical planes, each of which is

separated form its adjacent neighbour by the spacing d. The locations of the planes

are defined by a periodic function whose '4wavelength" is related to the dimensions of

the unit ceU and the orientation of the plane, hkl, the Bragg law defining the

conditions for constructive interference. The pattern produced depends on the

orientation of the crystal with respect to the incident beam but, by changing the

orientation, it should he possible to observe all the reflections in tum. Single crystals

do not contain just one type of atom, and each atom will have a repeating pattern in

the lattice, giving rise to the same set of reflections al the same angle. But because

the patterns for various types of atoms do not coincide exactly, the diffracted beams

are not in phase. The total intensity of the reflection depends on how far apart the

various lattices are, i.e., on the positions of the atoms in the lattiee.

In a powder, there are many small crystals, randomly orientated, each capable

of diffracting in the normal way. Thus, there can he many refleetions. Each plane, at

angle 8 to the beam, produces a diffracted beam lying on a cone of half-angle 28. In

prineiple, each set of (hkl) lines will give rise ta a diffraction cone. The angle 9 can

be measured from the location of the diffraction intensity and, if the value of (hkl) is

known, the value of dh/d can he deduced from the Bragg reflection:
• .,.,., 2 ., ., h

(2smSn..) =h-a* -+ /éb* + l-c*- + 2hka*·b* + 2 la*-e* + 2hIb*-e* (2.14)

Sirnilarly, the position of the reflections can be used ta obtain accurate celI

dimensions. However, there is a loss of information as each reflection is now

described by only one angle and intensity. Reflections may he superimposed or at

least unresolved and so indexing can he mostly trial and error.

As weil as the collection and interpretation of high-pressure X-ray diffraction

patterns for a wide variety of materials, a large part of the researeh focuses on the

development and improvement of the techniques and data processing. Structure

determination of low-symmetry materials cao he problematic because of Many
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overlapping bands, wbicb can lead to ambiguous indexing scbemes or spacegroup

determinatioDS. The presence of variable atomic coordinates aIso creates a degree of

structural ambiguity. Another commonly occurring problem in high-pressure

diffraction studies is that of preferred orientation, a consequence of the extreme

conditions.

One development has been the collection of full 2-D Debye-Scherrer (DS)

patterns [8] on an appropriate area detector. sucb as an image plate. Integration of the

complete 2-D diffraction pattern, i.e.• the intensities for every point of the same 29 are

averaged to yield the conventional 1-0 diffraction pattern, improves the signal/noise

ratio of the integrated profile and enhaoces the accuracy of the peak intensities. The

ability to he able to measure very low-angle reflections more accurately greatly

improves the accuracy of indexing. Furthennore, space group determination often

depends on establishing which retlections are absent. The extent to whicb one can he

confident that a retlection is, or is not, absent is greatly improved by achieving the

greatest possible signal/noise ratio. Important information on preferred orientation

and effects like deviatoric stress (due ta stresses within the sample) cao he obtained

fonn the full 2-D image prior to· integration. Other developments include using

angular-dispersive diffraction techniques and synchrotron radiation.

In the preparation of powder samples for X-ray diffraction, it is important that

the crystallites have a ugood size". and that there is a random orientation of these

micro-crystals. The micro-crystal size is known to influence the intensity of the

diffraction peaks. Furthermore, it has been shown that for a pressure-induced phase

transformation ofZr02• the size of the crystallites determined the pressure of the phase

transition [9]. As the crystallite size decreased, higher pressures were required to

induce the phase transition. The crystallite size had been selected from 29.3 nm to

> 100 nm, while the threshold pressure for the phase transition was found to vary from

6.1 to 3.4 GPa, resPeCtively.
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2.2.2 The High-pressure Powder X-ray Diffraction Experiment

The powder X-ray diffraction measurements under high pressure were

perforrned using a diamond-anvil cell (DAC) with 5QO-J.UIl diameter anvil flats.

Finely ground potassium chromate, K2Cr04 (Strem Chemicals), was placed in a 150­

Jlm drilled hole of an inconel (Ni) gasket, pre-indented to a thickness of 120 microns.

A 4: 1 methanol-ethanol mixture was employed as a pressure-transmitting medium in

one run, whereas in a second run no pressure-transmitting medium was added. Ruby

powder was added along with the sample to measure the pressure. About 5 % w/w

titanium carbide, TiC, was added to absorb Nd3
+- YAG laser radiation. Laser heating

was performed at 40 GPa using a 50-W Nd3
+- YAG laser in order to attempt to induce

a phase transition.

The powder X-ray diffraction experiments were perfonned in the anguiar­

dispersive mode using zirconium-filtered, molybdenum radiation O"Ka: =0.71073 Â)

from a fine focus tube. An X-ray capillary optic was used to obtain a l00-nm

diameter bearn at the sarnple. The X-ray capillary optic was recently installed in the

laboratory and offers severa! improvements to the high-pressure experiment (Fig.

2.2a). The X-ray bearn was quasi-monochromatic, with the Kp intensity at about 3%

of that of the Ku radiation. Since the diameter of the beam was focused onto the

sample, the possibility of diffraction from the gasket was much reduced. The quality

of the diffraction pattern was significantly improved as a result. The rear diamond of

the DAC was mounted over a sHt allowing access to 29 = ±40°. The diffraction

patterns were collected on image plates placed at either 83.84 or 147.25 mm from the

sample (Fig. 2.2b). Exposure tirnes were of the order of 24 to 60 h. The image plate

contains small crystals of BaFBr doped with Eu2
+. When a diffracted beam hits the

plate an electron in the conduction band is excited and Eu2
+ is oxidized. In the "rearl"

process, a laser (Phosphorlmager) is rastered across the surface of the plate. This

causes the electron to fall back into the conduction band and Eu3
+-+ Eu2

+. The



Figme 2.2. <a> The ctiamoncl-anYil œil uscd in the bip-pn=ssuœ powder X-ray
diffraction expaimenlS is a 1eYu..um desip. Tbe IDOUDt aDows precise aUil"""'" eX
the ecU in the x. y and z directions.

•



Fipre 2.2. (b) The X-ray capiJ1ary opdc and ÎIDIp plaie..
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intensity of the luminescence emitted is proportional to the intensity of the diffracted

beam, which originally fell on the plate.

The coordinates of the diamond diffraction spots, and other intense spots due

to micro-crystallites in the sample. were located in the 2-D pattern using Ulmage

Quant". and were subsequently removed prior to integration. The program Peak-fit

was used to measure the background and peak positions, from which approximate cell

constants were calculated. The diffraction patterns were analyzed using whole­

pattern fining and Reitveld refinement methods.

2.2.3 Reitveld Rermement and Wbole-pattem Fitting [7]

In whole-pattern fitting, the overall profile is analyzed without reference to

any structural model, i.e.• set of atomic positions, but approximate cell parameters are

required. The observed intensity Yit at every step i of the profile is modeled by a

calculated intensity

• ",
yci = Ybi + LI".nik

":;;:;k.
(2.15)

•

where Ybi is the background intensity at step i; QiIe describes the line shape of line k

with Bragg angle 9k ; Ik is the integrated intensity of the km line of the pattern

contributing to step i. The line positions are constrained by the celi parameters. but

the intensities are free variables. This is a convenient procedure to extract maximum

information from patterns of sampies with known cell constants but an unknown

atomic arrangement. First, a set of lines within the angular range of interest are

generated from the approximate cell parameters then the Reitveld fonnula is used to

calculate by iteration the integrated intensities starting from estimated intensities. The

main limitation with this method is that if two peaks overlap completely, either

accidentally for low lanice symmetry or exactly in the case of a bigh symmetry lanice,

they cannat he separated.

Profile fitting structure refinement, i.e., Reitveld refinement, is the Most

efficient procedure of powder data analysis when the structure of the sample is at least
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approximately known. The Reitveld a1gorithm fi15 the observed data using as variables

the instrumental characterization and the Stnlctural parameters of the sample material

(celI constants~ atomic and displacement parameters).

The refinement minimizes the function

(2.16)

where Wi is the weight assigned to each individual step~ and Yi and Ya are the observed

and calculated intensity at the ilh step~ respectively. The calculated intensities are

determined by sunnning the contnbutions of the overlapping Bragg ret1ections plus the

background:

(2.17)

•

Ybi =the background intensity at position 29; S is a scale factor~ proportional to the

volume fraction of the phase; .it =multiplicity of the km retlection; LPk =Lorentz

factor; Ok descnbes the effects of preferred orientation; 1Ft 1is a strUcture factor,

including a thermal VIbration contnbution; ~ descnbes the peak profile function,

which approxînmtes the effects of bath instrumental and possibly sample parameters.
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Chapter3

IDgh-Pressure Vibratinn.1 Study of (n6.mne)Cr(COh<CX) Complexes

lX =0, S)i x-Backbonding to ex Ligands and the Efl'ect of VariatiOD iD the

Arene Ligand1

3.1lntroductioD

The thiocarbonyl ligand, CS, is isoelectronic with the carbonyl ligand, CO.

However, because the LUMO of the CS ligand is lower in energy and the HOMO is

higher in energy than are the corresponding molecular orbitais of the CO ligand, the

thiocarbonyl ligand is expected to he both a hetter G-donor and x-acceptor ligand.

Therefore, one would predict stronger M-CS bonds compared to M-CO bonding

interactions for analogous complexes, and the thiocarbonyl complexes should he more

thermadynamically stable. However, the number of known transition metal

thiocarbonyl complexes belies the prediction. The aim of the present study was to

investigate the effects of applied, extemal pressure on the vibrations of a typical Cr(O)

thiocarbonyl complex of the general fonnula (116-arene)Cr(COh(CS), and ta compare

the abserved pressure behaviour to that of the parent tricarbonyl camplex, (116
­

arene)Cr(CO)3, in order to probe further the nature of the M-CO and M-CS

interactions.

The frequencies of the v(CO) and v(CS) modes and their behaviour under

pressure can teU us a great deal about the extent of x-backbonding from the chromium

rnetal to the CO and CS ligands. Adams and Ekejiueba [1] were the tirst to report

that, under pressure, the amount of 1t-backbonding from a metal to the 1t*-orbitals on

CO cao increase, resulting in a shift of the v(CO) modes to lower wavenumbers.

However, the pressure dependences of these modes are not due simply to one effect,

but the result of several competing effects. There are two main effects of pressure on

l C. M. Edwards, 1. S. Butler and R. J. Moore, in preparation.
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the complex, with special reference to carbonyls. Ftrst7 compression of the crystal

lattice leads to a shortening of the intramolecular distances anc:L consequentlY7 to an

increase in the Vlbrational wavenumbers of ail the internai modes, including v(CO).

Secondly, increasing the pressure augments the 1t-backbonding from the rnetal to the

1t*-orbitals of the CO groups, resulting in a reduction of the CO bond order and a

concomitant decrease in v(CO). Small positive, or negative dv/dp values for the

v(CO) modes are a good indication of increased x-backbonding to the CO ligand. The

extent of 1t-backbonding is dependent on several other factors, including metal

oxidation state and the nature of the other ligands coordinated to the metal center.

3.2 Experimental

The two chromium(O) complexes, (..,6-CJ{sCChCH3)Cr(COh [2] and (,,6_

CiHsC02CH3)Cr(CO)z(CS) [3], were synthesized according to the literature methods.

Further details on the high-pressure experiments can be found in Chapter 2, Section

2.1.5.

3.3 Results and Discussion

The (,,6-4HsCÛ2CH3)Cr(COh(CS) complex crystallizes in the triclinic Pl

space group and, since there is only the identity symmetry element, the molecule

belongs to the point group Cl [4]. Group theory predicts 69 normal vibrations of

symmetry a, aU of which are both IR and Raman active. For the purpose of

determining the number of expected bands in the v(CO) and v(CS) region, however, it

is sufficient to consider just the local symmetry of the Cr(COh(cx) fragment. The

parent Cr(COh fragment has C3v symmetry for which group theory predicts

two v(CO) bands, al + e, both being IR and Raman active. For the thiocarbonyl

complex, the Cr(CO)z(CS) fragment has Cs symmetry and 50 two bands, i + a-, are

expected for the v(CO) modes and one band7 a', for the v(CS) mode. For the
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tricarbonyl comple~ three bands are seen in the Raman spectrum of the solid powder•

which are assigned to v(CO). al 1970.4 w. 1898.6 s. and 1870.0 s cm- l (Fig. 3.1.

bottom). The presence of more peaks than predicted by group theory is as a result of

factor group splitting. The high frequency peak at 1970.4 cm-l is assigned to the al

mode and the two strong peaks al 1898.6 and 1870.0 cm- l have been assigned to the e

mode. which has been split. Two peaks observed in the thiocarbonyl spectrum al

1962.9 m and 1912.4 s cm- l have been assigned to the v(CO) stretches (Fig 3.1, top).

and the v(CS) mode is found at 1205.1 m cm-l, this band baving a distinct shoulder on

the low wavenumber side at 1197.5 cm- l
. The frequencies and relative intensities were

in good agreement with those reported previously in the literature [5]. The solution

(benzene) Fr-IR spectrum showed two peaks for the v(CO) modes for (,,6_

4HsC02CH3)Cr(CO)3, at 1990 m and 1927 s cm-l. Two bands at 1984 m and 1944

m cm- l in the solution (benzene) Fr-IR spectrUm of the thiocarbonyl complex were

assigned to the v(CO) modes. The v(CS) band was located at 1216 cm- l (Nujol muU).

The frequencies of the v(CO) modes can sometimes differ by as much as 20 cm-l from

the Raman to the infrared [5]. It was not possible to determine the peak positions in

the solid-state IR spectra for these complexes as the peaks in the 2000-1700 cm-}

region were very broad and overlapping.

Vibrational assignments and pressure dependences for the observed Raman

peaks of (,,6-CJlsCÛ2CH3)Cr(CO)3 and (,,6-CiHsC(hCH1)Cr(COh(CS) are presented

in Tables 3.1 and 3.2, respectively. Discontinuities in the wavenumber vs. pressure

plots (Fig. 3.2) were found for ail the modes examined over a range of pressures from

10-15 kbar. These discontinuities provide evidence for a pressure-induced structural

change. The appearance of new peaks at pressures above 10 kbar affords further

evidence of a structural change. Since the spectra in both phases are quite similar and

the changes in the pressure dependences are graduai, occurring over a 10-15 kbar

range, tbis transition is most likely second-order and the structure of both phases are

quite similar. In the high-pressure phase, the crystal is more densely packed and the

intermolecular interactions that couple the Vlbrational motions between the molecules
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•

Figure 3.1. Fr-Raman spectra in v(CO) region for powdered (1'\6_

CïHsCÛ2CH])Cr(COh(CS) (top) and powdered (116-4H5CChCH3)Cr(CO)3 (bottom).
The band at -1720 cm-1 in each case is the v(C=O) mode of the methylbenzoate
ligand. The very weak features are due ta 13Co-satellite modes (in natura!
abundance).
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Table 3.1. Raman modes and their pressure dependence for (11'-

• ~H.sCChCH3)Cr(CO)3.

v, cm·l dv/dp, cm-l kbar·l AssignrneDts [5]
law-pressure bigh-pressure

phase phase
3118.4 0.03 1.69

~
3115.1 D.O 1.66 v(CH)

~. 3106.6 0 1.23
~~~

3100.8 0.0 1.51
3090.7 0.0 1.78 v(CH)
3085.5 -0.01 0.55
2962.1 0.07 0.97 v(CH3)uym

1970.4 0.03 0.27 v(CO)
1898.6 0.05 0.19
1870.0 -0.03 -0.07 v(CO)
1855.7 0.08 D.O
1717.4 0.04 0.06 V(C=O)alU
1523.8 0 0.32 VSa

1507.3 0.12 D.O VSb

1456.5 VIOb

1439.3 a(CH3)uym
1416.4 VI'.

1299.7 D.O. 0.06 v(C-OMe)
1276.1 0.04 0.27 Vl3

1157.5 -0.04 0.24 VIS

1150.2 -0.12 0.36 V,.

1015.2 -o.OS 0.24 Vila

99S.5 -0.06 0.42 Vl2

979.7 0.03 0.36 Vs

953.6 0.08 0.59
882.0 0.03 0.52 VI7b

818.2 0 0.28 VI

773.2 0.27 0.13 1t(CH)

678.5 0.02 0.3 acOCO)
663.5 0.04 0.46 3(crCO}
647.9 0.10 n.b K(CCC)
632.5 0.05 D.b 8(crCO)
623.6 8(crCO)

• 537.4



• Table 3.1 cont'd.
486.3
480.3 0 0.69 v(Cr-CO)
474.4 D.O 0.34 v(Cr-CO)
451.9 0 0.54
388.5 0.07 0.40 S(COMe)
348.2 0 0.92 v(Cr-R).,.
324.8 0.02 0.82 v(Cr-R)~

311.2 0.03 0.31
298.4 0.06 1.89
139.1 0.2 0.77 8(OC-Cr-CO)
120.1 0.03 0.1
108.7 0 0.63
95.3 0.03 0.85 lattice modes
92.7

n.o Not observed. n.b No break in slope.

•
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Table 3.2. Raman modes and tbeir pressure dependence for (,,6-CJl,C~CH1)-

• Cr(COh(CS).

v. cm- l dv/dp. cm-l kbar- l Assignments [5]
low-pressure high-pressure

phase phase
3104.7 0.01 2.3
3096.3 0 0.12
3083.7 0.02 0.64 V(CH)qcle

3069.2 0.09. n.o
2959.7 0 0.71 v.(CH])
2951.6 0 0.68
1962.9 0.01 0.17 v.(CO)
1912.4 -0.03 -0.34 v.(CO)
1722.3 -0.03 -0.04 V(CO)aœr
1279.9 0.02 0.36 v(CO)
1300.2 0.04 0.49 V3
1205.1 0.02 0.63 v(CS)
1197.5
1155.6 -0.03 n.b p(CH1)
1144.8 0 n.b VIS
1015.4 0.04 0.22 VII.
997.5 0.03 0.37 VI. V12

982.0 0 0.22 Vs

953.4 0 0.44 V17b

883.9 0.05 0.19 VlOa

830.7 0.02 0.26 VlCJb

817.3 0.03 0.18 S(OCO). v(CO)
770.9 0.04 0.11 Vu
678.0 0.27 0.13 ){C=O)
622.5 0.04 0.23 V6b

640.8 0.04 0.32 S.(crCO)
592.3 -0.55 n.b 8(crCS)
524.3 -0.16 0.26 8(crCS)
500.1 0.02 0.23 VI6a

452.1 0..02 0.61 vS<Cr-CO)
429.4 0..04 0.29 v(Cr-es)
385.8 0..05 0.21 v(C.-Ce>
366.9 0.02 0.16 r(OCO)

• 342.4 0 0.62 S(COMe)



• Table 3.2 cont'd.

318.9
298.1
280.9
275.9
136.5
107.2
93.2
76.S

0.03
0.03
o
o
1.8

0.01
o

0.03

0.79
0.69
0.82
0.57
n.b.
0.82
0.76
1.17

v.(Cr-R)
S(C.-CE>
v.(Cr-R)

3(OC-Cr-CO)

lanice modes

90

•

n.o NOl obscrved. n.b No Ireak in slope.
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Figure 3.2. Wavenumber vs. Pressure plots for selected Raman vtbrational bands of
(1l6-<:6II~c:C>tc:1i3)<:r(c:(»3.
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in the primitive cell are ail strongly enhanced. As a result, factor group splitting

becomes more important in the high-pressure phase. The pressure dependences of

many of the vibrational modes increase dramatically after the phase change. The

v(CS) and the symmetric and anlisymmetric v(Cr-ring) modes are particularly sensitive

in the high-pressure phase, dv/dp = 0.6-0.9 cm-l kbar-l, as are the lattice modes.

Severa! bending modes of both complexes show particuJarly high pressure shifts; for

the Ô(OC-Cr-CO) bending modes al 139.1 and 136.5 cm-l for the tricarbonyl and

thiocarbonyl, respectively, dv/dp = 1.89 and 1.8 cm-l kbar-l. Bending modes are

generally expected to have a pressure shift of the order of 0.1-0.3 cm-l kbar- l [6].

The determination of ~he pressure dependences of the IR modes was more

difficult. First, the calibration peak was often obscured by other bands associated with

the methylbenzoate ligand. Secondly, the v(CO) bands are not observed in the DAC

because of a broad absorption for the diamond window in the 2300-1900 cm-1 regjon.

Peak positions of the v(CO) fundamentais can often he estirnated from the overtone

region, but tbis region contained many overlapping, broad peaks.

3.3.1 v(CO) and v(CS) modes

Figure 3.3 shows the v(CO) Raman modes for the chromium tricarbonyl

complex with increasing pressure. The bands, originally at i 970.4 and 1898.6 cm-l,

show positive pressure dependences both before and after the discontinuity, with

dv/dp = 0.03 and 0.27 cm-l kbar-1
, and 0.05 and 0.19 cm-1 kbar1

, respectively. The

band at 1870.0 cm-l, however, shows a negative pressure dependence and dv/dp =­
0.03 and -0.07 cm-l kbar-l. Closer inspection of the sPeCtra in tbis case reveals that

above 30 kbar the pressure dependence changes again and becomes positive, but

because there is only one data point, it was still possible to fit a good straight ÜDe

through the data points above 15 kbar, with good fit. The 1855.7 cm-l band shows a

very srnall, positive pressure dependence up to 13 kbar, but becomes too weak in

intensity to foUow al higher pressures. The smaU and negative pressure dependences
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•
FigUre 3.3. Fr-Raman spectra of v(CO} modes for (116-4HsCÛ2,CH3)Cr(CO)3
(powder) with increasing pressure.
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suggest that an increase in the Cr ~ CO x-backbonding is occurring under high

pressure.

Although it appears tbat there is little change in the four v(CO) Raman bands

up to -11 kbar, subtle cbanges in band shape and relative intensity are in fact

occurring. The relative intensities of the two strong peaks at 1898.6 and 1870.0 cm-I

change as the pressure increases. When the 1870.0 cm-I peak is kept at constant

intensity, an increase to maximum intensity of the 1898.6 cm-1 peak was observed,

followed by a decrease in intensityas the pressure was further increased to -32 khar.

Closer inspection of the band shape of tbis peak reveals a shoulder on the high

wavenumber side, which increases slightly in intensity as the pressure increases,

although it never becomes a weil resolved peak, or a distinct shoulder. It is known

that the Raman intensity cao he affected by pressure [6], but no one, simple model bas

been proposed to account for the changes. The 1970.4 cm-1 band is derived from the

totally symmetric al mode and involves a much larger volume change man does the

antisyrnmetric vibration, and so this mode can he expected to have a larger. positive

pressure dependence, which will additionally compensate for the negative contnbution

from the 1t-ackbonding effect.

For (116-~sCÛ2CH3)Cr(COh(CS), the a- v(CO) mode at 1912.4 cm-I

showed a negative pressure dependence before and after the structural change where

dv/dp = -0.03 and -0.34 cm-1 kbar-1
, respectively, and the i. mode at 1962.9 cm-I

showed a positive pressure dependence. dv/dp =0.01 and 0.17 cm-1 kbar-1 (Fig. 3.4).

The v(CS) mode at 1205.1 crn-1 was initially insensitive to pressure but, above 14

kbar, showed a large and positive pressure shift of 0.63 cm-I kbarl. The pressure

dependence of the shoulder on the low wavenumber side was hard to determine as it

was often difficult to locate the true position of the band.

The pressure dependences of the v(CO) modes of the Cr(COh(CS) moiety

show more negative or sligbtly smaller, positive pressure dependences compared to

those for the tricarbonyl analogue. These results suggest mat, upon exchange of a

carbonyl ligand for a thiocarbonylligand, the n-backbonding effeet dominates over the
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Figure 3.4. Fr-Raman spectra of v(CO) modes for (116-4H5C~CH3)Cr(CO)2(CS)
(powder) with increasing pressure.
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compression effect, and 1t-backbonding from the chromium to the remaining carbonyls

increases to a greater extent. Although 1t-backbonding is expected to he greater to the

thiocarbonyl ligand al ambient pressure, under pressure it is 1t-backbonding to the

carbonylligand that occurs to a greater extent, at least based solely on dv/dp values.

This suggestion means there is a limit to the amount of electron density that can he

accepted ioto the 1t*-orbitals of CS. This same result has been observed for the related

complexes CpRe(CO)3 and Cp*Re(CO)3 (Cp = cyclopentadiene and Cp· =

pentamethylcyclopentediene) [7].

Unlike the v(CO) modes, the pressure sensitivities of the v(CS) modes are not

simply the result of the competition between lanice compression and the 1t­

backbonding effects. Since there is appreciable mixing of the v(CS) mode with the

low-energy v(Cr-CS) mode, as a result of their same symmetry, the large positive

value for this latter mode would he expected to contnbute positively to the overall

pressure sensitivity of v(CS). Consequently, a small positive or negative pressure

dependence for the v(CS) mode could indicate that the 1t-backbonding effect was

dominant.

3.3.2 v(crC) and S(crC) modes

It is now appropriate to look at the v(Cr-CO) and v(Cr-CS) modes in the 700­

300 cm- I regjon, since, if under pressure the amount of 1t-backbonding to the CO and

CS ligands is changing, related changes should he seen in the pressure dependences of

these vibrational modes. For the tricarbonyl and thiocarbonyl complexes, these

regions of the Raman spectrum are quite different (Fig. 3.5). The two v(Cr-CO)

modes of the tricarbonyl complex have been assigned to the relatively strong peak at

480.3 cm-l and the weak shoulder at 474.4 cm- I
. The hending S(crCO) modes are

assigned to weak features in the 700-600 cm-l region: 663.5, 632.5 and 623.6 cm-l.

The strong v(Cr-CO) mode at 480.3 cm- l has a large pressure sensitivity above -14
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kbar, with dv/dp =0.69 cm- l kbar-l. The weak shoulder at 474.4 cm-l becomes more

prominent as the pressure is increased and dv/dp =0.34 cm-l kbar-1
, from -13 kbar

(Fig. 3.6). Up to this pressure, the shoulder was too weak to discem with any

confidence. The bending modes al lower wavenumbers were too weak to determine

their positions accurately, but the peak at 663.5 cm- l was a little stronger and dv/dp =

0.46 cm-I kbar-1
, above -14 kbar. An increase in x-backbonding will have the effect of

increasing the strength of the chromium-carbon bond, which adds onto the effect of

lanice compression. Therefore, large, positive values of dv/dp for the v(crCO) modes

are expected and observed.

For the Cr(COh(CS) moiety, the v(Cr-CO) mode is a medium intense peak at

452.1 cm-l, a weaker peak at 429.4 cm-l being attnbuted to the v(Cr-CS) mode (Fig.

3.5). The Ô(crCS) bending modes are very weak peaks at 524.3 and 500.1 cm-l. The

ôecrCO) modes appear at 640.8 and 622.5 cm-l. As the pressure increases, the

veCr-CO) and v(Cr-CS) bands shift to higher wavenumbers with dv/dp = 0.02 and

0.61 cm-I kbar-1
, and 0.04 and 0.29 cm-l kbar-1

, respectively (Fig. 3.7). Above -25

kbar, the v(Cr-CO) band at 454 cm-l splits into a doublet. The v.(Cr-CO) mode, at

-500 cm-l, overlaps with other peaks in the region and was not observed at increased

pressures.

A comparison of the frequencies of the observed v(Cr-CO) modes at 480 and

452 cm- I for the carbonyl complex and thiocarbonyl complex, respectively, indicate a

longer, weaker bond between the chromium and the carbonyl ligands when one

carbonylligand is substituted for a thiocarbonylligand. This cIearly shows that the CS

ligand is a better x-acceptor at ambient pressure, compared to CO. The pressure

sensitivities of the v(Cr-CO) modes in the tricarbonyl and the thiocarbonyl complexes

were comparable.



•

•

99

W... "m.all'

Figure 3.5. fT-Raman spectra of v(Cr-CX). 8(CrCX) and v(Cr-Ring) modes for
powdered (1l6-CJ{sCChCH3)Cr(COh(CS) (top) and (1l6-~sCÜ2CH3)Cr(CO)3
(bottom).
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Figure 3.6. FT-Raman spectra ofv(Cr-CO) and v(Cr-Ring) modes for powdered {1'\6­

~HSC02CH3)Cr(CO)3 with inçreasing pressure.
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Figure 3.7. Fr-Raman spectra of v(Cr-CX) and v(er-Ring) modes for powdered (,,6_

~sC02CH3)Cr(COh(CS)with increasing pressure.
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3.3.3 v(M-Ring) modes

The majority of the remaining peaks in the vibrational spectrum are assigned to

modes associated with the fourth ligantL T16-methyIbenzoate. and to lattice modes.

One interesting region is that just below 350 cm-l, where both the carbonyl and

thiocarbonyl complexes have a series of relatively strong Raman peaks. These bands

are assigned to v(Cr-R)sym and v(Cr-R)asym, or the ring tilt modes (Fig. 3.5). For the

triocarbonyl complex. two bands of similar intensity, at 324.8 and 311.2 cm-1
• are

assigned to vsym(Cr-Ring) and vasym(Cr-Ring), respectively. Above 15 kbar. these

bands showed large pressure sensitivities of 0.92 and 0.82 cm-1 kbar-1
, reSPeCtively

(Fig. 3.6). As the pressure was increased, the low wavenillnber band at 311.2 cm-l,

exhibited a continuous decrease in intensity relative to the band at 324.8 cm- l
. Band

assignrnents were made after determining the pressure sensitivity. Sînce symmetric

vibrations involve a much greater volume change than do antisymmetric modes, the

fonner are expected to he more sensitive to compression of the crystal lattice and

hence exhibit higher dv/dp values. Although the differences in dv/dp values are small.

it would seem reasonable to suggest that the high wavenumber band is derived from

the symmetric ring tilt mode (larger dv/dp) and that the lower wavenumber band is

derived from the antisymmetric mode (smaller dv/dp). Adams and Squire [5(b)] have

reported the Raman spectrum for (..,6-CJL)Cr(CO)3 and assigned three strong bands

at 323. 311 and 299 cm-1 as the Cr-Ring symmetric and antisymmetric modes, these

modes having a strong interaction and so sbaring intensity.

A weak band at 348.2 cm-l steadily gains intensity as the pressure increases to

become a moderately strong peak at the highest pressure, while a peak of medium

intensity at 298.4 cm-1 loses intensity at a similar rate. These bands a1so have

comparable pressure dependences - 0.31 and 0.40 cm-1 kbar-l for the 298.4 cm-1 and

348.2 cm- l bands, respectively. The fact tbat their Raman intensities are obviously

connected under pressure indicates that they are derived from the same mode. The

348.2 cm-1 band was assigned to the acCOMe) bending mode.
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The symmetric and antisymmetric ring tilt modes in the thiocarbonyl spectrum

give rise to two bands at 318.9 w and 280.9 s cm-· (Fig. 3.5). The pressure

dependences of these bands are 0.03 and 0.79 cm-1 kbar-!, and 0 and 0.82 cm-l kbar-l,

respectively (Fig. 3.7). The weaker band at 318.9 cm-1 appears to gain sorne intensity

from ambient pressure. Again, tentative assignments were made based on their

pressure dependences. From these assignments, upon substitution of a CO for a CS

ligand, there is a switch in the relative energies of the symmetric and antisymmetric

ring tilt modes. For the tricarbonyl vs(Cr-R) > va(Cr-R) and for the thiocarbonyl,

vs(Cr-R) < va(Cr-R).

For the (ll6-4~)Cr(COh(CS)complex [8], the va(Cr-R) mode was attributed

to a medium intense peak. at 315 cm-l, while the vs(Cr-R) mode was assigned to a

medium intense peak at 280 cm- I
. For the analogous methybenzoate complex, the

two bands at 314 and 272 cm-l were assigned to the metal-ring stretching modes

[5(c)].

Although the CS ligand is isoelectronic with the CO ligand, substitution of

CO for CS is not straightforward. Lichtenberger and Fenske [9] have shown through

theoretical and experimental studies, that in order to understand the physical

properties of transition metal thiocarbonyl complexes, it is necessary to consider the

molecule as a whole and not just the isolated ligands and the metal. Although, in the

first instance the CS ligand can he considered to he a better cr-donor and 1t-acceptor

than is CO, filled 21t-d1t orbital interactions are possible, which effectively deplete

electron density from the metal center. Because of the lower electronegativity of

sulfur, additional charge is placed on the carbon of CS, which leads to a

destabilization of the HOMO 7(1 of CS. The reduced interaction between the C and S

p1t orbitals leads to more stabilized 7t*-orbitals on CS, compared to those on CO.

Ultimately, this leads to an increased electron-accepting capability of the CS ligand.

Furthermore, the CS 21t-orbitals, predominantly sulfur in character but also containing

appreciable C character, are significantly destabilized and as a result are now more

likely to interact with a filled Metal d-orbital, of the correct symmetry, in the complex

(Fig. 3.8). As a result, the Metal d-electron density in the bonding combination is less
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Figure 3.8. (a) Molecular orbital diagram for CO and CS (adapted from ref. 9).

Figure 3.8. (h) Schematic diagram of the orbital energies and cbaracters resulting fonn

a filled ligand x-orbital interacting with a filled M d orbital.
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accessible for lt-backbonding because of the stability of the bonding molecular

orbital. The antibonding orbital is DOW at a more favorable energy for backbonding,

compared to the unperturbed Metal orbitaIs but, because of partial delocalization onto

the ligand, there is again less electron density available al the Metal center.

3.4 ComparisoD of pressure effects on (11'-arene)Cr(CO)1(CX) ~omplexes and

Cr(CO)s(CS)

The synthesis of thiocarbonyl complexes is often facilitated through the use of

organic ligands sucb as arenes with a higb ratio of cr-donor to 1t-acceptor ability. The

C02CH3 group is electron withdrawing and has been shown to facilitate the synthesis

of (T\6_C6HsC02CH3)Cr(COh(CS). However, the presence of an electron­

withdrawing group on the arene may cause a decrease in the cr-donor capability of the

arene ligand. Comparison of the pressure dependences of the vibrational modes may

reveal the effect, if any, on the presence of this electron-withdrawing group.

A high-pressure IR. study was performed earlier on (1l6-C~)Cr(COh(CS)

[10]. The pressure dependences of the observed IR. bands for the Cr(COh(CS)

moiety were reported. Because of the strong diamond absorption in the region of the

spectra where the v(CO) modes are located, the positions and pressure dependences

of the v(CO) modes were estimated from the binary combination and overtone region

(-4000 cm- l
). Data comparison must therefore be treated with caution, since it is

known that the frequencies of the v(CO) modes can differ by up to 20 cm-} on going

from Raman to infrared [5], and those given for the benzene complex are estimated

values only.

Table 3.3 shows the frequency and pressure dependences for the v(CQ), v(Cr­

eX), Ô(erCX) and v(Cr-R) modes, where R represents the arene ring, for

Cr(CO)s(CS) [11], (1l6-CJl6)Cr(COh(CS) [10], (T)6_CJlsC02CH3)Cr(CO)2(CS) and

(T)6_C6HsC02CH3)Cr(COh. Their comparison allows us to observe the effect of

substitution of three carbonyl ligands for the benzene ligand, and for the
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Table 3.3. Pressure dependences of selected Raman-active modes. aRef. Il; ~ef. 10;
~his work; dA phase transition was observed in the 10-15 kbar range; the pressure
dependences are given for the low-pressure phase and the high-pressure phase.
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~r(~(»~(~~)' (116
~~6H6)~ (116~C6H5C02CH3)~ (116

~C6HsC()2CH3)- Assignment
Cr(~Oh(C~t ~r(~(»)2(CSt ~r(~O»)C:

V cm·1 d v/dpI vlcm,l d v/dp, VI cm" d v/dpI· ~ ~d
~

cm" kbar" cm" kbar" cm·1kbar" cm" kbar"

2088'" 0.18 1962 0.37 1962 0.01,0,17 1970 0,03,0.27

201"" 0.22 1943 -0.59 1898 0.05,0.19 v(CO)

2017111 -0.18 1908 0.59 1912 -0.03, -0.34 1870 ~.03, -0.07 v(CO)

198er" ~0.53 1856 -0.54 1855 0.08, n.o.

1289 -0,25 1211 0.85 1205 0.02,0.63 v(CS)

1260 -0.09 1192 0.37 1197 1.12

427'" 0.73 452 0.80 452.1 0,02,0,61 480 0,0.69

422111 0.82 474 n.0.,0,34 v(crCO)

381 111 0.78

352 0.70 432 0.41 429 0.04,0.3 v(crCS)

636 -0.46 646 0.17 663 0.04,0.46

512 0.16 611 0.33 640 0.04,0.32 632 0.05, n.o. 5(crCO)

481 0.2l 600 0.12 623 n.o.

340 n.o. 521 0.21 592 -0.55, n.o. 6(crCS)

502 0.28 524 -0.16,0.26

n,o., Not observed. -S



•

•

108

methylbenzoate ligan~ as weU as substitution for a tbiocarbonyl ligand in an arene

complex. In the literature, severa! references have considered how these ligand

substitutions influence the force constants of various VIbratiOns [8, Il, 12].

Substitution for a benzene ligand results in a significant shift to lower

frequencies for the v(CO) modes and furtber substitution of a methylbenzoate ligand

results in a smaDer shift to higher wavenumbers; note, there is a difference of -20 cnf1

between the IR and Raman frequencies, the latter being lower. The pressure

dependences of these modes, however, are comparable. The v(CO) modes are slightly

more sensitive in (T16-~)Cr(COh(CS) than in Cr(CO)s(CS), but slightly smaller in

(1l6-CJ!sC02CH3)Cr(COh(CS). Tbese results indicate an increase in the amount of

7t-backbonding to the remaining CO ligands when an benzene or methylbenzoate is

substituted ioto Cr(CO)s(CS). The presence of the electron-withdrawing group,

however, does appear to have sorne influence on the amount of 1t-backbonding to the

carbonyls and their pressure sensitivity. The pressure dependences also reflect the

competing 1t-backbonding and compression effects, which result in negative and

positive pressure shifts, respectively.

If we consider the CS ligand, a dramatic sbift in the frequency of the v(CS)

stretching mode from 1289 to 1211 and 1205 cm-· for the pentacarbonyl, benzene and

methylbenzoate complexes, respectively, is observed. This is the same trend as

observed for the CO ligand. Since there is less competition in the arene ring for 1t­

backbonding from the Cr d1t-electrons, there is an increase in 1t-backbonding to the

7t*-orbitals of the remaining CO and CS ligands. In contrast to the CO ligand, the

pressure dependence of the v(CS) stretching mode aIso changes quite significantly

upon substitution of the arene ligand. For (1\6-~lti)Cr(CO)s(CS), the v(CS) mode

shows a negative pressure shift, whereas in the arene complexes the pressure

dependences are large and positive. This could indicate an increased coupling of the

v(CS) and v(Cr-CS) modes for the latter. Calculations indicate a larger mixing of the

v(CS) and v(Cr-CS) modes, compared to that of metal-carbonyl modes [12]. From
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vtbrational force constant calculations, it was also noted tbat the effect of substitution

on the Cr-CS group was greater tban its effect on the Cr-CO group [12]. It bas been

suggested previously that the thiocarbonyl ligand is capable of acting as a ~charge­

buffer ligand' [13]. This means that for various complexes the 1t-acceptor/a-donor

ratio for coordinated CS can he Jarger or smaller than tbat for coordinated CO,

implying a greater adaptability of CS to its environment. The similar pressure

dependences for the CO modes in the different complexes. but varying pressure

sensitivities of the CS modes could he a result of tbis charge-buffering effect.

The v(Cr-CO) and v(Cr-CS) modes show positive shifts in frequency as the 7[­

backbonding increases ioto the 1t*-orbitals, with concomitant increases in the Cr-C

bond strengths. The pressure dependences of the v(Cr-CO) modes are similar for ail

the complexes, althougb there is a small decrease from (1'\6-CJI6}Cr(COh(CS) to (1'\6­

C;HSC02CH3)Cr(COh(CS). The frequency of the v(Cr-CS) mode increases from 352

to 432 cm-Ion substitution for a benzene ring and the pressure dependence decreases

from 0.70 to 0.41 cm-I kbar-1, i.e., v(Cr-CS) is less pressure sensitive in (,,6_

C;H6)Cr(COh(CS).

The presence of the C02CH3 substituent on the benzene ring appears to have a

small effect on ail of the v(CO), v(Cr-CO} and v(er-CS) stretching vibrations. The

pressure shifts with the rnethylbenzoate ligand are smaller for sorne modes, notably the

v(Cr-CO) and v(CS) modes. As mentioned previously, the methylhenzoate ligand was

used since it favors formation of the thiocarbonyl ligand. From force field

calculations, it was indicated that although there is minimal mixing of Cr-C and Cr-R

modes, the bending ~(crCO) modes are highly mixed with v(Cr-C) and v(Cr-R) [12].

Comparison of the S(crCO) and S(crCS) modes and their pressure dependences MaY

provide sorne information. The S(crCO) and ~(crCS) modes show the expected shift

to higher wavenumbers on substitution for an arene ligand. Upon substitution of CJl6

or 4lfsC02CH3 into Cr(CO)s(CS) there is a drarnatic increase in the frequency of the

bending S(crCS) mode, by -200 cm-1
• Sïnce the extent of 7t-backbonding bas

increased to give a stronger Cr-CO bond, an increase in the rigidity of the Cr-CX
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group results. The range of pressure dependences for the 3(crCO) and S(crCS)

modes show significant variations from one complex to the next. Often these bands

are relatively w~ however, which makes measurement difficult with increasing

pressure. No data for the pressure dependence of the ~crCS) Vibrations are available

for the Cr(CO)s(CS) COmplexe For the benzene complex, the pressure dependences of

this mode were 0.21 and 0.28 cm-1 kbar-1
• For the methylbenzoate complex, the initial

pressure dependence were -0.55 and -0.16 cm-1 kbar-1
• Above 15 kbar, the pressure

dependence became positive (dv/dp = 0.26 cm-1 kbar-1
).

The final two columns of Table 3.3 compare (116
-~sCÛ2CH3)Cr(CO)3 and

(116-~sC02CH3)Cr(CO)2(CS). The pressure dependences for the v(CO) and v(CS)

modes, and the v(Cr-CO) and v(Cr-CS) modes, indicate an increase in tt-backbonding

to the CO ligand under applied pressure, but little, if any, increase in tt-backbonding to

the CS ligand. The smaller dv/dp value for v(Cr-CS) compared to v(Cr-CO) suggests

that the shift in the former is simply due to compression. For v(Cr-CO), the negative

pressure shift due to the increase in tt-backbonding, and the positive pressure shift

induced by compression, are combined.

3.5 Conclusions

The pressure dependenees of the Raman-active modes of (116
­

4HSCû2CH3)Cr(CO)3 and (116-CdlsCÛ2CH3)Cr(COh(CS) revealed the presence of a

second-order phase transition between 10 and 15 kbar. Although the new phases were

not identified, the Raman modes were particularly sensitive above the phase transition

pressure. The v(CS) mode and the symmetric and antisymmetric v(Cr-R) modes were

highly responsive in the high-pressure phase, as were the lattice modes. Several

bending modes were aIso very pressure sensitive, most notably the ô(OC-Cr-CO)

modes. The larger negative pressure shifts for the v(CO) modes, compared to the

v(CS) modes, in the thiocarbonyl complex indicated a greater increase in 1t-
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backbonding to the remaining CO ligands than to the CS ligand. Substitution of a CS

ligand for CO ligand in (116-~sCÜ2CH3)Cr(CO)3 appears to influence the relative

energies of the vs(Cr-R) and v.(Cr-R) modes; vs(Cr-R) > v.(Cr-R) for the tricarbony~

but vs(Cr-R) < v.(Cr-R) for the thiocarbonyl complex.

On comparison with (1'\6-~)Cr(COh,we have shown that the arene ligand

does influence the Cr-CO and Cr-CS bonding interactions. The electron-withdrawing

group of the methylbenzoate ligand leads to Iess 1t-backbonding to CO and CS. This

is likely to he due to Jess a-donation fonn the arene ring to Cr. The frequency and

pressure dependence of the 5(crCS) mode are dramatically changed from (1'\6­

CJI6)Cr(CO)2(CS) to (1'\6-~sCÜ2CH3)Cr(COh(CS), possibly as a result of

increased mixing of the ~(crCS) and v(Cr-R) modes and/or CS 1t - Cr d-orbital

interactions. The ability of the CS ligand to tailor its <J-donor/1t-acceptor ratio is

strongly reflected from the dv/dp values of the v(CS) mode. This may have

implications in the reactivity of monothiocarbonyl complexes and substitution

reactions to fonn dithiocarbonyl complexes and further.

Since, under compression, it is generally easier to reduce the weaker

intermolecular interactions, many bigh-pressure studies do just that. In many

compounds, hydrogen bonding is often responsible for the rigjd strucutre observed.

Many pressure-tuning studies have been made and theoretical models proPOsed. The

following chapter discusses the use of pressure-tuning IR spectroscopy to study the

intermolecular interactions in Magnus' green salt, [Pt(NH3)4][PtCk]. Although the N­

H---CI distance determined from the crystal strucutre was considered too long for

hydrogen bonds to he present, the IR evidence was contradictory.
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Cbapter4

Pressure-Tllai", FT-IR Spectroscopv of Magnus' Green Salt and ils Derivativesl

4.1lntroductioD

The vibrational frequency of the hydrogenic group is oCten used as a guide to

detennine the presence and strength of bydrogen bonding in organic compounds.

ionic salts and transition metal complexes [1). The application of high pressures bas

been shown to provide interesting information regarding the nature and suength of the

hydrogen bonding present in various complexes [2].

Lippincott and Schroeder [3] proposed a one-dimensional model of the

hydrogen bond. which was later incorporated into aother model in order to describe

the effeet of applied pressures on the bydrogen bond [4]. Unlike other models. that of

Lippincott and Schroeder introduces a bydrogen-oxygen repulsive force into the

empirical potential energy function for hydrogen bonds. This addition gives a more

quantitative result in the pressure model, particularly in the case of stronger hydrogen

bonds or al very high pressures.

Magnus'· green salt, [Pt(NH3)4](PtC4] (MGS), contains planar units of

[Pt(NH3)4f+ and [PtC4]2- ions which stack parallel to the c-axis of the unit œU. The

Pt àtoms fonn direct bonding interactions, forming a chain with d(Pt-Pt) = e/2 = 3.25

Â. This results in a structure with two sets of Pt atoms at z =0 and 1'2, Fig 4.1. From

this figure, it cao also he seen thal the structure is not organized simply as layers of

[Pt(NH3)4]2+ ions a1temating with layers of [PtC4]2- ions. The crystal structure was

reported by Atoji et al. in 1950 [5]. Although the hydrogens were not located, the

N···CI distance was rePQrted to he 3.45 A and considered long enough that hydrogen

bonds were not present in MGS. Infrared peaks for the v(NH) mode in MGS were

observed by Atoji et al. al 3277 and 3182 cm-I. while for free NH3, v{NHJ is al 3414

and 3337 cm-I.

1 C. M. Edwards and 1. S. Butler. in preparation.

•



•

•

113

Figure 4.1. Atomic arrangement of Magnus' green salt. (Not to scale.) Large circles
represent chlorine atoms and small circles nitrogens. Solid and broken lines indicate z
= 0 and 1/2 respectively. Platinum atoms are at the centers of square ions. a = 3.45 A,
b = 3.47 ~ c =3.96 k and d =3.43 Â. From ref. 5.
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For a linear hydrogen-bond of the form N-H-U as the distance R between the

N and Cl atoms is reduced by compression, the electrostatic attraction betweeo the

proton and the chloride increases. The length of the N-H bond increases as a result,

and its restoring forces and stretching frequency decrease. For Iinear bydrogen bonds,

this model also accounts for the increase in frequency of the deformation modes onder

compression, since the increased H-Cl attraction makes it more difficult for the proton

to move away from the N-Clline and so increasing the restoring force for the bending

vibration. Under compression, the stretcbing modes show oegative pressure shifts and

the bending modes positive pressure shifts. In the situation where the distance R is

very small, as is the case for strong hydrogen bonds or at very high pressures, the N-H

and H····Cl repulsive forces are an important part of the total forces and, uoder these

circumstances. it might he expected that the trends discussed above wouId be reduced

or even reversed.

H

N

(4.1)

(4.2)

(4.3)

(4.4)

•

Scheme 4.1

The empirical function described by Lippincott and Shroeder can he used to interpret

nonlinear hydrogen bonds under compression. The potential energy function for the

v(NH) stretching mode cao he descn"bed by the following equations, using Scheme 4.1

above to descnœ the geometry:

r* = (R2 + r2 -2Rrcosa)112

VI = Do{l-exp{-n(r-ro)2/2r} )

V2=-Do*exp(-n*(r*-ro)2/2r)

V=V1 +V2 +E(R)
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where ro is the equilibrium N-H distance in the absence of hydrogen bonding and D

and 0* are the N-H and H-Cl dissociation energies, respectively. The term E(R)

consists of contnbutions arising from the van der Waals repulsion and Coulomb

potential energies between N and Cl, which are independent of r. Plots of the

potential, [V-E(R)]JD, as a function of rNH for a range of R or a produces a series of

potential curves. If the curvature of the bottom of the potential weil increases with

increasing R and/or a, then this means that there will be an increase in the force

constant, kH, since

(4.5)

•

We have undenaken a high-pressure IR study of MGS and two derivatives,

[Pt(ND)4][PtClt] (MGS-O) and [Pt(NH3)41[PtBr4] (MGS-Br), from ambient pressure

ta -40 kbar, in order to examine the possibility of weak hydrogen bonding of the type

N-H"""CI in these complexes. The structure of MGS and the derivatives MGS-Br and

MGS-O possess the same space group. P4/mnc, and have similar unit cells.

Substitution of methylamine for ammine in the salts bas been shown to have no effect

on the length of the c-axîs [6], indicating that the methyl groups are held in the Pt-N

planes and that the structure is strong enough to prevent rotation about the Pt-N

bonds. Hydrogen bonding could he reSPOnsible for this rigid structure.

4.2 Experimental

The syntheses of MGS and the two derivatives were performed according to

literature methods [7]. Hexachloroplatinic(ll) acid, H2Pt~ (Aldrich), was reduced

with sulfurous acid (>6% SOz), under acidic conditions. The reduction product,

H2PtC4. was reacted with aqueous ammonia to yield [Pt(NH3)4]Ch. The addition of

[Pt(NH3)4]Ch to an aqueous solution of H2PtC4 resulted in the immediate

precipitation of MGS, [Pt(NH3)d[PtC4]. The bromine derivative was prepared in the

same manner, using H2PtBr6. For the deuterated derivative, [Pt(NH3)4]Ch was

dissolved in 0 20, foUowed by rapid evaporation to dryness. This was repeated three
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times. The resulting [Pt(ND3)4]Clz was mixed with H2PtC4 in {hO-solution9 the

product [Pt(NDJ)4][PtC4] precipitating immediately. Further details on the high

pressure experiment cao be found in Chapter 29 Section 2.1.5.

4.3 Resolts

The vibrational modes in the mid-IR (4000-600 cm-I) region of the spectra of

MGS, MGS-D and MGS-Br are the internaI modes of the NH3 or ND3 moiety

coordinated to Pt(ll) (Fig. 4.2). The vs(NH) and vas(NH) modes are located above

3100 cm-l for MGS and MGS-Br. For the deuterated complex9 the vs(ND) and

vas(ND) modes lie between 2470 and 2300 cm-l. The isotopic shift was found to be

of the order of 1.37 and 1.34 for the symmetric and antisymmetric NH stretch9

respectively. These bands were typically broad and asymmetric in shape, suggesting a

splitting of the bands.

The symmetric and degenerate deformation modes are located between 1700

and 1300 cm-l. The ôs(NH3) mode is assigned to a strong band at 1313.6 cm-l in

MGS, 1315 cm-I in MGS-Br and 1013.9 cm-l in MGS-D. The deuterium isotopie

shift was 1.29. This strong band has a shoulder on the low wavenumber side for all

complexes, but is stronger for MGS than for MGS-Br and MGS-D. The Ôd(NH3)

mode of MGS is split into two bands at 1546.1 and 1631.8 cm-I. A similar splitting

was observed for MGS-Br. For MGS-D, the Ôd(NH3) mode was assigned to a band at

1152.9 cm- l
• with a shoulder at 1143 cm-l. The resultant isotopic shift was 1.38. The

bands at 824.5, 821.8 and 636 cm-I for MGS 9 MGS-Br and MGS-D, respectively, are

assigned to the rocking P(NH3) mode. A shoulder on the high wavenumber side is

clearer in MGS than in the other derivatives. The larger splitting of the bands in

MGS suggests a greater reduction in symmetry and/or a larger factor group splitting,

compared to the two derivatives. The frequencies and relative intensities of the bands

in each spectrum were in good agreement with literature [6b].

Figures 4.3-5 show selected regions of the IR spectra for increasing pressures.

Plots of wavenumber vs. pressure show more clearly the negative pressure shift of the
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Figure 4.2. Ambient pressure mid-IR spectra of MGS (bottom), MGS-Br (middle) and MGS-D (top). *rnarks the antisymmetric
NO stretch of the sodium nitrate calibrant.
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Figure 4.3. (a) The ~(NH3) (1375-1200 cm-I) modes and P(NH3) modes (850-775
cm-1

) of MGS as a fonction of pressure. from ambient pressure (bottom) to - 40 kbar
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Figure 4.3. (b) Pressure dependences of the IR-active 8s<NH3) modes of MGS.
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Figure 4.4. (a) The 8s(NH3) modes (1150 cm-I), &!<NH3) modes (1050-975 cm-I) and
P(NH3) modes (650-600 cm-I) of MGS-D as a fuoction of pressure, from ambient
pressure (bottom) to -40 kbar (top).
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Figure 4.4. (h) Pressure dependences of the IR-active 6ct<NH3) and ~.(NH3) modes of
MGS-D.
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Figure 4.5. (a) The as(NH3) modes (1340-1300 cm-I) and the P(NH3) modes (850-800
cm-I) of MGS-Br as a function of pressure, from ambient pressure (bottom) ta -40
kbar (top).
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Figure 4.5. (h) Pressure dependences of the IR-active 5.(NH3) modes ofMGS-Br.
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ôs(NH3) modes and the positive pressure shift of all other modes. One exception is

the Vas(NH3) mode of MGS-Br, which shows a negative pressure shift. The pressure

dependences of all of the observed IR-active modes of MGS, MGS-Br and MGS-D

are presented in Table 4.1. AlI the vibrational modes exhibited a continuous change

in frequency over the pressure range studied, although some bands, for example the

ôs(NH3) modes of MGS, did show slight curvature in the wavenumber vs. prssure

plots at low pressures. A least-squares fit, however, gave r > 0.9 for aIl bands. The

band assigned ta Vas(NH3) in MGS-D exhibited a greater curvature and two values for

dv/dp are reported.

The P(NH3) mode in all three complexes shows a small, positive pressure

shift, while the shoulder on the high wavenumber side has a larger dv/dp vaIue and, as

a result, becomes more distinct at higher pressures. The dv/dp values for the P(NH3)

mode were comparable for ail the complexes. The bending Ôd(NH3) modes shift to

higher wavenumbers with increasing pressures, these modes being more sensitive in

MGS and least sensitive for MGS-D. The symmetric and antisymmetric stretching

modes showed positive pressure dependences, the dv/dp values being notably smaller

than are those observed for the other modes. The pressure dependences of the

vs(ND3) modes are somewhat greater than are those for Vas(ND3); for the vs(ND3)

mode at 2316.4 cm-l, dv/dp = 0.76 cm-1 kbar-1
• At higher pressures, the slope appears

ta level. The dv/dp vaIues for the vas(NH3) and Vas(ND3) modes in MGS and MGS-D

are comparable. The vas(NH3) mode in MGS-Br is the exception, shifting to lower

wavenumbers with increasing pressures.

The effect of compression was reversible for all three complexes, although

sluggish on decompression producing sorne hysterisis. Compression aIso resulted in

piezochromism - the colour changed from green to orange-red. The transition

pressure was close to 16 kbar, but it was difficult to determine any trend for the

transition pressure from MGS to MGS-D to MGS-Br. Under compression the

decrease in the Pt-Pt distance leads to an increase overlap of the dZ2 orbitais on
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Table 4.1. Fr-IR vibrational modes, their pressure dependences and assignments, for

[Pt(NH3)4][PtC41 (MGS), [Pt<NDJ)4][PtC41 (MGS-D) and [Pt(NH3)4][PtBr4]

(MGS-Br).

MGS MGS-D MGS-Br Assignment

dv/dp. dv/dp. dv/dp,

cm-( cm-l kar-( cm,l cm-l kar-l cm-l cm,l kar-(

824.5 0.062 636 0.072 821.8 0.067 P(NH3)
846.2 0.41 650 0.3 840.5 0.44

1306.0 -0.17 1006 -0.12 1307.3 -0.14
1313.6 -0.048 1013.9 0.05 1315.7 -0.073 as(NH3)
1351.5 0.061 1323.0 -0.053

*1541.0 0.05 1143 -0.082
1546.1 0.27 1152.9 0.06 1538.5 0.20 ad(NH3)
1580.0 0.45
1631.8 0.46 1619.8 0.40 ad(NH3)

*1661.1 0.94

3184.0 0.11 2316.4 0.76,0.11 3176.2 0.26 v s(NH3)

3223.8 0.21 2343.0 0.12 3212,2 0.32

3269.1 0.15 2444.6 0.15 3272.2 -0.15
3298.5 0.09 2466.5 0.06 3290.2 -0.070 V.(NH3)

*3304.4 -0.33

* Indicates a band not present in the ambient pressure spectrum.
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adjacent platinums. The colour change is a consequence of the a shifi to lower

energies of the electronic transitions~ in the visible region [8].

4.4 Discussion

The obvious splitting of the vibrational modes in the Fr-IR spectra of MGS~

MGS-Br and MGS-D is the flfSt indication of hindered rotation of the NH3 group

about the Pt-N bond. Several spectroscopie criteria have been proposed as evidence

of specifie hydrogen bonds in salts~ with particular reference to ammonium salts.

Dunsmuir and Lane [9] proposed that the presence of both the eombination bands (V4

+ V6) and (V2 + V6)~ a broadening of the lattice modes in the far-IR (ca. 200 cm-I
) and

a shift of the V4 mode ta progressively higher frequencies above 1400 cm-l are a good

indication to the presence of hydrogen bonds. The V4, V2 and V6 modes are the

symmetric HNH bend~ the antisymmetric HNH hend and the ~+ torsion~

respectively. The torsional mode results from restricted rotation of the ammonium

ion. Waddington also attributed the loss of the degeneracy of the V3 N-H stretch and

v4 deformation modes in ammonium salts to reduced rotation of the~+ ion because

of hydrogen bonds [10]. A single, sharp band was observed for those salts in which

the NI-4+ ion was freely rotating.

For weak hydrogen bonding, the above model shows that dv/dp will be

negative for the v(NH3) modes and positive for the Ô(NH3) modes. Nakamoto et al.

[1] were of the opinion that~ if this model interprets the behaviour of straight

hydrogen bonds, then for bent and bifurcated hydrogen bonds~ the V(NH3) and Ô(NH3)

modes should show high and low frequency shifts~ respectively. Any hydrogen bonds

in MGS will be bent; the calculated N-H-CI angle is 95° if the N-H bond length and

H-N-H bond angle are the same as for NH3. It is also possible that each chloride ion

forros a hydrogen bond to each of the protons of the adjacent NH3 group. The

presence of strong interactions~even after substitution for a methylarnine which lies in

the Pt-N-·-CI plane~ indicates the presence of strong interactions of this plane. In the

first instance, the high pressure results could he an indication of weak~ bent hydrogen
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bonds in MGS and its derivatives MGS-D and MGS-Br, which increase in strength

under compression.

Several studies, however, have shown that even in the case of bent and

bifurcated hydrogen bonds, the model proposed by Lippincott and Shroeder is still

valid and in sorne cases bent hydrogen bonds have been found to be stronger than

straight hydrogen bonds in the same material. In hydroxylammonium chloride,

NH30HC1, the NHCl angle is 153-157° and d(N-CI) = 3.2 Â. A neutron diffraction

study revealed that each proton forms a hydrogen bond with a chloride in the

neighbouring molecule [11]. Under compression, dv/dp for v(NH) = -0.25 cm- l kbar­

1 and dv/dp for Ô(NH3) and P(NH3) = 0.12 cm-l kbar-[ [12].

In contrast, many ammonium compounds have been identified in which, under

compression, the N-H stretches and the bending modes of hydrogen-bonded NlL+

ions shift anomalously to higher and lower frequencies, respectively [2]. In

(NH).J»b(S04h, the ammonium ions are aIl equivalent and in sites of C3v symmetry,

with one straight hydrogen bond on the threefold axis and nine further oxygens

fonning three triangles, related by the three-fold axis containing the nitrogen, 1. The

closest oxygen-to-nitrogen distance is that with the oxygen on the three-fold axis.

From the frequency of the v(NH3D~ mode in a partially deuterated salt, Oxton and

coworkers [13] showed that it was the hydrogen bonds formed by the off-axis protons

which fonned the strongest hydrogen bonds. For the related salt (NH3hSiF6, dv/dp

for the antisymmetric N-H stretch and bending modes are 1.0 and 0.04 cm-( kbar-1
,

respectively [2]. These salts behave as though they have very strong hydrogen bonds,

instead of the weak hydrogen bonds as interpreted from bond distances and

vibrational frequencies. The observed pressure shifts could be a result of anisotropy

of the compressibility of the salts, causing bending and subsequent weakening of the

hydrogen bonds. Altematively, strong electrostatic forces could he superimPOsed cn

the hydrogen bonding forces, and in their response to compression, many of the salts

behave as if they had strong rather than weak hydrogen bonds.
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0(2)

A high-pressure study of hexaamm.inenickel(ll) halides, [Ni(NH3)6]X, (X =

Cl, Br 1), up to -100 kbar, revealed a phase transition at 51 kbar for X = Cl and Br

and at 23 kbar for X = 1 [14]. A splitting of the vibrational modes at the transition

pressure showed that the phase transition involved a reduction in symmetry and an

ordering of the NH3 groups. Under ambient conditions, the NH3 groups have

considerable rotational freedom. Furthermore, under compression, the Ôs(NH3) and

Od(NH3) modes showed a negative pressure shift. For the os(NH3) mode, dv/dp = ­

0.83 ex = Cl), -0.75 eX = Br) and -0.90 ex = l) cm-1 kbar-1
• The large, negative shift

of the os(NH3) mode was attributed to a coupling of this mode to a soft mode

associated with the phase transition. The v(NH) modes showed positive pressure

dependences, dv/dp = 0.55, 0.48 and 0.24 cm-1 kbar-1 for X = Cl, Br and 1,

respectively, for phase 1. Above the phase transition pressure, dv/dp =0.13, 0.21 and

0.07 cm-1 kbar-1 for X = Cl, Br, l, respectively.
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4.5 Conclusions

The similarity of the results for [Ni(NH3)6]X2 with those observed for MGS

and its derivatives, and the increased splitting uder compression, confirm that there is

restricted rotation of the NH3 moiety about the Pt-N bond in MGS, MGS-D and

MGS-Br. The cause of this restricted rotation cannot he conclusively attributed to the

presence of hydrogen bonding of the type Pt-No-Cl, but neither cao it he ruled out.

The form of the symmetric deformation Bs(NH3) mode results in a decrease of the Pt­

N-H bond angle for ail the three protons. Under compression, the N°·oCl distance

decreases, but also during the vibration the N-H-CI becomes less bent and the strength

of a hydrogen bond will increase. Thus, the presence of increasing strength hydrogen

bonds will reduce the restoring forces of the vibrational mode and lower the

frequency of the vibration. This could expIain the negative pressure dependence of

the symmetric deformation Bs(NH3) mode. Bromine is less electronegative and so

less likely to fonn hydrogen bonds than is chlorine. The differences in the pressure

dependences of the vibrational modes are relatively small on going from MGS to

MGS-Br, with the exception of the antisyrnmetric Vas(NH3) mode. It is not

understood as yet why this mode shows a negative pressure shift.

If, under compression, the delicate balance of the competing molecular forces

(cation-anion interactions, van der Waals forces and hydrogen-bonding) are disrupted

and, if a second configuration of comparable stability exists, solid-state isomerization

can he induced. Examples of isomerization in Metal clusters and piezochromic

transitions of the Cu(m complexes were discussed in Chapter 1, Section 1.4.2. The

dihydride-dihydrogen interconversion in [(PP3)CO(H)2]BP14, [PP3 = P(C2l4PPh2hl

was a1so described in the introduction. In a continuation of the study of these

compounds, Chapter 5 decribes the high-pressure IR study of ReH7( dppe).
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ChapterS

Pressure-induced Solid-State Isomerisation: The Dibydride-Dibydrogen

Interconversion1

S.l Introduction

Hydride complexes formed by the cleavage of Hz are known to play a key role

in catalytic hydrogenation mechanisms of unsaturated organics and other compounds.

Addition proceeds via an oxidative-addition pathway, the initial interaction of H2 with

a metal center being regarded only as a transient in hydride formation. The successful

synthesis and characterization of the stable complex, W(112-H2)(CO)3(PP~3h,

containing a dihydrogen ligand by Kubas et al. in 1984 [1] paved the way for further

work in this area. These dihydrogen complexes, along with polyhydride complexes,

have become important model systems for investigating the nature of the bonding of

molecular hydrogen to a Metal and subsequent bond cleavage in catalytic processes.

The dihydrogen-dihydride interconversion is known for several complexes in

solution, this interconversion being monitored by IH-NMR spectroscopy [2]. The

barrier to interconversion in IrCI(H)2(H2)(PP~3h is below 3 kcaIlmol. We have

recently shawn for the first time that dihydride to dihydrogen isomerization cao he

induced in the solid state under compression at room temperature [3]. Under modest

pressures of just 6-10 kbar, the pale yellow dihydride complex, [(PP3)Co(H)21BP14,

[PP3 = P(C2HJ>Ph2h] is transformed to the red dihydrogen complex, [PP3CO('l2­

H2)]BPh.;. The disappearance of the v(Co-H) stretching mode, and the v(Co-D)

stretching mode in the deuterated analogue [(PP3)Co(Dh]BPI4, was observed at the

transition pressure.

In this paper, we present the results of a high-pressure vibrational study on the

neutral rhenium heptahydride complex, ReH7(dppe) (1) (dppe = ethylene-I,2­

bisdiphenylphosphine), which indicates that, on application of hydrostatic pressure, at

1 C. M. Edwards and 1. S. Butler. Inorg. Chem.• in preparation.
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pressures above 5 kbar a hydrogen-hydrogen interaction is fonned. This interaction

increases as the pressure is further increased up to 40 kbar. There was no evidence

for a pressure-induced interconversion in the analogous triphenylphosphine complex7

ReH7(PPh3h (2).

5.2 Experimental

The rhenium(Vll) complex 1 was prepared according to literature methods 7

i.e., ReOCI](dppe} [4] was first prepared by the addition of concentrated HCI to

NaRe04 in boiling ethanol. The blue-green complex7 which is precipitated as the

addition proceeds, was reduced with Li[All4] in THF under reflux (90 min) [5]. The

resulting solution was evaporated and the crude residue was extracted with THF.

Concentration of the solution and cooling to -2üoC afforded crystals of the desired

product, 1. The analogous deuterated complex was prepared following the same

method, the reduction step being performed with Li[AlD4). Further details of the high

pressure experiment can he found in Chapter 27 Section 2.1.5.

•
H(3)

1

H(5)

2

P(l)
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S.3 Results

Complex 1, ReH7(dppe), has been descnbed as a classical polybydride with

seven discrete hydride ligands. Single-crystal neutron diffraction studies of

ReH7(dppe).2THF [6] have revealed that the structure is a monocap~ square

antiprism with H(1) in the capping position and the dipbosphine occupying diagonal

positions on the square uncapped face. The sbortest intramolecular H...H separation is

1.77 À [H(1)...H(4)]. Complex 2, ReH,{pPh3h, is thought to deviate from the

classical polyhydride structure, baving a structure in whicb one H...H separation is

much shorter than is the average H...H separation for classical non-bonded hydrides of

about 1.6 Â, yet not as close as the typical values of 0.8 Â for coordinated dihydrogen

ligands [M(112-HÛ]. This shorter H...8 distance presumably indicates a significant

H...H bonding interaction. The structure of the 2 is not available, but ReH7{P(p­

tolyl)3 hl [7] has also been descn"bed as having a monocapped, square antiprismatic

geometry, the two phosphine ligands occupying diametrically opposed positions on the

capped, square face P(l)-H(l)-P(2)-H(6), the uncapped face being defined by four

hydrogen atoms arranged as a trapezoid, 8(3)-8(5)-8(4)-8(7). The H(3)-8(5)

separation is the shortest at 1.357(7) Â..

In solid-state IR spectrum of ReH,(dppe), three bands at -1977, 1900 and

1824 cm-l were assigned to the v(Re-H) modes. For Re87(PPh3)2, the v(Re-H) modes

were located at 1965 and 1896 cm-l. For the deuterated analogue, the v(Re-D) modes

shifted to -1411 and -1369 cm-l, respectively. These bands were typically broad,

although for the hydride complexes, the higher frequency band was often relatively

strong in intensity. The peak frequencies are in agreement with those reported in the

literature [5]. Sorne residual hydride species always remained in the deuterate.

The IR spectra of ReH7(dppe) with increasing pressure are shown in Figure

5.1. The band assignments [8] and pressure dependences for the observed modes are

reported in Table 5.1. The pressure dependences are reported for two pressure

regions, a low-pressure phase and a high-pressure phase, where appropriate.
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Figure 5.1. IR spectra in the 1600-950 cm-1 region of ReH,(dppe) with increasing
pressure. The sharp peak indicated by * in each spectrum is the antisymmetric v(NO)
mode of the N03

2
- ion ofNaN03, the internai pressure cahbrant.
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• V, cm-1 dv/dp, cm-1 kbar·1 Assignments

10w pressure bigb pressure
phase phase

783.6 ms 0.07· -0.08 S(ReH)
796.4w 0.11· 0.1
811.3 m 0.53b 0.26
896.4 vs 0.9b

918.3 sh 0.43 o. b. )(CH), i
969.9 w O.25c

998.8 m 0.17 o. b. ring breath. p
1006.4 0.3c

1028.8 m 0.19 o. b. I!<CH), b
1036.1 sh. w 0.3b

1060.6 ms 0.2c P(CH), d
1106s O.Sb q X-sensitive

1158.9 m 0.01 o. b. IJ(CH). c
1190.3 ms 0.18 o. b. ~(CH). a
1276.7 w 0.5 o. b. CH1-wag +e
1312.5 m 0.22 o. b. ov(CC)
1335.1 m 0.22 o. b.

1402.7 sh. w O.~ p+w
1406.9 s 0.5e i+y
1435.9 vs 0.25 o. b. S(CH)
1475.4 vs O.Sb 0.1 n, m
1484.4 vs 0.4b 0.3
IS72.2m 0.36e 0.2 1. k
1587.1 m 0.39c

2636.7 vw.br 0.24· 0.34 v(HH)
2849.0s O.4b 0.27
2868.2s 0.4b 0.49 vs(CH)

2897.6sh. m 0.4 o. b.
2914.8 sh. m 0.4d

2930.3 s O.Sd vu(CH)
2964.0s 0.36 o. b.

2990.2sh. m 0.44 o. b.
3023.3 m 0.57 o. b.
3056.3 s 0.S4 o. b. v(CH) ring

3078.1 sh.m 0.6·

aUp to or from 23.2 kbar; bUp to or from 16.7 kbar; 'Up to 29.6 kbar; dFrom 9.2 kbar; C:Up to 27.7
kbar; n.b" No break in slope.

•
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However, from the wavenumber vs. pressure plots, up to three pressure phases were

observed for sorne modes. Several of the vtbrational modes, e.g., Fig. 5.2, showed

small positive shifts with initial increases in pressure and the~ from 16.7 kbar, showed

much greater pressure dependenccs, leveling off again above 29.6 kbar. The pressure

dependences given in Table 5.1 show the initial pressure response, below 16.7 kbar, or

23.4 kbar for those curves where the increase was smaller. In contrast, the v(CC)

modes at 1475.4 and 1484.4 cm-l, for example, had a larger initial response to

pressure, between 16.7 and 29.6 kbar the pressure shift was much smaller, and then

above 29.4 kbar the pressure dependence increased again (Fig. 5.3). The band at 1276

cm-l, assigned to the CH2-wag + e mode, shows a different response ta applied

pressure, increasing to a maximum with increasing pressure (Fig. 5.3). The pressure

dependence reported in Table 5.1 for tbis band is based on the initial pressure shift.

Other modes exlubit aImost linear pressure shifts up ta 40 kbar. Furthermore, as the

pressure increases, several peaks lose intensity and are not observed at higher

pressure, e.g., those at 1060.6 and 1406.9 cm-l, while three peaks at 969.9, 1006.4

and 1036.1 cm-l only appear at higher pressures. These observations suggest that,

over the 16.7-29.6 kbar range, the complex undergoes a phase change, during which

severa! modes become IIlOre or lcss pressure sensitive. Other modes are practically

insensitive to the phase change.

The IR. spectrum of the deuterate ReD,(dppe) proved to be more complicated

to interpret, due to overlapping bands and the inability to observe clearly the

calibration peak in the spectrum. Furthermore, the regions between 1250 and 1000

cm- I and below 950 cm-l were a continuous, broad absorption band, mest likely due to

the presence of THF, from which the crystals are recrystallized.

As the pressure was increased above -5 kbar, a broad, weak peak appeared at

-2636 cm-l in the IR spectrum of ReH7(dppe) (Fig. 5.4). Because of interference

fringes in the spectra and the broadness of the band, it was difficult to follow with

increasing pressure. However, the results do suggest a positive shift of this band with

increasing pressure. No such band was observed for ReD,(dppe). Based on

observations made by Kubas and others [2(a), 9,10], the new peak at -2636 cm-I has
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Figure 5.2. Wavenumber vs. pressure plot for the vs(CH) and vu(CH) modes of
ReH7(dppe).
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Figure 5.3. Wavenumber vs. pressure plot for selected VIbrations between 1490 and
1270 cm-1 of ReH7(dppe).
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Figure 5.4. IR spectra of ReH,(dppe) at three pressures, showing the growth of a
broad band centered at -1236 cm-1 from 5.8 khar.
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been assigned to v(llll) of a Re(112-Hû moiety. The application of pressure to

ReH7(dppe) appears to cause a decrease in one H...H intramolecular separation and an

increase in their bonding interaction. On the basis of this assignment~ this band

should shift to -1900 cm-1 for v(DD) in Re~(dppe). However, the broad absorption

due to the diamond would obscure any new bands appearing in this region.

5.4 Discussion

The initial frequency of this new peak (-2636 cm·1) is lower than is that

reported for any coordinated dihydrogen stretching frequency in the literature. The

closest H...H separation in ReH7(dppe) is 1.77 À, between H(1) and H(4), and it

seems reasonable to suggest that it is between these particular hydrogens that the

pressure-induced interaction oceucs. A bonding scheme proposed for metal­

dihydrogen complexes is analogous to the Dewar-Chatt-Duncanson mode1 for M­

olefin 7t-bonding, in which there is a transfer of electrons from the H2 cr-orbital into a

vaeant metal d-orbital, plus transfer of eleetrons from an occupied metaI d-orbital to

the cr*-antibonding orbitai of H2 [9]. H2 binding and eventual cleavage of the H-H

bond is thus aided by backdonation of electrons from the metal to the H2 a*-orbital.

The stability of the dihydrogen vs. dihydride ligand is, therefore, a balance between

cr-donation to the metal and 1t-backbonding from the metal to the H2 ligand. Cleavage

of the dihydrogen ligand to form the two hydride ligands can be thought of as either

by a gradual lengthening of the H-H bond as more electrons are put into the

cr*-antibonding orbital, or, as progression along the reaction eoordinate from

dihydrogen to dihydride is made, there is little change in the H-H bond length until

such a situation is reached when no more 1t-backbonding can he tolerated and the

bond breaks. Complexes of the type Mo(CO)(112-H2)(ph2PC2fW>Phû2 [10] and

[Fe(112-H2)(H)(Ph2PC2RJ>Ph2h]BP14 [11] contain dihydrogen ligands in which the

H-H distance remains practically constant along the reaction eoordinate, from

dihydrogen to dihydride, until bond breaking is imminent. In eomparison, [Re(112­

H2)14(Cyttp)]SbF6 [12] features a surprisingly long H-H bond and follows a smooth
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gradation in structure as it progresses along the reaction coordinate from dihydrogen

to dihydride.

The magnitudes of the pressure shift of the v(HH) mode of the dihydrogen

ligand, dv/dp = 0.24 and 0.34 cm-1 kbar-1
, are relatively small compared to values

nonnally seen for vibrations involving hydrogens. Since vibrations involving

hydrogens are particularly anharmonic, they can he expected to have large pressure

shifts of over 1.0 cm-1 kbar- I
• The initial effect of compression is a decrease of the

inter- and intramolecular interactions, which results in a positive pressure shift for

most vibrational modes. If the amount of x-backbonding from the metal increases, a

negative shift of the frequency of the v(HH) mode would he observed. Under

compression, these two effects could combine and the result is a smaller pressure

shift. The small, positive pressure shifts observed could be an indication of an

increasing x-backbonding.

Although there is one H-H distance shorter than the others in the single crystal

at ambient pressure, the results do not tell us if there is just one H-H interaction

forming between these two particular hydrogens, or sorne other situation. It has been

suggested that, in polyhydrides, a delocalized cr-bonding analogous to the x-system of

allyls is possible [9]. Coordination of this type has been used to expIain long H-H

bond lengths, but X-ray and neutron diffraction studies have shown that in sorne cases

an asymmetric or even an end-on H2 coordination is more likely the cause of the

longer H-H bond distances. The low frequency of the observed v(HH) mode at -2636

cm-l, however, seems to indicate that a relatively short H-H bond is forrned directIy

upon forming the interaction. For the complex Mo(CO)(112-H2)(dppeh [10], where

dCffiI) =0.8-0.85 A, v(HH) =2650 cm-l and in W(1l2-H2)(CO»(ppI3h [1], d(HH) =
0.82(1) A, and v{llll) =2695 cm-l, based on the D2 complex. It is possible that a

complex of the type Re(ll2-H2)(H)s(dppe) resembles the aforementioned Mo and Fe

complexes, which show a relatively fiat reaction coordinates from M-(Tl2-H2) -+

M-(H)2. Many Re-dihydrogen complexes, however, contain elongated H-H bonds

and/or asymmetric coordination of the H2 ligand [13].



•

•

•

147

Preliminary results from pressure-tuning Fr-IR. studies of ReH7{PPh3) and its

deuterate show no indication of a pressure-induced coordinated dihydrogen foonation,

in spite of the closest hydrogen-hydrogen distance being smaller than in ReH7(dppe).

Consideration of the electronic effects alone would lead one to believe that pressure­

induced dihydrogen formation would be more likely for ReH7(PPh3h than for

ReH7(dppe). For a series of compounds of general formula

Mo(CO)(H2)(R2PC2fW>R~2 [9], when R = Ph, the dihydrogen ligand is stable.

However, when R = Et, the H-H bond breaks and a complex with discrete hydride

ligands is more stable. This change from Ph to Et represents just a small increase in

the electron density at the metal center, but sufficient to cause an increase in the 1[­

backbonding from the Metal to the H2 ligand. Aside from the obvious difference in

the number of phenyl rings on the phosphine, the most noticeable difference in their

structure is the P-Re-P angle, reported as 83° and 151.3(1)°, for ReH7(dppe) and

ReH7 {P(p-tolyl)3 hl, respectively. The larger P-Re-P angles and symmetrical

geometry of the phosphine ligands in ReCI{112-H2)(PMePh~4 (P-Re-P = -168.8 and

-164.3°) [12(b)l were considered sufficient to stabilize the dihydrogen, as the

distortion and closing-up of the P-Re-P angle ta accommodate the two dihydride

ligands is too great.

It is most likely that the phase change that occurs in ReH7{dppe) between 16.1

and 29.6 kbar involves rotation of the phenyl rings, possibly in order to accommodate

the formation of (1'\2-H2). Phenyl ring rotation under pressure has been recognized in

triphenylphosphine (PPh3) [14] and in the coordination complexesP~ (M = Si, Ge,

Pb, Sn) [15].
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S.5 Conclusions

The effect of applied pressure on the neutraL classical heptahydride complex,

ReH7(dppe), is the formation of a 112-H2 ligand. The low frequency of the v(HH)

mode at -2640 cm-I suggests a short H-R bond distance, significantly smaller than the

closest ambient pressure separation of 1.7 A. Bond distances of the order 0.8-0.9 Â

are normally associated with v(HH) frequencies of -2650-2700 cm-l. An

asymmetrically coordinated dihydrogen cannot he ruled out. The lack of pressure­

induced 112-H2 formation in ReH,(pPh3n is POssibly due to geometric rather than

electronic factors, the latter being normally considered as the most important factor

goveming the M(112-H2) H M(H)2 interconversion. Rotation of the phenyl rings may

assist in the dihydride-dihydrogen interconversion.

The combination of high-pressure and high-temperature has been successful in

creating new materials. The solid-state POlymerization of acetylene al -142 kbar, and

the synthesis of sp2-bonded carbon nitrides, were achieved in a diamond-anvil cell.

Sïnce the discovery of~ and higher fullerenes, the formation of endohedral fullerenes

has been the subject of many publications. A novel route to the fonDation of endobedral

fullerenes has been proPOsed which involves insertion of an atom into the vacant cavity of

the Cro fullerene via fonnation of a temporary hale within the fullerene cage while the

sarnple is subjected to high temperatures and pressures. This approach bas aJready proved

successful for 3He@~, as weB as Ne, Ar, Kr and even Xe. The following chapter

descnbes initial expeiÏIllents in which the application of high-pressure bas been used in an

attempt to insert a cobalt alom into the cage of a modified fullerene.
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Chapter6

Pressure-Tunipg Vibration.' Spectroscopie Stad! of <n5·ÇdI')Co<CgILl:

Cao Endobedral FullereDes Be Fonged Under Prrssure?l

6.1 Introduction

A novel route to the fonnation of endohedral fullerenes bas been proposed which

involves insertion of an atom ioto the vacant cavity of the Cio fuIlerene via formation of a

temporary hole within the fullerene cage while the sample is subjected to high temperatures

and pressures. This approach bas already proved successful for 3He@Cio. as weil as Ne,

Ar, Kr and even Xe [1]. To aIlow insertion of a larger metal alOOl, however, a larger hale

must tirst be eut in the~ framework. Rubin and co-workers bave recently succeeded in

producing a 15-membered hole by the consecutive triple scission of a six-membered ring

on the Cïo surface via consecutive pericyclic reactions [2]. Subsequent oxidative cobalt

insertion affords the Co(lll) organometallic complex 1, CpCo(4JL) (Cp = ",S-CsHs), in

which an ethylene bridge acts as a ",2_handle to the metal (Scheme 6.1). The carbon­

carbon distance in the ethylene bridge [1.329(14) Â] ofl is approximately the same as that

calculated for the bis-fulleroid 2 (1.336 Â). The bond distances between the ethylene

bridge carbons and the cobalt(lll) of1 are 2.119(9) and 2.112(10) Â., Le., somewhat longer

than those observed in CpCo(COD) [2.010-2.025 Â; COD = 1,2-cyclooctadiene] [3].

The application of pressure in a diaImnd-anvil œil (DAC) causes a decrease in

sarnple volwœ and concomitant decreases in the intennolecular and intramolecular

distances [4]. Consequently, we fek that it would be interesting to ascertain whether, upon

application of sufficient extemal pressures to CpCo(Cs.JL), the cobalt atom might he

encouraged to slip inside the fulIerene cage through an l1-membered ring, in which the

ethylene bridge and the two methine carbons form part of the ring. For such an event to

occur, the Cp-Co bond would aIso have to he broken. We report here the results of an

1 C. M. Edwards, 1. S. Butler, W. Qian and Y. Rubin, J. Mol. Suuct., 1997. in press.
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investigation of the IR. and Raman spectra of CpCo<c..a.) in a DAC as a fimction of

pressure during wbich it was hoped that an endobedral fUllerene would he producecL

Co1J1'OUDds 1 (containing one rrolecule of toluene per unit œO) and 2 were

obtained as reported previously [2]. None of the bands expected for solid toluene were

observed to any sigrù&:ant extent in the vibrational spectra of corqK)und 1 (vide infra).

The high-pressure experinent is described in Qapter 2 Section 2.1.5.

xyIene. reflux

•

1
Scheme6.1.

6.3 Results

There are nlllœl'Ous overlapping bands observed in the IR spectra of bath the bis­

fulleroid, c..a.. and the organometaIlic coq:.lex.. CpCo(c..a.), wbich broaden

considerably with increasing pressure theœby making measurement of tbeir positions

diflicuh. In addition, the accurate detenninalion of the applied pressure in the IR.

measurements proved particu1arly difIicult œcanse the band due to the symmetric N-O

stretch of the internai NaNÛ] calibrant (1401.3 cm-l, al ambieot pressure) becomes

overJapped with severa! other bands al bigber pressures. Wltb the aid of band-fittiDg

procedures, bowever, goad estimates of the applied pressures could eventually be obtained.

These band-fitting procedures aIso permitted assigmœnt of severa] of the bands by
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comparison of the IR spectra of 4Ji4 and CpCo(4JL). For instance, the two weak

bands observed in the IR spectrum of 4JL al 1669 and 1678 cDit disappear upon

complexation of the Cp-Co tmiety to the 4JL fulIeroid unit and a new, strong band

develops al 1525 cm-l. The two original weak bands are assigned to the v(C=C) stretcbing

modes of the ethylene bridge which, as expected. [5], are shifted to lower energies by -150

cm- l upon complexation. There is another identifiable band of CpCo(4JL) at 1327 cm·t
,

which is typical for a a(CH) toode of the Cp ring [5]. The medium-intense band at 1493

cm-l, at ambient pressure, is conumn to bath the fuIIeroid and the complex and is

attributed to a v(CC) mode of the carbon skeleton. An of the bands mentioned above

exlubit positive pressure dependences.

Contrary to the IR, it was easy to l'OOnitor the effect of pressure on the fT-Raman

bands of CpCo(4JL) because, unlike those of the bis-fulleroid 4JL, they are DOt

obscured by a strong fluorescence background. The pressure dependence of severa! bands

and their tentative assignments are given in Table 6.1. For an the observed Raman bands

of CpCo(4,JL), there is a discontinuity in the slopes of the wavenumber vs- pressure plots

between 8.8 and 13.1 kbar, as shown in Figure 6.1. The Raman bands located at -1455

cm-l are the most intense and have been assigned to the 6'pentagonal pinch" mode in which

opposite-sided pentagonS of the fuIlerene cage contract. In the case ofCio, this pentagonal

pinch mode appears al 1469 cm-l [6] while, for 4JL, the strongest Raman features are at

1450 and 1458 cm-l. For the latter compound, ooly five data points were available on

going from ambient pressure to -43 kbar. The pressure dependences of the two bands in

question are estimated as 0.3 and 0.2 cm- l kbar- l
, respectively.

6.4 Discussion

The presence of a discontinuity in the slopes of the v vs. P plots for the Raman bands

ofCpCo(4,JL) between 8.8-13.1 kbar indicates the occurrence of a Stnlctural transition.

Each of the bands al 546.0, 440.8, 314.1 and 266.9 cm· l develops a shoulder on the high

wavenumber side at pressures above 13 kbar (Fig. 6.2). These shoulders increase in

intensity as the pressure is increased, providing additional evidence for a structural change.
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Table 6.1. Pressure dependences for selected Raman modes ofCpCo(~)between
13 and 47 kbar. (Below -10 kbar, the pressure dependence ofeach band is essentiaUy
zero.)

Peak dv/dp Tentative
(cm-I ) (cui l kbar-I

) assignment

1585.8w 0.37 v(CC) .~"

1574.0 w 0.37 v(CC) "C60"

1566.8 W 0.32

1520.0 vw 0.39 v(CC), ethylene bridge

1459.7 s 0.58 "pentagonal pinch"

1452.4 sh.m 0.55

1442.5 sh.w 0.32 v(CC) Cp

1380.1 w 0.57 8(CH)

1360.8 w 0.47 8(CH)

1118.7 w 0.26 v(CC) Cp

552.0, sh 0.10

545.9 m 0.19

474.7 w 0.20 antisym. ring tilt

440.9 s 0.33 v(C<>-Cp)

439.0, sh 0.19 v(C<>-Cp)

377.5 w 0.18

341.1 w 0.22

318.0, sh 0.39

314.0 w 0.26

269.7, sh 0.43 uCtJJ"
266.6 ms 0.31 "CfIJ"

257.7 w 0.5
209.5 ms 0.16

199.6 ms 0.26

178.0 ms 0.11

sh shoulder; s strong; ms medium strong; m medium; w weak and vw very weak.
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Although fewer data points are available for~, il is evident that no structural

change occurs even al pressures up to -30 kbar. Moreover, on the basis of the pressure

dependence of the pentagonal pinch mode al -1455 cm· l
, CpCo(~) is Imre pressure

sensitive than is~,as sbown in FJgUre 6.3. High-pressure X-ray cüffi"action studies 00

~ have revealed that the weak van der Waals interactions decrease upon application of

hydrostatic pressure to compensate for the decrease in volume and the intramolecuJar

interactions remain essentially unchanged [7]. Coordination of the CpCo-rmiety to the

side of the fullerene cage renders the intraJmlecuJar interactions Imre pressure sensitive.

In the case of transition metal carbonyl [8] and alkene complexes [9], the 1t­

backbonding interactions hetween the metals and the CO and alkene ligands are increased

upon application of bigh external pressures. To increase the cobalt-fullerene interaction in

CpCo(~), the strength of the cobalt-ethylene bridge interaction must he increased.

Such a situation could he achieved by increasing the a-donation from the ethylene bridge to

the Co(lll) center and/or by increasing the 1t-backdonation from the Co(lll) center to the

vacant 7t*-orbitals of the ethylene bridge. The net effect of these interactions would he a

decrease in the bond order of the C=C bond and consequently a decrease in the energy of

the v(C--C) mode. Therefore, if more 1t-backdonatioo does occur from the Co(lll) center

to the ethylene bridge under pressure, a negative pressure dependence should he observed

for the v(C--C) mode. The v(C=C) mode of the ethylene bridge, however, shows a distinct

positive pressure dependence (0.39 cm-1 kbar-l
).

For the Co alom to he pushed inside the fullerene cage, tbere must he a significant

weakening of the Cp-CO bond such that il eventually ruptures altogether. A graduai

lengthening of the Cp-Co bond would he expected, which would reveal itself as a graduai

shift in the frequency of the v(Cp-Co) stretching mode to Iower wavenumbers with

increasing pressure, until dissociation is complete when the mode would disappear

completely. The v(Cp-Co) mode is expected in the Raman spectrum in the 500-300 cm-l

region since, for CP2Co (cobaltacene) and [CP2Cot, this mode is located al 355 and 455

cm-·, respectively [5]. While it is not possible to assign a specifie Raman band to the
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450

Figure 6.2. Fr-Raman spectra in the V(Co-Cp) regioD for CpCo(CidIt), from antient
pressure to 49 kbar. 'The arrows indicate those bands which become increasingly Imre
intense with iDcreasing pressure.

49kbar
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Figure 6.3. Fr-Raman spectra in the region of the pentagonal pinch JDJde for
CpCo(4JL) (bottom) and 4JL (top) from antient pressure to high pressure.
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v(Cp-Co) mode, an the Raman bands in the 500-300 cm-1 region do _show positive pressure

dependences tbroughout the pressure range investigated.

6.5 Conclusions

The application of high extemal pressures (up to -40 kbar) on the Co(1ll) fullerene

complex, CpCo(4JL), does not increase the metal-fuIlerene interaction sufficiently for

insertion of the metal atom into the fuJlerene cage to occur. There is, however, evidence

for a structural change al 8.8-13.1 kbar, most probably due to the rotation of the Cp ligand

about the Cp-Co bond similar to that seen in ferrocene onder high pressure [10] and al low

temperature [Il]. For ferrocene, onder high-pressure there is a phase transition al about

Il.5 kbar. The Cp-Co bond is too strong to he broken by the pressures applied in the

present work but replacement of the Cp ring with a more electron-witbdrawing ligand,

such as pentatluorocyclopentadiene (CsFs), or a more labile ligand such as indenyl, might

lead to the desired resuh.

Up until now, the high-pressure experiments have been exclusively IR and Raman

techniques. WhiIe much infonnation can he obtained from such experiments, often more

detailed infonnation regarding the structure of a compound is needed In collaboration

with the CNRS Laboratoire de Physico-Chimie des Matériaux, Meudon, France, we

have carried out sorne initial high-pressure powder X-ray diffraction experiments on

potassium chromate, K2Cr04 • In much the same way as powder X-ray diffraction data

is interpreted in regular ambient pressure measurements, the powder patterns with

increasing pressure are interpreted to give detailed structural information.
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Chapter7

High-Pressure X-ra! Diffraction Study of Pot,ssium Chl'ODI!te:

Pressure-iDduced OrieDtational Djsorder and ils ImpUcatiODS for AmomhizatioD

iD AzBL Compounds1

7.1lntroductioD

The need to understand the structures and transformation mechanisms of

minerals under high pressures is important in our understanding of many geophysical

phenomena such as ocean fIoor spreading, the earth's magnetic field and deep-focus

earthquakes. These and other phenomena are detennined, at least in part, by the

properties of the materials that compose the earth's interior [1]. The mande and crust

are composed predominantly of silicate minerals. Perhaps, the most extensively

studied of these minerals is the magnesium-iron olivine, (Mg~ehSi04' in which the

Si04
2

- tetrahedra are isolated. The 4OO-km. seismic discontinuity between the upper

rnantle and the transition zone was long proposed to he caused by transformations in

the olivine phase of (Mg,Fe)2Si04 to a denser phase. The a (oüvine)-to-p (spinelloid)

transformation has been shown to he consistent in terms of pressure (depth) with this

discontinuity [2]. The a (olivine)-to-p (spinelloid)-to-y (spinel) phase transformations

are aIso connected with the origins of deep-focus earthquakes [2].

The structurally related silicate, Ca2Si04, in which the siol- tetrahedra are

also isolated, is an important constituent of Portland cement clinker and appears in

refractories. Ca2Si04 exists in several polymorphs [3] and their temperature- and

pressure-induced transformations have been studied extensively by powder X-ray

diffraction [4,5] and Raman spectroscopy [6]. The orthorhombic y-Ca2Si04, which is

stable under ambient conditions, is in fact isostructural with olivine. The above

disilicates are examples ofA2B~ compounds, which have been extensively studied in

IC. M. Edwards, J. Haines, I. S. Butler and J. M. Léger. J. Chem. Phys. Solids, in preparation.
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relation to their high-pressure, low-temperature phases, and mechanisms of

transformation. Potassium chromate, K2Cr04, is another A2B~ compound, with

isolated Cr04
2- tetrabedra and is isostructural with the high-temperature,

orthorhombic, a'H fonn of Ca2Si04 [4]. The high-pressure p-CazSi04 POlymorph bas

a closely-related monoclinic structure. With the exception of a solitary Raman study

up to -5 GPa [7], no previous high-pressure work on K2Cr04 bas been undettaken.

Other A2BXt compounds that bave been investigated al high pressures include

CSzMoS4 [8], Na2Mo04 and Na2W04 [9], and KzZnn and RbzZnC4 [10]. Many

A2B~ compounds undergo pressure-induced amorphization. The relation between

crystalline and amorphous phases is of interest because the transition from crystalline

to amorphous involves ooly small displacements of the atoms in the crystal. Whether

there is a size criterion for amorphization has been the subject of severa! studies

[9, Il]. For a series of AzBXa compounds it was found that the r(BXa)/r(A) ratio

couId be used to determine the effect of compression on the materia1.

Interestingly, bath Ca2Si04 and K2Cr04 can he considered as oxygen-stuffed

analogues ofAX2 compounds. For example, in y-Ca2Si04, the Ca2Si sub-lattice has a

NhIn-type structure and the K2Cr sub-lattice of K2Cr04 has a C02Si-type structure,

Fig. 7.1. y-Ca2Si04 transfonns to p-Ca2Si04 under compression and at the transition

the Ca2Si sub-Iattice changes from a Nhln-type to a distorted C02Si-type. High

pressure studies on AX2 compounds with the PbCh structure type, for example BaX2

eX = CI, Br, n [12], PbF2, PbCh and SnCh [13] and BaF2 [14], show that high­

pressure transformations involve increases in cation coordination number beyond 9.

BaF2 transforms to a Nhln-type structure in which the Ba-coordination increases to

eleven, the highest value observed in AX2 compounds, whereas the other dihalides

transform to C02Si-related structures, in which the coordination number is ten.

In tbis paper, we present the results of a high-pressure, POwder X-ray

diffraction study of K2Cr04 up to 52 GPa. The results reveal a pressure-induced

disordering which has implications on the amorphization mecbanisms of A2BXt

compounds.
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Figure 7.1. Schemaüc represeDtation of the ~CrO. S1l'UCtUre. The broken Jine

outlines the onhorbombic unit œll. The CtO.2- tettahedron is œpresenœd by a

polyhedron. (Dark symbols z = 1/., ligbt symbols z = 3/••)
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7.2 Experimental

Full details on the high-pressure X-ray diffraction procedure are presented in

Chapter 2, Section 2.2.2.

7.3 Resolts

Powder X-ray diffraction patterns of orthorhombic K2Cr04 (pnam, ~16, Z =

4) [15,16], were recorded from ambient pressure to 52 GPa. Diffraction patterns

upon decompression were also recorded. AIl the powder patterns were analyzed using

whole-pattem fitting; the cell parameters were initiallyestimated from the 29 values of

the [200], [020] and [002] lines in the powder pattern. Rietveld refinement of the

crystal structure, Fig. 7.2, Table 7.1, was possible up to 15 GP~ above which

pressure-induced line broadening and a lowering of intensity prevented further

refmements. Due to the large number of refinable oxygen positional parameters, slack

constraints were placed on the tetrahedral Cr-Q distances assuming a polyhedral bulk

modulus of 500 GPa; this is of the same order of magnitude as the polyhedral bulk

modulus of the Si04 tetrahedra in quartz [17], which are approximately the same size

(Si-O = 1.610~ Cr-Q =1.646 Â). Cell constants for pressures greater than 15 GPa

were obtained by whole-pattern fitting.

As the pressure was increased certain diffraction lines broadened and split as a

result of anisotropic changes in the unit ceU dimensions. Most strikingly, the overall

intensity gradually faIls with increasing pressure, beginning at close to 16.2 GPa. This

is most noticeable for the 020,011, Ill, 200, 210 and 121 lines, below 12° at ambient

pressure, which, in addition, show a decrease in relative intensity with increasing

pressure from -16.2 GPa. The 310 line, initially at 16.48°, aIso loses intensity from

16.2 GPa. At 16.2 GPa, the two strongest TiC (5 % w/w in the sample) lines at

16.62° and 19.21 0 appeared clearly in the diffraction pattern. The lines of K2Cr04

continued to decrease in intensity with further compression up to 52 GPa, at which
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Figure 7.2. Experimental (+) and calculated (salid line) diagrams from the Reitveld
refinement of KZCr04 at 7.5 GPa <Re = 6.4, Rp = 10.7, Rwp = 9.9). The intensity is in
arhitrary unïts, with the difference profile on the same scale. The vertical bars indicate
the calculated positions of diffraction lines (Kal).
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Table 7.1. Structural data for K2Cr04 (space group Pnam, Z= 4). 'Values from ref. 16.

•

P

a

b

c

Cr (x,y,z)

KI (x,y,z)

K2 (x,y,z)

01 (x,y,z)

02 (x,y,z)

03 (x,y,z)

0.1 MPa' 7.4 aPa

7.662 Â 7.380(1fÂ

10.391 Â 9.830(1) A
5.919 Â 5.509(1) A

0.22911,0.42061,0.25 0.2391(3),0.4241(3),0.25

0.66568,0.41434,0.25 0.6658(8),0.3901(8),0.25

-0.01099,0.69989,0.25 -0.021(1),0.6877(6),0.25

0.01549,0.42001,0.25 0.0173(4),0.432(2),0.25

0.30187,0.57044,0.255 0.308(3),0.5827(7),0.25

0.30294,0.34716,0.47750 0.311(2),0.359(1),0.505(1)

-~
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pressure they were weaker than the most intense lines of the titanium carbide.

Diffraction patterns of the recovered samples in the gasket are identical to those of the

starting material, indicating the reversible nature of the pressure-induced changes.

Since all the diffraction patterns could he interpreted in tenns of the orthorhombic

phase any structural changes induced under pressure do not involve a transition to a

different crystal structure. The sample coloue changed from transparent yellow to red

with increasing pressure due to a shift in the optical absorption bands.

In a second high-pressure experiment the sample was heated al 40 GPa using a

Nd:Y AG laser for 30 minutes. The temperature was not measured; however, visible

emission from the sample was observed indicationg a temperature of above 1()()()OC.

The sample colour changed from transparent red, to a dar~ opaque red. No changes

in the X-ray diffraction patterns were observed after heating thus confirming the

absence of a transition to a new crystalline phase. In addition, the diffraction lines did

not sharpen and there were no changes in intensity.

7.4 Discussion

7.4.1 Compression of K2Cr04 and Comparison with The Rigil-pressure

Behaviour ofAX2 Compounds

In K 2Cr04, edge-sharing columns of trigonal-prisms of rions form a

network of corrugated layers, the axis of the prisOlS lying parallel to c. The chromate

tetrahedra are surrounded by eleven potassium ions in a penta-eapped trigonal pris~

Fig. 7.1.

Figure 7.3 shows the changes in the lattice parameters as a fonction of

pressure. Up to 16.2 GPa the a lattice parameter is observed to decrease by 5.2%,

whereas b and c decrease by 8.4 and 8.5%, respectively. Hence, compression along

the chain direction, i.e. along the a direction, is more difficult than is that parallel to

the prism axis (c) or between the layers (b). A plot of the relative volume as a
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Figure 7.3. Lattice parameters of KZCr04 in 4: 1 methanot:etbanol. as a function of
pressure. At ambient pressure. a (e) =7.6597(7) A. b (.) =10.387(1) Aand c (.) =
5.9188(5) À. Solid lines represent non-Iïnear least-squares fits to the data.
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Figure 7.4. Relative volume of K1Cr04 in 4:1 metbanol:etbanol as a fonction of
pressure. At ambient pressure, Vo =470.911(2) A3. The solid line represents a Birch­
Murighan equation of statc using the parameters obtained in the study.
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function of pressure shows tbat K2Cr04 is highly compressible (Fig. 7.4). The Birch­

Muraghan (BM) equation-of-state [18] (EOS) P = (3/2)Bo(x·7-x·s)[I-a(x·2-1)] was

used ta fit the pressure-volume dat~ from ambient pressure ta 44 GP~ whereby x =

(VNo)lf3, a = (3/4)(4-B'0), V is the volume, B is the isothermal modulus and B' its tirst

derivative. The subscript zero indicates ambient conditions. The values obtained from

the fit are Bo=26(2) GPa and B'o = 6.0(5).

The high-pressure hehavior of K2Cr04 is similar to that of (J-Ca2Si04 with

respect to the alb and (a+b)lc ceU constant ratios. Potassium chromate has a higber

alb ratio at ambient pressure compared to p-Ca2Si04 (CazSi-type) (Fig. 7.5). Under

increasing pressure, the overall changes in the alb and (a+b)/c ratios are similar, but

more marked in K2Cr04 due ta its greater compressibility. In bath cases, the alb (the

trigonal prïsms lie paraUel ta b) and (a+b)/e ratios increase with pressure, since the e

lattice parameter decreases at the sarne rate as does the b parameter. This is opposite

to what is observed in the AX2 compounds such as BaF2 and BaClz, which are anti­

types of the A2B sub-structures in the A2B~ compounds. These compounds have alb

and (a+b)le ratios of 0.85 and 3.61, and 0.83 and 3.66, respectively, at ambient

pressure. Under applied pressure, BaF2 transforms to the NhIn structure, while BaCh

transfarms ta the C02Si-related, postcotunDÏte structure [12]. Both transitions involve

a significant decrease in bath the alb and (a+b)/e ratios, since under pressure the a

parameter decreases more rapidly than do the b or c parameter.

PbCh, Co2Si and Nhln-type structures all have a structure made up of

carrugated layers of trigonal prisms directed along a sharing an edge parallel to the

short c direction. In the NhIn structure (pnam setting), the prisDlS are aligned exactly

along the a direction (Fig. 7.6c), while in the cotunnite (PbCh) structure the prisms

fonn corrugated layers with a tilt angle of 25°, (Fig. 7.6a). In Co2Si, the tilt angle is

7°, (Fig. 7.6b). The coordination number increases from 9 to 10 ta Il for the PbCh­

to-Co2Si-to-NhIn structures [19]. A logical path for transformation under the

application of pressure would he from the PbCh to Co1Si ta NhIn-type structure. In

fact, PbCh. with coordination numher 9, transforms to the post-cotunnite structure
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Figure 7.5. CeU constant ratios: aIb vs. (a+b)/c of selected A2B~ and AX2
compounds. IJ-Ca2SiO. (A) al (a) 0.1 MPa and (b) 14.7 GPa; K2CrO. (e) at (c)
ambient pressure to (d) 14.0 GPa. Points for K2CrO. above 16 GPa up to 52 GPa are
represented with diamonds (.).
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Figure 7.6. Schematic representation the PbCh-type structure (a), the C<>2Si-type
structure (h), and NkIn-type structure (c). The broken Iines outline orthorhombic unit
eeUs; orthohexagonal in the case of NhIn. Open symbols z=1/4, filled symbols z = 3/4•



•

•

174



•

•

•

175

(C02Si-related) under pressure with a increase in coordination number of Pb to 10

[13]. Many other AX2 compounds show a similar cotunnite to post-cotunnite

transformation under compression al room temperature. BaCh is one such example

[12]. However, BaF2 does not follow this pattern. BaF2 bas acubic fluorite structure

and under compression at room temperature [14], ttansforms to the PbCh-type

structure and then a NhIn-type structure. In contrast to other AX2 compounds, BaF2

transfonns to a structure where the coordination number increases to Il. The outer

electrons of an anion are weil shielded from the nucleus and are more sensitive to

stress than are the electrons of the cation, which are more tightly bound. The

consequence of this is that anions are more compressible than are cations, and the

relative size of the cation increases with pressure. Therefore, in BaF2, the relative size

of the Ba2
+ cation increases permitting an increased coordination. Since the Fanion

is smaller than is the cr anion at ambient pressure, BaF2 can transfonn to the NhIn­

type structure with a coordination number of Il, whereas BaCh iocreases its

coordination number to 10 after the phase transition. In PbCh, the a parameter was

found to decrease much more rapidly with pressure than do the b or c parameters [13],

i.e., it was easier to induce compression along the chain direction. A similar result

was observed for BaF2 [14]. The ceU constant ratio in PbCh-type phases of these

AX2 compounds thus tend towards. In contrast, for K2Cr04, the a parameter was the

least compressible.

Obviously, when going from the AX2 compounds to the "oxygen-stuffed"

analogues the importance of the cation-to-anion ratio is changed. The packing is

reversed from anions packed around cations in AX2 compounds to cations (A+ or A2)

packed around anions (B~2- or B~~ in the A2B~ compounds. This situation can

account for the different relative compressibilities of the a, b and c lattice parameters

of the AX2 and A2B~ compounds, with the alb and (a+b)1c ratios increasing with

pressure in the latter and decreasing in the former. The effect of pressure on A2B~

compounds is thus the inverse of that on AX2compounds.
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7.4.2 Pressure·induced Disorder

A possible explanation for the decrease in diffracted intensity would he that

K2Cr04 begins to amorphize under applied pressure, (Fig. 7.7a). The powder X-ray

diffraction patterns of a series of A2B~ compounds, K2ZoCLa, RbzZnC14, RbzZnBr4'

CS2ZnBr4, Cs2ZoCLa and K2Se04, were recorded under pressures of up to 60 GPa [9].

It was found that the tirst three compounds listed became amorphous under pressure

and showed no phase transition to anolber crystal phase. The latter two compounds

showed a crystal-crystal phase transition and ~ZnBr4 was an intennediate case. In

an attempt to address the question as to what is the basic structural feature of a crystal

which dictates its tendency to amorphize under compression, these authors examined

the relation hetween this behavior and the r(B~)/r(A) ratio; r(B~) is the average B­

X distance of the tetrahedra and r(A) is the cationic radius. Table 7.2 shows the

r(BX;)/r(A) ratio for a series ofA2B~ compounds studied. Potassium chromate faUs

into the group between CS2ZOC4 and K2Se04, and, if it does indeed fit into the

observed trend, it would not he expected to amorphize under compression.

Interestingly, y-Ca2Si04, which has a crystal structure related to that of potassium

chromate, has a r(B~)/r{A) ratio of 1.651 and therefore would be expected to

amorphize under pressure. However, between 2.1 and 5.1 GPa, y-Ca2Si04 undergoes

a displacive transition to J}-Ca2Si04, which remains the stable pressure phase up to 14

GPa [6]. The rBXJrA ratio for p-Ca2Si04 is 1.653. A funher transition to a

tetragonal K2NiF4-type structure has been reponed to occur between 22 and 26 GPa,

at 1000 oC [5]. This structure is composed of Si06 octahedra and not tetrahedra, as in

the lower pressure fonns. It is not known whether, at room temperature, Ii-Ca2Si04

may amorphize at higher pressures due to the absence of the thermal activation

required for the silicon coordination to increase from four to six. Potassium chromate

does not undergo a crystal phase transition under applied pressures of up to 50 GPa,

even when heated. The atom coordinates for chromium, potassium-l and

potassium-2 as a function of pressure (Fig. 7.8) indicate that the K2Cr sub-Iattice

remains fairly constant under compression. Disordering of cation-centered tetrahedra
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Figure 7.7. Experimental X-ray diffraction patterns ofK2Cr04 (a) at 7.5 GPa (bottom)
and 52.0 GPa (top). (b) Experimental pattern (bottom) and the calculated pattern with
zero oxygen occupancy (top), at 0.1 MPa. (Note the important decrease in the
intensity of the 111 reflection in both cases.)
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Table 7.2. High-pressure amorphization in isostrucutral A2B~ compounds as a

function of the ratio r(B~)"(A), wbere r<BL> is the radius of thete~ wbicb

is equal to the average B-X distance, and l'(A) is the eatîonic radius, in A(ref. 9).

A2B~ r(B~) Ir(A) Complete
Amorphisation
below 60GPa

K2ZnC4 1.691 Yes

~Ca2SiO. 1.653 No·

R~ZnBr.. 1.616 Yes

R~ZnC4 1.521 Yes

Cs%ZnBr.. 1.431 No

Cs%Zna.. 1.347 No

K1CrO.. 1.236 No?

K2SeO. 1.225 No

~structivetransformation ta a KzNiF. structure.
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at high pressures is commonly encountered in many systems and such a process could

he responsible for the observed changes in intensity. This hypothesis bas been tested

by calculating diffraction patterns for the K2Cr sub-Iattice, Le., with the oxygen

occupancy set to zero. By setting the oxygen occupancy to zero and calculating the

powder pattern, we are able ta ascertain to which peaks the oxygen atoms contnbute

by observing which lines show changes in intensity. The result is shown in Figure

7.7(b). A decrease in the relative intensity of severa! lines, including the 020, 011,

120, 111, 200, 210, and 310 lines, is observed. These lines, wbich decrease in

intensity when the oxygen occupancy is set to zero, are those SaIlle lines which showed

a decrease in relative intensity in the recorded powder patterns for increasing pressure.

Figure 7.7(a) shows the recorded powder patterns at 7.5 (bottom) and 52 GPa(top).

Aside from the decrease in overall diffracted intensity, other significant changes are the

considerable relative decrease in the intensities of the 020, 0 Il, 120, 111, 200, 230

and 212 lines. These results indicate that while a significant degree of order is reained

in the K2Cr sub-Iattice, the tetrahedra hegin to adopt various orientations (static

orientational disorder) and thus long range periodicity is lost in the oxygen sub-Iattice,

hence the changes in relative intensity. The decrease in overall intensity is an

indication of the beginning of amorphization, which could he expected to reach

completion at a pressure weil above 52 GPa. The disordering of the chromate

tetrahedra is thus the tirst step in the pressure-induced amorphization process.

The K2Cr sub-Iattice of K2Cr04 has a C02Si-type structure. Under pressure

there is a pressure-induced disordering in which the Cr04
2

- tetrahedra adopt various

orientations. No phase change or complete amorphization is observed up to 52 GPa

or with laser heating at 40 GPa. Under pressure, the size of the potassium atom

increases relative to the chromate tetrahedron. Steric and repulsive interactions will

increase, which can initially he accommodated by rotation of the chromate tetrahedra

without significant changes in the cation positions because the initial cation-to­

tetrahedral radius ratio is high.

Simïlar pressure-induced disorder has also been observed in a series of related

compounds. In sodium potassium sulfate, NaKS04 , and sodium potassium chromate,
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NaKCr04 , the sol- and crO/- tetrabedra become disordered without a significant

change in the structural arrangement of the cations, possibly due to an impeded

ferroelastic transition [20]. A crystallographically related crystaL LiKS04 , bas been

studied extensively with variations in temperature and pressure [21]. The experimental

studies of its high-pressure response show mat a ferroelastic transition occurs at room

temperature as the crystal is compressed. Raman measurements reveal that

orientational disorder of the sol- tetrahedra accurs at high pressure. It should he

noted that in olivine, the tetrabedra share edges with adjacent (Mg,Fe)06 octahedra

and thus the above disordering mechanism is unavailable. At bigh pressure, a crystal­

crystal transformation to spinel is observed.

Evidence for similar (sub-lattice) amorphization in CO(0H)2 was recently

reported [22]. A broadening of the infrared and Raman band for the OH stretching

mode indicated a disordering of the crystalline Co(OH)z under compression. at -11.2

GPa. This disorder was found to he reversible and involving ooly the H sub-Iattice.

The X-ray diffraction patterns showed that the Co-O sublattice remained ordered

between ambient pressure and 30 GPa. In Ca(OH)2, as a result of the larger cation

size, amorphization is induced under compression at -12 GPa. For the intermediate

case, Mg(OH)2, there was no evidence for pressure-induced amorphization below 80

GPa. These results aIso indicate the existence of a size criterion for pressure-induced

amorphization or disorder.

Even though the radius ratio criteria predict that K2Cr04 should remain

crystalline under compression, the present results indicate that the Cr04
2- anions

become orientationally disordered. It is highly probable that similar disordering occurs

in a large number of A2B~ cOmPQunds. In the case of K2Cr04 , the tetrahedra are

small and disordering cao occur without major disruption of the A2B sublattice. This

is the tirst step in the amorphization process. For compounds with larger tetrahedra..

this disordering greatly affects the cation sublattice as the anion site is too small and

the compound rapidly undergoes complete amorphization.
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7.5 Conc:lusioDS

The pseudoscheelite salt KZCr04 bas been studied by angle-dispersive, powder

X-ray diffraction as a function of pressure in a diamond anvil cell. No phase transition

to a new crystalline phase was induced by pressures up to S2 GPa or by laser-heating

at 40 GPa. However, the relative intensity of severa! diffraction peales in the powder

pattern decreased gradually above -16.2 GPa, which is consistent with a pressure­

induced disordering of the Cr04
2- tetrahedra. This bas been checked by calculating the

diffraction pattern for zero oxygen oecupancy. The lines, which decrease the most in

intensity when the oxygen occupancy is set to zero, are those same peaks which

showed a decrease in relative intensity in the recorded powder patterns for increasing

pressure. These results indicate that while a significant degree of order is retained in

the K2Cr sub-Iattice, the tetrahedra begin to adopt various orientations (static

orientational disorder) and thus long-range periodicity is 10st in the oxygen sub-Iattice,

hence the changes in the relative intensity. For r(B~)lrA ratios of less than -1.4,

disordering of the tetrahedra can oecur initially without disrupting the A2B sub-Iattice,

whereas for larger values this disordering rapidly leads to complete amorphization if

no reconstructive phase transition ïntervenes. Pressure-induced disordering of

tetrahedral uoits in A2BX& compounds is the tirst step in the amorphization process.

K2Cr04 is an oxygen-stuffed analogue of the C02Si-type structure. The effect

of pressure on the alb and (a+b)/c cell constant ratios in A2BX& compounds is the

opposite of that observed for AX2 compounds. This is due to differences in the nature

of the constituent ions.
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Chapter8

8.1 Summary

The introductory Chapter 1 of this thesis is a review article of pressure-tuning

spectroscopy of inorganic materials over the past 15 years, highlighting some of the

areas in which high-pressure research using the diamond-anvil cell has provided

interesting results on metal-ligand bonding interactions, pressure-induced

isomerization and piezochromism, one-dimensional structures and intermolecular

interactions, such as hydrogen bonding. The remainder of the thesis presented new

work, covering several of the areas descnèed in the introduction.

Chapter 3 of this thesis discussed the high-pressure study of the transition­

metal carbonyl and thiocarbonyl complexes (116-CJlsCÛ2CH3)Cr(CO)3 and (,,6_

~HSC02CH3)Cr(CO)2(CS). The pressure dePendences of the Raman-active modes of

(,,6-~HsCÛ2CH3)Cr(COh and (116-CJIsCOzCH3)Cr(COh(CS) revealed a phase

transition between 10 and 15 kbar, the Raman modes being particularly sensitive above

the phase-transition pressure. The sign and magnitudes of the pressure-induced shifts

of the v(CO), v(CS), v(Cr-CO) and v(er-CS) modes indicated an increase in 1[­

backbonding to the CO and CS ligands. The larger negative pressure shifts of the

v(CO) modes in the thiocarbonyl complex indicated that the increase in 1[-backbonding

to the remaining CO ligands was greater than to the CS ligand. Substitution of a CS

ligand for CO ligand in C116-~sCOzCH3)CrCCO)3also affects the relative energies of

the vs(Cr-R) and vaCCr-R) modes; vs(Cr-R) > va(Cr-R) for the tricarbonyl, but vsCCr­

R) < va(Cr-R) for the thiocarbonyl complex. Comparison with the benzene analogue

(116-CJI6)Cr(COh(CS) and with Cr(CO)s(CS), showed that the presence of the

electron-withdrawing group of the methylbenzoate ligand resulted in Jess 1[­

backbonding to CO and CS, due to reduced cr-donation fonn the arene ring to the Cr

center. The frequency and pressure dependences of the ô(crCS) modes were

particularly sensitive to the nature of the arene ring; dv/dp = 0.25 and -0.16 to -0.55
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cmol kbar- l for (Tl6-4H6)Cr(CO)z(CS) and (1\6-4HsCChCH3)Cr(COh(CS)9

respectively. Increased mixing of the ô(crCS) and v(Cr-R) modes and/or CS 1t - Cr

d-orbitaI interactions bas been suggested following force constant calcuJations. The

large variation in dv/dp observed for the v(CS) modes of the complexes studied points

to the ability of the CS ligand to tailor its a-donorht-acceptor ratio.

The nature of intennolecular interactions in Magnus' green salt

[Pt(NH3)4][PtCLt] (MGS)9 and the two derivatives, [Pt(ND3).][PtC41 (MGS-D) and

[Pt(NH3)4][PtBr.] (MGS-Br), were discussed in Cbapter 4. The similarity of the

results from a pressure-tuning IR study of [Ni(NH3)6]XZ with those observed for

MGS and its derivatives confirms that there is restricted rotation of the NH3 moiety

about the Pt-N bond in MGS, MGS-D and MGS-Br. This restricted rotation cannot

he conclusively attnbuted to the presence of hydrogen bonding of the type Pt-N-CI,

but neither cao hydrogen-bonding he ruled out. The forro of the symmetric

defonnation ôs(NH3) mode results in a decrease of the Pt-N-H bond angle, for all three

hydrogens. A decrease in the N-CI distance under compression, coupled with a

change in the N-H-CI angle to a more linear geometry, could lead to an increased

strength of a hydrogen bond. A concomitant reduction in the restoring forces of the

hending Bs(NH3) mode could explain the observed negative pressure dependence of

this mode. Bromine, heing less electronegative, is less likely to form hydrogen bonds

than is chlorine. The differences in the pressure dependences of the Vlbrational modes

are relatively small from MGS to MGS-Br, with the exception of the antisymmetric

V as(NH3) mode, which shows a negative pressure shift, dv/dp =-0.15, -0.07 and -0.33

cm- I kbar l
. The reason for these differences is not fully understood.

The pressure-induced dihydride-dihydrogen interconversion in the neutraI

rhenium hydride complex, ReH7(dppe) (dppe =ethylene-l,2-bisdiphenylphosphine), is

discussed in Chapter 5. As the pressure was increased above -5 kbar, a broad, weak.

peak appeared at -2636 cm- l in its IR spectrUm. This band was assigned to a v(HH)

mode of a Re(Tl2-H2) moiety. The low frequency of the v(HH) mode suggests a short

H-H bond distance, smaller than the c10sest hydride-hydride distance at ambient
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pressure of 1.7 Â. Bond distances of the order 0.8-0.9 Â are normally associated with

v(HH) frequencies of -2650-2700 cm-1
• Preliminary studies bave been made on a

second rbenium beptahydride complex ReH7{PPh3h. The non-lïnear sbift of the IR

modes with increasing pressure suggested that rotation of the phenyl rings was

occurring under compression. This rotation may assist in the dibydride-dihydrogen

interconversion, suggesting tbat, in this case, geometric rather than electronic factors,

the latter being normally considered as the most important factor governing the

M-(112-H2) H M-(H)2 interconversion, play a key role in the pressure-induced

dihydride-dihydrogen interconversion.

Chapter 6 looks at the effect of applied pressure on a fullerene derivative,

CpCo(4.JL), a novel fulleride complex, in which the cobalt metal is coordinated ta an

opening on the "Cio" surface, an ethylene bridge acting as an ..,2-handle to the metal.

This complex bas been subjected to higb, external pressures up to 40 kbar, to ascertain

whether, upon application of sufficient pressure, the cobalt atom might he encouraged

ta slip inside the fullerene cage. No indication of an increased Co(Ill)-fullerene

interaction was observed form the high-pressure Raman spectra. There is, however,

evidence for a structural change between 8-13 kbar, most probably due ta rotation of

the Cp ligand about the Cp-Co bond, similar ta that observed for ferrocene under

compression.

The final chapter, Chapter 7, is concemed with a high-pressure powder X-ray

diffraction experiment, in which the effect of applied pressures up to 52 GPa, (520 kbar) on

potassium chromate K2Cr04, was examined in an attempt to look more closely at the

pressure-induced armrphization in A2B~ compounds and the mechanism of

amorphization. No phase transition to a new crystallographic phase was induced by

pressures up to 52 GPa or by laser-heating at 40 GPa. However, a gradual decrease in

the intensity of several diffraction peaks in the powder pattern from -16 GPa, and the

relative stability of the K2Cr sub-Iattice, was consistent with a pressure-induced

disordering of the Cr04
2- tetrahedra. K2Cr04 is an oxygen-stuffed analogue of the

C02Si-type structure. Under pressure, the AX2 compounds show a tendency towards

a highly coordinated NhIn-type structure, whereas the A2B~ compounds tend
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towards the analogue of the CÛ2Si structure. The effect of pressure on A2BX.

compounds is thus the opposite of that on AX2 compounds, due to differences in the

relative compresibilities of the constituent ions. For BXjA ratios of Jess than -1.4,

disordering of the tetrahedra cao occur without disrupting the A.zB sub-Iattice,

whereas for larger values this disordering leads to amorphization if no reconstructive

phase transition intervenes. Pressure-induced disordering of tetrahedral units in

A.)JX,compounds is a likely first step in the amorphization process.

8.2 Contributions to Original KDowledge

1. We have further demonstrated the use ofpressure-tuning IR in the study ofM­

CO and M-CS 1t-backbonding interactions. We have shawn that, under compression,

1t-backbonding increases preferentially to CO rather than CS, in spite of the lower

energy of the HOMO and LUMO of the CS ligand. Comparison with the high­

pressure data of several (,,6-arene)Cr(COh(CX) complexes and Cr(CO)s(CS) shows

that the nature of the arene ring influences the extent of 1t-backbonding. The dv/dp

values for v(CS) indicate the ability of CS to tailor its G-donorht-acceptor ratio, as

suggested in the Iiterature.

2. The study on MGS and its derivatives demonstrates the use of pressure-tuning

spectroscopy to examine the nature of intermolecular interactions, such as hydrogen­

bonding. The stability of the structure of MGS is mast Iikely due to weak hydrogen

bonds of the form N-H···Cl, which restrict rotation of the NH3 group about the Pt-N

bond.

3. We have demonstrated that a dihydride-dihydrogen isomerization can he

induced in a neutral rhenium complex, ReH7(dppe). The isomerization was observed n

the IR sPectrum, through the appearance of a broad band at -2636 cm-l, above 5.6

kbar. tbis band heing assigned to v(HH) of Re(,,2-H2). The non-linear pressure-
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induced shifts of the IR vibrational bands suggested that rotation of the phenyl rings

was occurring, possibly assisting in the dihydride-dihydrogen isomerizatioo.

4. Initial pressure experiments to insert the Co into the '~n cage of the cobalt­

fulleride CpCo(4.JL) were unsuccessfuL Discontinuities in the wavenumber \1S.

pressure plots indicate a phase ttansition between 8-13 kbar, probably involving

rotation of the Cp ligand. If the cyclopentadienyl ring is too strongly coordinated ta

the Co metal, its loss and subsequent Co insertion would he impossible.

5. We have shawn that the application of pressures up to 52 GPa to K2Cr04

results in disordering of the Cr04
2

- tetrahedra, as seen from a decrease in the intensity

of several lines in the powder X-ray diffraction patterns. K2Cr04 is highly

compressible and the observed decreases in the lanice parameters are shawn to he the

reverse of that observed for AX2 materials. K2Cr04 can be considered as an oxygen­

stuffed analogue ofAX2 materials; the different compressibilities result from the

different constituent ions. These results have implications 00 the mechanism of

amorphization in A2B~ materials.

8.3 Suggestions for Future Work

Il is always of interest to expand the oumber of high-pressure studies made ta a

larger range of complexes. Changing the rnetal centre and/or the ancillary ligands cao

produce interesting results. More specific examples of future studies are outlined

below. As weU as these, one developmeot will he in the area of high-pressure powder

X-ray diffraction experiments. Aloog with tbis, expanding the pressure range

attainable for Raman studies under high-pressures is also of interest.

1. The complex (1l6-CJi6)Cr(CO)] has oot been previously studied under high­

pressure. Pressure-tuning vibrational studies are of interest since this complex

completes the series studied in Chapter 3.
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2. The high-pressure Raman spectra of MGS and its derivatives may provide

further evidence for hydrogen-bonding, from the pressure dependence of the v(Pt-CI)

and v(Pt-N) stretching modes. Initial Fr-Raman studies were unsuccessful since the

compounds hum in the laser. When the sample is studied as a pressed pellet (KBr or

KCI) sample buming is reduced. It would he of interest to incorporate tbis sample

preparation for use in the diamond-anvil ceU.

3. One of the main features of the CpCo(~) complex thought to prevent

cobalt insertion is the Cp ligand, it heing too strongly coordinated to the Co. Rubin et

al., have recently prepared an indenyl (lnd) comple~ (lnd)Co(~). From the DSC

and TGA curves, lh and 1 equivalent indenyl molecules are lost at -250° and -550°,

respectively. These results indicate that the indenylligand is much more weakly bound

compared to Cp in CpCo(Ci.dL). We intend to undenake further high-pressure

studies, as weil as high-temperature studies, on the complex (lnd)Co(Ci.dL), in an

attempt to form endohedral fullerenes.

4. The Raman spectra of K2Cr04 cao provide information on the disordering of

the chromate tetrahdra. In the powder X-cay diffraction patterns, tbis occurred above

16 GPa (160 kbar). Currently, the maximum pressure we can acheive is -60 kbar.

There exist severa! other A2BX-. materials, for example K2W04 • which would he of

interest to study in a similar way.
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