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•@•@These•@categories•@can•@be•@classified•@by•@the•@ion•|oxygen•@attraction•ib•C

defined•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@I••2ze27r2•C•@•i1•j

where•@z•@is•@the•@valency•C•@e•@is•@the•@electronic•@charge•C•@r•@is•@the•@bond•@length•D•@1•C

expressed•@by•@the•@electron•@units•C•@of•@network•@formers•@exceeds•@1•D6•C•@whereas

that•@of•@network•@modifiers•@is•@smaller•@than•@O•D7•D•@lntermediates•@have•@1•@value

of•@O•D7•q1•q1•D6•D•@Common•@notations•C•@T•@for•@the•@network•@former•C•@M•@for•@the

network•@modifier•@will•@be•@used•@in•@the•@present•@thesis•D

•@•@•@On•@the•@other•@hand•C•@there•@are•@three•@types•@of•@oxygen•@atoms•@in•@the

silicate•@network•@structure•@as•@can•@be•@seen•@in•@figure•@l•D•@The•@oxygen•@atom

shared•@by•@two•@tetrahedral•@cations•@is•@called•@bridging•@oxygen•@•iBO•j•C•@whereas

an•@addition•@of•@metal•@oxides•@to•@silica•@network•@results•@in•@the•@fbrmation•@of

non•|bridging•@oxygen•@•iNBO•j•@which•@has•@only•@a•@single•@bond•@to•@the

tetrahedral•@cation•D•@There•@is•@one•@more•@type•@of•@oxygen•@atom•@called•@•hfree

oxide•@ion•h•C•@which•@is•@surrounded•@only•@by•@the•@modifier•@cations•@that•@exist•@in

the•@composition•@rich•@in•@network•@modifiers•D

•@•@•@Silicate•@system•@which•@contains•@A1203•@is•@called•@•haluminosilicate•h•D

Physical•@property•@measurements•@of•@aluminosilicate•@glasses•@and•@melts•@at

ambient•@pressure•iRiebling•i1966•j•j•@suggested•@the•@glass•@and•@melt•@structure

models•@in•@which•@all•@A13•{•@ions•@form•@AIO4•@tetrahedra•@in•@the•@place•@of•@SiO4

tetrahedra•@and•@are•@charge•|balanced•@by•@the•@presence•@of•@the•@network

modifiers•D

•@•@•@ln•@the•@field•@of•@earth•@science•D•@the•@structure•@of•@silicate•@melts•@have
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•f

become•@one•@of•@the•@important•@subject•@because•@the•@systematic•@understandirig

of•@the•@rock•@forming•@igneous•@process•@and•@magmatic•@process•@e•Dg•D•@the

formation•@and•@separation•@of•@the•@magma•@needs•@more•@and•@more•@information

about•@the•@silicate•@melt•@structure•D•@Natural•@mafic•@to•@intermediate•@magmas•@is

in•@the•@range•@ofM•^T••O•D5•`1•D

•@•@•@On•@the•@other•@hand•C•@CaO•|A1203•|SiO2•C•@is•@the•@most•@important•@system•@for

steel•@making•@process•@especially•@of•@the•@composition•@rich•@in•@CaO•D

•@•@The•@composition•@of•@silicate•@melts•@related•@with•@investigation•@are•@shown

in•@figure2•C•@together•@with•@the•@crystal•@structure•@of•@corresponding

composMon•D
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1•|2•@Thermodynamics•@of•@mixing

•@•@The•@effect•@of•@composition•@on•@the•@propenies•@of•@silicate•@glass•@and•@melt

have•@been•@extensively•@studied•iMysen•C•@1988•C•@for•@example•j•D•@However•C•@our

present•@level•@of•@understanding•@of•@these•@systems•@is•@limited•C•@both•@by•@the

experimental•@difficulty•@caused•@from•@high•@temperature•C•@and•@by•@the

theoretical•@difficulty•@of•@complex•@materials•@whose•@structure•@and•@dynamics•D

lie•@beyond•@the•@relatively•@well•|understood•@field•@of•@organic•@polymers•@and

that•@of•@molten•@salts•D

•@•@All•@properties•@of•@silicate•@melts•@relevant•@to•@physico•|chemical•@process

depend•@on•@the•@proportions•@of•@non•|bridging•@oxygens•D•@These•@include

transport•@properties•C•@thermodynamic•@properties•C•@liquids•@phase•@equilibria

and•@crystal•|liquid•@trace•@element•@partitioning•@behavior•D•@ln•@order•@to

understand•@how•@the•@melt•@structure•@govern•@these•@properties•C•@it•@is•@necessary

first•@to•@describe•@the•@structure•@itself•@and•@then•@relate•@this•@structural

information•@to•@the•@properties•@of•@the•@materials•D

•@•@The•@enthalpies•@of•@mixing•@of•@melts•@and•@glasses•@on•@binary•@metal•@oxide•|

silica•@joins•@exhibit•@systematic•@relationships•@as•@shown•@in•@figure•@3•icompiled

by•@Navrotsky•@et•@al•D•@1985•j•D•@For•@the•@systems•@where•@data•@are•@available•iK20•|

SiO2•C•@Na20•|SiO2•C•@CaO•|SiO2•@and•@PbO•|SiO2•j•C•@there•@is•@a•@very•@pronounced

minimum•@in•@the•@enthalpy•@versus•@composition•@extending•@to•@as•@much•@as•@100

kJ•^mol•@at•@O•D667•@by•@the•@mol•@fraction•@of•@the•@metal•@oxide•D•@This•@mol•@fraction

corresponds•@to•@that•@of•@orthosilicate•D•@Thus•C•@one•@can•@conclude•@that•@the

maximum•@stability•@along•@metal•@oxide•|silica•@joins•@occurs•@near•@the

stoichiometry•@corresponding•@toŽRat•@of•@orthosilicate•D•@This•@maximum

results•@from•@the•@great•@ease•@with•@which•@the•@Mardelung•@potential•@is•@satisfied

in•@a•@silicate•@melt•@matrix•@where•@all•@oxygens•@are•@non•|bridging•D

•@•@The•@markedly•@C•|shaped•@form•@of•@the•@data•@in•@figure3•@indicates•@that•@at

least•@two•@competing•@solution•@mechanisms•@operate•@in•@these•@melts•D

Navrotsky•@et•@al•D•i1985•j•@suggested•@that•@for•@highly•@depolymerized•@melts•C•@the

equilibria•@involving•@silicate•@anionic•@units•@and•@free•@oxide•@ion•@might

dominate•@and•@a•@reaction•@such•@as•G

•@•@•@•@•@•@•@•@•@•@•@•@•@•@Si2076ˆê•@•{•@02•|e2SiO44ˆê•@•i2•j

was•@suggested•D•@At•@higher•@silica•@contents•@the•@equilibria•@involving•@various
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1979•G•@and•@Byker•@et•@al•D•@1981•G•@compiled•@by•@Navrotsky•@et•@al•D•C•@1985•j•E

6

•Dˆêˆêˆêˆêˆê•Dˆê•Dvˆê1•D•EˆêŠŽ

•C•DH•D•D•D•E•D•C•fd•f•^•D•g•D•Dt



‘Ë—Ø–•‘ËŒíŒíŒíŒíŒíŒí”±Œ—Œ—Œ—Œí•¡Œ—‘Ë‘Ë—îˆñ•¡•„ˆêˆêˆê•fˆêˆêˆê

•Dbˆêˆê•Cbi•Eˆê

silicate•@polymers•@describe•@the•@structure•D

•@•@The•@SiO4•@units•@constructed•@from•@different•@numbers•@of•@BO•@atoms•@are

commonly•@distinguished•@with•@notation•@such•@as•@Qn‹¿s•in•@stands•@for•@nu‰¾s

of•@bridging•@oxygen•@atoms•j•D•@The•@structural•@units•@of•@silicate•@melts•@and

glasses•@are•@possibly•@represented•@by•@Qn•@units•@similar•@to•@those

corresponding•@crystalline•@materials•D•@The•@arrangement•@of•@bridging•@and

non•|bridging•@oxygens•C•@and•@of•@the•@Qn•@species•@has•@long•@been•@a•@subject•@of

discussion•@in•@the•@glass•@literature•iMysen•C•@1988•C•@for•@example•j•D

1•|3•@Previous•@structural•@studies•@of•@silicate•@glasses•@and•@melts

•@•@The•@relationships•@between•@the•@polymeric•@silicate•@anion•@structure•@have

been•@examined•@by•@various•@spectroscopic•@techniques•D•@in•@this•@section•C

structural•@studies•@of•@silicate•@melts•@and•@glasses•@will•@be•@reviewed•C•@itemizing

each•@technique•D

1•|3•|1•@Raman•@spectroscopic•@studies

•@•@Raman•@spectra•@of•@Na20eSiO2•@crystal•@and•@glass•@are•@shown•@in•@figure4•D

The•@differences•@between•@crystal•@and•@glass•@spectra•@are•C

•i1•j•@The•@peaks•@in•@the•@glass•@spectra•@are•@broader•@than•@the•@corresponding

peaks•@of•@the•@crystal•@spectra•C•@some•@are•@shifted•@in•@frequency•C•@and•@some•@are

of•@peculiar•@profile•D

•i2•j•@There•@are•@•hextra•h•@peaks•@or•@shoulders•@in•@the•@glass•@spectra•D•@ln

particular•C•@the•@850cm•f1•@peak•@is•@much•@more•@intense•@relative•@to•@the•@strong

high•|frequency•@peak•@than•@any•@of•@the•@secondary•@high•|frequency•@peaks•@of

the•@crystal•@spectrum•D

•i3•j•@For•@frequencies•@less•@than•@500cm•|1•@there•@is•@little•@or•@no•@structure•@in•@the

glass•@spectra•C•@while•@crystal•@spectra•@are•@quite•@complex•@in•@this•@region•D

•i4•j•@The•@peak•@intensities•@of•@the•@crystal•@spectra•@are•@about•@an•@order•@of

magnitude•@larger•@than•@those•@of•@the•@glass•@spectra•D

•@•@From•@the•@fingerprinting•@technique•C•@that•@is•C•@comparison•@of•@the•@spectrum

of•@a•@crystalline•@material•C•@or•@perhaps•@several•@different•@materials•@with

known•@structure•C•@with•@those•@of•@spectra•@of•@the•@glasses•@or•@melts•@of•@interest•C
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the•@Raman•@bands•@between•@800•Eˆê1200cm•f1•@have•@been•@interpreted•@to•@result

from•@stretching•@vibration•@of•@silicon•@to•@non•|bridging•@oxygens•@bonds•iSi•|O•f•j

in•@the•@various•@structural•@units•D•@ln•@this•@interpretation•C•@the•@bands•@of•@each

structural•@units•C•@SiO44ˆê•imonomer•j•C•@Si2076ˆê•idimer•j•C•@Si2064•f•ichain•j•C

Si20s2ˆê•isheet•j•C•@SiO2•ithree•@dimensional•@network•j•@were•@assigned•@as•@shown

in•@tablel•D•@After•@appropriate•@background•@subtraction•@and•@correction•@for

temperature•@and•@frequency•@effects•C•@the•@areas•@of•@deconvoluted•@Raman

bands•@can•@be•@used•@to•@deduce•@the•@molar•@abundance•@of•@the•@individual

structural•@units•iSeifert•@et•@al•D•C•@1981•C•@Mysen•@et•@al•D•C•@1982b•j•D•@The•@procedure•C

however•C•@is•@considerably•@less•@direct•@than•@that•@needed•@to•@deduce•@abundance

of•@structural•@units•@from•@NMR•@spectra•D•@For•@each•@structural•@unit•C•@there•@is•@a

nomalized•@Raman•@cross•|section•C•@ai•C•@and•@a•@relative•@area•@ofŽRe•@Raman

band•C•@Ai•D•@The•@product•C•@aiAi•C•@represent•@the•@mol•@fraction•@of•@the•@unit•@i•D

Calculations•@of•@the•@molar•@abundance•C•@xi•C•@from•@the•@Raman•@areas•C•@Ai•C•@have

been•@carried•@out•@for•@some•@binary•@metal•@oxide•|silica•@joins•iMysen•@et•@al•D•C

1982b•j•C•@with•@the•@resulting•@data•@shown•@in•@figure5•D•@There•@is•@a•@strong

discordance•@for•@the•@estimated•@molar•@abundance•@of•@each•@units•@between•@the

Raman•@and•@the•@NMR•@results•D•@For•@the•@case•@of•@Na20•|SiO2•@system•C•@the

quantities•@of•@Si20s2•f•@derived•@from•@Raman•@bands•@seem•@to•@considerably

underestimated•@compared•@with•@recent•@NMR•@results•iStebbins•C•@1987•C•@1988•C

Emerson•@et•@aL•C•@1989•C•@Maekawa•@et•@al•D•@1991•j•D

•@•@Mysen•@and•@Frantz•i1992•j•@obtained•@high•@temperature•@Raman•@spectra•@for

binary•@alkali•|silicate•@melts•@up•@to•@14750C•@using•@the•@sample•@holder•@shown•@in

figure6•D•@lncreasing•@temperature•@has•@three•@effects•@on•@the•@Raman•@spectra•F

•i1•j•@The•@frequency•@of•@both•@the•@ˆê950cm•|1•@band•@and•@the•@envelope•@centered

near•@1100cm•f1•@shifts•@to•@slightly•@lower•@values•@with•@increasing•@temperature•D

•i2•j•@The•@band•@near•@950cm•f1•@•iQ2•@band•j•@relative•@to•@the•@band•@near•@1100cm•|1

increases•@in•@intensity•@as•@a•@function•@of•@increasing•@temperature•C•@with•@an

increase•@of•@ˆêˆê60•“•@from•@the•@250C•@spectrum•@to•@the•@highest•|temperature

spectrum•D•@A•@similar•@increase•@in•@intensity•@with•@temperature•@was•@also•@noted

by•@Seifert•@et•@al•D•i1981•j•@in•@the•@high•@temperature•@spectra•@of•@sodium

aluminosilicate•@melt•C

•i3•j•@The•@intense•@envelope•@centered•@near•@1100cm•f1•@broadens•@with
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estimated•@to•@be•@3•@which•@is•@smaller•@than•@that•@of•@crystal•i5•@for•@highest

temperature•@modification•@and•@5•@and•@6•@for•@P•|form•j•D•@However•C•@the•@quasi•|

crystalline•@model•@tends•@to•@give•@a•@smaller•@coordination•@numbers•@for•@alkali

oxygen•@pairs•@because•@of•@the•@broader•@feature•@of•@the•@RDF•@peak•@for•@alkali•|

oxygen•@pairs•@which•@suggests•@the•@great•@disorder•@of•@the•@coordination

polyhedra•@compared•@with•@the•@crystal•D•@Matsui•@et•@al•D•i1982•j•@suggested•@from

molecular•@dynamics•@calculations•@that•@the•@ionic•@radius•@concept•@for•@the

crystal•@structures•@is•@not•@effective•@for•@network•@modifying•@cations•@in•@the

glass•@structure•D

1•|3•|2•|2•@Aluminosilicate•@systems

•@•@•@The•@effect•@of•@composition•@on•@the•@properties•@of•@aluminosilicate•@melts

and•@glasses•@have•@been•@extensively•@studied•@and•@interpreted•@in•@terrns•@of

simple•@stmctural•@models•D•@From•@his•@physical•@property•@measurements•@of

sodium•@aluminosilicate•@melts•C•@Riebling•i1966•jsuggested•@the•@melt•@stmcture

models•@in•@which•@the•@all•@A13•{ions•@form•@AlO4•@tetrahedra•@and•@are•@charge•|

balanced•@by•@the•@presence•@of•@the•@Na•{•D•@Densities•C•@viscosities•C•@refractive
‚ç

1ndexes•@and•@themal•@expansivities•@show•@drastic•@changes•@near•@the

composition•@of•@atom•@ratio•mNal•^•mAl•z••1•DThis•@change•@was•@thought•@to•@be

accompanied•@by•@the•@change•@of•@coordination•@numbers•@of•@aluminum•@from•@4
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No‘‚Co‘qlon

1 2 3 •@•@•@4
•C•@•iA•j
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F•Digu•Dre•@9•Dv•C•D•D•@Experimen•|tal•irˆêˆêˆêˆê•j•Dqpd•@quasi•|crystalline•@model•iˆê•jRDFs•@of•@the•@high•@albite

Sitr•D•@ˆêu•|cture•D•@The•@curves•@under•@the•@solid•@curve•@are•@contributions•@to•@the•@total•@RDF•@from•@V?‚‰‚–?

different•@types•@of•@interatomic•@vectors•iTaylor•@and•@Brown•C•@1979a•j•D
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ƒm

1

to•@6•@oxygen•@atoms•D•@Thus•C•@Galant•i1959•j•@measured•@refractive•@indices•@of

sodium•@aluminosilicate•@glasses•@and•@proposed•@a•@st‘¥ctural•@model•@that•C•@in•@the

composition•@range•@of•@•mNa•nlfAl•n•„1•C•@all•@A13•{•@ions•@forrn•@AIO4•@tetrahedra

accompanied•@by•@Na•{•@ion•@as•@the•@charge•@compensator•@and•@the•@excess•@sodium

ions•@modify•@the•@silicate•@network•@and•@create•@NBOs•@bonded•@only•@to•@one

silicon•@atom•D•@While•@the•@observed•@physical•@properties•@suggest•@the•@validity

of•@this•@structural•@model•C•@spectroscopic•@observations•@have•@not•@always

supported•@it•D

•@•@•@X•|ray•@RDFs•@of•@the•@feldspar•@glasses•iNaAISi30s•C•@KAISi30s•C

CaA12•i–Ú20s•j•@were•@reported•@by•@Taylor•@and•@Brown•i1979a•j•D•@The•@RDF•@of

NaAISi30s•@glass•@is•@compared•@with•@that•@of•@high•@albite•@as•@shown•@in•@figure9•D

The•@contributions•@from•@nearest•@neighbor•@T•|O•C•@O•|O•@and•@T•|T•@are•@also

shown•@together•@with•@the•@difference•@between•@the•@observed•@spectrum•@from

NaAISi30s•@glass•@and•@high•@albite•D•@There•@is•@a•@good•@correspondence•@between

the•@RDF•@of•@high•@albite•@and•@that•@of•@NaAISi30s•@glass•@up•@to•@about•@4A•C•@but

significant•@differences•@between•@the•@spectra•@begin•@to•@evolve•@between•@4•@and

sA•D•@Taylor•@and•@Brown•i1979•j•@suggested•@that•@this•@difference•@was•@derived

principally•@from•@second•|nearest•@neighbor•@interactions•D

•@•@•@The•@RDF•@of•@CaA12Si20s•@composition•@glass•@and•@that•@of•@crystalline

anorthite•@are•@similar•@up•@to•@greater•@distances•i•„4•D5A•j•@than•@for•@the•@other•@two

feldspar•@glasses•D•@Taylor•@and•@Brown•i1979•j•@suggested•@the•@CaA12Si20s•@glass

to•@be•@viewed•@as•@a•@three•@dimensionally•@interconnected•@four•@membered

rings•D

•@•@•@ln•@contrast•@with•@the•@NaAISi30s•@RDF•C•@the•@RDF•@from•@NaAISi206•@glass

shows•@significant•@differences•@with•@the•@RDF•@of•@crystalline•@Jadeite•iTaylor

and•@Brown•C•@1979b•j•D•@ln•@particular•C•@it•@was•@conc•puded•@that•@the•@radial

distribution•@function•@indicated•@Al•|O•@distances•@about•@O•D2A•@shorter•@in•@the

glass•@than•@that•@in•@crystalline•@Jadeite•C•@thus•@being•@consistent•@with•@four

coordinated•@aluminum•@in•@the•@glass•@as•@compared•@with•@the•@well•|known•@six•|

fold•@coordination•@of•@A13•{•@in•@crystalline•@Jadeite•D•@ln•@NaAISiO4•@glass•C•@on•@the

other•@hand•C•@there•@is•@good•@agreement•@between•@the•@RDF•@of•@the•@glass•@and•@that

of•@crystalline•@nepheline•@to•@about•@4•D5A•D•@From•@these•@observations•C•@Taylor

and•@Brown•i1979b•j•@concluded•@that•@these•@three•@compositions•@on•@the•@join

NaAIO2•|SiO2•@had•@RDFs•@best•@represented•@by•@a•@•hstuffed•@tridymite

structure•h itridymite•@is•@one•@of•@the•@SiO2•@polymorph•D

•@•@•@On•@the•@other•@hand•C•@the•@structural•@similarities•@between•@the•@glass•@and

melt•@of•@feldspar•@composition•@have•@been•@suggested•@by•@Okuno•@and
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ƒm

Marumo•i1982•j•@for•@CaA12Si20s•@composition•C•@and•@Taylor•@and

Brown•i1980•j•@for•@NaAISi30s•@composition•D

1•|3•|3•@Neutron•@diffraction•@method

•@•@•@Misawa•@et•@al•D•i1980•j•@measured•@structure•@factors•@of•@SiO2•@and

M20e2SiO2•iM••Na•C•@Li•C•@Lio•D63Nao•D37•j•@glasses•@using•@time•@of•@flight•@total

neutron•@scattering•@with•@short•@wave•@length•@produced•@by•@an•@electron•@linear

accelerator•@over•@a•@wide•@range•@of•@the•@scattering•@vector•@up•@to

Q•i••4zsineA•jˆê48A•|1•D•@FigurelO•@is•@a•@comparison•@of•@the•@RDF•@for•@the•@four

glass•@samples•D•@The•@RDFs•@are•@obtained•@by•@the•@Fourier•@transformation•@of

the•@S•iQ•j•@values•@by•@truncating•@them•@at•@the•@values•@of•@Q•D•C•D•@of•@326nm•|1•@for

Na20e2SiO2•@glass•@and•@of•@450nm•|1•@for•@the•@other•@glasses•D•@Two•@sharp•@peaks

around•@O•D16•@and•@O•D26nm•@found•@commonly•@in•@all•@RDFs•@correspond•@to•@the

nearest•@Si•|O•@and•@O•|O•@distance•D•@The•@peak•@with•@negative•@sign•@observed•@at

about•@O•D20nm•@in•@the•@RDF•@of•@the•@Li20e2SiO2•@glass•@is•@attributed•@to•@the

distribution•@of•@Li•|O•@ion•@pairs•C•@because•@the•@sign•@of•@the•@scattering•@amplitude

of•@Li•@nucleus•@is•@negative•D•@The•@broad•@peak•@observed•@at•@about•@O•D24nm•@in•@the

RDF•@of•@the•@Na20e2SiO2•@glass•@originated•@from•@the•@distribution•@of•@Na•|O

ion•@pairs•D•@The•@RDF•@of•@the•@•iLio•D63Nao•D372•j2e2SiO2•@glass•@shows•@the•@two

broad•@peaks•@around•@O•D20•@and•@O•D24nm•@corresponding•@to•@the•@Li•|O•@and•@Na•|O

ion•@pair•@correlation•C•@respectively•D•@The•@coordination•@numbers•C•@bond

distances•@and•@its•@fluctuation•@for•@Si•|O•C•@O•|O•@pairs•@are•@summarized•@in•@table3•D

The•@coordination•@numbers•@for•@alkali•@ions•@have•@not•@been•@presented•@by•@their

experiments•D•@However•C•@the•@effect•@of•@truncation•@value•iQmax•j•@on•@the

estimation•@of•@bond•@length•@and•@coordination•@numbers•@by•@means•@of•@RDF

peak•@analysis•@was•@investigated•D•@A•@longer•@bond•@length•@was•@obtained•@for

Qmax•q20A•|1•D•@lt•@is•@worth•@noting•@that•@in•@the•@situation•@for•@ordinary•@X•|ray

MoKor•@measurements•C•@for•@which•@the•@Qmax••15A•|1•C•@Si•|O•@bond•@length

would•@be•@estimated•@to•@be•@O•DOlnm•@longer•@compared•@with•@the•@experiments

of•@wider•@range•@of•@the•@scattering•@vector•D

•@•@•@Gaskell•@et•@al•D•i1991•j•@obtained•@double•|difference•@scattering•@function•C

Scaca•iQ•j•C•@which•@originate•@from•@Ca•|Ca•@pairs•@in•@the•@CaO•|SiO2•@glass•C•@using

a•@subtle•@trick•@of•@isotope•@ratio•@fo•er•@44Ca•D•@The•@Fourier•@transform•@of

Scaca•iQ•j•@is•@shown•@in•@figure11•D•@Surprisingly•C•@there•@is•@a•@strong•@correlation

for•@Ca•|Ca•@pairs•D•@The•@first•@peak•@at•@O•D23nm•@is•@a•@ghost•@which•@arises•@from
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Figure 11•DFourierƒ••Eansfbrm of•@the•@double•|difference•@data•@Gcaca•ir•jobtained•@from

smoothedQ•iSc•Ac•A•iQ•jˆê1•jdata•@of•@calcium•|calcium•@pah•œs•@fbr•@the•@calcium•@silicate•@glass

tmncated at•@Qmax••110nm‘Ë1•iGaskell•@et•@aL•C1991•j•D
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inadequate•@subtraction•@of•@the•@first•|difference•@signals•D•@The•@strong•@peak•@at

O•D38nm•@probably•@corresponds•@to•@the•@nearest•@Ca•|Ca•@distance•@and•@is•@close•@to

values•@found•@in•@c•|CaSiO3•D•@The•@strong•@peak•@at•@O•D64nm•@probably

corresponds•@to•@the•@second•@Ca•|Ca•@neighbors•D•@They•@concluded•@that•@these

facts•@can•@be•@well•@explained•@by•@the•@cubic•|close•@packing•@of•@the•@Ca•@ions•@in•@the

silicate•@glass•C•@which•@is•@seen•@in•@the•@crystal•@structure•@for•@c•|CaSiO3•D

1•|3•|4•@X•|ray•@emission•@spectroscopic•@method

•@•@As•@described•@earlier•C•@Riebling•i1966•j•@suggested•@the•@melt•@structure

models•@in•@which•@the•@all•@A13•{•@ions•@form•@AIO4•@tetrahedra•@and•@are•@charge•|

balanced•@by•@the•@presence•@of•@the•@Na•{•C•@and•@further•C•@excess•@A13•{•@ions•@form

AIO6•@octahedra•@at•@the•@composition•@of•@Al•^Na•„1•C•@from•@the•@physical

property•@measurements•@of•@sodium•@aluminosilicate•@melts•D

•@•@Hanada•@et•@al•D•i1982•j•@made•@AIKa•@X•|ray•@emission•@spectroscopy•@for

Na20•|A1203•|SiO2•@glass•@at•@Al•^Na••O•D5•Eˆê•Eoo•@by•@a•@splat•@quenching•@method•D•@the

chemical•@shift•@for•@AIKct•@spectra•@showed•@intermediate•@values•@between

AIO4•@and•@AIO6•@standard•@compounds•C•@and•@the•@peak•@position•@shifted•@toward

AIO6•@values•@as•@increasing•@Al•^Na•@ratio•D•@They•@concluded•@that•@this•@shift•@can

be•@explained•@assuming•@the•@1•^4•@of•@total•@excess•@aluminum•@ions•@takes•@AIO6

configuration•D

•@•@The•@X•|ray•@emission•@spectroscopy•@gave•@in•@sight•@on•@the•@averaged•@local

coordination•@state•@for•@the•@atoms•@in•@interest•D•@However•C•@nowadays•C•@the

coordination•@numbers•@of•@aluminum•@ion•@in•@glass•@can•@be•@more•@or•@less•@easily

determined•@from•@27Al•@NMR•@spectroscopy•D

1•|3•|5•@Visible•@spectroscopy•@and•@optical•@basicity

•@•@Duffy•@and•@lngram•i1971•j•@defined•@the•@optical•@basicity•@for•@the•@scale•@of

basicity•@of•@the•@oxide•@glasses•D•@lt•@is•@obtained•@from•@the•@peak•@position•@of•@the

ultra•@violet•@absorption•@by•@the•@Tl•{•C•@Pb2•{•@and•@Bi3•{•@ions•@doped•@into•@the

oxide•@glass•D•@For•@the•@case•@of•@Pb2•{•C•@the•@optical•@basicity•@Apb•@is•@defined•@as•C

•@•@•@•@•@•@•@•@•@•@•@•@Apb•••i60700•|v•j•^•i60700•|29700•j•C•@•i3•j

where•@60700•@is•@a•@wave•@number•@of•@isolated•@Pb2•{•C•@29700•@is•@a•@wave•@number
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•DˆêL

ƒm

for•@Pb2•{•@surrounded•@by•@the•@fully•@ionic•@oxide•@ions•C•@that•@is•C•@the•@wave

number•@of•@Pb2•{•@in•@CaO•@crystal•C•@v•@is•@a•@wave•@number•@of•@Pb2•{•@in•@the

sample•D•@Apb•@represents•@the•@tendency•@of•@the•@lone•@pair•@electron•@donation•@by

the•@oxide•@ion•@in•@the•@sample•C•@which•@stands•@for•@the•@Lewis•@basicity•D•@Apb•@of

glass•@ranges•@from•@O•@to•@1•C•@whereas•@silicate•@glasses•@show•@Apb•@of•@O•D45•Eˆê•Z•D60•D

•@•@Later•C•@Duffy•@and•@lngram•i1976•j•@defined•@a•@theoretical•@optical•@basicity

using•@the•@basicity•@adjustment•@parameter•@y•@as•C

•@•@Ath••1ˆê•o•izArA•^2•j•i1•Eˆê1•^yA•j•{•izBrB•^2•j•i1•|1•^yB•j•{•D•D•D•D•D•j•C•@•i4•j

where•@z•@is•@a•@valency•@of•@ion•C•@r•@is•@a•@mole•@fraction•@of•@ion•C•@respectively•D

•@•@Optical•@basicities•@present•@convenient•@scale•@for•@basicities•@of•@glass•C•@though

their•@theoretical•@meaning•@of•@Ath•@is•@not•@clear•D•@For•@example•C•@the

compositional•@dependence•@of•@the•@optical•@basicity•@depends•@on•@the•@variety•@of

the•@metal•@cations•@used•@as•@a•@probe•iEasteal•@and•@Morcom•C•@1979•j•D•@Klein•@and

Onorato•i1980•j•@compared•@values•@of•@Ath•@and•@Apb•@in•@sodium•@aluminosilicate

glasses•D•@They•@found•@that•@the•@Ath•@is•@almost•@independent•@of•@composition•C

while•@Apb•@decreases•@with•@increasing•@sodium•@oxide•@contents•D•@Apb•@and•@Ath

coincide•@only•@at•@the•@composition•@at•@the•@ratio•@Na•^Al•@equals•@to•@1•D

1•|3•|6•@X•|ray•@photoelectron•@spectroscopy

•@•@X•Bray•@photoelectron•@spectroscopy•iXPS•jhas•@proved•@to•@be•@a•@powerful

analyzing•@technique•@for•@distinguishing•@between•@bridging•@and•@non•|bridging

oxygen•@atoms•@in•@glasses•D•@Smets•@and•@Lomen•i1981•jobtained•@O•@l•@s•@XPS

spectra•@for•@Na20•|SiO2•@glasses•@as•@shown•@in•@figure12•D•@The•@intensity•@of•@the

high•@kinetic•@energy•@electron•@increases•@with•@increasing•@sodium•@content•D

This•@transition•@is•@attributed•@to•@the•@NBOs•@in•@the•@silicate•@network•D•@A•@shift•@of
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Ö

the•@photoelectron•@lines•@towards•@lower•@binding•@energies•@or•@higher•@kinetic

energies•@corresponds•@to•@an•@increase•@of•@the•@electron•@density•@on•@the•@relevant

atom•D•@Hence•@the•@formal•@charge•@difference•@between•@the•@NBO•@atoms•@and

BO•@atoms•@is•@reflected•@in•@an•@energy•@shift•@of•@the•@OIstransition•@in•@silicate

glasses•D•@In•@the•@spectra•@a•@third•@peak•@is•@attributed•@to•@the•@sodium•@KL2L23

Auger•@transition•D•@The•@amounts•@of•@NBOs•@estimated•@from•@the•@peak

lntensities•@increased•@linearly•@with•@increasing•@sodium•@oxlde•@contents•D
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Figure•@12•D•@01s•@XPS•@spectra•@of•@the•@sodium•@silicate•@glass•ikinetic•@energy•@scale•@relative•@to

the•@energy•@of•@the•@BOs•j•iSmets•@and•@Lommen•C•@1981•j•D
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•@•@On•@the•@other•@hand•C•@some•@XPS•@measurements•@have•@been•@made•@on•@the

sodium•@aluminosilicate•@glasses•@with•@Na•^Al•„1•D•@BrUckner•@et•@al•D•i1980•j•@and

Smets•@and•@Lommen•i1981•j•@concluded•@from•@O•@l•@s•@XPS•@spectra•@that•@numbers

of•@NBO•iNnbo•j•@goes•@zero•@even•@at•@the•@composition•@•mNa•n•^•mAl•n•@•r•@O•D7•@and•@some

AIO63•f•@might•@exist•@at•@the•@region•@of•@•mNa•n•^•mAl•n•@•••@1•D•@On•@the•@other•@hand•C

Tasker•@et•@al•D•i1985•j•@showed•@that•@N•Dbo•@linearly•@changed•@with•@•o•mNa•n•@ˆê

•mAl•n•p•^•mSi•n•C•@and•@goes•@zero•@at•@•mNa•n•^•mAl•n•@•••@1•D

1•|3•|7•@X•|ray•@absorption•@spectroscopy

•@•@Greaves•@et•@al•D•i1981•j•@measured•@X•|ray•@absorption•@spectra•@of•@the•@Si•@and

Na•@K•|edge•@for•@Na20•|CaO•|SiO2•@glass•@using•@synchrotron•@radiation•@from

the•@500•|MeV•@storage•@ring•D•@Atomic•@distributions•@F•ir•j•@about•@silicon•@and

sodium•@obtained•@bY•@Fourier•@transforming•@the•@normalized•@EXAFS•@spectra

are•@shown•@in•@figure13•D•@ln•@ct•|quartz•@a•@second•@shell•@consisting•@of•@four

silicon•@atoms•i3•D06A•j•@is•@clearly•@present•@in•@the•@figure•@giving•@a•@Si•|O•|Si•@bond

angle•@close•@to•@1440•D•@The•@best•@match•@for•@all•@three•@spectra•@for•@glasses

involves•@a•@shell•@of•@four•@silicon•@atoms•@at•@3•D17A•C•@which•@is•@O•DIA•@longer•@than

for•@a•|quartz•@and•@yields•@a•@larger•@Si•|O•|Si•@angle•@of•@1600•D•@Curve•@fitting

yields•@a•@first•@shell•@radius•@for•@sodium•@disilicate•@glass•@of•@2•D30ˆê•F•Dro•D•@•D03A•@and•@a

coordination•@number•@of•@5•}O•D5•@atoms•D•@For•@sodad•|lime•|silica•@glass•@the•@first

shell•@is•@at•@the•@slightly•@longer•@distance•@of•@2•D43•}O•D03•@and•@the•@coordination

number•@has•@the•@lower•@value•@of•@2•}O•D5•@atom•D•@ln•@addition•C•@outer•@shells

amounting•@to•@an•@extra•@four•@oxygen•@atoms•@have•@been•@added•D•@This•@finding•@is

well•@agrees•@with•@the•@fact•@that•@the•@bond•@length•@and•@coordination•@numbers•@of

Na20eSiO2•@and•@a•|Na2002SiO2•@crystal•@is•@2•D4•@and•@5•C•@respectively•C•@whereas

the•@coordination•@numbers•@of•@many•@multi•|component•@crystals•@within•@the

spheres•@of•@2•D5A•@is•@2•|3•D

•@•@On•@the•@other•@hand•C•@MacKeown•i1985•j•@observed•@Na•@K•|edge•@EXAFS

spectra•@for•@sodium•@aluminosilicate•@glasses•D•@They•@concluded•@that•@the

coordination•@number•@of•@sodium•@in•@the•@whole•@composition•@range•@was

obtained•@to•@be•@5•Dle•|7•D6•D

1•|3•|8•@Molecular•@dynamics•@calculations
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Figure•@13•D•@A•C•@Atomic•@distributions•@F•ir•j•@about•@silicon•@for•G•@a•C•@ct•|quartz•G•@b•C•@silica•@glass•G

c•C•@sodium•@disilicate•@glass•G•@d•C•@soda•|lime•|silica•@glass•D•@These•@were•@obtained•@by•@Fourier

transfoming•@the•@normalized•@EXAFS•@specma•@above•@the•@silicon•@K•|edge•i6•D75A•j•D
B•C•@F•ir•j•@about•@sodium•@for•F•@a•C•@sodium•@disilicate•@g•pass•G•@b•C•@soda•|lime•|silica•@glass•iGreaves•@et

al•D•C•@1981•j•D

26

•D•J•@•@•@1•G•Et



•C•D•D•D•C•CPˆê

•@•@Molecular•@dynamics•@calculations•@can•@also•@be•@used•@to•@describe•@anion•@and

cation•@distributions•@in•@silicate•@melts•D•@The•@application•@of•@this•@method•@to•@a

molten•@salts•@is•@based•@on•@the•@investigations•@by•@Woodcock•@et•@al•D•iWoodcock

et•@al•D•C•@1976•j•D•@Matsui•@et•@al•D•i1982•j•@obtained•@three•@dimensional•@structure•@for

MgSiO3•@and•@Mg2SiO4•@melts•@by•@molecular•@dynamics•@simulation•@using

Born•|Mayer•|Huggins•@two•@body•@potential•@functions•@for•@each•@ion•@pairs•D•@The

simulated•@structure•@is•@constructed•@from•@SiO4•@tetrahedra•@linked•@together•@by

sharing•@corner•@oxygen•@atoms•D•@The•@average•@Si•|O•|Si•@angle•@was•@1500•D

•@•@Recently•C•@Tuneyuki•@et•@al•D•i1988•C•@1989•j•@obtained•@pair•@potential•@functions

for•@molecular•@dynamics•@simulations•@of•@SiO2•@from•@the•@ab•|initio•@molecular

orbital•@calculations•@of•@SiO4•@clusters•C•@by•@which•@the•@structure•@and•@propenies

of•@crystalline•@and•@molten•@silica•@were•@successfully•@simulated•D

1•|4•@NMR•@spectroscopy

1•|4•|1•@Basic•@concepts

•@•@Nuclei•@of•@atoms•@can•@spin•@about•@their•@axis•G•@that•@is•C•@they•@can•@have•@angular

momentum•C•@and•@by•@experiment•@it•@can•@be•@shown•@that•@different•@nuclei•@can

have•@different•@values•@of•@the•@spin•@quantum•@number•ib•D•@For•@hydrogen•iIH•j

and•@silicon•@of•@atomic•@mass•@twentyˆêˆênine•i29Si•j•C•@1••1•^2•C•@but•@for•@28Si•C•@1••O•D

•@•@Let•@us•@see•@what•@amount•@of•@energy•@in•@frequency•@units•@is•@needed•@to

induce•@a•@transition•@between•@energy•@levels•D•@The•@quantized•@angular

momentum•@p•@along•@the•@direction•@of•@the•@magnetic•@field•@z•@is•@expressed•@in

units•@of•@h•^2z•C•@where•@h•@is•@Planck•fs•@constant•C•@as•F

•@•@•@•@•@•@•@•@•@•@•@•@•@p••mh•^2z•iif•@l••1•^2•C•@m••1•^20r•|1•^2•j•D•@•i5•j

•@•@The•@magnetic•@moment•@p•@is•@related•@to•@p•@by•@a•@proportionality•@constant

y•C•@the•@gyromagnetic•@ratio•D•@Thus•C

•@•@•@•@•@•@•@•@•@•@•@•@•@P••YP•E•@•i6•j
Hence

•@•@•@•@•@•@•@•@•@•@•@•@•@”«••‚¬Y•Vz•V2ƒÎ•D•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i7•j

•@•@Now•@the•@energy•@of•@interaction•C•@E•C•@between•@the•@magnet•@and•@nucleus
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f

corresponding•@to•@the•@torque•@operating•@to•@align•@the•@spinning•@nucleus•@with

the•@magnetic•@field•@is•@given•@by•@the•@product•@of•@the•@strength•@of•@the•@magnetic

field•@Ho•@and•@the•@magnetic•@moment•@•”•@of•@the•@nucleus•D•@Thus•C

•@•@•@•@•@•@•@•@•@•@•@•@•@E••ˆêiuHo•C•@•i8•j
Nuclear•@magnetic•@resonance•@is•@the•@phenomenon•@by•@which•@transitions

between•@energy•@states•@are•@brought•@about•@by•@applying•@electromagnetic

radiation•D•@Now•@electromagnetic•@radiation•@of•@radiofrequency•@v•@has•@energy

AE•@given•@by•@h•@v•D•@Thus•@at•@resonance•C•@i•De•D•@when•@energy•@is•@absorbed•@by•@the

nuclei•C

•@•@•@•@•@•@•@•@•@•@•@•@•@v•••@ˆêyHo•im2•|mi•j•^2n•D•@•i9•j

The•@frequency•@required•@for•@an•@ordinary•@29Si•@NMR•@experiment•@for•@the

transition•@m2••1•^2•@to•@ml••ˆê1•^2•@atLHo••4•D7Tesla•@magnetic•@field•@is

39•D76MHz•D

1•|4•|2•@Chemical•@shifts

•@•@The•@determination•@of•@chemical•@shift•@is•@the•@principal•@application•@of

NMR•@by•@which•@structural•@information•@is•@obtained•D•@The•@primary•@reason

why•@the•@nuclei•@of•@the•@same•@atomic•@species•@in•@different•@intramolecular

environments•@resonate•@at•@different•@frequencies•@is•@because•@the•@electrons

around•@a•@nucleus•@alter•@the•@magnetic•@field•@experienced•@by•@it•D•@That•@is•C•@the

actual•@magnetic•@field•@at•@the•@nucleus•@is•@somewhat•@different•@to•@that•@of•@he

magnet•@by•@a•@shielding•@factor•i6•j•@where•@H•inucleus•j•@•••@Ho•@ˆê•@6Ho•D•@The•@value

of•@6•@cannot•@be•@greater•@than•@1•G•@indeed•C•@it•@is•@much•@less•@than•@this•C•@since•@it•@is•@a

molecular•@property•@rather•@than•@a•@quantity•@contrived•@in•@the•@laboratory•D•@ln

principle•C•@therefore•C•@Ho•@must•@be•@known•@accurately•@to•@measure•@s•D•@The

actual•@value•@of•@s•@depends•@on•@the•@orientation•@of•@the•@molecule•@relative•@to•@the

field•D•@For•@molecules•@in•@rapid•@motion•C•@or•@by•@means•@of•@magic•|angle•|sample

spinning•iMAS•j•C•@6•@is•@averaged•@out•@so•@that•@only•@one•@isotropic•@value•i6iso•j•@is

observed•D

•@•@The•@strength•@of•@the•@magnetic•@field•@may•@fluctuate•@while•@making•@a

measurement•D•@Thus•@establishing•@a•@value•@for•@s•@is•@difficult•D•@ln•@addition•C•@the

value•@of•@the•@resonance•@frequency•@is•@magnetic•@field•@dependent•D•@It•@is•@wise•C•@•f

therefore•C•@to•@have•@a•@measure•@which•@is•@based•@on•@difference•@from•@a•@standard
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and•@is•@independent•@of•@magnetic•@field•@and•@can•@therefore•@be•@measured•@on

different•@machines•D•@This•@measurement•@is•@the•@chemical•@shift•C•@and•@is•@defmed

as•F

•@•@•@•@•@•@•@•@•@•@•@•@•@d•••@•iVs•|Vr•j•^Vr•@X•@106•C•@•i1•@0•j

where•@v•@s•@and•@vr•@are•@the•@frequencies•@of•@the•@s•@ample•@and•@the•@reference•D

1•|4•|3•@Application•@of•@NMR•@to•@silicate•@glasses•@and•@melts

A•@great•@deal•@has•@been•@learned•@about•@silicate•@glasses•@and•@liquids•@by•@29Si

NMR•@studies•@not•@described•@here•C•@as•@well•@as•@by•@NMR•@on•@other

nuclei•iparticularly•@11B•C•@19F•@and•@27Al•j•@over•@more•@complex•@compositions•D

Much•@of•@these•@works•@has•@been•@reviewed•@previously•iB•@ray•@and•@Holupka•C

1985•G•@Dupree•@et•@al•D•C•@1986•G•@Kirkpauick•C•@1988•G•@Eckert•C•@1990•j•D•@The

information•@which•@can•@be•@derived•@from•@29Si•@NMR•@studies•@are

smmarized•@as•@follows•D

•i1•j•D•@For•@crystalline•@silicates•C•@the•@isotropic•@chemical•@shifts•@vary

systematically•@with•@silicate•@structure•G•@thus•@a•@silicon•@nucleus•@is•@deshielded

•iand•@its•@chemical•@shift•@value•@become•@s•@less•@negative•jasŒŒe•@numbers•@of

attached•@bridging•@oxygen•@•iBO•j•@atoms•@decrease•D•@The•@Si•@atoms•@surrounded

by•@different•@numbers•@of•@B•@O•@atoms•@are•@identified•@as•@separated•@peaks•@in

2gSi•@NMR•@spectra•@and•@commonly•@distinguished•@wiŒŒnotation•@such•@as•@Qn•fs

•i2•j•D•@Glassy•@or•@liquid•@silicates•@possess•@chemical•@shifts•@of•@the•@similar•@range

as•@those•@observed•@in•@crystalline•@silicates•@having•@the•@identical•@composition•D

The•@structural•@units•@of•@glasses•@or•@liquids•@are•@possibly•@represented•@by•@Qn

units•@similar•@to•@those•@deduced•@from•@the•@spectra•@of•@corresponding

crystalline•@materials•D

•i3•j•D•@29Si•@chemical•@shifts•@are•@sensitive•@to•@the•@variation•@of•@Si•|O•@bond•@length

and•@Si•|O•|Si•@bridging•@angles•@as•@well•@as•@to•@changes•@of•@second•@and•@third

neighbor•@environments•D•@The•@relationships•@betweenŒŒe•@chemica1•@shift•@and

bridging•@angle•@or•@group•@electronegativity•@have•@been•@considerably

discussed•D

•@•@•@29Si•@NMR•@spectroscopy•@has•@recently•@been•@used•@to•@accurately•@count•@the

abundance•@of•@Q•@species•@in•@some•@simple•@glass•@compositions•D•@Early•@data
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Figure•@14•D•@Static•@29Si•@NMR•@spectra•@for•@•ia•j•@Na2Si20s•@and•@•ib•j•@Li2Si20s

glasses•D•iBrandriss•@and•@Stebbins•C•@1988•G•@Stebbins•@and•@Farnan•C•@1989•j•D•@ln•@•ia•j•C•@the•@cross•|

hatched•@area•@shows•@the•@peak•@resulting•@from•@a•@non•|stoichiomenic•@amount•@of•@Q4•@sites•@in•@an

annealed•@sample•@with•@a•@relatively•@low•@fictive•@temperature•D•@The•@upper•@curve•@in•@•ia•j•@shows•@the

inereased•@abundance•@of•@this•@species•@in•@a•@fast•|quenched•@sample•@with•@a•@higher•@fictive

temperature•D
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from•@magic•|angle•|spinning•iMAS•j•@experiments•@were•@often•@ambiguous•C

with•@single•@noisy•@peaks•@that•@were•@fitted•@with•@one•@to•@five•@Gaussian•@peaks•C

the•@number•@depending•@on•@interpretation•D•@•flhe•@detailed•@distributions•@of•@Qn

species•@could•@not•@be•@determined•C•@although•@the•@distinct•@difference•@from

statistical•@distributions•@are•@realized•D

•@•@Recently•C•@as•@shown•@in•@figure14•C•@Brandriss•@and•@Stebbins•i1988•j•@showed

that•@the•@static•@spectra•@can•C•@for•@some•@compositions•C•@be•@more•@informative•D

Here•C•@results•@for•@Li2Si20s•@and•@Na2Si20s•@glass•@are•@compared•D•@The•@most

obvious•@difference•@is•@that•@the•@narrow•@central•@peak•@in•@these•@spectra•C•@which

can•@be•@attributed•@to•@the•@relatively•@symmetrical•@Q4•@site•C•@is•@considerably

more•@intense•@in•@the•@Li•@glass•i•Eˆê11qo•@vs•D•@690•@of•@the•@area•j•D•@They•@clearly

showed•@that•@for•@disproportionation•@reactions•@such•@as•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@2Q3e•@Q2•{•@Q4•C•@•i1•@1•j

the•@right•|hand•@side•@is•@favored•@by•@the•@smaller•@network•@modifier•@cation•D

•@•@An•@effect•@of•@temperature•@on•@Q•@species•@distribution•@was•@suggested•@by

early•@high•@temperature•@Raman•@spectroscopic•@data•iSeifert•@et•@al•D•@1981•j•@as

shown•@in•@1•|3•|1•C•@but•@was•@not•@considered•@significant•@at•@the•@time•D•@Brandriss

and•@Stebbins•i1989•j•@showed•@from•@static•@29Si•@NMR•@spectra•@on•@Na2Si20s

glasses•@with•@different•@fictive•iglass•@transition•j•@temperatures•iTg•j•@that•@the

disproponionation•@reaction•i11•j•@is•@favored•@at•@higher•@temperature•C•@as

expected•@if•@mixing•@of•@the•@species•@contributes•@to•@the•@total•@entropy•D

•@•@However•C•@the•@systematic•@dependence•@of•@the•@distributions•@of•@Qn•@species

over•@wide•@composition•@range•@have•@not•@thoroughly•@been•@explored•D

•@•@On•@the•@other•@hand•C•@NMR•@measurements•@at•@high•@temperature•@have•@been

made•@since•@at•@least•@1964•@to•@study•@the•@structure•@and•@dynamics•@of•@liquid•@and

solid•@metals•C•@molten•@salts•C•@ionic•@conductors•C•@etc•D•ifor•@a•@review•@see•@Stebbins•C

1991•j•D•@ln•@figure•@15•C•@data•@are•@shown•@for•@K2Si40g•@liquid•iFarnan•@and

Stebbins•C•@1990•j•D•@Just•@above•@Tg•C•@its•@static•@29Si•@spectrum•@is•@again•@composed

of•@two•@major•@components•C•@an•@asymmetric•@uniaxial•@powder•@pattern•@for•@the

Q3•@sites•@and•@a•@narrow•@Gaussian•@peak•@for•@the•@Q4•@sites•C•@each•@of•@which

comprises•@about•@half•@of•@the•@total•D•@When•@the•@temperature•@is•@increased

further•C•@these•@peaks•@both•@begin•@to•@narrow•C•@as•@structural•@motion•@averages

out•@the•@orientational•@effects•@that•@give•@rise•@to•@the•@broad•@static•@lines•DAt•@high

temperature•C•@however•C•@instead•@of•@two•@distinct•@peaks•C•@as•@would•@be•@expected

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@31
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Figure•@15•D•@Static•@29Si•@NMR•@spectra•@for•@K2Si40g•@glass•@and•@liquid•@•ileft•j•@and•@computer

Simulations•@of•@multi•|site•@exchange•@•iright•j•D•@Temperatures•C•@in•@OC•F•ia•j697•G•@•ib•j774•G•@•ic•j800•G

•id•j847•G•@•ie•j997•D•@Exchange•@frequencies•@in•@kHz•F•@•ifi2•G•@•ig•j10•G•@•ih•j25•G•@•ii•j50•G•@and•@g•j•G500•D•@ln•@•ifi•C

POWder•@patterns•@for•@Q3•@and•@Q4•@species•@are•@indicated•iFarnan•@and•@Stebbins•C•@1990•j•D
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1

if•@the•@lifetimes•@of•@the•@Q•@species•@were•@long•C•@oniy•@a•@single•@peak•@is•@observed•C

indicating•@that•@exchange•@of•@the•@species•@takes•@place•@more•@rapidly•@than•@the

frequency•@separation•@of•@the•@peaks•D

•@•@Recently•C•@27Al•@NMR•@on•@laser•|heated•C•@gas•|levitated•@samples•@has•@been

used•@to•@study•@Al•@coordination•@iri•@liquids•@at•@as•@high•@temperatures•@as

21000C•iMassiot•@et•@al•D•@1990•j•D•@Under•@these•@conditions•C•@viscosity•@is•@low

enough•@and•@exchange•@rates•@are•@high•@enough•@that•@single•C•@fully•@averaged

peaks•@are•@observed•C•@whose•@position•@may•@give•@average•@coordination

numbers•@that•@can•@be•@quite•@different•@from•@that•@in•@the•@crystalline•@phase•D

Using•@this•@technique•C•@this•@group•@has•@also•@noted•@systematic•@differences•@in

27Al•@isotropic•@chemical•@shifts•@between•@Ca•|aluminate•@and•@ˆêaluminosilicate

glasses•@and•@melts•C•@with•@the•@latter•@more•@shielded•iCote•@et•@al•D•C•@1991•G

McMillan•@et•@aL•C•@1991•G•@•DPoe•@et•@al•D•C•@1991•j•D•@lt•@is•@to•@be•@noted•@that•@the•@sample

is•@not•@in•@thermodynamic•@equilibrium•@at•@the•@given•@temperatures•D

•@•@Recently•C•@in•@their•@27Al•@NMR•@spectrum•@of•@aluminosilicate•@glass•C

Stebbins•@and•@Farnan•i1992•j•@found•@a•@distinct•@peak•@representing•@•Eˆê1•|3•e70

AIO6•@in•@an•@one•@atomospheric•@pressure•@sample•@despite•@its•@highly

peralkaline•@composition•D

1•|5•@Subjects•@of•@the•@present•@thesis

•@•@The•@present•@investigation•@was•@motivated•@from•@the•@review•@above

mentioned•D•@lt•@was•@aimed•@at•@understanding•@fundamental•@structures•@and

processes•@at•@atomic•@scale•@which•@govern•@the•@macroscopic•@properties•@of

silicate•@glasses•@and•@melts•@such•@as•@their•@viscosity•@and•@their•@thermodynamic

quantmes•D

•@•@In•@this•@thesis•C•@results•@of•@investigations•@on•@the•@structure•@and•@dynamics•@of

silicates•@and•@boron•@oxide•@are•@discussed•@in•@relation•@with•@the•@effect•@of

temperature•@and•@composition•D•@The•@Qn•@distribution•@and•@the•@local•@structure

around•@aluminum•@and•@sodium•@in•@silicate•@glasses•@and•@melts•@are•@described•D

Also•C•@the•@dynamics•@of•@the•@structural•@units•@constructing•@network•@is•@studied

by•@means•@of•@NMR•@line•@shape•@and•@relaxation•@time•@measurements

•@•@Studies•@of•@glass•@structure•@have•@been•@expected•@to•@provide•@the•@structure

33

•@•@•@•@•@•@•@•@•@•@•@•@•@•@

ƒS—øL•At•D•A•R‚Ä

•E’¦•j



Œäƒ_•f

t̂ê

i

of•@the•@liquid•@state•@at•@temperature•@of•@transition•@from•@glass•@to•@liquid•D•@On•@the

other•@hand•C•@the•@direct•@observations•@on•@the•@liquid•@state•@was•@deadly•@desired

on•@the•@melts•@and•@the•@melt•|glass•@transition•@temperature•@range•D•@The

structural•@change•@induced•@by•@the•@liquid•@to•@glass•@transition•@is•@a•@dynamical

one•C•@and•@thus•@may•@be•@closely•@related•@to•@bulk•@dynamical•@properties•D

•@•@In•@chapter•@2•C•@29Si•@MAS•@NMR•C•@of•@binary•@alkali•@silicate•@glasses•@are

described•D•@Special•@attention•@was•@focused•@on•@the•@composition•@effect•@of•@the

equilibrium•@reaction•@between•@Qn•@species•C

•@•@•@•@•@•@•@•@•@•@•@•@•@2Qne•@Qn•|1•@•{•@Qn•{1•@•in••3•C2•C1•j•E•i12•j

The•@compositional•@dependence•@of•@the•@Qn•@distribution•@has•@been•@fully

clarified•@for•@Liˆê•C•@Naˆê•@and•@K•|silicate•@glass•@systems•D•@A•@proposed

thermodynamic•@model•@was•@adopted•@to•@interpret•@the•@NMR•@results•@and•@to

successively•@explain•@both•@of•@Q•D•@distributions•@and•@thermodynamic•@activities

of•@Na20•D•@Fu‹Èemore•C•@the•@compositional•@and•@temperature•@effects•@on•@the

binary•@sodium•@silicate•@melt•@structure•@is•@reproduced•D

•@•@In•@chapter•@3•C•@29Si•@MAS•@NMR•@investigation•@of•@Na20•|A1203•|SiO2•@join

are•@described•D•@A•@detailed•@analysis•@about•@the•@compositional•@dependence•@of

the•@Qn•@distribution•@is•@made•D•@The•@coordination•@environments•@of•@aluminum

ion•@are•@interpreted•@in•@terrns•@of•@the•@acid•|base•@concept•D

•@•@In•@chapter•@4•C•@a•@development•@of•@high•@temperature•|high•@resolution•@probe

and•@its•@application•@to•@sodium•@silicate•@melts•@up•@to•@12000C•@are•@described•D

Here•C•@they•@have•@been•@applied•@over•@a•@temperature•@range•@of•@12000C•@to
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CHAPTER•@2

STRUCTURAL•@STUDIES•@OF•@B•@INARY•@ALKALI
SILICATE•@GLASSES•@BY•@MEANS•@OF•@29Si•@NMR

Abstract•@of•@Chapter•@2

•@•@Lithium•C•@sodium•C•@and•@potassium•@silicate•@glasses•@containing•@20•|54molqo
alkali•@oxide•@were•@investigated•@by•@29Si•@Magic•@Angle•@Spinning•@Nuclear

Magnetic•@Resonance•@•iMAS•|NMR•j•@spectroscopy•D•@in•@each•@spectrum•C•@two•@to
three•@distinct•@peaks•@were•@identified•@for•@individual•@glass•D•@The•@distributions•@of

SiO4•@structural•@units•@Qn•C•@where•@n•@is•@the•@number•@of•@bridging•@oxygen•@atoms

attached•@to•@Si•@atom•C•@were•@determined•@as•@a•@function•@of•@composition•D•@The

equilibrium•@constants•@of•@the•@reactions•C

•@•@•@•@•@•@•@•@•@•@•@•@•@2Qn•@H•@Qn•|1•{Qn•{1•@•in••3•C2•C1•j•C

were•@determined•D•@The•@reaction•@proceeds•@to•@the•@right•@direction•@as•@cationic

power•@of•@alkali•@ion•@•iZ•^r•j•@increased•@•iLi•@•r•@Na•@•r•@K•j•@at•@the•@same•@alkali•@oxide

concentration•D•@The•@apparent•@equilibrium•@constants•@of•@the•@above•@reactions

were•@compared•@with•@those•@from•@a•@proposed•@thermodynamic•@model•D•@The
29Si•@chemical•@shifts•@assigned•@to•@each•@structural•@unit•@increased•@linearly•@as•@a

function•@of•@alkali•@oxide•@content•D•@Whereas•@the•@slope•@of•@these•@lines•@became

gentle•@as•@numbers•@of•@attached•@bridging•@oxygen•@atoms•iBO•j•@decreased

corresponding•@to•@the•@difference•@of•@bridging•@angle•C•@bond•@length•@and•@local

structure•@distribution•@around•@the•@structural•@unit•@under•@consideration•D•@The

averaged•@chemical•@shifts•@also•@increased•@linearly•@with•@an•@increase•@of•@alkali

oxide•@contents•D•@The•@relationship•@between•@the•@averaged•@chemical•@shifts•@and

the•@theoretical•@optical•@basicity•@were•@established•D

2•|1•D•@lntroduction
•@•@The•@examination•@of•@compositional•@dependence•@of•@the•@structure•@and•@other

various•@physical•@propenies•@of•@alkali•@silicate•@glasses•@is•@a•@fundamental

problem•@in•@glass•@chemistry•@as•@well•@as•@in•@earth•@science•D•@The•@relationships

between•@the•@polymeric•@silicate•@anion•@structure•@and•@composition•@of•@the

glasses•@have•@been•@examined•@by•@various•@spectroscopic•@techniques•@•Ge•Dg•D•C

XRDfl•|4•n•C•@IR•m5•n•C•@X•|ray•@emission•@spectroscopyl•f6•C7•n•C•@laser•@Raman

spectroscopy•m8•|13•n•C•@EXAFS•m14•C15•n•@and•@XPS•m16•n•D•@Since•@the•@29Si•@MAS•|

NMR•@measurement•@for•@zeolites•@was•@made•@by•@Lippma•@et•@al•D•@•m17•n•C•@this

technique•@has•@been•@applied•@extensively•@to•@many•@crystalline•@and•@glassy
silicates•@•m18•|27•n•D

•@•@•flhe•@inforrnation•@which•@can•@be•@derived•@from•@29Si•@NMR•@studies•@are

summarized•@as•@follows•D
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•i1•j•D•@For•@crystalline•@silicates•C•@the•@isotropic•@chemical•@shifts•@vary

systematically•@with•@silicate•@structure•G•@thus•@a•@silicon•@nucleus•@is•@deshielded

•iand•@its•@chemical•@shift•@value•@becomes•@less•@negative•j•@as•@the•@numbers•@of

attached•@bridging•@oxygen•@•iBO•j•@atoms•@decrease•C•@The•@Si•@atoms•@surrounded•@by

different•@numbers•@of•@BO•@atoms•@are•@identified•@as•@separated•@peaks•@in•@29Si

NMR•@spectra•@and•@commonly•@distinguished•@wiŽRnotation•@such•@as•@Qn•fs•in

stands•@for•@numbers•@of•@bridging•@oxygen•@atoms•j•D

•i2•j•D•@Glassy•@or•@liquid•@silicates•@possess•@chemical•@shifts•@of•@the•@similar•@range•@as•|

those•@observed•@in•@crystalline•@silicates•@having•@the•@identical•@composition•D•@The

structural•@units•@of•@glasses•@or•@liquids•@are•@possibly•@represented•@by•@Qn•@units

similar•@to•@those•@deduced•@from•@the•@spectra•@of•@corresponding•@crystalline

materials•D

•i3•j•D•@29Si•@chemical•@shifts•@are•@sensitive•@to•@the•@variation•@of•@Si•|O•@bond•@length

and•@Si•|O•|Si•@bridging•@angles•@as•@well•@as•@to•@changes•@of•@second•@and•@third

neighbor•@environments•D•@The•@relationships•@between•@the•@chemical•@shift•@and

bridging•@angle•@or•@group•@electronegativity•@have•@considerably•@been•@discussed•D

•@•@In•@the•@previous•@reports•@concerning•@the•@MAS•|NMR•@measurements•@on
binary•@alkaline•@silicate•@glasses•m18•C19•n•C•@the•@detailed•@distributions•@of•@Qn

species•@could•@not•@be•@determined•@due•@to•@limited•@S•^N•@ratio•C•@although•@the

distinct•@difference•@from•@statistical•@distributions•@are•@realized•@i•De•G•@the

distribution•@of•@Qn•@species•@can•@be•@explained•@on•@the•@basis•@of•@a•@model•@where

each•@alkali•@ion•@addition•@results•@in•@one•@non•|bridging•@oxygen•@to•@give•@one•@or

two•@species•@Qn•@and•@Qn•|1•@whose•@relative•@amounts•@can•@be•@determined•@from

the•@concentration•@of•@alkali•@oxide•D•@Recently•C•@carefu1•@NMR•@measurements•@on

sodium•@silicate•@glasses•@of•@approximately•@the•@di•|silicate•@composition•@carried

out•@by•@Stebbinsf20•n•@made•@it•@possible•@to•@discuss•@the•@equilibrium•@of•@reaction

•i1•j•@quantitatively•C

•@•@•@•@•@•@•@•@•@•@•@•@•@2Qn•@e•@Qn•|1•@•{•@Qn•{1•@•in••3•C2•C1•j•E•@•i1•j

•@•@However•C•@the•@systematic•@dependence•@of•@the•@distributions•@of•@Qn•@species

over•@wide•@composition•@range•@have•@not•@thoroughly•@been•@explored•D

•@•@On•@the•@other•@hand•C•@the•@effect•@of•@variation•@of•@the•@modifying•@cations•@on•@the

stmcture•@of•@silicate•@glasses•@have•@been•@discussed•m8•C12•C21•C22•n•D•@Enthalpies•@of

solution•@of•@glasses•@of•@binary•@metal•@oxide•|silica•@joins•@in•@a•@solvent•@increased•@in

the•@order•@of•@cationic•@power•@of•@the•@metal•@cation•@•iZ•^r•C•@where•@Z•@is•@valency•@and

ris•@ionic•@radius•j•D•@ln•@di•|silicate•@glasses•C•@the•@observed•@increments•@of•@29Si

MAS•|NMR•@line•@width•@with•@increase•@of•@Z•^r•@•m22•n•@was•@interpreted•@by•@the

reactlon•C

•@•@•@•@•@•@•@•@•@•@•@•@2Q3•@•qˆê•r•@Q2•{Q4•C•@•i2•j
to•@proceed•@to•@the•@right•@direction•@and•@to•@result•@in•@the•@chemical•@shift

dispersion•D

•@•@in•@the•@present•@paper•C•@we•@tried•@to•@determine•@the•@detailed•@distributions•@of

Structural•@units•@in•@variety•@of•@alkali•@silicate•@glasses•D•@The•@results•@will•@be

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@43
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compared•@with•@the•@thermodynamic•@properties•@and•@also•@with•@the•@proposed

thermodynamic•@model•D

2•|2•@Experimental•@Section

•@•@Sample•@glasses•@were•@prepared•@from•@reagent•@grade•@Li2CO3•C•@Na2CO3•C

K2CO3•@and•@SiO2•D•@Mixed•@starting•@materials•@were•@carefully•@melted•@in

platinum•@crucible•@at•@1540•@K•@for•@3•@hours•D•@Then•@the•@samples•@were•@quenched

by•@water•@or•@liquid•@nitrogen•D•@All•@samples•@were•@optically•@clear•C

•@•@Measurements•@of•@29Si•@MAS•|NMR•@was•@made•@by•@Bruker•@MSL•|200
spectrometer•@operating•@at•@4•D7•@Tesla•@•i39•D76•@MHz•@for•@29Si•j•D•@A•@pulse•@width•@of

3•@ps•i450pulse•j•@and•@dead•@time•@of•@20•@ps•@were•@used•D•@Typical•@repetition•@time

was•@2•D5•@s•D•@The•@spectrum•@was•@accumulated•@1500•@times•D•@Samples•@in•@an

alumina•@or•@a•@zirconia•@sample•@holder•@were•@spun•@at•@the•@magic•@angle•i54•D740•j

with•@respect•@to•@the•@external•@magnetic•@field•D•@Spinning•@rate•@was•@3500•|4000Hz

which•@kept•@the•@spinning•@side•@band•@intensities•@less•@than•@1•@qo•@relative•@to•@the

intensity•@of•@the•@main•@peak•D•@External•@chemical•@shift•@standard•C•@Q8M8•C•@was

used•@as•@a•@secondary•@standard•@whose•@chemical•@shifts•@•iM•@site•j•@was•@set•@to•@11•D51

ppm•@from•@TMS•D•@Spin•|lattice•@relaxation•@time•@•iTl•j•@for•@Si•@nucleus•@in•@silicate

glasses•@are•@generally•@very•@long•@•ia•@few•@min•@to•@hour•j•D•@The•@relaxation•@of•@29Si

nuclear•@spins•@can•@be•@acccerated•@by•@the•@spin•@diffusion•@from•@paramagnetic

centers•@•m28•C29•j•D•@Therefore•@in•@order•@to•@increase•@relaxation•@rate•@O•D1•@wtgo

Fe203•@was•@addeed•@to•@all•@the•@samples•@studied•D

2•|3•D•@Results

2•|3•|1•@The•@effect•@of•@Fe203•@on•@the•@spectra

•@•@No•@appreciable•@changes•@were•@observed•@on•@the•@profiles•@of•@spectra•@at

different•@repetition•@times•@•iO•D1•@ˆê•@20s•j•D•@However•C•@short•@repetition•@time•@led•@to

poor•@S•^N•@ratios•D•@No•@significant•@effects•@were•@observed•@with•@different

contents•@of•@Fe203•@•ivarying•@O•DOl•@ˆê•@1•DOwtgo•j•@except•@that•@the•@peak•@intensities

from•@less•@polymelyzed•@sites•@•ifor•@example•C•@Q2•@site•@in•@3Na20e4SiO2•@glass•j

decrease•@as•@Fe203•@contents•@increased•D•@The•@decrement•@of•@the•@peak•@intensities

might•@be•@caused•@by•@Fe203•@which•@acts•@as•@a•@network•|former•@in•@glass•@network

structure•@just•@like•@A1203•E

2•|3•|2•@Peak•@separation

A•@series•@of•@MAS•|NMR•@spectra•@of•@Na20•|SiO2•@glasses•@are•@shown•@in
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Pƒm

figure•@1•D•@All•@spectra•@were•@well•@reproduced•@by•@Gaussian•@functions•D•@The

results•@of•@peak•@separation•@are•@summarized•@in•@Table•@1•D•@The•@normalized

standard•@deviation•@•i6•my•ix•jobs•@ˆê•@y•ix•jcal•@•n•^•@Ni•j•@for•@peak•@separation•@was

within•@190•@for•@each•@glass•D•@However•C•@near•@the•@stoichiometric•@composition

•ifor•@example•C•@Na20e2SiO2•@glass•j•C•@the•@main•@peak•iassigned•@to•@Q3•j•@and•@the

sub•|peaks•@•iQ2•C•@Q4•j•@overlapped•@each•@other•@and•@led•@to•@a•@peak•@separation

somewhat•@ambiguous•D•@As•@mentioned•@by•@Stebbins•m20•n•C•@the•@broad•@line

spectra•@can•@be•@used•@for•@quantitative•@estimation•@of•@Q4•@site•@population•D

Because•@the•@spectra•@consist•@of•@combination•@of•@line•@profiles•@contributed

from•@asymmetrical•@sites•@•iQ3•@or•@Q2•@sites•G•@containing•@contribution•@from

chemical•@shift•@anisotropy•j•@and•@tetrahedral•@symmetrical•@site•@•iQ4•@site•@which

has•@isotropic•@chemical•@shift•j•C•@they•@can•@easily•@be•@separated•@into•@each•@of•@the

components•D

NO20•@molZ

•@•@•@•@55•C6

so•Co

’„•DŒü

•g2•C9

•go•Co

56•C•g

53•C3

28•C6

25•C0

20•C0

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê40•@ˆê60•@ˆê80•@ˆê100•@ˆê120
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ppm

Figure•@1•D•@Composition•@variation•@of•@the•@29Si•@MAS•@NMR•@spectra•@of•@sodium•@silicate

glasses•iNa20•|SiO2•j•D
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Table 1•D Observed•@chemicalshifts•iƒÐ•ippm•j•j•C 1ine•@width•ihalf•@width•@at•@half

maximum•Ghwhm•ippm•j•jand•@Q1 distributions•i1•i•“•j•jin•@lithium•C•@sodium•@and

1 potassium•@silicate•@glasses•E

1

mol•• M20 MAS Bro•ÞdŠŽine

Q4 Q•½ Qz Qz•{Q3•@•@•@•@•@•@•@•@Q4
ˆêƒÐ•ihwhm•j •f•@•@•@ˆêƒÐ•ihwhm•j 1•@•@ˆêƒÐ•ihwhm•j •f•@•@‚çƒÎˆê•“•@•@ƒÐ•A•v•@•@•@•C•@•@ƒÐ 1

K20 20•D0 105•D1•i5•D7•t 49•@943•i49•j 51 ˆê47•@•@•@•@•@•@•@•@•|186•@•@•@•@51•@•@•@•@•|10649
273 “Ÿ03•D3•i5•D6•j 25•@92•D5•i5•D0•j 72•@•@82•D9•i3•D0•j 3•@•@•@•@•|48•@•@•@•@•@•@•@•|177•@•@•@76•@•@•@•@•|10324

28•D6 1025•i5•D6•j 22•@92•D0•i5•D0•j 74•@82•D5•i40•j 4•@•@•@•@•|49•@•@•@•@•@•@•@•|174•@•@•@80•@•@•@•@•|102•D520
33•D3 103•D3•i5•D6•j 7•@90•D8•i5•D5•j 86•@795•i3•C5•j 7•@•@•@•@•|515•@•@•@•@•@•@•@•|170•@•@•@•@93•@•@•@•@•|100•D57

364 102•C0•i6•D0•j 5•@90•D0•i5•D4•j 81•@80•D5•i4•D2•j 14•@•@•@•@•|50•@•@•@•@•@•@•@•|168•@•@•@96•@•@•@•@•@•|994

Na202ƒ¿0 105•D6•i65•j 50•@922•i5•D6•j 48•@78•D0•i4•D0•j 3

25•D0 104•D1•i6•D2•j 38•@91•D7•i5•D1•j 61•@78•D0•i4•D0•j 1

28•D6 1004•i6•D5•j 27•@89•D6•i48•j 68•@78•C0•i40•j 5

33•D3 99•D5•i6•D0•j 11•@88•D7•i4•D8•j 79•@77•D7•i4•D0•j 10

364 99•C0•i6•D0•j 7•@88•D2•i4•D8•j 76•@77•D6•i3•D8•j 17•@•@•@•@•|51•@•@•@•@•@•@•@•|165•@•@•@•@95•@•@•@•@•|1085

Li•@20 25•D0 107•D1•i69•j 38•@92•D3•i6•D3•j 53•@8LO•i5•v•j 9

28•D6 105•D3•i6•D7•j 32•@92•D0•i6•v•j 59•@80•D7•i5•D0•j 10

33•D3 102•D7•i6•D9•j 22•@9LO•i5•D8•t 63•@8U•i48•t 15

36•D4 100•D0•i6•B8•j 17•@89•D8•i5•D6•j 62•@80•D2•i4•D5•t 21

40•D0 964•i6•D8•t 15•@88•D0•i5•D5•j 57•@79•D5•i4•D0•j 26

Table 2•D Observed•@chemicalshifts•iƒÐ•ippm•j•j•C line•@width•ihalf•@width•@at•@half

maximum•Ghwhm•ippm•j•jand•iŠÊ disƒ•ibutions•i1•i•“•j•jin•@lithium•C•@sodium•@and

potassium•@silicate 91asses•@at•@thecomposition•@of•@higher•@alkali•@oxide•@contents•D

Symbols•@are•@sameas those•@denoted•@in•@table•@1•DBothQ2and•@Q2•frepresent•@two•@types
of Q2sp‡ties•isee•@text•j•D

m••1•“ M20 Q4 Q3 Qz Ql•@•@•@•@•@•@•@Q•e1

ˆêƒÐ•ihwhm•j 1•@•@ˆêƒÐ•ihwhm•t ƒm•@•@•@•@•@•@ˆêƒÐ•ihwhm•j1•@•@ˆêƒÐ•ihwhm•j•@1•@•@ˆêƒÐ•ihwhm•j 1

K20 40•D0

S2•D9

89•D9•i5•D3•j

W9ƒt•i5•D3•j

67•@•@Q2•@•@825•i4•D2•j
@•@•@Qi•@77•D2•o2•D3•j

T1•@•@Q2•@82•D4•i42•t

27•@•@•@•@70•D8•i2•D4•j•@•@•@•@•@•@•@1

T38•@•@•@•@70•D8•i2•D4•t•@•@•@•@•@•@•@•@1

1 Qi•@77•D0•i2•D3•j 10

•p•u
44•D4

T0•D0

89•A0•i5•D3•j

W9•D0•i53•j

41•@•@Q2•@82•D2•i42•j
@•@•@Qi•@77•Do•i2•D3•t

X•@•@Q2•@•@8L7•i4•Do•j

@•@•@Qi•@76•D2•i2•D3•j

43•@•@•@•@70•C8•i2•D4•j•@•@•@•@•@•@•@2

P4

R7

Na20 40•D0 99•D0•i6•D0•t 2•@87•v•i5•D0•j 68•@•@•@•@•@•@•@•@•@•@76•D9•i3•D4•j 29•@•@•@•@68•D0•i3•D0•j•@•@•@•@•@•@•@2

42•D9 96•D0•k5•D0•j 2•@863•i5•D0•t 54•@•@•@•@•@•@•@•@•@•@76•D6•i3•C3•j 41•@•@•@67•D4•i2•C8•j•@•@•@•@•@•@•@3

444 86•D0•i5•D0•j 47•@•@•@•@•@•@•@•@•@•@76•D5•i3•D5•j 50•@•@•@•@66•D8•i2•D5•@•@•@•@•@•@•@•@3

50•D0 848•i5•D0•j 16•@•@•@•@•@•@•@•@•@76•D0•i3•D6•j 70•@•@•@•@66•D8•i2•D5•j•@•@•@•@•@•@13•@•@•@•@59•D0•i3•D0•j 1

55•D6 85•D0•i5•D0•j 3•@•@•@•@•@•@•@•@•@•@•@75•D5•i3•D7•j 54•@•@•@•@66•D7•i2•D4•j•@•@•@•@•@•@39•@•@•@•@59•D5•i3•D0•j 4
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•@•@An•@example•@of•@peak•@separation•@of•@broad•@line•@spectrum•@for

2K20esSiO2•@glasses•@is•@shown•@in•@Figure•@2•D•ia•j•D•@The•@spectrum•@contains

contributions•@from•@Q4•@and•@Q3•@sites•@separated•@into•@each•@peak•DThe•@Q2•@site

may•@contribute•@to•@the•@spectrum•C•D•@however•C•@in•@the•@present•@investigation•C•@the

Q2•@peak•@was•@included•@in•@the•@Q3•@peak•D•@The•@estimated•@Q4•@site•@population•@are

summarized•@in•@table•@1•D

•C

o ˆê1•@OO

ppm
ˆê200

Figure•@2•D•@29Si•@static•@NMR•@spectmm•@for•@2K2005SiO2•@glass•D•ia•jexperiment•G•ib•j

simulation•@of•@•ia•j•@using•@two•@line•@shape•@functions•@shown•@in•@•ic•j•D
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•f

2•|3•|3•@Qn•@distribution

The•@distributions•@of•@the•@structural•@units•C•@Q•D•C•@seem•@to•@be•@governed•@by

the•@equilibrium•@constants•@for•@equation•@•i1•j•D•@For•@example•C•@in•@sodium

metasilicate•@glass•@as•@shown•@in•@figure•@3•C•@NMR•@spectra•@consist•@of•@at•@least

three•@different•@peaks•@assigned•@to•@Q•@l•C•@Q2•C•@Q3•@•iand•@perhaps•@Qo•@though•@the

separeted•@peak•@is•@not•@shown•@in•@the•@figure•j•C•@and•@were•@clearly•@resolved•D

Peak•@areas•@were•@16qo•C•@7090•C•@13qo•@and•@l•@qo•@for•@Q3•C•@Q2•C•@Q•@l•@and•@Qo•@sites

respectively•D•@ln•@this•@glass•C•@one•@can•@write•@the•@equilibrium•@reaction•C

2Q2•@o•@Ql•{Q3•E •i3•j

•@•@Let•@us•@assume•@that•@all•@the•@activity•@coefficients•@of•@all•@species•@are•@equal

each•@other•@and•C•@furtherrnore•C•@that•@the•@Qn•@species•@can•@be•@treated•@as•@real

chemical•@species•D•@Then•@the•@equilibrium•@constant•@was•@determined•@as

k2••O•D04•}O•DOl•@for•@equation•@•i3•j•D•@The•@equilibrium•@constant•@for•@equation•@•i2•j

was•@also•@determined•@to•@be•@k3•@•••@O•DO15•}O•DOl•@for•@sodium•@disilicate•@glass•D

This•@is•@in•@close•@agreement•@with•@the•@value•@reported•@by•@Stebbins•m20•n

•iO•DO11•}O•D005•j•D

Q2

ƒˆQ Q3

•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê50•@ˆê60•@ˆêˆê70•@ˆê80•@ˆê90
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ppm

Figure•@3•D•@29Si•@MAS•@NMR•@spectra•@of•@sodium•@meta•|silicate•@glass•iNa20eSiO2•j•E
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r

Qn•@distributions•@of•@potassium•D•@sodium•@and•@lithium•@silicate•@glasses•@are

shown•@as•@functions•@of•@alkali•@contents•@in•@fig•D4•D•@The•@distributions•@of•@Qn•fs•@are

well•@fitted•@with•@reaction•i1•jusing•@k•D•fs•@•ik3•@•C•@k2•@and•@kl•G•@corresponding•@to

n••3•C2•C1•j•@which•@are•@listed•@in•@table•@3•D

•@•@The•@effect•@of•@network•|modifying•@cations•@to•@Q•C•@distributions•@is•@clearly

seen•D•@Greater•@Z•^r•@value•@•iLi•{•@•r•@Na•{•@•r•@K•{•j•@makes•@the•@equation•@•i1•j•@to

proceed•@to•@the•@right•@direction•@more•@intensely•D•@This•@trend•@agrees•@with•@the

results•@from•@Raman•@spectroscopy•@•m8•C12•n•@and•@NMR•@on•@the•@compositions•@of

disilicate•@and•@metasilicate•@glasses•m21•C22•n•D
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50

Figu•@re•@4•D•@Experimentally•@determined•@Q•D•@disnibutions•@in•@lithium•iA•j•C•@sodium

•iO•j•@and•@potassium•iO•j•@silicate•@glasses•@as•@a•@function•@of•@contents•@of•@alkaline•@oxide•D•@Fitted

lines•@were•@calculated•@from•@equation•i1•j•@using•@equilibrium•@constants•@shown•@in•@table•@3•D
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Table•@3•D•@Equilibrium•@constants•@for•@equation•i1•jdetermined•@so•@as•@to•@reproduce•@the•@Qn

distribution•@shown•@in•@figure4•D

Li•CO•|SiO2 Na20•|SiO2 K20•|SiO2

3•@2•@1L”ªL”ª‚ð n60•iU30•iU
O•D02

0•D06

0•D1•@4

O•DOl

O•DOl

O•D02

•@•@On•@the•@other•@hand•C•@in•@potassium•@silicate•@glasses•@beyond•@the•@composition

range•@of•@K20•@•j•@40•@mol•“•C•@the•@line•@shapes•@of•@the•@spectra•@became•@largely

different•@from•@those•@of•@sodium•@silicates•D•@The•@spectrum•@of•@potassium

metasilicate•@glass•@seemed•@to•@consist•@of•@at•@least•@four•@different•@peaks•D•@lf•@we

attribute•@each•@peak•@to•@either•@set•@of•@Qo•C•@Q•@i•C•@Q2•@and•@Q3•@or•@Q•@l•C•@Q2•C•@Q3•@and•@Q4

the•@values•@of•@2•D44•@or•@1•D44•@for•@•mNBO•n•^•mSi•j•@are•@derived•@respectively•@instead

of•@the•@stoichiomeuic•@value•@•i2•D00•j•D•@Since•@the•@glass•@samples•@were•@all

optically•@clear•@and•@no•@evidence•@of•@crystallization•@was•@detected•C•@this

disagreement•@could•@not•@be•@attributed•@to•@heterogeneity•@of•@glass•@samples•D

•@•@If•@we•@assume•@instead•@that•@two•@types•@of•@the•@Q2•@species•@are•@present•@in•@the

potassium•@silicate•@glasses•@and•@the•@two•@peaks•@at•@ˆê82•@ppm•@and•@ˆê76•@ppm

observed•@in•@this•@glass•@are•@both•@assigned•@to•@Q2•@species•C•@the•@•mNBO•n•^•mSi•n•@ratio

satisfies•@the•@stoichiometric•@value•D•@The•@peak•@intensities•@and•@chemical•@shift

values•@which•@are•@assigned•@as•@Q2•@species•@are•@shown•@in•@table•@2•@•iQ2•@and•@Q2•f•j•D

While•@a•@direct•@evidence•@for•@the•@presence•@of•@two•@types•@of•@Q2•@species•@has•@not

been•@presented•@exclusively•@in•@potassium•@silicate•@glass•@or•@crystals•C•@the

chemical•@shift•@difference•@between•@the•@Q2•@species•@in•@the•@chain•@and•@ring

configuration•@were•@known•@in•@potassium•@silicate•@aqueous•@solutions•@almost•@in

the•@same•@region•@with•@this•@experiment•m31•n•D•@ln•@the•@CaO•|SiO2•@system•C•@a•|form

•i29Si•@chemical•@shift•@is•@ˆê83•D5•@ppm•j•@and•@P•|form•@•iˆê89•D0•@ppm•j•@are•@known•@to

consist•@of•@ring•@and•@chain•@configuration•C•@respectively•D
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2•|4•D•@Discussion

2•|4•|1•@Linewidth

•@•@As•@noticed•@earlier•C•@the•@silicon•@chemical•@shift•@is•@sensitive•@to•@the

variations•@in•@bond•@length•@and•@angles•@as•@well•@as•@the•@second•@and•@third

neighbor•@environments•@around•@the•@silicon•@atom•D•@So•@the•@wider•@variety•@of

the•@atomic•@arrangements•@around•@silicon•@atom•@will•@result•@in•@broader

linewidththalf•@width•@at•@half•@maximum•Fhwhm•j•@in•@its•@29Si•@MAS•|NMR
spectrum•D•@The•@linewidths•@of•@Qn•fs•itable•@1•C•@table•@2•j•@suggests•@that•@the
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•i2•jthe•@greater•@cationic•@potential•@of•@alkali•@metal•@ions•@and•@thus•@•i3•jthe•@wider

Qn•@distribution•D

2•|4•|2•@Reliability•@of•@the•@NMR•@peak•@area•@analysis

•@•@Figure•@5•@shows•@the•@numbers•@of•@non•|bridging•@oxygen•@atoms•@per•@Si

atom•C•@•i•oNBO•n•^•mSi•n•j•C•@calculated•@from•@Qn•@distribution•@for•@each•@alkali•@silicate
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•f

glass•D•@ln•@potassium•@and•@sodium•@silicate•@glass•C•@the•@•i•mNBO•n•^•mSi•n•j•@values•@were

in•@good•@agreement•@with•@those•@calculated•@from•@glass•@composition•@if•@no•@free

alkali•@oxide•@ions•@•iM20•j•@were•@assumed•@to•@remain•@in•@the•@glasses•D•@lt•@had

been•@shown•@that•@the•@free•@Na20•@ions•@do•@not•@exist•@in•@the•@sodium•@silicate

glasses•@of•@the•@composition•@range•@studied•@in•@this•@work•@from•@the

thermodynamic•@measurement•@on•@the•@melts•m32•C33•C34•n•@as•@well•@as•@XPS

measurement•@on•@the•@glasses•m16•n•D

•@•@However•C•@in•@Li20•|SiO2•@glasses•Cexperimental•@•mNBO•n•^•mSi•n•@value•@became

appreciably•@smaller•@than•@the•@calculated•@ones•@as•@Li20•@content•@increased•@as

shown•@figure•@6•D•@lf•@we•@assume•@the•@remaining•@part•@of•@oxygen•@atom•@to•@be•@extra

Li20•@•i02ˆê•j•C•@the•@amount•@of•@02ˆê•@per•@numbers•@of•@the•@total•@oxygen•@atom•C

N•i02•f•j•C•@can•@be•@obtained•@from•@equation•G

N•i•E2ˆê•j•••mNBO É•z•t—v0•zObs•E•E •i4•j
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•ia•j•@lithium•C•@•ib•j•@sodium•@and•@•ic•j•@potassium•@silicate•@glasses•D•@A•C•@Q4•G•@ˆê•C•@Q3•G•@V•C•@Q2•G•@•g•CQl•G•@and
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11•|1•h11111•|1•|INi•|MNˆêˆêˆêNmeN

v

where•@•i•mNB•@O•n•^•mSi•n•jcalc•@and•@•i•mNBO•n•^•mSi•n•j•Db•C•@denote•@•mNBO•nASi•n•@value•@derived

from•@composition•@and•@Q•D•@distribution•C•@respectively•D•@•flhe•@amounts•@of•@N•i02ˆê

•jas•@a•@fUnction•@of•@Li20•@contents•@are•@shown•@in•@figure•@6•@together•@with•@result

of•@O•@l•@s•@XPS•@measurements•@by•@Sasaki•@et•@al•D•m35•n•D•@The•@agreement•@is

satisfactory•D•@ln•@these•@glasses•C•@the•@effect•@of•@phase•@separation•iregion•@of

Li20•q31mol•“•j•@on•@the•@homogenity•@of•@the•@glasses•@may•@be•@serious•D

•@•@However•C•@the•@cooling•@rate•@in•@glass•@preparation•@used•@in•@this•@work•iabout

100•@OCIs•@at•@the•@glass•@transition•@temperature•iTg•j•j•@will•@be•@sufficiently•@fast

enough•@to•@prevent•@the•@phase•@separation•C•@and•@it•@was•@disregarded•@in•@the

discussion•D•@The•@energetic•@stability•@of•@the•@free•@Li20•@ion•@in•@such•@a•@silica•@rich

composition•@range•@results•@from•@rather•@covalent•@character•@of•@the•@Li•|O•@bond

compared•@with•@the•@Na•|O•@or•@K•|O•@bond•D•@This•@is•@also•@reflected•@in•@lower

basicity•@of•@Li20•@in•@Li20•|SiO2•@system•C•@compared•@to•@Na20•|SiO2•@system•@as

studied•@by•@thermodynamic•@methods•D

2•|4•|3•@Changes•@of•@the•@chemical•@shifts

•@•@The•@compositional•@dependences•@of•@the•@chemical•@shifts•@of•@Qn•@species•@and

their•@avarage•@value•@are•@shown•@in•@figure•@7•ia•jˆê7•ic•j•D•@Here•C•@the•@average

values•@were•@evaluated•@by•@weighing•@each•@peak•@by•@its•@intensity•D•@ln•@each

Qn•in•@•••@4•C•@3•C•@2•C•@1•j•@species•C•@the•@chemical•@shifts•@increased•@linearly•@with•@an

increase•@of•@alkali•@content•C•@indicating•@29Si•@nuclei•@to•@be•@less•@shielded•D•@The

slope•@of•@these•@lines•@decreases•@with•@n•D•@This•@suggests•@the•@changes•@of•@the

third•@neighbor•@environments•C•@bQnd•@length•@or•@bridging•@angle•@as•@a•@function

of•@the•@composition•@are•@greater•@in•@Qn•@species•@with•@large•@numbers•@of

bridging•@oxygen•D

2•|4•|4•@Relation•@between•@the•@optical•@basicity•@and•@chemical•@shifts

•@•@The•@composition•@dependence•@of•@the•@average•@chemical•@shift•@for

potassium•C•@sodium•@and•@lithium•@silicate•@glasses•@are•@shown•@in•@figure•@8•D•@Each

of•@them•@changes•@linearly•@with•@the•@composition•C•@although•@their•@slopes•@are•@not

in•@the•@order•@of•@Zlr•@of•@alkali•@metal•@ions•D•@wnen•@the•@horizontal•@axis•@was

replaced•@by•@the•@theoretical•@optical•@basicity•@proposed•@by•@Duffy•@and•@lngram

•m36•n•@as•@shown•@in•@figure•@9•C•@the•@slopes•@became•@in•@the•@order•@of•@Z•Ir•D

Forthermore•C•@the•@three•@straight•@lines•@coincides•@at•@ˆê110•@ppm•@where•@the

optical•@basicity•@of•@A••O•D49•icorresponding•@to•@the•@pure•@SiO2•@glass•j•D
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lithium•C•@•qP•j•@sodium•@and•@•iO•j•@potassium•@silicate•@glasses•D
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theoretical•@optical•@basicity

Figure•@9•D•@Averaged•@29Si•@chemical•@shifts•@as•@functionsof•@theoretical•@optical•@basicity•i36•n

for•@•iA•j•@lithium•C•@•iO•j•@sodium•@and•@•iO•j•@potassium•@silicate•@glasses•D

55

iˆêˆê•w”®—H—H—Ø“åèièi“å“åŽO“ñ—…“åŽOŽO“ñ“ñ—Ù“å“åâÖ–|
•T



v•f

•@•@According•@to•@Pople•m37•n•C•@chemical•@shift•@shielding•@constant•@of•@atom•@A•C

6A•C•@consists•@of•@three•@major•@parts•C

•@•@•@•@•@•@•@•@•@•@•@•@•@6A•••@6Adia•{•@6APara•{•@•’6AB•C•@•i5•j

where•@6Adia•C•@6APara•@and•@26AB•@are•@the•@diamagnetic•@term•C•@local•@para•|

magnetic•@term•C•@and•@the•@contribution•@from•@other•@atoms•@B•C•@respectively•D

•@•@On•@the•@basis•@of•@quantum•@chemical•@findings•C•@the•@changes•@in•@6Adia•@for

silicates•@were•@assumed•@to•@be•@small•@and•@chemical•@shift•@difference•@were

attributed•@to•@the•@6APara•@term•m38•n•D

•@•@The•@paramagnetic•@term•@6APara•@can•@be•@expressed•@by•C

ƒÐA‹÷••ˆê•pt2P•Fˆêh2•Q‚®3•„•i1•I•C•AeL•Aet•C

•@•@•@•@•@•@3m2c2aoAE
•i6•j

where•@m•@and•@e•@are•@the•@electronic•@mass•@and•@charge•C•@c•@is•@the•@speed•@of•@light•C

ao•@is•@the•@Bohr•@radius•C•@•qr3•„•@is•@the•@expectation•@value•@of•@r3•@for•@valence•@p

electrons•@in•@the•@ground•@state•f C•@QAA•@is•@electron•@density•C•@and•@AE•@is•@an

assumed•@average•@excitation•@energy•D•@Among•@them•C•@the•@dominant•@terms•@will
be•@AE•@and•@QAA•D•@Tosselr381•@found•@a•@good•@relation•@between•@the•@29Si

chemical•@shift•@and•@the•@AE•@value•@derived•@from•@X•|ray•@emission•@f•@pectra•C

where•@the•@QAA•@was•@treated•@as•@a•@constant•D•@The•@chemical•@shift•@difference

between•@olivine•@and•@SiO2•@was•@explained•D

•@•@On•@the•@other•@hand•C•@optical•@basicity•@reflects•@the•@energy•@level•@of•@oxygen

which•@takes•@part•@in•@making•@a•@hybridized•@molecular•@orbital•@with•@silicon

and•@the•@other•@metal•@cation•C•@and•@then•@is•@closely•@related•@to•@the•@AE•@and•@QAA•D

The•@linear•@relations•@between•@optical•@basicity•@and•@29Si•@chemical•@shift

shown•@in•@figure•@9•@might•@represent•@similarity•@of•@the•@mechanism•@which

determine•@both•@properties•D•@QAA•@will•@increase•@and•@AE•@will•@decrease•C•@thus

the•@chemical•@shift•@increases•i6para•@decreases•j•C•@with•@increasing•@alkali•@oxide

content•D

2•|4•|5•@Thermodynamic•@modelling

•@•@If•@we•@assume•@the•@alkali•@glasses•@as•@an•@ideal•@mixtures•@of•@Qn•gs•@•in•@•••@O•|4•j•C

SiO2•@and•@alkali•@oxide•C•@as•@done•@in•@the•@treatment•@by•@Dorfeld•@•m39•n•C•@the•@glass

structure•@can•@be•@described•@by•@a•@series•@of•@reactions•@•i7•j•C
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•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Kn

•@•@•@•@•@•@•@•@SiO2•{•i2•|n•^2•jM20•@e•@Q•D•@•i7•j•C

where•@M20•@represents•@an•@alkali•@oxide•iM••Li•CNa•CK•j•@which•@remains

unreacted•D•@Once•@four•@equilibrium•@constants•@for•@reaction•@•i7•j•@•iK3•EˆêKo•j•@are

determined•C•@the•@distributions•@of•@the•@Qn•@species•@and•@the•@free•@alkali•@oxide

concentration•@could•@be•@calculated•@as•@a•@function•@of•@the•@composition•D

However•C•@the•@equilibrium•@constants•@determined•@from•@the•@present
experiments•@were•@not•@Kn•@but•@the•@constants•@for•@equation•@•i1•j•@•ik3•C•@k2•C•@k•@l•j•E

The•@absolute•@value•@of•@Kn•@can•@be•@deterrnined•@by•@the•@free•@energy•@for•@mixing

AGnO•@referred•@to•@pure•@silica•@and•@alkali•@oxide•C

AGnO•@•••@ˆêRTIn•iKn•j•E •i8•j

These•@equilibrium•@constants•C•@K•D•fs•C•@must•@be•@related•@to•@the•@other•@set•@of

constants•C•@kn•fs•C•@by•@the•@following•@relation•C

kn•@•••@1S1t1•F1ˆê5•@E11tl•f1•@•~•@Kn•{1•@•D

•@•@•@•@•@•@KŠW

•i9•j

Table•@4•D•@Standard•@free•@energies•@of•fformation•@for•@sodium•@silicate•@compounds•@of•@Qn

Stoichiometry•@rel•@ative•@to•@S•@iO2•@and•@Na20•@determined•@by•@Dorfeld•D•m39•n

Temperature
•iK•j

Standard•@free•@energies•@•ikJ•^mol•j

Q3 Q•C Q•C Qo

373
773

1073
1473

ˆê•@124•D5

ˆê•@125•D6

ˆê•@12S•D5

ˆê•@125•D7

ˆê•@241•D0

ˆê•@236•D1

ˆêˆê•@232•D0

ˆê•@226•D6

ˆê•@332•D6

ˆêˆêˆê @327•C6

ˆêˆê @322•D3

ˆêˆê @315•D1

ˆê•@415•D1

ˆêˆê @402•D2

ˆêˆê @390•D4

ˆêˆê @374•D6
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•@•@We•@now•@get•@the•@suitable•@set•@of•@K•D•@values•@so•@that•@the•@AGnO•@for•@Qn

species•@of•@equation•@•i8•j•@may•@coincide•@with•@the•@experimental•@standard•@free

energies•@for•@equations•@•i7•j•D•@The•@latter•@have•@been•@estimated•@by•@Dorfeld•m39•n

‹uom•@JANAF•@tables•y40•nusingŒŒe•@standard•@free•@energy•@of•@fomation•@of
silicate•@crystals•@which•@consist•@exclusively•@of•@particular•@Q•D•itable4•j•D•@The

glass•@can•@be•@assumed•@to•@keep•@the•@thermodynamic•@state•@of•@the•@liquid•@at•@its

glass•@transition•@temperature•D

•@•@ln•@sodium•@silicate•@glasses•C•@Tg•@decreases•@linearly•@with•@Na20•@contents•@for

the•@composition•@range•@of•@10•|45•@Na20•@mol•“•m41•n•D•@The•@temperature

variation•@of•@AGnO•@•iexp•D•j•@is•@shown•@in•@table4•D•@The•@K•D•fs•@were•@obtained

assuming•@AGnO•@of•@equation•@•i8•j•@at•@each•@Tg•@to•@coincide•@with•@AGnO•@•iexp•D•j•@at

773K•D•@The•@results•@are•@summarized•@in•@table5•D

If•@we•@define•@the•@thermodynamic•@activity•@of•@Na20•@to•@be•@equal•@to•@the

concentration•@of•@Na20•@in•@equation•i7•j•@as•C

a•iNa20•j•@••
fNa20•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚è

ƒ°•yQ•B•z•{•kNa201

•i10•j

the•@present•@data•@can•@give•@a•iNa20•j•@as•@functions•@of•@composition•@and

temperature•D•@The•@results•@are•@in•@semiquantitative•@accordance•@with•@the

thermodynamic•@activity•@of•@sodium•@oxide•m32•C33•C34•n•@as•@shown•@in•@figure•@10•D

Table•@5•D•@Equilibrium•@constants•iK•D•jfor•@equation•i7•jand•@standard•@chemical•@potentials

for•@Qn•@species•ipiO•j•@in•@sodium•@silicates•@which•@gave•@the•@best•@fits•@for•@standard•@free

energies•itable4•@at•@773K•j•@at•@each•@Tg•fs•D

Q3 Q2 Q•C Qo
pt9•ikJ•^mol•j•@ˆê130•@ˆê235•@ˆê321•@•f•@ˆêˆê395
K•Dfor•@eq•D•i7•j•@6Dx10a•@7•D2•~loiS•@s•D2•~lo2i•@s•D2•~lo26
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v

•i•BN•E6z•B•E•j•E2

o

ˆê2

ˆê4

ˆê6

ˆê8

ˆê10

ˆê12

ˆê•E@14

ˆê16

ˆê18

ˆê20

o 20 40•@60
Na20•@molO•^o

80 100

Figure•@10•D•@Comparison•@between•@the•@compositional•@dependence•@of•@sodium•@oxide
activities•D•@Solid•@lines•@calculated•@from•@equation•i7•j•@at•@773•C•@1073•@and•@1273K•D•@Symbols

represent•@thermodynamic•@sodium•@oxide•@activities•@from•@E•DM•DF•D•@measurements•i36•|38•n•C•@at

•iA•j1073K•C•@•ia•j1273K•@and•@•iO•j1300K•C•@respectively•D

•@•@A•@similar•@treatment•@was•@extended•@to•@the•@lithium•@silicate•@to•@reproduce•@the

Li20•@contents•@deterrnined•@from•@the•@present•@investigation•@as•@shown•@in•@fig•D7•D

However•C•@it•@leads•@to•@AGnO•@values•@of•@a•@few•@ten•@kl•^mol•@too•@small•@compared

with•@the•@free•@energy•@of•@formation•@of•@the•@crystalline•@silicates•m4Q•n•D•@•flhis

discrepancy•@suggeV“‚u ”‚“•@that•@the•@Qn•@treatment•@might•@not•@be•@suitable•C•@especially

in•@the•@less•@basic•@alkali•@system•@•ii•De•C•@Li20•|SiO2•@system•j•D•@One•@must•@also•@take

into•@consideration•@the•@non•|ideal•@interaction•@among•@Qn•@species•C•@as•@the

activity•@of•@charged•@ions•@cannot•@be•@approximiate•f„•@by•@thgir•@goncentrqtioAn•@in

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@supponing•@electrolytes•@of•@constant•@ionic•@strepgthr•@Oˆê•@nethe•@absence•@of•@any
must•@also•@ask•@whethef•@Q•D•@species•@can•@be•@treated•@as•@real•@chemical•@entities•@or

not•D
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5•C•@Summary•@of•@Chapter•@2

The•@detailed•@distribution•@of•@the•@structural•@units•@Qn•@in•@binary•@silicate

glasses•@was•@determined•@by•@means•@of•@the•@MAS•|NMR•@technique•C•@The

equilibria•@of•@the•@following•@types•@were•@found•@apparently•@to•@govern•@the

concentrations•@of•@Qn•@species•C

2Qn•ƒˆê•„Qn•D1•{Qn•{1•in••3•C2•C1•j•C

of•@n••3•C2•C1•@for•@sodium•@and•@potassium•@and•@n••3•C2•@for•@lithium•@silicate•@glasses

in•@limited•@composition•@ranges•D•urhe•@agreements•@with•@the—Remodynamic
data•@were•@quantitative•@in•@the•@sodium•@and•@potassium•@silicates•@but•@only

qualitative•@in•@the•@lithium•@silicate•D•@The•@chemical•@shifts•@for•@all•@Qn•@species

depend•@linearly•@on•@the•@composition•@and•@the•@slopes•@are•@more•@gentle•@for•@Qn

with•@smaller•@n•D•@The•@linear•@relations•@between•@the•@averaged•@chemical•@shift

and•@the•@theoretical•@optical•@basicity•@strongly•@suggest•@the•@potential•@use•@of•@the

29Si•@chemical•@shift•@as•@a•@scale•@for•@the•@basicity•@of•@the•@systems•D•@A•@quantum

mechanical•@analysis•@with•@the•@excitation•@energy•@and•@electron•@density•@for

further•@clarification•@has•@to•@be•@carried•@out•D
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CHAPTER•@3

STRUCTURAL•@STUDIES•@OF•@TERNARY•@SILICATE
•@•@•@•@•@•@•@•@GLASS•@SYSTEM•@Na20ˆê•EA1203•|SiO2

•@•@•@•@•@•@•@•@•@•@•@•@BY•@MEANS•@OF•@29•@Si•@NMR

Abstract•@of•@Chapter•@3

•@•@•@Sodium•@aluminosilicate•@glasses•@with•@composition•@range•@of•@fNa•n•^•iAl•n•@•j•@1

were•@investigated•@by•@means•@of•@29Si•@MAS•|NMR•D•@Line•@shape•@and•@chemical

shift•@analysis•@suggested•@that•@numbers•@of•@non•|bridging•@oxygen•@atoms•iNnbo•j

increase•@linearly•@with•@the•@ratio•@defined•@by•@•o•mNal•|IAI•n•p•^•iSi•n•C•@which•@is•@in

agreement•@with•@the•@classical•@structural•@model•D•@An•@addition•@of•@alumina•@into

sodium•@silicate•@glasses•@caused•@an•@increase•@of•@the•@chemical•@shift•@and•@the•@line

width•@of•@Qn•@peak•@having•@the•@largest•@n•@value•@among•@several•@Qn•@peaks•C•@where

Qn•@represents•@the•@SiO4•@tetrahedron•@with•@n•@bridging•@oxygen•@atoms•@connected

to•@adjacent•@Si•@atom•D•@This•@fact•@suggested•@that•@an•@aluminum•@atom•@tends•@to

connect•@with•@most•@polymerized•@SiO4•@tetrahedra•@among•@all•@structural•@units

constructing•@the•@glass•@network•D•@The•@results•@could•@be•@interpreted•@in•@terms•@of

thermodynamic•@acid•@and•@base•@concepts•D•@Tl•jus•@A1203•@is•@a•@stronger•@acid•@than

SiO2•@and•@tends•@to•@be•@associated•@with•@Na20•@to•@form•@NaAIO2•C•@while•@NaAIO2

is•@no•@more•@acidic•@than•@SiO2•@and•@additional•@Na20•@modifies•@not•@NaAIO2•@but

SiO2•E

•@•@•@The•@reaction•@between•@Qn•@structure•@units•C

•@•@•@•@•@•@•@•@•@•@2Qn•@e•@Qn•|1•{Qn•{1•C

seemed•@to•@proceed•@to•@the•@left•@direction•@with•@increasing•@contents•@of•@NaAIO2

into•@the•@sodium•@silicate•@glasses•@reflecting•@the•@basic•@character•@of•@NaAIO2•D

3•|1•D•@lntroduction

•@•@•@Characterization•@of•@the•@structure•@and•@an•@understanding•@of•@the

relationships•@between•@the•@structure•@and•@properties•@of•@aluminosilicate•@melts
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and•@glasses•@are•@necessary•@in•@order•@to•@describe•@rock•|forming•@igneous

processes•D•@As•@their•@melts•@are•@model•@compounds•@for•@acidic•@magmas•C

numerous•@models•@of•@structure•@and•@properties•@of•@natural•@magmatic•@liquids

have•C•@therefore•C•@been•@based•@on•@simple•@aluminosilicate•@melts•D•@in•@the•@view•@of

glass•@industries•C•@characterization•@of•@the•@structure•@is•@important•@because•@an

introduction•@of•@aluminum•@oxide•@into•@silicate•@glasses•@proceeds•@their•@glass

forming•@tendency•D

•@•@•@The•@effect•@of•@composition•@on•@the•@properties•@of•@aluminosilicate•@melts•@and

glasses•@have•@been•@extensively•@studied•@and•@interpreted•@in•@terms•@of•@simple

stmctural•@models•D•y1•|6•nDensities•C•@viscosities•C•@refractive•@indices•@andŒŒemal

expansivities•@show•@drastic•@changes•@near•@the•@composition•@of•@atom•@ratio

•mNa•n•^•mAl•n•@•••@1•m1•|5•n•@and•@are•@thought•@to•@be•@accompanied•@by•@the•@change•@of

coordination•@numbers•@of•@aluminum•@from•@4•@to•@6•@oxygen•@atoms•D•@Thus•C

Galant•m1•n•@measured•@refractive•@indices•@of•@sodium•@aluminosilicate•@glasses•@and

proposed•@a•@structural•@model•@that•C•@in•@the•@composition•@range•@of•mNa•n•^•mAl•n•„1•C

all•@A13•{•@form•@AIO4•@tetrahedra•@accompanied•@by•@Na•{•@ion•@as•@the•@charge

compensator•@and•@the•@excess•@sodium•@ions•@modify•@the•@silicate•@network•@which

create•@non•|bridging•@oxygen•@atoms•@•iNBO•fs•j•@bonded•@only•@to•@one•@silicon

atom•D•@While•@the•@observed•@physical•@properties•@suggest•@the•@validity•@of•@this

structural•@model•C•@spectroscopic•@observations•@have•@not•@always•@supported•@it•D

Bruckner•@et•@al•D•m7•n•@and•@Smets•@and•@Lommen•m8•n•@concluded•@from•@Ols•@XPS

spectra•@that•@number•@of•@NBO•iNnbo•j•@goes•@zero•@even•@at•@the•@composition

fNa•n•^•yA11•„0•D7•@and•@some•@A1063•|might•@exist•@at•@the•@region•@of•@rNa1•^•mAlƒg1•D

On•@the•@other•@hand•C•@Tasker•@et•@al•D•i9•n•@showed•@that•@Nnbo•@linearly•@changes•@with

•oINaƒgrAl•n•p•^•kSi1•C•@and•@goes•@zero•@at•@INa•n•^•kAl•z••1•Cthus•@supporting•@the•@model•D

Other•@methods•@such•@as•@XRD•m10•n•C•@EXAFS•m11•n•C•@Raman•@spectroscopy•o12•n•@and

MAS•|NMR•m13•|17•n•@were•@also•@employed•@to•@show•@wide•@varieties•@of•@the

structural•@information•D•@Among•@them•C•@29Si•C•@27Al•C•@23Na•@MAS•EˆêNMR•@with

compositions•@at•@around•@•iMl•^fAl•n•@••1•@•iM•@•••@Li•C•@Na•C•@K•C•@O•D5Ca•j•@revealed•@the

coordination•@number•@of•@aluminum•@to•@be•@four•D•m13•|17•n•@Furthermore•C•@the

validity•@of•@the•@Lowenstein•fs•@rule118•n•@and•@the•@variation•@of•@T•|O•|T•iT••Si•CAl•j

bond•@angles•@were•@also•@discussed•@in•@terms•@of•@the•@compositional•@dependence

•@•@•@On•@the•@other•@hand•C•@the•@connectivity•@of•@the•@network•|forming•@tetrahedra•C
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SiO4•@and•@AIO4•C•@were•@still•@unknown•@which•@would•@have•@significant•@influence

on•@the•@physical•@properties•@of•@this•@system•D

•@•@•@ln•@the•@present•@work•C•@we•@observed•@the•@compositional•@dependence•@of•@the

29Si•@MAS•|NMR•@spectra•@of•@sodium•@aluminosilicate•@glasses•@in•@wide

composition•@range•D•@The•@role•@of•@aluminum•@in•@the•@silicate•@network•@structure

in•@relation•@with•@the•@connectivity•@of•@SiO4•@and•@AIO4•@will•@be•@discussed•@based

on•@the•@29Si•@NMR•@chemical•@shift•@analysis•@and•@peak•@separation•D

3•|2•D•@Experimental•@Section

•@•@•@All•@samples•@were•@prepared•@from•@reagent•@grade•@Na2CO3•C•@A1203•@and

SiO2•D•@Mixed•@starting•@materials•@were•@carefully•@melted•@in•@Pt•|crucible•@at•@1250

•|14000C•@for•@3•@hours•D•@Then•C•@queriched•@into•@water•@or•@liquid•@nitrogen•@to•@get

optically•@clear•@glasses•D•@The•@nominal•@compositions•@of•@the•@glasses•@are•@cited•@in

Table•@l•|2•ia•|e•j•@and•@figurel•D•@They•@are•@composed•@of•@five•@series•@in•@addition•@to

the•@binary•@sodium•@silicates•D•m19•n•@Series•@1•ia•|d•j•@are•@the•@glasses•@with

composition•@of•@constant•@•mNa•n•^fSi•n•@ratios•C•@while•@in•@series•@4•@is•@kept

Nnbo•{NAI••1•D5•@with•@the•@following•@definition•@of•@Nnbo•C

Table 1•D•@29Si•@chemical•@shift•@for•@glasses•@of•@series•@1•isee•@text•j•E

syst composltlon chem•D•@shift

Na20•|sio2

1a•C•@Na20•FSiO2•@•••@1•F3

1b•C•@Na20•FSiO2•@•••@1•F2

1c•C•@Na20•FSiO2•@•••@2•F3

1d•C•@Na20•FSiO2•@•••@1•F1

5•C•@Na20•FA1203•@•••@1•F1

1Na2•i•r•Eˆê3SiO2

1Na2•i•jˆêˆê2SiO2

2Na20ˆêˆê3SiO2
1Na2•i•jˆêˆê1SiO2

3Na2•i•jˆêˆê1A1203•|9SiO2

20Na2•i•jˆêˆê1A1203•gOSiO2
9Na2•i•rˆê2A1203•|18SiO2

4Na20•|1A1203•|8SiO2
3Na20ˆêˆê1A1203•|6SiO2
2Na20•|1A1203•|4SiO2
3Na20ˆêˆê2A1203•|6SiO2
11Na2•i•jˆêˆêˆê9A1203•|22SiO2

6Na2•i•jˆê1A1203•|9SiO2

4Na20•|1At203•|6SiO2
2Na2•i•jˆêˆê1A1203•|3SiO2

9Na20•|1A1203•|9SiO2
3Na2•i•rˆê1A1203•|3SiO2
SiO2
1Na2•i•jˆê1A1203•|6SiO2
1Na2•i•jˆêˆêIA1203•|4SiO2

1Na2Q•F•DTIA1203•|2SiO2
•@•@•@65

ˆê94•C8

•|87•D7

ˆêˆê W3•D5

•|7•@5•D1

•|92•C0

•|87•D4

ˆêˆê W5•D8

•|87•D0

•|87•D8

•|85•D0

•|84•D7

•|85•D3

•|81•D2

ˆêˆê W1•D5

•|80•C9

•|74•D6

•|75•D0

•|110•D9

ˆêˆê X7•D9

ˆêˆê X2•D8

•|86•D0

•wèi“åŒ®“å“ï‘Ë•T•u•A
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Table 2•D29Si chemical•@shift•C•@peak•@intensity•C and•@half•@widthof•@eachQn
species•ENumbers•@of•@non•|bridging•@oxygen•@calculated
•‚Œ‚“‚••@shown•@on•@the•@right•@side•D

from•@peak
intensily are

•ö
•@chem
Rhift•C•@ppm•@•fmtensily

half•E

—‚‰‚„‚”‚?•C

•‚•‚••@•@•@NBO•@calc•@•@•@•@IVŒÎ
•@chom
“‚b‰‚?‚”•C•@ppm•@•D•@•@•@•œ•Š–‚?‚Ž‚T‰°y

half•E

—‚‰‚„•Çh•C

•‚•‚ NBO•@calc

0•D0 Q2 ˆê77•C0 3
•@•@•@•@•@•@•@•@•@ƒÖSeries•@2a
S•D0•@•@•@•@•@•@•@•@•@0•D49•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@0•D4Q•½ ˆê90ƒR 52 5•D7 052

1
Q•l ˆê922 47 5•D6 Q4 ˆê10LO 48 72
Q4 ˆê105•D6 50 65•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@05Q•½ ˆê89•D9 52 6•D0 052

0•v QƒR ˆê92•D2 50 55•@•@•@•@050 Q4 ˆê99•C3 48 7•D4
Q4 •B105•D0 50 65•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•D0Q3 ˆê86•C8 55 6•D4 055

0•D2 Q•v ˆê92•D2 52 55•@•@•@•@•@0•D52 Q4 ˆê94•D0 45 7•D4
Q4 ˆê104•v 48 65•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@L5Q3 ˆê835 65 6•D1 0•D66

0•D3 Q•v

p4
ˆê9LO

|102•D4

53
S7

5•D7•@•@•@•@053
V•D2

Q4 ˆê90•v 35 7•D0

0•D0

Ql
ˆê67•D2 3

•@•@•@•@•@•@•@•@•@•ib•jScries•@2b
R•DO•@•@•@•@•@L47 Q•½ ˆê84•C9 58 5•D7

Q2 ˆê76•D6 42 3•D4•@•@•@•@•@•@•@•@•@•@•@•@•@•@0•D4
Ql

ˆê67•D0 3 3•D6 L44
Q•½ ˆê86•D4 55 5•v Qƒ† ˆê76•D0 38 3•D6

0•v

Ql
ˆê67•D0 4 3•D6•@•@•@•@L47 QƒR ˆê83•D9 59 5•D9

Qƒ† ˆê76•D5 41 35•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@05Ql ˆê67•D0 3 3•D6‘w 1•D42
Q•C ˆê86•D0 55 5•D2 Q2 ˆê75•D8 36 3•D8

0•D2 Ql ˆê67•D0 2 3•D6•@•@•@•@L48 Q•½ ˆê83•D0 61 6•D2

Qƒ† ˆê765 43 3•D6•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@LOQƒ† ˆê75•D6 60 52 L60
Q•½ ˆê855 55 5•D4 Q•½ ˆê82•D6 40 6•D0

ƒ¿3 Q—W ˆê67•D0 2 3•DO•@•@•@•@•@l•D43•@•@•@•@•@•@•@•@–Ò5Qƒ† ˆê735 55 4•D8 “Ÿ•D55

Q3 ˆê76•D3 40 3•D6 Q•½ ˆê80•D1 45 5•D2

0•D0 Qo ˆê59•D5 3
•@•@•@•@•@•@•@•@•@•ic•jScrics•@2c
R•C0•@•@•@•@•@2•D48•@•@•@•@•@•@•@•@•@0•D3Q•B ˆê59•D5 4 3•D0 2•D46Ql

ˆê66•D7 39 2•D4 Q•¹ ˆê665 36 2•D4

Q2 ˆê75•D6 54 3•D8 Q2 ˆê74•D6 56 4•D5

•iQ•½•j ˆê85•D0 4 5•D0 •iQ•½•j ˆê845 4 5•D0

0•D1 Q•B ˆê595 3 3•D0•@•@•@•@•@•@•@•@•@2•B48•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@0•D4Qo ˆê595 5 3•D0 2•D47Ql
ˆê66•A7 39 2•D4

Q5
ˆê663 36 25

Q3 ˆê75•D3 53 4•D0 Q2 ˆê74•D0 56 4•D6

•iQ•½•j ˆê85•D0 5 5•D0 •iQ•z•j ˆê84•D5 3 5•D0

0•D2 Q•B ˆê595 3 3•D0•@•@•@•@•@•@•@•@2•D49•@•@•@•@•@•@•@•@•@•@•@•@•@05Q•B ˆê59•D4 5 3•D0 2•D43Ql
ˆê66•D6 38 2•D4 Ql ˆê66•v 34 2•D5

Qƒ† ˆê74•D9 55 4•D2 Qz ˆê735 59 4•D8

•iQ3•j ˆê84•D5 4 5•D0 •iQ3•j ˆê845 2 5•D0

0ƒÏ •iQ2•j ˆê77•C0 3
•@•@•@•@•@•@•@•@•@•id•jScrie53
S•D0•@•@•@•@0•D53 Q‚® ˆê104•D0 69 75

Q•v ˆê92•D2 47 5•D6•@•@•@•@•@•@•@•@•@•@•@•@•@•@0•D3Q1 ˆê9L8 20 5•D7 0•D20
Q4 ˆê105•D6 50 65 Q4 ˆê103•D0 80 7•D8

0•v •iQƒ†•j ˆê78•D0 1 4•D0•@•@•@•@•@0•D41•@•@•@•@•@•@•@•@•@0•D4Q•C ˆê9L2 10 5•D7 0•D10
Q•C ˆê92•D5 39 5•D4 Q4 ˆê103•D0 90 8•D3

Q4 ˆê105•D0 60 7•A0•@•@•@•@•@•@•@•@•@•@•@•@•@•@05Q•½ ˆê90•D0 3 5•D7 0•D03
0•D2 •iQƒ†•j

p•½

ˆê78•D0

|92•D3

130
4•D0•@•@•@•@0•D32
T•D7

Q4 ˆê101•D5 97 9•D0

‡`’L0•B0
Q—Ê

ˆê67•D2 3
•@•@•@•@•@•@•@•@•@•ie•jSeric54
R•DO•@•@•@•@L48•@•@•@•@•V•O•d˜C03Ql ˆê68•D0 1 3•D0 u9

‡j‹T15 Q2 ˆê76•D6 42 3•D4•@•@•@•@•@•@•@•@•@•@1v–š312Qƒ† ˆê76•D9 20 3•D4

Q•½ ˆê86•C4 55 5•D1 Q•½ ˆê86•D3 76 5•D4

‡`ƒ•0•D1 Ql ˆê67•D8 1 3•DO•@•@•@•@•@L33 Q4 ˆê97•D6 3 55
•]—Wb•ëL4 Q2 ˆê76•D8 33 3•D4•@•@•@•@•@•@•@•@•@•@1VAI•@80•D4Qƒ† ˆê78•D2 15 3•D4 LIO

‡j—Z0•D2

Q•l

p4pl
ˆê865
|97•D2

|67•D8

64Q1 5•D2•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1Vobo•@3•@L’u

T5
R•DO•@•@•@•@l25•@•@•@•@1V•O1—Û0•D5

Q•½

p4
p2

ˆê875
|98•D6

|77•D8

80T10 5•D4

T5
R5 LO3

‡j813 Q2 ˆê76•B8 26 3•D4•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•t‚ß•BŽ|•@LOQ3 ˆê87•B2 83•D 55

•f—Ö–¦r‡tea˜e

Q•½

p4
•@•@•@ˆê86•D3

@•@•@•|972

S1AI•z•ìA11•{ISiD•D

70
Q

5•D4

T•D5

@•@•@•@•@•@•@•@•@•@•@66

Q4 ˆê97•D4 7 55

Š™‹rŽ‚1•D

˜W•@•@•@•p•@•@•@•f
@•E‰L“å•D•@•@äwƒC•@•@•E

@•@•@•@•@‚µ
•@•@•@L
@•@•f
?”Ë

•@–¶
“å–|‹À•c•D•@•oŽ©“ï‹È—£

1•D•@•@•@L•@Š®’ú•@•@•@•@•@•@‘Ë•D•@•@e•A

•f•@4•D•D3•D‰°ƒÌƒÄ•uŠK‚µ•@•@•@—x

@•@•@–Ö

“å“å“å•C•@•@ŠK“b•D•@•@•x•Z•Er•f2•D ‘J5r
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N•D•C•D•@•••@•mlt•„•I•oki2gla•nsiiAl•n•@•C

•i1•j

and•@NAb
•@•@•@•@•@4•mal•n
NAI•@••
•@•@•@•@•mal•n•@•{•mSi•n•@•f

•i2•j

Thus•C•@Nnbo•@represents•@the•@numbers•@of•@non•|bridging•@oxygen•@atom•@per•@one

silicon•@atom•D•@NAI•@is•@the•@numbers•@of•@bridging•@oxygen•@atom•@which•@is•@shared

by•@both•@of•@SiO4•@and•@AIO4•@tetrahedra•D•@Each•@notation•@have•@their•@own

meanings•@when•@the•@structural•@model•@mentioned•@above•@is•@assumed•DWhen

the•@Lowenstein•fs•@rule•@is•@obeyed•C•@the•@NAI•C•@will•@be•@more•@significant•@instead

of•@NAI•E

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@4•@•mN•n
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i3•j•@•@•@•@•@•@•@•@•@•@•@•@NAr•@••
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mSi•n•@•f

SiO2

60

•@•@•@o

70

80

th•@u

90

S•H•@i•o5

za

lc

5

3

1b

90

80 ‰í•r

Figure•@1•D•@Five•@series•@of•@the•@glasses•C•@investigated•@in•@the•@present•@study•C

shown•@in•@the•@somposition•@diagram•@for•@Na20•|A1203•|SiO2•@system•E
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•@•@•@Nqtations•@2a•C•@2b•@and•@2c•@represent•@systems•@having•@composition•@of

Na20e4SiO2•{NaAIO2•C•@3Na20e4SiO2•{NaAIO2•@and•@5Na20e4SiO2•{
NaAIO2•C•@respectively•C•@where•@NAI•@ranged•@from•@O•@to•@1•D5•@with•@constant

Nnbo•@value•C•@thus•C•@the•@aluminum•@atom•@was•@introduced•@as•@NaAIO2•@into•@the

binary•@sodium•@silicate•@glasses•D•@Compositions•@of•@series•@3•@and•@5•@are•@•i1•|

x•jNa20exA1203e•@4SiO2•@•ix••Oˆêˆê•Z•D5•j•C•@and•@xNaAIO2eSiO2•@•ix••O•|1•D0•j•C

respectively•D•@Each•@of•@the•@glass•@will•@be•@denoted•@such•@as•@2a•|1•C•@2a•|2•C•@2a•|3•C

•D•D•D•Detc•D

•@•@•@O•C05•|O•Dlwtgo•@Fe203•@was•@added•@in•@some•@glasses•iseries•@2•C3•C4•j•@to•@reduce

the•@relaxation•@time•@of•@29Si•@nuclei•D•@No•@appreciable•@difference•@of•@the•@NMR

spectra•@was•@found•@between•@glasses•@with•@and•@without•@Fe203•D•@Measurements

of•@29Si•@MAS•|NMR•@was•@made•@with•@Bruker•@MSL•|400•iseries•@1•@and•@5•@without

addition•@of•@Fe203•j•@and•@MSL•|200•@spectrometer•iseries•@2•C3•C4•j•@operated•@at

79•D52•@and•@39•D76•@MHz•@for•@29Si•C•@respectively•D•@Typical•@accumulation•@time•@was

1•@hour•D•@Samples•@in•@an•@alumina•@sample•@holder•@were•@spun•@at•@the•@magic

angle•i54•D740•j•@with•@respect•@to•@the•@external•@magnetic•@field•D•@Spinning•@rate•@was

3500•|4000•@Hz•D•@Chemical•@shift•@standard•C•@Q8M8•C•@was•@used•@as•@a•@secondary

standard•@whose•@chemical•@shift•@from•@TMS•@was•@set•@to•@11•D51ppm•D

3•|3•D•@Results

•@•@•@Typical•@29Si•@MAS•@NMR•@spectra•iseries•@2b•j•@are•@shown•@in•@fig•D2•D•@The

spectra•@were•@well•@reproduced•@by•@several•@Gaussian•@functions•D•@However•C•@the

distinct•@peaks•@assigned•@to•@Q2•@and•@Q3•@became•@ambiguous•@as•@aluminum•@ion

was•@incorporated•D•@The•@spectra•@of•@glasses•@of•@series•@1•@and•@5•@showed•@no•@more

than•@single•@peak•@with•@relatively•@low•@SIN•@ratio•D•@A•@single•@Gaussian•@peak•@was

fitted•@in•@these•@spectra•D•@Chemical•@shift•@values•@obtained•@from•@peak•@fitting•@are

summarized•@in•@Table•@1•D•@All•@the•@values•@of•@chemical•@shifts•@fall•@in•@ranges

expected•@when•@the•@Si•@atoms•@are•@in•@tetrahedral•inot•@octahedral•j

environments•D•@The•@27Al•@MAS•|NMR•@spectra•@measured•@as•@to•@the•@same•@glasses

show•@Al•@atom•@to•@be•@located•@in•@tetrahedral•@site•C•@which•@are•@not•@shown•@here•D
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At20•@is•@moi•“

•@•@•@128

8•D0

3•D8

2•D2

o

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê50•@ˆê60•@ˆê70•@ˆêˆê80•@ˆê90•@100•@•|110

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ppm

Figure•@2•D•@29Si•@MAS•@NMR•@spectra•@for•@series•@2b•@glasses•D•@Compositions•@are•@of

the•@pseudo•|binary•@3Na20e4SiO2•|NaAIO2•D

•@•@•@While•@an•@addition•@of•@A1203•@to•@sodium•@silicate•@glasses•iseries•@1•j•@caused

mild•@change•@in•@29Si•@chemical•@shifts•C•@the•@substitution•@of•@Si•@by•@NaAl•iseries

5•j•@caused•@stronger•@shift•@to•@the•@positive•@direction•DThese•@trends•@are•@in

agreement•@with•@the•@29Si•@NMR•@measurements•@for•@CaO•|A1203•|SiO2•@glass

system•D•m17•n•@Furthermore•C•@as•@the•@results•@of•@the•@series•@2•@glasses•itable•@2•ia•|c•j•j

clearly•@show•C•@the•@effects•@of•@substitution•@of•@SiO2•@by•@NaAIO2•@upon•@the•@29Si

chemical•@shifts•@are•@different•@for•@each•@Qn•fs•D•@The•@peak•@position•@of•@the•@more

polymerized•@site•C•@for•@example•@Q3•@site•@in•@series•@2b•@glasses•C•@is•@strongly

affected•@by•@the•@addition•@of•@NaAIO2•@than•@that•@of•@the•@less•@polymerized•@site•D
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3•|4•D•@Discussion

3•|4•|1•D•@Compositional•@dependence•@of•@the•@number•@of•@non•|bridging•@oxygen

•@•@•@atoms•@connected•@to•@Si

•@•@•@Figure•@3•@represents•@the•@relation•@between•@the•@number•@of•@non•|bridging

oxygen•@atoms•@per•@silicon•@atoms•@and•@the•@added•@sodium•@aluminate•@in•@the

glasses•@of•@series•@2•C3•C4•D•@Here•C•@solid•@lines•@are•@the•@ones•@calculated•@with•@the

assumption•@that•@the•@excess•@sodium•@oxide•@modifies•@Si•|O•|Si•@bond•@exclusively•D

Alternatively•@if•@non•|bridging•@oxygen•@atoms•@are•@assumed•@to•@be•@associated

equally•@with•@both•@Si•@atom•@and•@Al•@atom•C•@the•@broken•@1ines•@are•@obtained•D

Although•@the•@absolute•@values•@are•@somewhat•@smaller•@than•@the•@expected•@ones•C

the•@experimental•@values•@are•@better•@represented•@by•@the•@former•@postulate•D
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•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@NAl

Figure•@3•D•@Numbers•@of•@non•|bridging•@oxygen•@atoms•@per•@tetrahedral
atom•i•mAl•n•{•mSi•n•j•D•@Open•@circles•@represent•@the•@results•@obtained•@from•@NMR•@peak

area•@analysis•D•@Lines•@represent•@values•@of•@•o•mNa•nˆê•mAl•n•p•^•mT•n•@where•@•mT•n•@stands•@for

•iSi•n•@which•@is•@shown•@by•@solid•@lines•C•@and•@•mAl•p•{•mSi•n•@by•@broken•@lines•D
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Figure•@4•D•@Broad•@line•@NMR•iabove•j•@and•@MAS•@NMR•ibelow•j•@spectra•@for•@series
3•@glasses•D•@ln•@the•@above•C•@composition•@of•@the•@Al•^Na••O•DO•@is•@missing•D•@Open•@circles

shown•@in•@the•@below•@represent•@spinning•@side•@bands•D
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3•|4•|2•@Chemical•@shifts

•@•@•@The•@feature•@of•@29Si•@NMR•@line•@shapes•@is•@mainly•@characterized•@by•@the•@the

chemical•@shift•@anisotropy•@which•@had•@been•@observed•@in•@Q3•@•CQ2•@and•@Q•@l

environments•D•m20•C21•n•@ln•@fig•D4a•@and•@b•@are•@shown•@the•@29Si•@broad•@line•@and

MAS•|NMR•@spectra•@for•@series•@3•@glasses•@respectively•D•@The•@broad•@line•@NMR

spectrum•@for•@glass•@of•@Al•^Na••O•D2•ifig•D4a•j•@consists•@of•@two•@peaks•C•@Q3•@which

showed•@chemical•@shift•@anisotropy•@represented•@as•@dashed•@line•C•@and•@Q4

site•isingle•@Gaussian•j•D•@The•@substitution•@of•@Na•@atom•@by•@Al•@atom•@which•@is

shown•@in•@fig•D4a•@in•@the•@range•@of•@Al•^Na••O•D4•@•Eˆê•@1•D0•C•@caused•@a•@decrease•@of

chemical•@shift•@anisotropic•@feature•@and•@an•@increase•@of•@the•@broadening•@of•@Q4

peak•D•@We•@obtain•@a•@linear•@decrease•@of•@Q3•@site•@population•@with•@•o•mNa•nˆê•mAl•n•p•^•iSi•n

ratios•@from•@the•@line•@shape•@fitting•@for•@MAS•|NMR•@spectra•@of•@this•@glass•@which

is•@shown•@in•@fig•D4b•@and•@table•D2•id•j•D•@This•@suggests•@that•@the•@connection•@of•@the

non•|bridging•@oxygen•@is•@restricted•@only•@to•@Si•@atom•C•@which•@is•@in•@agreement

with•@the•@classical•@structural•@model•D

•@•@•@In•@the•@following•C•@the•@more•@detailed•@treatment•@for•@chemical•@shift•@analysis

based•@on•@the•@structural•@model•@was•@tried•D•@The•@overall•@chemical•@shifts•@of

sodium•@aluminosilicate•@glasses•@could•@be•@represented•@as•@a•@function•@of•@Nnbo

and•@NAI•@by•@the•@following•@equation•D

6•ippm•j•@•••@N•DboANa•@•{•@NAIANaAl•@•{•@Co•C •i4•j

where•@Co•@is•@the•@chemical•@shift•@value•@for•@pure•@silica•@glass•D•@ANa•@and•@ANaA1
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•fv•D

represent•@the•@29Si•@chemical•@shift•@induced•@on•@a•@Si•@atom•@of•@interest•D•@Each•@of

them•@means•@the•@effect•@of•@substitution•@of•@the•@SiO4•@tetrahedra•@at•@the•@next

nearest•@neighbor•iNNN•j•@from•@the•@silicon•@atom•@of•@interest•@by•@a•@Na•C•@which

cause•@a•@NBO•@formation•C•@and•@a•@NaAIO4•C•@which•@cause•@a•@Si•|O•|Al•@bond

formation•C•@respectively•D

•@•@•@As•@was•@seen•@in•@binary•@sodium•@silicate•@glasses•C•@the•@chemical•@shifts•@do•@not

depend•@linearly•@upon•@Nnbo•D•m19•n•@The•@composition•@dependence•@of•@chemical

shifts•@became•@gentle•@as•@alkali•@cation•@contents•@increased•D•@Thus•C•@the•@ANa•@and

ANaAl•@will•@further•@depend•@on•@the•@bulk•@glass•@composition•@in•@the•@following

way•C

ANa•@•••@CleNnbo•@•{•@C2eNAI•{•@C3

ANaAl•@•••@C2eNnbo•@•{•@C4eNAI•{•@C5•C

•j•j•sƒ]•I0•i•i

where•@ANa•@and•@ANaAl•@are•@assumed•@to•@depend•@linearly•@on•@the•@amount•@of•@Na

and•^or•@NaAIO4•@that•@already•@exist•@at•@the•@NNN•@of•@the•@Si•@atom•@in•@interest•D•@They

are•@represented•@by•@constants•@Cl•C•@C2•@and•@C4•D

•@•@•@The•@constants•@CO•@to•@C5•@were•@determined•@from•@the•@least•@square•@fit•@for•@54

experimental•@values•@of•@weighted•@mean•@29Si•@chemical•@shifts•@in•@two•@cases•D

When•@the•@Lowenstein•fs•@rule•@was•@obeyed•C•@in•@this•@case•@the•@NAI•@can•@be

expressed•@as•@4•mAl•n•^•mSi•n•C•@the•@constants•@were•@given•@as•@CO••db•@l•@10•D0•C•@Cl••ˆê3•D6•C

C2••ˆê1•D7•C•@C3••24•D2•C•@C4••ˆê•Z•D8•@and•@C5••9•D7•D•@When•@it•@was•@not•@obeyed•C•@in•@this

case•@the•@NAI•C•@instead•@of•@NAI•@is•@significant•C•@the•@constants•@were•@given•@as•@CO••

ˆê111•D0•C•@Cl••ˆê3•D5•C•@C2••ˆê2•D8•C•@C3••24•D6•C•@C4••ˆê1•D3•@and•@C5••14•D6•D•@The•@standard

deviation•@was•@O•D90•@and•@O•D92•C•@respectively•D•@These•@results•@suggest•@the•@induced

29Si•@chemical•@shift•@by•@one•@NNN•@substitution•@is•@almost•@twice•@as•@large•@for•@Na

than•@NaAIO4•D•@The•@lines•@of•@iso•|chemical•@shift•@calculated•@from•@the•@present

experimental•@data•@with•@eqs•D•i4•j•@to•@•i6•j•@are•@shown•@in•@fig•Ds•@a•D•@lrrespective•@of•@the

condition•C•@whether•@the•@Lowenstein•fs•@rule•@is•@obeyed•@or•@not•C•@both•@sets•@show

reasonable•@fits•D•@The•@iso•|chemical•@shift•@lines•@change•@their•@slopes•@at•@the

compositions•@near•@•mNa•n•^fAl•n•@•••@1•@and•@these•@changes•@are•@drastic•@in•@the•@SiO2

poor•@region•@especially•@when•@the•@Lowenstein•fs•@rule•@was•@not•@taken•@into

consideration•D•@The•@chemical•@shift•@value•@for•@CaA12SiO6•@glass•m16•n•@was•@wel1
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Figure•@5•D•@Left•G•@29Si•@NMR•@iso•|chemical•@shift•@lines•@as•@a•@function•@of•@the

composition•D•@Each•@line•@obtained•@from•@the•@best•@fit•@for•@experimental•@data•@by

equation•i2•j•D•@Solid•@lines•@represent•@the•@results•@when•@the•@Lowenstein•fs•@rule•@is

taken•@into•@consideration•C•@whereas•@broken•@lines•@do•@not•D•@Right•G•@thermodynamic

basicity•@derived•@from•@electro•|motive•@force•@measurements•D•m22•n

reproduced•@by•@the•@latter•@postulate•D

•@•@•@It•@had•@been•@shown•@that•@the•@29Si•@NMR•@chemical•@shifts•@have•@a•@potential

parameter•@fo‹Èe•@scale•@for•@basicity•D•m19•nThe•@thermodynamic•@basicities•@for

this•@system•ifig•D5b•j•C•m22•n•@which•@was•@defined•@by•@pO••ˆêlog•iaNa20•j•@where

aNa20•@denotes•@the•@thermodynamic•@activity•@of•@Na20•@determined•@from

E•DM•DF•D•@measurements•C•@show•@close•@similarity•@with•@29Si•@iso•|chemical•@shift

lines•D
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3•|4•|3•@Location•@of•@AIO4•@tetrahedron

•@•@•@It•@is•@interesting•@to•@know•@where•@the•@AIO4•@tetrahedron•@is•@located•@in•@the

silicate•@network•D•@Fig•D6•@shows•@the•@29Si•@NMR•@line•@shape•@for•@series•@2b•@glasses•D

The•@main•@change•@occurs•@on•@the•@Q3•@peak•D•@They•@were•@broadened•@and•@shifted

to•@the•@positive•@direction•@with•@an•@increase•@of•@NAt•D•@Fig•D7•@shows•@the•@changes•@of

the•@chemical•@shifts•@for•@each•@peak•@in•@the•@glasses•@of•@series•@2•ia•jˆê2•ic•j•@as•@a

function•@of•@NAI•D•@The•@Si•@atoms•@in•@the•@most•@polymerized•@environment•@in•@the

glass•@are•@most•@affected•@by•@the•@introduction•@of•@NaAIO2•@into•@the•@glass•D•@For

example•C•@in•@the•@glasses•@of•@series•@2c•C•@the•@chemical•@shifts•@of•@Q2•@site•@increase

with•@an•@increase•@of•@the•@NaAIO2•@content•D•@On•@the•@other•@hand•C•@the•@values•@for

Ql•@do•@not•@change•@so•@much•D•@ln•@this•@glass•C•@the•@networks•@consist•@of•@mainly•@Q2

and•@Ql•@species•@and•@the•@following•@equilibria•@could•@be•@written•@in•@the

NAt•@••Os

O•D4

03
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Figure•@6•D•@29Si•@MAS•@NMR•@spectra•@for•@series•@2b•@glasses•D•@Compositions•@are•@of

the•@pseudo•|binary•@3Na20e4SiO2•|NaAIO2•D•@An•@expansion•@plot•@of•@figure•@2•D
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Figure•@7•D•@29Si•@NMR•@chemical•@shift•@of•@each•@Qn•@species•@as•@a•@function•@of•@NAI

values•D•@Symbols•@denote•@the•@results•@of•@the•@glass•@of•@pseudo•|binary•@systems•@of

Na20e4SiO2•|NaAIO2•iSquares•j•C•@3Na20e4SiO2•|NaAIO2•iTriangless•j•C•@and

sNa20e4SiO2ˆê•ENaAIO2•iCircles•j•D
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Y

presence•@of•@NaAIO2•C

Q2•{Ql•iIAI•j•@H•@Q2•iIAI•j•{Ql•C •i7•j

where•@Q2•iIAI•j•@and•@Q•@l•i1Al•j•@represent•@the•@silicon•@site•@with•@two•@and•@one

bridging•@oxygen•@atoms•@in•@which•@one•@of•@them•@is•@connected•@to•@aluminum

atom•C•@respectively•D•@The•@present•@data•@suggest•@the•@equilibria•@of•@reaction•@•i7•j

shift•@to•@the•@right•@side•D•@Thus•@aluminum•@favors•@the•@more•@polymerized

environments•@i•De•D•@the•@smaller•@number•@of•@non•|bridging•@oxygen•@atoms•D•@ln

terms•@of•@thermodynamic•@acid•@and•@base•C•@A1203•@is•@a•@stronger•@acid•@than•@SiO2

and•@tends•@to•@be•@associated•@with•@Na20•@to•@become•@NaAIO2•C•@whi•pe•@NaAIO2•@is

no•@more•@acidic•@than•@SiO2•@and•@additiona•p•@Na20•@modifies•@not•@NaAIO2•@but

SiO2•E
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3•|4•|4•@Qn•@distribution

•@•@•@Basic•@oxides•@modify•@SiO2•@network•@depending•@upon•@their•@basicity•@or

inversely•@upon•@the•@cationic•@power•@of•@the•@alkali•@cation•@which•@is•@defined•@by

the•@charge•iZ•j•@divided•@by•@ionic•@radius•ir•j•D•@ln•@addition•@to•@this•C•@the•@resultant•@Qn

species•@are•@further•@affected•@by•@basicity•@in•@their•@distribution•C

2Qn•@e•@Qn•|1•{Qn•{1•E •i8•j

•@•@•@Thus•C•@the•@stronger•@the•@cationic•@power•@of•@the•@alkali•@cation•@the•@more•@the

reaction•@•i8•j•@go•@to•@the•@right•@direction•D•m19•n•@The•@Qn•@distribution•@for•@NAI••O•D5

glasses•@derived•@from•@the•@present•@work•@is•@shown•@in•@fig•D8•@together•@with•@the

previous•@results•@of•@sodium•@silicate•@glasses•D•@The•@Qn•@distribution•@suggests•@that

the•@equation•@•i8•j•@shifts•@to•@the•@left•@with•@addition•@of•@NaAIO2•D•@This•@supports•@the

opinion•@mentioned•@above•@that•@the•@NaAIO2•@acts•@as•@a•@base•@in•@sodium•@silicate

glasses•D
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Figure•@8•D•@Q•D•@distributions•@as•@a•@function•@of•@contents•@of•@Na20•D•iO•j•@binary

sodium•@silicate•@glasses•G•m20•n•C•@•ie•j•@present•@work•@at•@NAI••O•E5•E
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3•|5•D•@Summary•@of•@Chapter•@3

•@•@•@29Si•@MAS•@NMR•@were•@investigated•@on•@sodium•@aluminosilicate•@glasses•D

The•@results•@indicate•@•i1•j•@that•@the•@number•@of•@non•@bridging•@oxygen•@atoms

could•@be•@determined•@by•@excess•@amount•@of•@sodium•@ions•@over•@aluminum•@ions

and•@in•@terms•@of•@therrnodynamic•@acid•|base•C•@NaAIO2•@is•@no•@more•@acidic•@than

SiO2•@and•@additional•@Na20•@modifies•@not•@NaAIO2•@but•@SiO2•C•@although•@A1203

is•@more•@acidic•@than•@SiO2•@and•@is•@preferentially•@attacked•@by•@Na20•@to•@become

NaAIO2•C•@•i2•j•@that•@the•@aluminum•@ion•@favors•@the•@site•@in•@the•@rather

polymerized•@part•@of•@silicate•@network•C•@and•@•i3•j•@that•@introduction•@of•@A1203

induces•@the•@positive•@shift•@of•@29Si•@NMR•@peak•@in•@addition•@to•@the•@chemical

rearrangement•@reactlons•D
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CHAPTER•@4

A•@HIGH•@TEMPERATURE•@29Si•@NMR•@STUDY•@OF
•@•@•@•@•@•@•@•@•@•@•@SODIUM•@SILICATE•@MELT

Abstract•@of•@Chapter•@4

•@•@A•@high•@temperature•@NMR•@probe•@which•@is•@suitable•@for•@the•@study•@of•@NMR

chemical•@shifts•@and•@line•@shapes•@up•@to•@12000C•@was•@developed•D•@This•@made

possible•@in•|situ•@high•@temperature•@measurements•@on•@sodium•@silicate•@melts

for•@the•@nucleus•@of•@29Si•@in•@the•@temperature•@range•@of•@room•@temperature•@to

12000C•D•@Some•@experimental•@uncertainties•C•@which•@came•@from•@the

contamination•@of•@B203•@from•@the•@sample•@container•@into•@sample•@having•@a

basic•@composition•iNa20•„40•“•j•C•@were•@left•@unsolved•D•@However•C•@the

composition•@variation•@of•@the•@temperature•@effects•@on•@silicate•@melts•@structure

were•@investigated•@by•@means•@of•@chemical•@shift•@analysis•D•@The•@peak•@position•C

referred•@to•@that•@of•@the•@glass•@sample•@having•@same•@composition•C•@linearly

shifted•@towards•@positive•@direction•@as•@increasing•@temperature•@in•@the

composition•@of•@Na20e3SiO2•D•@However•C•@as•@the•@Na20•@contents•@of•@the•@sample

increased•C•@the•@temperature•@effects•@gradually•@changed•@so•@that•@the•@29Si•@peak

shifted•@to•@the•@negative•@direction•@as•@increasing•@temperature•D•@Thus•C•@the

temperature•@effects•@on•@silicate•@melt•@structure•@seem•@to•@depend•@on•@the

composition•D•@The•@origin•@which•@causes•@29Si•@chemical•@shift•@seems•@complex•C

however•C•@variation•@of•@Si•|O•|Si•@bo•Cnd•@angles•@and•@the•@equilibrium•@among•@Qn

species•@seeming•@dominant•D

•@•@On•@the•@other•@hand•C•@29Si•@NMR•@spectra•@show•@narrowing•@just•@above•@the

glass•@transition•@temperature•C•@due•@to•@the•@exchange•@reaction•@among•@various

structural•@species•@constructing•@the•@melt•@network•D•@The•@line•@shapes•@were

analysed•@by•@means•@of•@a•@multi•|site•@exchange•@model•C•@and•@averaged•@exchange

rates•iTe•D•j•C•@which•@contain•@both•@of•@the•@rearrangement•C•@and•@the•@chemical

exchange•@reaction•@were•@estimated•D•@A•@rough•@relation•@between•@Tex•@and

viscosities•@were•@observed•D
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4•|1•@lntroduction

•@•@It•@is•@well•@known•@that•@the•@NMR•@spectroscopy•@provides•@usefu1•@information

on•@srmctures•@and•@dynamics•@of•@liquids•@and•@solids•D•@However•C•@ordinary•@NMR

apparatus•@is•@applicable•@only•@for•@measurements•@up•@to•@500•@OC•D•@ln•@the•@present

paper•C•@we•@describe•@a•@new•@probe•@suitable•@for•@NMR•@spectrometer•@with•@ppm

resolution•@over•@1200•@OC•D•@The•@purpose•@of•@this•@work•@is•@to•@solve•@some

technical•@problems•@associated•@with•@high•@temperature•@experiments•@for•@NMR

in•@order•@to•@observe•@the•@temperature•@variation•@of•@29Si•@NMR•@spectra•@for

silicates•@in•@the•@glassy•@and•@molten•@states•@in•@which•@the•@structure•@and•@dynamic

properties•@have•@not•@been•@well•@understood•m1•n•D

•@•@Recently•C•@Stebbins•@et•@al•D•@developed•@a•@high•@temperature•@and•@ppm

resolution•@NMR•@apparatus•@and•@applied•@it•@to•@silicate•@melts•m2•j•D•@in•@their

apparatus•C•@samples•@were•@rapidly•@shuttled•@between•@a•@furnace•@and•@a•@radio

frequency•irb•@coil•@which•@was•@kept•@cool•@by•@a•@rapid•@flow•@of•@air•@in•@order•@to

avoid•@thermal•@and•@electric•@disturbances•@from•@the•@furnace•D•@More•@recently•C

they•@used•@a•@new•@probe•@for•@relaxation•@measurement•@which•@was•@furnished

with•@a•@heater•@at•@the•@center•@of•@the•@magnet•C•@although•@the•@detail•@has•@not•@been

described•m3•n•D•@Coutures•@et•@al•D•@reported•@a•@laser•@heated•@high•@temperature

probe•@operated•@over•@2000•@OC•C•@and•@applied•@it•@to•@the•@study•@of•@molten•@salts•m4•n•D

Because•@of•@the•@heating•@method•C•@attainment•@of•@the•@thermodynamic

equilibrium•@might•@be•@difficult•D•@ln•@the•@present•@work•C•@we•@set•@two•@heating

units•@on•@the•@upper•@and•@lower•@sides•@of•@the•@center•@of•@the•@magnet•m5•C6•n•D

•@•@Silicates•@have•@three•|dimensional•@network•@structure•@made•@from

tetrahedron•@units•@whose•@corner•@oxygen•@atom•@is•@shared•@by•@another

tetrahedron•@or•@modified•@by•@alkali•@oxide•C•@as•@described•@in•@the•@preceding

chapter•D•@29Si•@NMR•@spectra•@of•@the•@silicate•@compounds•@give•@structural

information•@about•@the•@coordination•@environment•@of•@the•@Si•@nucleus•D

•@•@In•@the•@present•@investigation•C•@high•@temperature•@29Si•@NMR•@measurements

were•@made•@on•@sodium•@silicate•@melts•@up•@to•@12000C•@to•@study•@the•@temperature

effect•@on•@the•@structure•@and•@dynamics•@of•@molten•@sodium•@silicates•D

4•|2•@Description•@of•@the•@apparatus
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•@•@Three•@types•@of•@high•@temperature•@probe•@have•@been•@developed•D•@The•@first

one•@is•@suitable•@for•@high•@resolution•@measurements•@up•@to•@12000C•@which•@we•@call

HR•|1•D•@There•@are•@two•@other•@types•@HP•|1•@and•@HP•|2•@for•@high•@power

measurements•@up•@to•@12000C•iHP•|1•j•@and•@high•@power•@measurements•@up•@to

18000C•iHP•|2•j•C•@respectively•D•@ln•@this•@chapter•C•@results•@obtained•@by•@HR•|1•@are

presented•D•@Details•@of•@HP•|1•@prove•@will•@be•@explained•@in•@chapter•@7•D

•@•@Figure•@1•ia•j•@shows•@the•@details•@of•@the•@HR•|1•@prove•i7•n•D•@Platinum•@wire•@•iO•D4

mmip•j•@threaded•@through•@two•|hole•@tube•@•i3•D0•@mm•‘•j•@of•@high•@purity•@alumina

surrounds•@a•@core•@alumina•@tube•@•i15•@mm•@•‘•j•@except•@for•@the•@zone•@of•@center•@of

ŽRerf•@coil•@made•@of•@1•D0‡oƒÓplatinum•@wire•D•@The•@heater•@current•@flows

through•@two•@platinum•@wires•@in•@the•@same•@alumina•@tube•@opposite•@in•@direction

so•@as•@not•@to•@produce•@an•@additional•@magnetic•@field•@across•@the•@sample•@volume•D

Condensers•@of•@the•@tuning•@circuit•@were•@thern•jally•@insulated•@with•@a•@copper

pipe•@cooled•@by•@water•D•@The•@whole•@assembly•@of•@the•@high•@temperature•@probe

loaded•@in•@a•@water•@jacket•@made•@of•@copper•@and•@brass•@was•@inserted•@in•@the

superconducting•@magnet•D

4•|3•@Experimental•@section

1

•@•@During•@experimental•@runs•C•@the•@condition•@of•@the•@furnace•@was•@monitored

by•@a•@mirror•@placed•@on•@the•@upper•@part•@of•@the•@magnet•D•@The•@electrical•@power

was•@supplied•@from•@a•@stabilized•@dc•@power•@unit•D•@The•@heater•@current•@and•@the

applied•@voltage•@was•@20•@A•@and•@40•@V•C•@respectively•@at•@the•@maximum•@furnace

temperature•@of•@1450•@OC•D•@The•@maximum•@temperature•@was•@attained•@in•@two

hours•D•@The•@sample•@capsule•@made•@of•@boron•@nitride•@•iFig•D•@1•@•ib•j•j•@was•@placed•@in

the•@center•@of•@the•@rf•@coil•inon•|spinning•j•D•@ln•@order•@to•@avoid•@the•@oxidation•@of•@the

capsule•C•@nitrogen•@gas•@atmosphere•@was•@maintained•@during•@experiments•D

However•C•@the•@contamination•@of•@B203•@from•@the•@sample•@container•@into•@sample

having•@a•@basic•@composition•iNa20•„4090•j•C•@was•@serious•D•@To•@avoid•@this•C

measurement•@period•@must•@be•@minimized•iless•@that•@a•@few•@seconds•j•@for•@such

samples•D•@Sample•@temperature•@was•@measured•@by•@a•@Pt•|Pt•iRh•j•@thermocouple

attached•@below•@the•@bottom•@of•@the•@capsule•D•@The•@sample•@temperature•@was•@1200

0C•@when•@the•@center•@of•@the•@furnace•@was•@1450•@OC•D•@No•@drift•@of•@magnetic•@field

was•@found•@during•@heating•@and•@cooling•@cycles•D•@However•C•@the•@quality•@factor•@of

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@83
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Figure•@1•D•ia•j•@Schematic•@representation•@of•@the•@high•@temperature•@NMR•@probe•D•@1•Frf•@coil•C

2•Fplatinum•@heater•@•iO•D4•@mmd•j•C•@3•FA1203•@tube•C•@4•Fh•|BN•@sample•@holder•C•@5•FCu•|brass•@water

jacket•C•@6•FTi•|Al•@alloy•@•iKS•|130AV•j•@stand•C•@7•Fcopper•@pipe•@water•@cooler•C•@8•Ftunning•@circuit•D

•ib•j•@Cross•@section•@of•@the•@sample•@holder•D
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the•@rf•@coil•@decreased•@considerably•@above•@800•@OC•@because•@of•@increase•@of•@its

reslstance•D

•@•@Sodium•@silicate•@g•passes•@were•@kept•@into•@boron•@nitride•@sample•@holder•@and

melted•@in•@the•@high•@temperature•@probe•D•@29Si•@spectra•@were•@recorded•@at

39•D76MHz•C•@using•@a•@Bruker•@MSL•|200•@wide•@bore•@•i4•D7•@T•C•@150•@rnm•‘•j

spectrometer•D•@Tlie•@pulse•@width•@of•@50•@ps•@and•@repetition•@time•@of•@O•D1•@to•@5

seconds•@were•@used•D•@To•@achieve•@sufficiently•@high•@S•^N•@ratio•C•@2000•@FID•fs•@were

accumulated•@to•@obtain•@29Si•@spectrum•D•@A•@small•@amount•@of•@paramagnetic

reagent•iO•D1•@wt•“•@Gd203•j•@was•@added•@to•@reduce•@the•@relaxation•@time•@of•@the•@29Si

nucleus•D•@The•@observed•@line•@width•@at•@a•@half•@height•@of•@silicate•@melts•@and•@that•@of

tetraethylorthosilicate•C•@the•@secondary•@standard•@of•@chemical•@shift•@at•@room

temperature•C•@was•@100Hz•@and•@40•@Hz•C•@respectively•D•@The•@shift•@induced•@by•@the

heater•@current•@was•@about•@•q30Hz•@•i•qO•D5•@ppm•@for•@23Na•j•@for•@maximum•@output

current•@of•@DC•@power•@supply•@which•@could•@be•@corrected•@by•@a•@appropriate

chemical•@shift•@measurements•@of•@the•@standard•@samples•@during•@current•@flow•D

4•|4•@Results

4•|4•|1•@Temperature•@dependence•@of•@the•@line•@shapes

•@•@The•@basic•@structural•@units•@of•@the•@silicate•@framework•@are•@SiO4•@tetrahedra

which•@link•@together•@by•@sharing•@the•@oxygen•@atoms•@at•@their•@venices•D•@The

resulting•@configurations•@can•@be•@classified•@by•@their•@topology•@and•@are•@denoted

by•@Q•C•C•@ln•@NMR•@spectra•@of•@29Si•C•@the•@individual•@peak•@was•@assigned•@to•@each•@Q•D

species•D•ias•@shown•@in•@chapter2•@and•@3•j•@For•@example•C•@the•@broad•@line•@29Si•@NMR

spectrum•@for•@Na20e3SiO2•@glass•@•iFigure•@2•ia•j•j•@consists•@of•@two•@components

corresponding•@to•@Q3•@and•@Q4•@units•@shown•@by•@dashed•@and•@dotted•@lines•C

respectively•D•@The•@Q3•@spectrum•@is•@asymmetric•@due•@to•@the•@chemical•@shift

anlsotropy•D

•@•@As•@increasing•@temperature•C•@a•@chemical•@exchange•@reaction•@between

distinct•@chemical•@species•@is•@taking•@place•D•@The•@resultant•@NMR•@spectrum•@will

be•@modified•C•@if•@the•@rate•@of•@the•@exchange•@reaction•irex•j•@becomes•@comparable

to•@the•@difference•@of•@the•@resonance•@frequency•@between•@distinct•@chemica1
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species•iAvo•j•D•@rex•@is•@further•@related•@to•@the•@life•@time•@of•@the•@species•iTex•j•@which

will•@be•@given•@by•@the•@inverse•@of•@rex•D

•ia•j

•@•@•@•qb•j

•D‘…—R‚¢

•@•@IN
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200 •@O•@ˆê200
PPM•@from•@TMS

ˆê400

Figure•@2•D•@Temperature•@variation•@of•@29Si•@spectra•@for•@Na20e3SiO2•@glass•@and•@liquid•D

•ia•j•@200C•C•@•iobtained•@by•@commercial•@broad•@line•@high•@power•@probe•j•C•@•ib•j•@5500C•C•@•ic•j•@6700C•C

•id•j•@7700C•C•@and•@•ie•j•@8650C•D
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•@•@in•@the•@glassy•@state•C•@the•@rate•@of•@chemical•@exchange•@would•@be•@infmite•D•@ln

the•@Na20e3SiO2•@glass•C•@the•@difference•@of•@resonance•@frequency•@between•@Q3

and•@Q4•C•iAvo•j•@was•@derived•@to•@be•@490•@Hz•@from•@MAS•|NMR•@of•@the•@same•@glass

at•@room•@temperature•D•iChapter•@2•j•@Shown•@in•@Fig•D2•ib•jˆê•ie•j•@is•@the•@temperature

dependence•@of•@29Si•@NMR•@spectra•@of•@Na20e3SiO2•@glass•@and•@melt•D•@Around

550•@OC•@Gust•@above•@glass•@transition•@temperature•@•iTg•j•@of•@this•@glass•iTg••505

0C•j•C•@where•@the•@sample•@is•@presumably•@a•@supercooled•@liquid•j•@the•@line•@width•@of

both•@components•@show•@narrowing•D

•@•@At•@670•@OC•C•@the•@two•@components•@just•@overlap•G•@ie•D•C•@the•@inverse•@of•@the

difference•@of•@resonance•@frequency•@•iAvo•j•@between•@Q3•@and•@Q4•@sites•@becomes

comparable•@to•@rex•@between•@each•@species•D

•@•@Above•@the•@liquidus•@temperature•i780•@OC•j•C•@a•@single•@and•@sharp•@profile•@of

LorentziaŽMtype•@was•@observed•iFig•D2•ie•j•j•D•@The•@line•@width•@does•@not•@change

above•@865•@OC•@up•@to•@1150•@OC•C•@which•@indicates•@that•@the•@lifetime•@of•@each

species•@becomes•@much•@shorter•@than•@the•@inverse•@of•@Avo•D

lncrease•@temperature

•@•@•@1000•BC
1100•BC•@•@•@•@800•BC

•_ƒ‰•t‚¤•~

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@PPŒï

Figure•@3•D•@High•@temperature•@29Si•@NMR•@spectra•@for•@Na20e3SiO2•@melt•D
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•@•@4•|4•|2•@Effect•@of•@temperature•@on•@2gSi•@chemical•@shifts

As•@sh•Ewn•@in•@figure•@3•C•@the•@peak•@p•Esiti•En•Ef•@2gSi•@NMR•@spectmm•@f•Br

Na20•œ3SiO2•@melt•@shifted•@t•EP•Esitive•@directi•En•i1ess•@shielded•jas
ƒŠ•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒR

1ncreasmg•@temperature•@in•@agreement•@with•@the•@previous•@report•@which•@was

made•En•@s•Edium•@and•@lithium•@silicates•@by•@Stebbins•@and•@Faman•m8•n•D
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•@•@A•@series•@of•@measurements•@are•@made•@on•@sodium•@silicate•@melts•@of•@various

sodium•@oxide•@contents•D•@The•@results•@are•@summarized•@on•@figure•@4•D•@The

center•@of•@gravity•@of•@MAS•@NMR•@spectra•@for•@glassy•@samples•@are•@plotted•D•@A

linear•@dependence•@upon•@temperature•@is•@observed•@when•@the•@value•@of•@glass

is•@plotted•@at•@corresponding•@Tg•fs•D

•@•@As•@shown•@in•@figure•@4•C•@the•@peak•@position•C•@referred•@to•@that•@of•@the•@glass

sample•@of•@the•@same•@composition•C•@linearly•@shifted•@towards•@positive

direction•@as•@increasing•@temperature•@in•@the•@Na20e3SiO2•@composition•D

However•C•@as•@the•@Na20•@contents•@of•@the•@sample•@increased•C•@the•@temperature

effects•@gradually•@changed•@so•@that•@the•@29Si•@peak•@position•@shift•@to•@negative

direction•@as•@increasing•@temperature•D•@Thus•C•@the•@temperature•@effect•@on

silicate•@melt•@structure•@seem•@to•@alter•@with•@the•@composition•D
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ˆêˆê•C1

4•|5•@Discussion

4•|5•|1•@Relationships•@between•@chemical•@shift•@and•@melt•@structure

•@•@As•@shown•@above•@29Si•@NMR•@of•@the•@silicates•C•@at•@the•@molten•@state•C•@shows•@no

more•@than•@a•@single•@peak•@because•@of•@the•@rapid•@exchange•@reactions•@between•@the

structural•@units•@which•@may•@exist•@in•@the•@melts•D•@The•@chemical•@shift•@value•@for

the•@molten•@silicate•C•@therefore•C•@gives•@a•@structure•@averaged•@over•@the•@several

structural•@units•D

•@•@The•@29Si•@chemical•@shift•@is•@affected•@by•@the•@structural•@change•@associated

with•@glass•@to•@liquid•@transition•@through•@supercooled•@liquid•D•@The•@origin•@which

causes•@29Si•@chemical•@shift•@seems•@complex•D•@However•C•@the•@possible•@structural

changes•@would•@be•@summarized•@as•@follows•D

1•j•@An•@increase•@of•@Si•|O•|Si•@bond•@angles•C•@which•@causes•@29Si•@positive•@shift•m9•n•@as

demonstrated•@by•@MAS•@NMR•@measurements•@of•@various•@silicate•@crystals•D

2•j•@The•@equilibrium•@reaction•@between•@the•@Qn•@species•C

•@•@•@•@•@•@2QneQn•|i•@•{•@Qn•{i•C•@•i1•j
moves•@to•@the•@right•@direction•@with•@increasing•@temperature•C•@which•@may•@cause

negative•@shift•D

3•j•@An•@increase•@of•@Na20•@which•@remains•@unchanged•@after•@the•@reaction

between•@alkaline•@oxide•@and•@silica•@at•@basic•@compositions•D•@This•@effect•@causes

29Si•@negative•@shift•D

4•j•@An•@increase•@of•@mean•@coordination•@number•@of•@Si•C•@which•@causes•@29Si

negative•@shift•C

•@•@Among•@four•@reasons•@above•C•@only•@one•@instance•@which•@causes•@positive•@shift

is•@variation•@of•@the•@Si•|O•|Si•@bond•@angles•D•@A•@relationship•@between•@SiO•|Si•@bond

angles•@and•@29Si•@chemical•@shifts•m9•n•@in•@various•@silicate•@crystals•@are•@shown•@in

figure5•D•@The•@positive•@shift•@observed•@on•@Na20e3SiO2•@and•@Na20e2SiO2•@is

likely•@caused•@by•@an•@increase•@of•@Si•|O•|Si•@bond•@angles•@with•@increase•@of

temperature•@because•@of•@the•@well•@developed•@network•@structure•@expected•@on
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the•@silica•@rich•@composition•D

•@•@On•@the•@other•@hand•C•@as•@the•@Na20•@content•@increased•C•@the•@network•@structure

becomes•@more•@modified•@and•@the•@units•@constructing•@the•@network•@structure

become•@discrete•@each•@other•D•@Thus•@the•@Si•|O•|Si•@angles•@might•@be•@less•@affected

by•@the•@liquid•@formation•D•@The•@negative•@shift•@of•@29Si•@peak•@position•@would•@be

explained•@by•@the•@fact•@that•@the•@equilibrium•@reaction•i1•j•@moves•@to•@the•@right

direction•@as•@increasing•@temperature•C•@which•@would•@cause•@negative•@shift

because•@the•@difference•@of•@chemical•@shift•@between•@Qn•@species•C•@6•iQn•|1•j•@ˆê•@6•iQn•j

getting•@smaller•@as•@decreasing•@n•@as•@shown•@in•@chapter•@2•D
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tetrahedron•D•@Symbols•@are•@in•@•ia•jQ3•iA•j•C•@Q2•ie•j•C•@and•@Qi•iˆê•j•D•m9•n

•[•[1ˆê•v•yƒj•[•[•[•D•Cˆê•I3•Ä
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•h

4•|S•|2•@Estimation•@of•@the•@rates•@of•@exchange•@reaction•@between•@Qn•@species

•@•@•flhe•@temperature•@variation•@of•@29Si•@chemical•@shift•@has•@been•@successfully

analysed•@in•@terms•@of•@multi•|site•@exchange•@modelllO•n•C•@by•@Stebbins•@et•@al•i11•n•D

When•@the•@room•@temperature•@spectrum•C•@having•@infinite•@life•@time•@of•@the

species•C•@is•@divided•@into•@N•@individual•@peaks•@with•fequilivalent•@intensities•C•@thus

the•@spectrum•@is•@assumed•@to•@be•@constructed•@from•@N•@numbers•@of•@micro•|

structural•@units•C•@as•@shown•@in•@figure•@6•C•@then•@the•@line•@shape•@function•ig•ito•j•j•@in

the•@presence•@of•@the•@exchange•@reaction•@among•@N•@species•@with•@its•@rate•@of•@rex

can•@be•@written•@as•C

9•iƒÖ•j••Œ¾ L
•@•@•@•@•@•@•f
1•@•f•@rex•fL

•i2•j

where•C
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Figure•@6•D•@An•@example•@of•@peak•@separation•@of•@NMR•@spectrum•@into•@numbers•@of•@equal

intensity•@peaks•D
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•h

Here“vand–Sis•@are•@the•@peakp•Esiti•En•@and—Re•@line•@wid—R•EfŽRejˆê—R

component•C•@respectively•D

•@•@The•@line•@shapes•@and•@their•@simulation•@by•@equation•i2•j•@and•@•i3•j•@applied•@to

Na20e3SiO2•@melts•@are•@shown•@in•@figure•@7•D•@The•@room•@temperature

spectrum•@is•@split•@into•@5000peaks•@with•@equal•@intensities•@concerning•@the

dipolar•|diploar•@broadening•@caused•@by•@the•@coupling•@between•@29Si•@and•@23Na

nuclei•D•@As•@temperature•@elevated•@up•@to•@5500C•C•@the•@dipolar•@broadening•@is•@no

more•@taken•@into•@account•@due•@to•@the•@rapid•@motion•@of•@the•@sodium•@nucleus•D

•ie•j

2•@O•fC
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Figure•@7•D•@•iRight•j•@High•@temperature•@29Si•@NMR•@spectra•@for•@Na20e3SiO2•@melt•D

•iLeft•j•@Line•@shape•@simulation•@of•@multi•|site•@exchange•@model•@with•@r•D•D•@shown•@in•@the

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@93
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N

•@•@In•@the•@sense•@of•@equation•@•i2•j•@and•@•i3•j•C•@r•Cx•@contains•@both•@of•@the

rearrangement•@and•@the•@chemical•@exchange•@reaction•D•@At•@the•@highest

temperature•C•@the•@exchange•@rates•oare•@underestimated•@due•@to•@the•@broadening

of•@the•@line•@width•@caused•@by•@the•@limitation•@of•@the•@resolution•@of•@the

apparatus•D•@The•@exchange•@rates•@linearly•@increased•@as•@a•@function•@of•@the

reciproeal•@absolute•@temperature•@with•@the•@activation•@energy•@of•@about

150kl•^mol•C•@which•@is•@close•@to•@that•@derived•@from•@viscosities•m12•n•D•@A

comparison•@between•@viscosity•@and•@T•C•C•i••1•^r•C•C•j•@are•@shown•@in•@figure•@8•D•@A

rough•@relation•@between•@viscosity•@and•@Te•C•@are•@seen•@with•@the•@Maxwell

equation•@for•@viscoelastic•@behavior•@with•@G•D•D••10•|10•D
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Figure•@8•D•@Relationships•@between•@T•C•C•@for•@Na20e2SiO2•@and•@Na20e3SiO2•@derived•@from

line•@shape•@simulation•@and•@viscosities•m12•n•@plotted•@against•@inverse•@absolute•@temperature•D
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•f•D•Dlr

Summary•@of•@chapter•@4

•@•@High•@temperature•@29Si•@NMR•@chemical•@shift•@and•@line•@shape•@measurements

are•@made•@on•@sodium•@silicates•@up•@to•@12000C•D•@The•@peak•@position•C•@referred•@to

that•@of•@the•@glass•@having•@the•@same•@composition•C•@linearly•@shifted•@towards

positive•@direction•@as•@increasing•@temperature•@in•@the•@composition•@of

Na20e3SiO2•D•@However•C•@as•@the•@Na20•@contents•@of•@the•@sample•@increased•C•@the

temperature•@effects•@gradually•@changed•@and•@the•@29Si•@shift•@moved•@to•@negative

direction•@as•@increasing•@temperature•D•@Thus•C•@the•@temperature•@effects•@on

silicate•@melt•@structure•@seem•@to•@alter•@with•@composition•D•@The•@origin•@which

causes•@29Si•@chemical•@shift•@seems•@complex•D•@However•C•@variation•@of•@SiO•|Si

bond•@angles•@and•@the•@equilibrium•@among•@Qn•@species•@seem•@dominant•D

•@•@On•@the•@other•@hand•C•@the•@line•@shapes•@were•@analysed•@by•@means•@of•@a•@multi•|site

exchange•@model•C•@and•@averaged•@exchange•@rates•ire•D•j•C•@in•@which•@both•@of•@the

rearrangement•@and•@the•@chemical•@exchange•@reaction•@were•@estimated•D•@A•@rough

relation•@between•@Tex•@and•@viscosities•@were•@observed•D
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CHAPTER•@5

A•@HIGH•@TEMPERATURE•@23Na•@NMR•@STUDY•@OF
COORDINATION•@NUMBERS•@OF•@SODIUM•@ION

•@•@•@•@•@•@•@•@•@•@•@•@•@IN•@S•@ILICATE•@MELTS

Abstract•@of•@chapter•@5

•@•@High•@temperature•@23Na•@NMR•@measurements•@were•@made•@on•@some•@sodium

salts•@and•@silicates•D•@The•@temperature•@dependence•@of•@the•f@23Na•@NMR•@chemical

shifts•@especially•@around•@their•@melting•@points•@have•@been•@observed•@for•@sodium

salts•D•@Simple•@ionic•@salts•C•@such•@as•@NaCl•C•@NaBr•@and•@NaNO3•C•@show•@positive•@shift

of•@23Na•@NMR•@peak•@position•@on•@their•@solid•|liquid•@transition•@which•@indicates

the•@decrease•@of•@average•@coordination•@numbers•@around•@sodium•@ion•@on•@their

molten•@states•@compared•@with•@corresponding•@crystalline•@state•D

•@•@On•@the•@other•@hand•C•@the•@23Na•@peak•@position•@of•@sodium•@silicate•@melts

showed•@almost•@linear•@dependence•@on•@temperature•D•@Comparison•@of•@the

chemical•@shift•@of•@silicate•@melts•@with•@crystalline•@silicates•@suggested•@the

coordination•@number•@of•@sodium•@ions•@in•@silicate•@melts•@to•@be•@7•@to•@8

independent•@of•@the•@composition•D

5•|1•Dlntroduction

•@•@Alkali•@cations•@are•@involved•@in•@most•@of•@multi•|component•@silicate•@systems

which•@compose•@geological•@and•@industrial•@materials•D•@The•@alkali•@cations

modify•@the•@silicate•@network•@to•@produce•@non•|bridging•@oxygen•D•@Little•@has

been•@known•@about•@the•@coordination•@environment•@around•@alkali•@cations•@in•@the

molten•@silicates•@compared•@with•@the•@network•@forming•@cations•C•@The

coordination•@environments•@of•@the•@alkali•@ion•@is•@often•@to•@be•@ill•|defined•C

especially•@in•@the•@well•@developed•@network•@structure•C•@e•Dg•D•@framework

aluminosilicates•m1•n•D•@However•C•@some•@structural•@studies•@concerning•@23Na

NMR•@chemical•@shifts•@on•@alkali•@feldspars•m2•|4•n•@demonstrated•@the•@23Na•@NMR•@is
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a•@potential•@tool•@to•@study•@the•@structural•@information•@for•@both•@of•@crystalline

and•@glassy•@samples•D

•@•@On•@the•@other•@hand•C•@in•@some•@high•@temperature•@23Na•@NMR•@study•i5•|7•p•@23Na

line•@shape•@has•@been•@discussed•@in•@terrns•@of•@the•@dynamics•D•@However•C•@there•@has

been•@paid•@relatively•@less•@attention•@to•@the•@structural•@sensitivity•@of•@the•@isotropic

chemical•@shift•@for•@23Na•D

•@•@In•@the•@present•@study•C•@23Na•@NMR•@chemical•@shift•@measurements•@for•@sodium

silicate•@and•@sodium•@aluminosilicates•@were•@made•@well•@above•@the•@melting

points•D•@The•@results•@are•@compared•@with•@the•@chemical•@shift•@of•@crystalline

samples•@obtained•@from•@MAS•@NMR•@measurements•D•@23Na•@chemical•@shifts•@of

some•@inorganic•@salts•@below•@and•@above•@their•@melting•@points•@were•@also

measured•@to•@compare•@with•@those•@of•@the•@results•@for•@silicates•D

5•|2•CExperimental•@section

•@•@NMR•@measurements•@were•@carried•@out•@on•@Bruker•@MSL•|200•@spectrometer

with•@wide•@bore•i150mm•j•@magnet•@operated•@at•@52•D938MHz•@for•@23Na•@nucleus•D

High•@temperature•@NMR•@line•@shapes•@and•@chemical•@shifts•@were•@observed•@with

a•@home•@build•@high•@temperature•@NMR•@probe•@as•@described•@in•@chapter•@4•C•@HR•|1•C

which•@was•@modified•@for•@this•@experiments•D•@An•@rf•@coil•@was•@placed•@at•@the•@center

of•@a•@single•@heater•@unit•D•@A•@Helmholtz•@rf•@coil•@was•@made•@of•@platinum•@and•@wound

4•@times•@and•@placed•@parallel•@to•@the•@applied•@magnetic•@field•D

•@•@Temperature•@of•@the•@sample•@was•@measured•@by•@Pt•|Pt•iRh•j•@thermocouple

placed•@lmm•@below•@the•@bottom•@of•@the•@sample•D•@Heater•@current•@was•@supplied•@by

a•@stabilized•@DC•@power•@source•@controlled•@manually•D•@Temperature•@drift•@was

•}10C•@during•@each•@experimental•@run•D•@External•@chemical•@shift•@standard•C•@3M

NaCl•@solution•C•@was•@measured•@at•@the•@beginning•@and•@the•@end•@of•@the

experiments•@with•@the•@current•@flow•@of•@the•@electric•@heater•@which•@influences•@on

the•@position•@of•@the•@NMR•@peaks•iheater•@current•@induces•@O•D5ppm•@shift•@at

maximum•@output•i800W•j•j•D•@The•@typical•@error•@for•@chemical•@shift•@was•@1•@ppm•D

•@•@A•@series•@of•@MAS•@NMR•@measurements•@were•@made•@on•@crysta•ps•@that

contained•@sodium•@ions•D•@Tlie•@condition•@of•@MAS•@NMR•@was•@the•@same•@as•@that

described•@in•@chapter•@2•D•@However•C•@the•@excitation•@pulse•@width•@was•@kept•@at

O•D6ps•@to•@avoid•@the•@nutation•@effectsf8•n•@which•@affect•@the•@line•@shapes•@and
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relative•@intensities•@if•@NMR•@spectrum•@contains•@several•@peaks•D

•@•@For•@high•@temperature•@NMR•@measurements•C•@alumina•@sample•@container

was•@used•@for•@sodium•@salts•@and•@boron•@nitride•@for•@silicates•D•@NaCl•C•@NaBr•C

Na2CO3•@and•@NaNO3•@are•@purchased•@from•@commercial•@sources•@and•@used

without•@further•@purification•D•@Na2SiO3•@and•@Na2Si20s•@were•@crystallized•@from

stoichiometric•@glasses•D•@Other•@silicate•@and•@aluminosilicate•@samples•@were

glassy•D

•@•@To•@obtain•@the•@isotropic•@chemical•@shift•@from•@NMR•@peak•@position•C•@the

effect•@of•@dynamic•@frequency•@shift•m9•p•C•@which•@is•@caused•@by•@the•@second•@order

nuclear•@quadrupolar•@interaction•C•@have•@to•@be•@accounted•D•@in•@the•@whole

measurements•@of•@the•@present•@investigation•C•@NMR•@spectrum•@has•@been

measured•@at•@sufficiently•@high•@temperature•C•@thus•@the•@motion•@of•@sodium•@ion•@is

fast•@enough•C•@for•@the•@dynamic•@shift•@to•@be•@neglected•D

5•|3•DResults

•@•@5•|3•|1•@23Na•@chemical•@shifts•@for•@silicate•C•@borate•@and•@other•@inorganic

crystals

Results•@of•@MAS•@NMR•@measurements•@are•@summarized•@in•@table•@1•D•@All

samples•@have•@been•@identified•@to•@be•@single•@phase•@by•@powder•@X•|ray

diffraction•D•@NMR•@spectrum•@for•@Jadeite•iNaAISi206•j•@has•@been•@measured•@by

static•@condition•C•@because•@the•@spinning•@rate•@of•@the•@MAS•@NMR•@probe•@was•@not

sufficient•@to•@eliminate•@the•@spinning•@side•@bands•D•@Except•@for•@Zeolite•|A4•C

Sodalite•@and•@Tourrnaline•C•@all•@the•@spectra•@are•@well•@simulated•@by•@second•@order

nuclear•|quadrupolar•@MAS•@NMR•@line•@shape•@given•@as•m10•n•C

Avl•••@•m1•n•i•HSli•n•@•mi•@•ii•@•{i•jˆê2ˆê•@•n•iAcos4e•@•{•@Bcos2e•@•{•@c•j•D
•i1•j
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Where•C

A•• ØˆêŒ›ƒÅc•Es2ƒÓ•{tsn2cos2•@2•‘•C

B•@••ˆêg•{•@ZIL•H•€•@•{n•@cos•@2•‘•@ˆê•@51trn•@2cos2•@2•‘•C

C•• Óˆê•W•B•Es2ƒÓ•{‹`ƒÅ2c•Es22ƒÓ•E

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Vzz•@7•D•@v•C

Eular•@angles•@between•@the•@principle•@axis•@of•@the•@EFG•@tensor•@and•@the•@external

Here•@vLis•@the•@Lamor•@frequency•D•@vQ•@is•@equal•@to•@iti7•|2Sgei•|s7i•|i•@2ei•Fir•|ei•@h•@where•@9t2t17ii•Iile•@is•@a

quadrupole•@interaction•@parameter•iin•@Hz•j•@which•@is•@the•@multiple•@of•@the

quadrupole•@moment•@of•@the•@nucleus•iee•j•@and•@the•@Vzz•@component•@of•@the•@EFG

tens•Er•ieq•j•DƒÅis•@an•@anis•Etr•Epy•Efthe•@EFG•@tens•Br•iVyƒWVxx•jƒÆƒÓisa

magnetic•@field•D•@For•@crystalline•@powder•@and•@glassy•@sample•C•@e•@and•@ip•@will•@be

distributed•@spatially•@in•@the•@all•@directions•D•@Thus•@the•@NMR•@line•@shapes•@will•@be

given•@from•@the•@integration•@over•@cose•@and•@•‘•@for•@all•@possible•@directions•D•@A

line•@shape•@simulation•@was•@performed•@with•@appropriate•@sets•@of•@line•@shape

functions•@with•@varying•@n•@value•D•@As•@shown•@in•@table•@1•C•@isotropic•@chemical

shifts•C•@nuclear•@quadrupolar•@coupling•@constant•@and•@n•@have•@been•@obtained•D
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Table•@1•@asNa•@NMR•@parameters•@obtained•@from•@the•@present•@MAS•@NMR•@measurements•D

•@•@•@•@•@compound•@chemical•@shift•@Q•CC•DC•C•@n
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•ippm•j•@•iMHz•j

•@•@•@•@•@anhydrous•@silicates

•@•@•@•@•@a•|Na2Si20s•@15•}5•@1•D79•@o•Dgg

•@•@•@•@•@Jadeite•iNaAISi206•j•@10•}5•@•f3•D3•}O•D1•@O•D25
•@•@•@•@•@Zeolite•|A4•@10•}5•@•qO•D4
•@•@•@•@•@Sodalite•@6•}2•@•qO•D2
•@•@•@•@•@Tourmaline•@ˆê15•}2•@•qO•D4
•@•@•@•@•@hydrous•@silicates

•@•@•@•@•@Natrolite•@6•}1•@1•D78•@O•D64
•@•@•@•@•@Analcime•@14•}1•@2•D3•f•@O•D02
•@•@•@•@•@borates

•@•@•@•@•@Borax•i1•j•@ˆê•Z•D9•}O•D2•@O•D85•@O•D13
•@•@•@•@•@Borax•i2•j•@11•D9•@ro•D2•@O•D55•@O•D45
•@•@•@•@•@Ulexite•@5•D2•}O•D5•@1•D25•@O•D53
•@•@•@•@•@NaB•@02•@1•D5•}1•@1•D18•@o•Do
•@•@•@•@•@Inorganic•@compounds

•@•@•@•@•@Na2SnO3•@49•}1•@2•D05•@o•Do
•@•@•@•@•@Na2ZrO3•@27•}1•@2•D02•@O•D1
•@•@•@•@•@Na2GeO3•@22•D5•}1•@1•D31•@O•D79

•@•@•@•@•@Na2Ti30g•@3•}1•@O•D68•@o•D17
•@•@•@•@•@NaNbO3•@ˆê5•D0•}O•D5•@1•D0•@O•D87

•@•@•@•@•@Na2MoO4•@3•}2•@2•D57•@o•Do
•@•@•@•@•@Na2WO4•i2H20•j•@ˆê1•D2•}1•@O•D87•@o•D3g
•@•@•@•@•@Na2MoO4•i2H20•j•@ˆê2•}1•@O•D89•@o•D1
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5•|3•|2•D•@23Na•@chemical•@shifts•@of•@simple•@ionic•@liquids

•@•@The•@temperature•@dependence•@of•@23Na•@NMR•@spectra•@for•@NaCl•@and•@NaBr

around•@their•@melting•@points•C•@8010C•@and•@7470C•C•@respectively•C•@are•@shown•@in

figure•@1•D•@At•@the•@melting•@points•C•@NMR•@spectra•@clearly•@split•@into•@two•@peaks

corresponding•@to•@the•@liquid•@and•@solid•@states•D•@The•@liquid•@states•@show•@more

positive•@chemical•@shift•@values•@compared•@with•@that•@of•@crystalline•@states•D

These•@shifts•@can•@be•@interpreted•@by•@the•@decrease•@of•@the•@coordination•@number

around•@sodium•@ion•D•@The•@results•@are•@in•@accordance•@with•@X•|ray•@and•@Neutron

diffraction•@results•D•m11•C1•@2•n

fiXgaGB•ig•fvn•Dp•D•@8•—fl•@OG•j twaBr•iru•gD•Dp•C•@7470G•j

s140C•iliquid•j 7520C•iliquid•j

801•BC•is••iid•ìquid•t 747•BC•iso”xd•ìquid•j

7860C•isolid•j 7220C•isoiid•j

IS•@•@•@•@•@1•g•@•@•@•@•@•@5•@•@•@•@•@•@a•@•@•@•@•@•@‘X5•@•@•@•@•@Š›19•@•@•@•@ˆê•zLS

•@•@•@ppm•@from•@3M•@NaCt•@solution

15•@•@•@•@•@•F6•@•@•@•@•@5•@•@•@•@•@•@9•@•@•@•@•@•|S•@•@•@•@‹|1‚Ì•@•@•@•@ˆê15

•@•@•@ppm•@trom•@3M•@NaCt•@solution

Figure•@1•@Hi•@gh•@temperature•@23Na•@spectra•@for•@NaCl•ileft•j•@and•@NaBr•iright•j•@around•@the

melting•@points•D
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5•|3•|3•D•@23Na•@chemical•@shifts•@oSf•@silicate•@and•@aluminosilicate•@liquids

•ûe•@23Na•@NMR•@spectra•@f•Ers•Edium•@metasilicate•iNa2SiO3•jcrysta1•C91asS

and•@melt•iat•@11000C•j•@are•@shown•@in•@figure2•D•@The•@•nine•@shape•@ofmelt•@was

observed•@as•@a•@single•@Gaussian•@peak•D•@The•@dispersion•@v•Ds•D•@absorption•@plot•@was

circular•C•@which•@indicates•@the•@effect•@of•@dynamic•@frequency•@shift•@is•@negligible•C

thus•C•@the•@peak•@position•@can•@be•@directly•@related•@to•@the•@isotropic•@chemical

shifts•D•@The•@composition•@dependence•@of•@the•@isotropic•@chemical•@shift•@is•@shown

in•@figure3•is•Elid•@circle•j•EAsŽRe•@number•Efn•En•|bridging•Exygen•@per

tetrahedral•@cation•iNBO•^T•j•@increases•C•@thus•@the•@network•@is•@increasingly

modified•C•@23Na•@chemical•@shift•@increases•@linearly•D

e
b e

c

e e•Fn •Dte •ge

Figure•@2•@Comparison•@of•@23Na•@NMR•@spectra•@for•@Na2SiO3•D•@•ia•j•@MAS•@NMR•@specrmm•@of

glass•G•@•ib•j•@MAS•@NMR•@spectrum•@of•@crystal•G•@and•@•ic•j•@static•@NMR•@spectmm•@of•@melt•@at

11000C•D•@The•@isotropic•@chemical•@shift•@for•@crystal•@derived•@from•@line•@shape•@simulation•@is

indicated•@by•@an•@arrow•D•@Dots•@represent•@spinning•@side•@bands•D
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Nny

goarbaltee•D2•f•@asNaChemicalshiftsandstructuralparametersofsilicates•Cgermaneteand

compound•@•@chemical•@shifI•@coordination•@number•@and•@distance•iA•j
•@•@•@•@•@•@•@•@•@•@•@•@•ippm•j

anhydrous•@si’uica•des
ƒ¿ˆêNa2Si205•@•@•@•@15•}2•@•@•@•@•@5•@•@•@2•D40
A•EKPant•@and•@D•EW•••v•EC‘¥i•Ek•Eh•Enk•EA•Et•ECƒ••Et•E•C•@B24•C13•i1968•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚à
Na2SiO3•@•@•@•@•@•@•@23•@•@•@•@•@•@5•@•@•@•@2•D37
W•DS•DMcDonald•@and•@D•DWJ•CCruickshank•C•@Acta•@Crys‚µ•C22•C37•i1967•j

JadeiIe•iNaAISi206•j10•}5•@•@•@•@•@8•@•@•@2•D47
C•DT•DPrewitt•@and•@C•DW•DB‚µIrnham•C•@Am•DM—ÊneraL•C51•C956•i1966•j

Albite•iNaAISi30S•jˆê6•D8•y2•z•@•@•@•@•@7•@•@•@2•D66
P•DH•DRibbe•C•@H•DD•Dmegaw•C•@W•DH•DTaylor•C•@R•DB•DFerguson•C•@and•@RJ•DTram•C•@Acta•@Crys‚µ•C

B25•C1503•i1969•j

Sodalite•@•@•@•@•@9•@•@•@•@6•}2•@•@•@•@•@•@•@•@6•@•@•@•@•@2•D63

•v•DFelsche•C•@S•DLuger•C•@and•@C•Dbaerlocher•C•@Zeolites•C6•C367•i1986•j

Tourmaline•@•@•@•@•@•|15•}2•@•@•@•@•@•@9•@•@•@•@2•D66
Wyckoff•C•@Crystal•@Srructures•C•@VoL4

hydroƒ•s•@silicates
Natrolite•@•@•@•@•@•@•@6•D0•@•@•@•@•@•@7•@•@•@2•D44
F•DPechar•C•@AcIa••s‚µ•C•@B37•C1909•i1981•j

Analcime•@•@•@•@•@•@l4•}1•@•@•@•@•@4•@•@•@2•D60
1•DR•DBeattie•C•@Acta•@Crys•d•D•C7•C35•F‰g1954•j

others
Na2GeO3•@•@•@•@•@•@22•D5•@•@•@•@•@•@5•@•@•@2•D40
D•DWJ•DCruickshank•C•@A•DKalman•C•@and•@J•DS•DStephcns•C•@Acta•@Cryst•D•C334•C1333•i1978•j

NaBO2•@•@•@•@•@•@•@•@1•D5•@•@•@•@•@•@7•@•@•@2•D53
Wyckoff•C•@Cƒ••èat•@Structttres•C•@VoL4

104

•A•y•æ

“Ç

•@•@•@•@•@•@•@•@‡`•D–n
“ï•“ ŠÓ“å

ƒÏ˜C

‚Â•D•g•A



5•|4•D•@Discussion

•@•@Some•@attempts•@were•@made•@to•@find•@a•@structural•@parameter•@to•@correlate•@the

23Na•@chemical•@shifts•@obtained•@in•@the•@present•@investigation•@with•@coordination

envtronments•@around•@sodium•@ions•@for•@the•@whole•@samples•@observed•@in•@the

present•@work•D•@There•@seems•@a•@rough•@relation•@between•@the•@coordination

numbers•@and•@23Na•@chemical•@shifts•D•@As•@the•@coordination•@number•@increased

23Na•@chemical•@shift•@appears•@in•@the•@negative•@directions•D•@A•@more•@quantitative

analysis•@is•@now•@in•@progress•D

•@•@On•@the•@other•@hand•C•@the•@relation•@could•@simply•@be•@understood•@if•@only•@the

•i8ƒ¿9•¹ŽO•B•BŒ¨•BŒÂ“ú•B’²Q
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NBO•^T

2 3

Figure•@3•@23Na•@chemical•@shift•@plotted•@against•@NBOIT•@for•@sodium•@silicate•C•@aluminosilicate•C

germanate•@and•@borate•@crystals•iO•j•@and•@melts•ie•j•D•@The•@data•@for•@the•@crystals•@are•@shown•@in

table2•D•@Data•@for•@melts•@are•@shown•@in•@figure3•D•@The•@numbers•@indicated•@in•@the•@simbol

represent•@the•@numbers•@ofNa•|O•@bonds•@withigo3s•D2A•@from•@Na•@atoM•E
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network•@glass•@forming•@systems•@are•@taken•@into•@account•D•@Table•@2

summarizes•@the•@23Na•@chemical•@shift•@and•@coordination•@numbers•@around•@Na

atom•@within•@the•@spheres•@of•@3•D2A•D•@The•@relarionships•@are•@shown•@in•@figure3

as•@a•@function•@of•@NBO•^T•D•@The•@23Na•@chemical•@shift•@seem•@to•@depend•@not•@only

on•@the•@coordination•@numbers•@but•@also•@for•@degree•@of•@polymerization•D•@23Na

chemical•@shifts•@for•@the•@materials•@having•@the•@same•@coordination•@number

seems•@linearly•@depends•@on•@the•@NBO•^T•@value•D•@The•@isotropic•@chemical•@shift

for•@silicate•@melts•isolid•@circles•@in•@figure3•j•@suggests•@the•@coordination

number•@of•@sodium•@in•@silicate•@liquids•@to•@be•@7•@to•@8•C•@independent•@of

compositional•@variation•D•@This•@result•@is•@slightly•@different•@from•@that•@derived

from•@X•|ray•@diffraction•@measurements•m13•n•@which•@gave•@coordination

numbers•@to•@be•@4•D1•|6•D1•D•@The•@EXAFS•@study•@of•@sodium•@di•|silicate•@glass•m14•n

gave•@coordination•@numbers•@to•@be•@5•}O•D5•@while•@that•@of•@sodium

aluminosilicate•@glasses•m15•n•@gave•@the•@coordination•@number•@of•@sodium•@in•@the

whole•@composition•@range•@to•@be•@5•D1•Eˆê7•D6•@in•@close•@to•@the•@present•@results•D

Summary•@of•@chapter•@5

•@•@High•@temperature•@23Na•@NMR•@measurements•@are•@made•@on•@sodium

silicate•C•@sodium•@aluminosilicate•@and•@sodium•@salts•@in•@their•@molten•@state•D

•@•@Simple•@ionic•@salts•C•@NaCl•C•@NaBr•@and•@NaNO3•C•@show•@23Na•@NMR•@peak

position•@to•@shift•@positive•@on•@their•@solid•|liquid•@transition•@which•@indicates•@the

decrease•@of•@average•@coordination•@numbers•@around•@sodium•@ion•@in•@their

molten•@state•@compared•@with•@the•@corresponding•@crystalline•@state•D

•@•@On•@the•@other•@hand•C•@the•@23Na•@peak•@position•@of•@sodium•@silicate•@melts

showed•@almost•@linear•@dependence•@on•@temperature•D•@Comparison•@of•@the

chemical•@shift•@of•@silicate•@melts•@with•@crystalline•@silicates•@suggested•@the

coordination•@numbers•@of•@sodium•@ions•@in•@silicate•@melts•@to•@be•@7•@to•@8

independent•@of•@the•@composition•D
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•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@CHAPTER•@6

DYNAMICS•@OF•@INORGANIC•@NETWORK•|
•@•@•@•@•@•@•@GLASS•|FORMING•@SYSTEM•|
•@•@•@•@•@•@•@•@•@•@ilB•@NMR•@STUDIES•@OF

•@•@•@•@•@•@•@•@•@B203•@MELT•@AND•@GLASS

Abstract•@of•@chapter•@6

•@•@High•@temperature•@11B•@NMR•@line•@shape•@and•@relaxation•@time

measurements•@were•@made•@on•@B203•@glass•@and•@melt•@in•@the•@region•@of•@room

temperature•@to•@12000C•D•@Peak•@positions•@and•@relaxation•@times•@were•@well

interpreted•@in•@terms•@of•@double•@exponential•@relaxation•@and•@dynamic•@shift

caused•@by•@the•@second•@order•@nuclear•@quadrupolar•@interaction•D•@As•@the

result•C•@isotropic•@chemical•@shift•i6iso•j•@and•@reorientational•@correlation

time•iTc•j•@were•@obtained•D•@6iso•@for•@11B•@was•@in•@the•@range•@for•@BO3•@structural

units•@and•@increased•iless•@shielded•j•@as•@increasing•@temperature•C•@which•@is

likely•@caused•@by•@the•@gradual•@change•@of•@the•@linkage•@of•@the•@BO3•@units•C•@such

as•@fragmentation•@of•@the•@ring•@structure•@into•@chains•D•@Arrhenius•@plot•@of•@the

correlation•@time•@showed•@two•@regions•@crossing•@each•@other•@around•@7500C

and•@each•@of•@them•@being•@responsible•@for•@two•@distinct•@reorientational

processes•D•@Below•@7500C•C•@a•@linear•@dependence•@of•@Tc•@against•@the•@inverse•@of

temperature•@with•@activation•@energy•@of•@39kJ•^mol•@was•@observed•D•@This

process•@persist•@below•@the•@glass•@transition•@temperature•@and•@was•@attributed

to•@the•@restricted•@rotation•@of•@BO3•@triangle•@around•@its•@equilibrium•@position•D

Above•@7500C•C•@the•@Tc•@was•@strongly•@temperature•@dependent•@and•@coincides

with•@that•@of•@the•@ultrasonic•@longitudinal•@relaxation•@times•D

6•|1•D•@lntroduction

•@•@The•@structural•@changes•@associated•@with•@the•@glass•@formation•@in•@various

systems•@are•@suggested•@to•@be•@closely•@related•@to•@their•@dynamics•@in•@the•@liquid

region•D•@The•@dynamical•@behavior•@above•@the•@glass•@transition

temperature•iTg•j•@has•@been•@described•@phenomenologically•D•m1•C2•n•@Structura1
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relaxation•@in•@glass•@forming•@systems•@is•@often•@characterized•@by•@two

separate•@process•G•@the•@ctˆêˆê•@and•@the•@P•|processes•D•m3•|11•n•@The•@a•@process

corresponds•@to•@those•@degrees•@of•@freedom•@which•@freeze•@out•@at•@Tg•@and•@is

associated•@with•@the•@collective•@motion•@directly•@related•@to•@the•@liquid•|glass

transition•D•@ln•@the•@case•@of•@network•@forming•@glass•@with•@strong•@covalent

bonds•@such•@as•@B203•@and•@SiO2•@•Cit•@has•@been•@proposed•@that•@the

transforrnation•@to•@a•@liquid•@occurs•@through•@temperature•|activated•@bond

breaking•C•@which•@may•@explain•@the•@nearly•@Arrhenius•@behavior•@of•@the

viscosity•@and•@structural•@relaxation•@time•@in•@these•@systems•D•o12•C13•n•@The•@P

process•@corresponds•@to•@those•@degrees•@of•@freedom•@which•@exist•@in•@both•@the

liquid•@and•@glass•@and•@is•@associated•@with•@intra•|molecular•@motion•D

•@•@Studies•@concerning•@with•@the•@dynamical•@behavior•@of•@organic•@glass

forming•@systems•@in•@these•@decades•@give•@the•@insights•@of•@the•@relationships

between•@the•@structural•@relaxation•@and•@the•@dynamical•@behavior•@of

molecular•@motion•D•@ln•@contrast•C•@the•@dynamics•@of•@inorganic•@network•@glass

forming•@systems•@such•@as•@silicates•@and•@borates•@has•@been•@poorly•@understood

mainly•@due•@to•@experimental•@difficulties•D•@Ourprevious•@11B•@NMR

longitudinal•|relaxation•@study•m14•n•@disclosed•@the•@temperature•@dependence

of•@reorientational•@correlation•@time•iTc•j•@of•@binary•@Na20•|B203•@melts•@for

the•@first•@time•D•@A•@crossover•@was•@obseived•@between•@two•@distinct

orientational•@relaxation•@processes•C•@which•@occurred•@weH•@above•@the•@Tg•D

The•@non•|A•@rrhenius•@character•@of•@Tc•@of•@both•@processes•@had•@been•@discussed

and•@analysed•@on•@the•@basis•@of•@strong•|fragile•@classification•@of•@glasses•D•m15•n

•@•@In•@the•@present•@study•C•@we•@chose•@B203•@which•@is•@one•@of•@the•@best•@studied

examples•@of•@inorganic•@glass•@forming•@materials•D•@The•@spin•|lattice

relaxation•@time•@and•@line•@shapes•@of•@l•@l•@B•@in•@B203•@glass•@and•@melt•@were

measured•@with•@ppm•@resolution•@over•@a•@wide•@temperature•@range•C•@from

room•@temperature•@to•@12000C•C•@in•@order•@to•@study•@the•@temperature•@effect•@on

the•@structure•@and•@dynamics•@of•@the•@liquid•@state•D

•@•@B203•@is•@a•@typical•@network•@glass•@forming•@oxide•@with•@caloric•@Tg•@of

2600C•@and•@melting•@point•@of•@5770C•D•@Tl•je•@structure•@of•@B203•@glass•@has•@been

a•@much•@debated•@issue•@for•@many•@years•D•m16•|23•n•@lt•@has•@been•@generally

accepted•@that•@this•@glass•@is•@constructed•@from•@three•@dimensional•@random
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network•@with•@structural•@unit•@of•@planer•@BO3•@triangle•E•y16•|18•zThe•@mamer

in•@which•@the•@BO3•@triangles•@are•@connected•@has•@been•@much•@discussed•E•m16•|

23•nSome•@experimental•@observations•@indicated•@borox61•@ring•iB306•jto•@be
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Ö
the•@well•@defined•@molecular•@entities•@in•@the•@structure•D•y16•|18•zIn•@contrast•C

some•@molecular•|dynamics•@simulation•@studies•m22•C23•zpredicted•@structures

that•@are•@absent•@of•@boroxol•@rings•@and•@still•@in•@good•@agreement•@with•@the

structure•@factors•@determined•@from•@neutron•@and•@X•|ray•@diffraction•D•@The

general•@view•C•@however•C•@seems•@to•@be•@that•@vitreous•@B203•@consists•@of•@a•@large

amount•@of•@boroxol•@rings•D•@The•@glass•@forming•@of•@this•@material•@with•@ease

seems•@to•@be•@correlated•@with•@this•@structural•@geometry•@while•@B203•@crystal

does•@not•@contain•@boroxol•@rings•D•m24•nIn•@the•@present•@study•C•@special•@attention

was•@paid•@to•@the•@the•@dynamic•@behavior•@of•@molten•@B203•@in•@relation•@with

the•@gradual•@decrease•@of•@the•@amount•@of•@boroxol•@rings•@as•@increasing

temperature•@estimated•@from•@Raman•@vibrational•@spectroscopy•D•m19•z

6•|2•D•@Experimental•@section

•@•@NMR•@measurements•@were•@carried•@out•@on•@a•@Bruker•@MSL•|200

spectrometer•@with•@wide•@bore•i150mm•j•@magnet•@operated•@at•@64•D19MHz•@for

llB•D•@The•@high•@temperature•@NMR•@probe•m25•n•@specially•@reconstructed•@for

this•@experiment•@was•@made•@of•@a•@platinum•@electric•@heater•C•@wound•@non•|

magnetically•C•@and•@an•@outer•@waterjacket•D•@The•@detachable•@detection•@coil

was•@made•@of•@platinum•@wire•@turned•@solenoidally•@6•@times•D•@Reagent•@grade

anhydrous•@B203•@was•@melted•@in•@a•@platinum•@crucible•@at•@12000C•@for•@5

hours•C•@quenched•@to•@glass•C•@and•@put•@into•@alumina•@sample•@holder•@for•@high

temperature•@NMR•@measurements•D
•@•@•@In•@addition•@to•@FT•|NMR•@spectra•C•@spin•|lattice•@relaxation•@time

measurements•@were•@performed•@by•@inversion•|recovery•i1800•|T•|900•j

sequence•D•@Saturation•|recovery•@•i900•|T•|900•j•@sequence•@was•@also•@employed

to•@obtain•@some•@of•@the•@experimental•@points•D•@However•C•@both•@of•@them•@gave

identical•@results•D•@A•@900•@pulse•@width•@was•@kept•@at•@about•@4ps•@from•@room

temperature•@to•@4000C•D•@lt•@gradually•@became•@longer•@as•@the•@temperature

was•@raised•@up•@to•@12000C•i12ps•@at•@10000C•j•C•@because•@the•@quality•@factor•@of

the•@detection•@coil•@got•@worse•@with•@temperature•D

•@•@•@In•@the•@previous•@work•@by•@Rubinstein•@and•@Resing•C•m261•@the11B•@relaxation

•go

@•ft @‚Æ’ø—Ê•ã•E‰o•J‚î•E•h•@•@

•A1•¨‘••E1“å•Cˆêˆà•A•E•E—s•—•f



behavior•@of•@B203•@melt•@had•@been•@analysed•@on•@the•@basis•@of•@Bloembergen•C

Purcell•@and•@Pound•iBPP•j•m27•n•@treatment•D•@Thus•C•@the•@decay•@of•@the

magnetization•@had•@been•@assumed•@as•@single•@exponential•C•@although•@the

relaxation•@decay•@of•@nucleus•@with•@the•@spin•@numbers•@of•@l•@become•@the•@sum

of•@I•@•{1•^2•@exponential•@decays•D•m28•n•@BPP•@treatment•@of•@relaxation•@data

would•@have•@resulted•@in•@an•@extremely•@temperature•@dependent•@Tc•C•@in

contrast•@with•@the•@present•@study•@as•@will•@be•@shown•@later•D•@ln•@the•@present

investigation•C•@the•@longitudinal•@relaxation•@and•@line•@shapes•@were•@analysed

by•@means•@of•@the•@double•@exponential•@relaxation•@and•@the•@dynamic

frequency•@shifts•@which•@successfully•@explained•@our•@previous•@longitudinal•|

relaxation•@data•@of•@Na20•|B203•D•o14•n

•@•@•@For•@the•@panicular•@case•@of•@1•@••3•^2•i11B•j•C•@the•@relaxation•@behavior•@of

the•@longitudinal•@magnetization•@is•@given•@by•@the•@following•@expression•C•m28•|

32•n•@if•@an•@isotropic•@motion•@of•@a•@single•@correlation•@time•iTc•j•C•@thus•@the

Lorentian•@shape•@of•@the•@spectral•@density•@is•@assumed•C

•qS•@•C•r•@ˆê•@•qS•@•D•r•f•@••ˆê2•qS•@•C•r•f•m•i4•^5•jexp•iˆêait•j•@•{•@•i1•^5•jexp•iˆêa2t•@•j•n•C

a1••2C•^2•C02••2•iƒtƒm1•C

•vn•@••tc•@•i1•@•{•@•in•@to•@T•C•j•@2•j•f1•C

C•@•••i1•^20•j•ie•@2q•@e•@•^h•@•j2•C

•i1•j

•i2•j

•i3•j

•i4•j

where•@w•@is•@the•@Lamor•@frequency•@in•@radian•@and•@e2q•@e•@•^h•@is•@a•@effective

quadrupole•|coupling•@constant•D•@•qS•@z•„•@and•@•qS•@z•„T•@represent•@the

longitudinal•@magnetization•@and•@its•@equilibrium•@value•C•@respectively•D

The•@transverse•@relaxation•@following•@the•@n•^2•@pulse•@is•@given•@by•C•m31•C32•n

•@•@•@•@•@•@•qS•A•rˆêi•qrS•@•C•„T•••qS•A•„T•@iexp•mˆê•çƒÖ•i•çƒC•E•j•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i5•j

•@•@•@•@•@•@•@•@•@•@•@•@•m•i3•^5•jexp•iˆêb•@it•j•@•{•@•i2•^5•jexp•iˆêb2t•@•j•n

where•C
•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚í1••C•iƒm•B•{ƒm1•{igi•j•@•@•@•@•@•@•i6•j
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•\ƒm2•|i•i•G•`1•\i•i•G•`2•j•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚í2••C•iƒm1

The•@imaginary•@components•@of•@the•@spectral•@density•C

•@•@•@•@•@•@•@•@•@•@•@en••n•@60•@T•C2•@•i1•@•{•in•@•iD•@T•C•j•@2•jˆêi•C•@•i7•j

include•@hyperfine•@second•|order•@dynamic•@quadrupolar•@shifts•@which•@cause

a•@displacement•@of•@the•@satellite•@pairs•@and•@the•@central•@line•@relative•@to•@each

other•D
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6•|3•D•@Results

•@•@Figure•@1•@shows•@the•@11B•@NMR•@spectra•@fbr•@B203•@glass•@and•@melt•D•@The

spectra•@show•@little•@change•@until•@the•@Tg•@was•@reached•D•@Above•@Tg•C•@however•C

the•@line•@width•@decreased•@considerably•@until•@around•@5500C•D•@The•@full•@width

at•@half•@maximum•ifwim•j•@at•@5500C•@was•@480Hz•i7•D5ppm•j•D•@Then•C•@the•@fwhm•@•D

increased•@again•@with•@increasing•@temperature•D•@The•@spectra•@seem•@to•@be

strongly•@influenced•@by•@the•@double•@exponential•@quadrupolar•@relaxation•@as

described•@above•D

10•@0

1•D•D•g•D•D•g•Di•g•g•D•C•D•D•D•G•g•D•g•D•g•DL•g•g•g•g•DL•g•guaLmu•g•gL•g•D•g•D•g•DL•Dua•Dbu•g•gL•C•D•g•g•g•C

500 •@o
pp•@m

ˆê500

Figure•@1•D•@Temperature•@variations•@of•@the•@11B•@NMR•@spectra•@for•@B203•E
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•@•@Figure•@2•@sh•Ews•@time•@ev•Eluti•En•Ef•@l•Engi“cdinal•@magnetizati•Bn•C

•ƒ•çz•„ˆê•ƒSz•„T•C•Ef11B•@inB203•@meltat400•EC•D•@The•@s•Blidline•@inthe

figure•@is•@a•@theoretical•@function•@of•@equation•i1•jthat•@gives•@the•@best•@fit•@to•@the

•@•@•@•@•@expenmental•@data•Eln•@the•@simulati•En•EŒŒe•@dynamical•@quadmp•E1ar•@c•Eupling

constant•@e2q•@e•@•^h•@of•@2•E05MHz•@andƒÑc••1•E53•E10•|7s•@were•@adopted•D•@The

quadmpolar•@coupling•@constant•@should•@be•C•@in•@principle•C•@detemined•@at•@each

tempe•ua‰Áre•@fr•Em•@the•@time•@ev•Eluti•En•Ef•ƒ•çz•„ˆê‚­•çz•„T•@t•Egether•@withƒÑc•D

H•Ewever•Ee2q•@e•^h•@was•@assumed•@t•Ebe•@c•Enstant•@in•@the•@wh•Ele•@tempera“cre

range•D•@Although•@the•@gradual•@change•@of•@the•@network•@stru•@c•@tU•@re•@as•@a•@function

•EftempŠAture•@was•Ebserved•@fr•Em•@chemical•@shift•@analysis•C•@the•@assumpti•Bn

would•@be•@justified•@if•@we•@consider•@the•@BO3•@units•@remains•@unchanged•@with
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@

1ncreaslng•@temperature•@as•@suggested•@from•@neutron•@diffraction•@stUdy•Dr20•n

•O•`hv
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o
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•f
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Figure•@2•D•@Time•@evolution•@of•@longitudinal•@magnetization•@•qS•@z•„•@ˆê•@•qS•@z•„T•@of•@11B•@of

B203•@melt•@at•@4000C•iopen•@circles•j•C•@together•@with•@the•@best•@double•|exponential•@fi•@ts•@of

equation•i1•j•@with•@e2q•@e•@•^h•@••2•D05MHz•@and•@Tc••1•D53elO•f7s•isolid•@line•j•D•@Broken•@lines

represent•@each•@exponents•D

•g3

“å
xisqge•D



Furthermore•C•@e2q•@e•@•^h•@of•@BO3•@triangles•@obtained•@from•@line•@shape

simulation•@on•@borate•@crystals•@and•@glasses•m33•n•@are•@almost•@constant•@over

wide•@composition•@range•@and•@degree•@of•@polymerization•D•@e2q•@e•@lh•@for•@pure

B203•@was•@deterrnined•@from•@an•@extrapolation•@of•@the•@results•@of•@Na20•|

B203•m14•nto•@sodium•@free•@limit•D•@Assuming•@e2q•@e•@lh•@to•@be•@2•D05MHz

through•@the•@whole•@temperature•@range•C•@Tc•@have•@been•@determined•@as•@shown

in•@figure3•iopen•@circles•j•D

•@•@Using•@the•@results•@obtained•@from•@longitudinal•@relaxation•C•@11B•@spectra

have•@been•@calculated•@by•@Fourier•@transforming•@the•@transverse•|relaxation

function•@•qS•@x•„•@•{i•qS•@y•„•@of•@equation•i5•j•D•@ln•@figure•@4•@is•@shown•@the

comparison•@between•@experimental•@and•@calculated•@spectra•D•@Calculated•@line

shapes•@consist•@of•@a•@superposed•@two•@Lorenzians•@obtained•@by•@Fourier

ˆê4
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Figure•@3•D•@Temperature•@dependence•@of•@correlation•@times•@of•@B203•@melt•D•@•iO•j•@Tc

determined•@from•@i•@i•@B•@longitudinal•@relaxation•D•@•iO•j•@averaged•@correlation•@times•@of•@the

ultrasonic•@longitudinal•@relaxation•D•m36•n•@•iA•j•@shear•@relaxation•@time•@of•@viscosity•m13•n

estimated•@from•@Maxwell•@equations•@for•@viscoelastic•@behavior•@with•@G•D•D•@••10•f10•E4•D

1t4



transforms•@of•@the•@function•ƒ•çx•„•{i•ƒS•@y•„•D•@At•@lower•@temperature•C•@the

second•@component•@becomes•@so•@broad•@as•@to•@be•@invisible•D•@Reasonable•@fit

suggests•@the•@Lorenzian•@shape•@of•@the•@spectral•@densities•@1•@n•@in•@equation•i3•j

seems•@to•@satisfactorily•@explain•@the•@experimental•@profiles•D•@A•@non•|Debye

frequency•@behavior•C•@which•@is•@frequently•@observed•@for•@organic•@glass

forming•@systems•C•m5•|7•C9•C11•n•@has•@been•@analysed•@by•@the•@non•|Lorenzian•@shape

of•^ni•De•D•C•@the•@distribution•@ofƒÑc•D•@In•@contrast•@to•@these•Fresults•C•@the•@deviation

from•@Debye•@process•@seems•@to•@be•@considerably•@small•@in•@the•@present•@system•D

The•@same•@was•@true•@for•@Na20•|B203•@system•D•m14•n

a

b

c

d

e
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Figure•@4•D•iLeft•jlIBNMR•@line•@shapes•@for•@B203•@at•@a•j•G950•BC•Eb•j•G860•BC•Ec•j•G790•BC•E

d•j•G6500C•C•@and•@e•j•G590••C•D•iRight•jcalculated•@line•@shapes•@obtained•@by•@the•@Fourier

ƒ•ansfoms•@of•@equation•i5•jusing•@the•@parameters•@ofŽRe•@longi“cdinal•@relaxation•D
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•@•@Because•@the•@peak•@positions•@of•@11B•@NMR•@spectra•@are•@also•@affected•@by•@the

quadrupolar•@interaction•C•@for•@which•@the•@term•@en•@in•@equation•i7•j•@is

responsible•C•@the•@isotropic•@chemical•@shift•@values•@could•@not•@be•@obtained

directly•@from•@the•@raw•@spectra•D•@They•@can•@be•@estimated•@from•@the

experimental•@spectra•@correcting•@the•@dynamic•@frequency•@shifts•@of

equation•i5•j•@using•@parameters•@obtained•@from•@the•@line•@shape•@simulation•D

Both•@of•@the•@apparent•@chemical•@shift•@and•@the•@estimated•@isotropic•@chemical

shift•@are•@shown•@in•@figure5•D•@11B•@chemical•@shift•@range•@for•@BO3•@triangles•@is

also•@shown•@figure5•@by•@a•@bar•@on•@the•@left•@side•D•@The•@isotropic•@chemical•@shifts

increase•iless•@shielded•j•@as•@increasing•@temperature•D
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Figure•@5•D•@11B•@NMR•@shifts•D•@•ie•j•@apparent•@peak•@positions•@which•@include•@dynamic•@shifts

caused•@by•@e•@n•@of•@equation•@•i7•j•D•@•iO•j•@isotropic•@chemical•@shifts•@estimated•@from•@the•@line

shape•@simulation•D
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•@•@The•@temperature•@dependence•@of•@Tc•@plotted•@in•@figure3•@shows•@a•@bend•@at•@a

temperature•@at•@which•@the•@value•@of•@the•@correlation•@time•@is•@of•@the•@order•@of

10•|8•@s•D•@This•@indicates•@the•@presence•@of•@two•@dynamical•@processes•@which•@are

responsible•@for•@11B•@relaxation•D•@Because•@the•@condition•@•iDTc•„1•@is•@fulfilled•@in

the•@whole•@temperature•@range•@of•@the•@present•@study•C•@the•@longitudinal

relaxation•@is•@governed•@by•@the•@motion•@of•@higher•@frequency•@within•@the

Larmor•@precession•@frequency•D•@Therefore•@the•@bend•@in•@figure3•@corresponds

to•@the•@crossover•@between•@the•@correlation•@times•@of•@two•@dynamical

processes•C•@each•@of•@which•@has•@higher•@frequency•@in•@the•@temperature•@range

above•@and•@below•@the•@crossover•@temperature•D

6•|4•D•@Discussion

•@•@The•@room•@temperature•@spectrum•@shown•@in•@figure•@l•@has•@characteristic•@of

rigid•|lattice•@second•@order•@quadrupolar•@line•@shape•D•@A•@line•@shape•@simulation

of•@the•@spectrum•@gives•@static•@quadrupolar•@coupling•@constant•@e2q•@e•^h•@of

2•D6•}O•DIMHz•@which•@is•@in•@accordance•@with•@the•@previous•@studies•@by•@Bray•@et

al•D•D•m18•n

•@•@Any•@line•@shape•@simulation•@is•@not•@presented•@here•@for•@the•@profiles•@in•@the

temperature•@range•@from•@room•@temperature•@to•@5500C•D•@Though•@the

mechanism•@is•@different•@from•@what•@operates•@in•@higher•@temperature•@range

discussed•@above•C•@line•@shapes•@at•@the•@temperature•@range•@would•@be•@modulated

by•@slower•@motion•C•@which•@might•@be•@directly•@related•@to•@the•@a•|process•@in

contrast•@with•@that•@measured•@from•@longitudinal•@relaxation•C•i11•n•@via•@both•@of

dipolar•|dipolar•@and•@nuclear•|quadrupolar•@interactions•D

•@•@The•@relationships•@between•@the•@11B•@chemical•@shift•@and•@the•@coordination

environment•@around•@boron•@nucleus•@were•@studied•@for•@some•@minerals•m33•n

Chemical•@shift•@of•@BO3•@is•@located•@in•@the•@range•@12•D7•@to•@19•D0•@ppm•C•@while•@that

of•@BO4•@in•@the•@range•@ˆê3•D3•@to•@2•D0•@ppm•@referred•@to•@that•@of•@BF3eEt20•D•@The

chemical•@shift•@for•@B203•@melt•ifigure5•j•@estimated•@from•@the•@line•@shape

simulation•@comes•@roughly•@in•@the•@range•@for•@BO3•@in•@the•@whole•@temperature

range•@studied•D•@The•@progressive•@shift•@with•@temperature•@towards•@positive

direction•@is•@likely•@caused•@by•@the•@gradual•@change•@of•@the•@connectivity•@of•@the

ŽÎ7



N

BO3•@units•D•@The•@progressive•@fragmentation•@of•@the•@boroxol•@ring•@into•@chains

has•@been•@suggested•@from•@both•@of•@Raman•m19•n•@and•@neutron•@scattering

studies•C•m20•n•@The•@B•|O•|B•@bond•@angles•@in•@the•@boroxol•@ring•@was•@shown•@to•@be

1200•@while•@that•@at•@the•@oxygen•@of•@chain•@was•@approximately•@1300•Df16•|18•n

The•@fragmentation•@of•@the•@boroxol•@rings•@into•@chains•@as•@increasing

temperature•@would•@result•@in•@the•@Nchemical•@shift•@of•@11B•@of•@BO3•@group•D•@The

chemical•@shift•@of•@RBO2•iR••alkyl•@group•j•@compound•@where•@the•@two•@oxygens

incorporate•@B•@atom•@into•@five•|member•@ring•@show•@5•Eˆê6•@ppm•@positive•@shift

resulting•@from•@the•@strain•@at•@B•C•@compared•@with•@that•@in•@case•@of•@six•|member

ring•D•m34•n•@The•@positive•@shift•@of•@11B•@in•@B203•@melt•@niight•@be•@caused•@by•@the

deviation•@of•@the•@B•|O•|B•@and•@O•|B•|O•@bond•@angles•@from•@1200•C•@though•@the

quantitative•@estimation•@needs•@further•@study•D

•@•@The•@NMR•@quadrupole•@relaxation•@is•@proposed•@to•@proceed•@by•@the

fluctuation•@of•@the•@electric•@field•@gradients•@around•@the•@nucleus•@under

investigation•D•@For•@the•@case•@of•@B203•@melt•C•@the•@rotational•@motion•@of•@the•@BO3

triangle•@must•@play•@the•@major•@role•@on•@the•@relaxation•D•@ln•@figure3•C

temperature•@dependence•@of•@Tc•@show•@almost•@linear•@dependence•@against•@the

inverse•@temperature•@below•@7500C•@in•@contrast•@with•@the•@results•@given•@by

Rubinstein•@and•@Resing•D•m26•n•@The•@low•@activation•@energy•@for•@this•@motion

•i39kJ•^mol•j•@suggests•@that•@it•@is•@not•@directly•@related•@to•@the•@diffusion•@process•D

The•@translational•@diffusion•@has•@to•@presume•@simultenious•@breaking•@of•@the

strong•@B•|O•@bonds•@with•@higher•@activation•@energy•C•@as•@the•@B203•@melt•@is

constructed•@from•@the•@fully•@polymerized•@three•@dimensional•@network

structure•D

•@•@On•@the•@other•@hand•C•@Tc•@of•@this•@process•@at•@Tg•@was•@at•@10•|6•@s•@which

coincides•@with•@the•@corresponding•@value•@for•@O•D09Na20eO•D91B203•@and

O•D20Na20eO•D80B203•@systems•D•m14•n•@The•@Na20•|B203•@glass•@is•@suggested•@to

have•@fully•@polymerized•@network•@structure•@within•@the•@composition•@range•@of

Na20‚­30mo1•“•D0•D33Na20•œ0•D67B203•@glass•@has•@a•@certain•@amount•@of•@non•|

bridging•@oxygens•@which•@terminate•@the•@network•C•@and•@Tc•@was•@smaller•@by

about•@one•@order•@of•@magnitude•D•m14•C35•n•@These•@facts•@suggest•@that•@the

restricted•@rotation•@•irotational•@vibration•j•@of•@the•@structural•@units•@around•@its
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equilibrium•@positions•@in•@cooperation•@with•@the•@adjacent•@groups•@probably•@be

responsible•@for•@this•@B•|process•D

•@•@On•@the•@other•@hand•C•@above•@7500C•@Tc•@become•@strongly•@temperature

dependent•D•@in•@this•@region•C•@an•@Arrhenius•@law•@also•@holds•@with•@the•@activation

energy•@of•@72kJ•^mol•D•@Tc•@coincides•@with•@the•@averaged•@correlation•@time•@for

ultrasonic•@longitudinal•@relaxation•m36•n•@and•@also•@coincides•@with•@the•@shear

relaxation•@time•@of•@viscosity•@estimated•@from•@Maxwell•@equations•@for

viscoelastic•@behavior•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÑ•Eˆê•É•@•@•@•i8•j•E

if•@G•D•D•@••10•f10•E4•@is•@adopted•@as•@shown•@in•@the•@figure3•D•@The•@Arrhenius

behavior•@suggests•@the•@strong•@character•@of•@this•@compound•@in•@the•@framework

of•@strong•|fragile•@classification•D•m15•n
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6•|5•D•@Summary•@of•@chapter•@6

•@•@High•@temperature•@NMR•@line•@shape•@and•@relaxation•@time•@measurements

were•@made•@on•@l•@lB•@in•@B203•@melts•D•@Longimdinal•@relaxation•@times•@and•@line

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚µshapes•@were•@well•@analysed•@by•@double•@exponential•@relaxation•@and•@dynamic

frequency•@shifts•@caused•@by•@nuclear•@quadrupole•@interaction•EThe•@isotropic

chemical•@shifts•@and•@reorientational•@correlation•@times•@of•@the•@BO3•@triangle

were•@obtained•D•@The•@shift•@gradually•@moved•@to•@positive•@direction•@with

increasing•@temperature•D•@Below•@750•BC•C•@the•@temperature•@dependence•@of•@the

reorientational•@correlation•@time•@shows•@characteristics•@for•@theƒÀˆêrelaxation

process•@which•@is•@attributable•@to•@the•@restricted•@rotation•@of•@BO3•@triangles

around•@its•@equilibrium•@position•@in•@cooperation•@with•@the•@adjacent•@groups•E

•@•@On•@the•@other•@hand•C•@above•@750•BC•@the•@correlation•@times•@show•@strong

temperature•@dependence•C•@characteristic•@to•@the•@so•|calledƒ¿ˆêprocess•D
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